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blation regimes in UV-MALDI: the
critical fluence†

E. Alonso *a and A. Peralta Condeb

Although MALDI is a widely used technique, there is so far no theoretical description able to reproduce

some critical aspects of the experimental results. For example, there is experimental as well as

theoretical controversy regarding the minimum laser fluence, i.e., the so-called fluence threshold (FT),

required to evaporate a sample. Furthermore, although the different processes involved in ion

production have been the focus of many investigations, the fact is that the primary process for ion

formation in MALDI is not desorption but ablation. In this work, we present a new phenomenological

approach for understanding MALDI results based on a simple, but physically intuitive, idea consisting of

limiting the laser–matter interaction process to three layers. This description allows us to consider the

different processes that dominate ion formation, i.e., heat dissipation, as well as the different existing

regimes. Concretely, we present the results for three different matrices, i.e., DHB, ferulic acid (FA) and a-

cyano-4-hydroxycinnamic acid (CHCA), in the limit of low fluence. The simulations we carried out show

great qualitative and pseudo-quantitative agreement with the experimental results. Also, based on the

simulation results, it is possible to distinguish clearly between the two dominant regimes, i.e., desorption

and ablation, and it is possible, therefore, to estimate the critical fluence (FC) that defines the transition

from one regime to another.
Introduction

Matrix-assisted laser desorption ionization (MALDI) is nowa-
days recognized as one of the most important ionization
methods for the mass spectrometry of non-volatile, high
molecular weight compounds. It was developed in the second
half of the 1980s1–5 and rapidly gained popularity for the
possibility of conducting analysis of a sample, typically large
molecules embedded in a matrix, with minimal fragmentation.
Despite the potential of the technique, some basic limitations
were rapidly recognized: basically, shot-to-shot reproducibility
and the heterogeneous nature of the samples. The rst of these
limitations has been successfully addressed with the unceasing
development of laser technology in the last few decades.
Regarding sample preparation, traditionally the so called “dried
droplet” method was commonly used, remaining unchanged
until the mid-1990s. In this decade, new sample preparation
methods were developed, improving the homogeneity of the
matrix and expanding the capabilities of the technique to new
partment of Research and Development,
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molecules. Ref. 6 (O'Rourke 2018) and the references therein are
an excellent review of these new methods. Nowadays, although
thematrix preparation problem has not been completely solved,
attention to the theoretical aspects is focused on understanding
the basic phenomena occurring during and aer the laser–
matter interaction, e.g., solid-to-gas phase sample trans-
formation (neutrals in the most general sense) and ion forma-
tion mechanisms.

Typically, in MALDI, a pulsed laser is focused into the matrix
containing the molecule of interest. The subsequent absorption
of energy from the radiation generates a hot plume, leaving the
matrix containing different species like ions in different states
of charge, neutrals, clusters, chunks, etc. Further ionization
and/or recombination processes can also take place in the hot
plume. The charged fragments are then accelerated by
a combination of electric and magnetic elds towards a mass
spectrometer, where they are discriminated as a function of the
charge–mass ratio. It should be mentioned that, despite the
complexity of the ionization processes, one advantage of MALDI
with respect to other techniques is the ner control over the
state of charge of the fragments by modulating the incident
laser intensity.

Despite the increasing number of laboratories using this
technique and its well-known applications, there are some
uncertainties that still need to be addressed like, for example,
the ionization process. Although there are some phenomeno-
logical models that describe the ion yields detected in the
RSC Adv., 2023, 13, 721–729 | 721
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experiments reasonably well, we are far from having a whole
understanding of the processes underlying the generation of
ions; see, for example, ref. 7–12 and the references therein. This
is probably because ionization comprises a large variety of
different mechanisms. In fact, ionization can take place in the
matrix, meaning before the particles are ejected, or inside the
plume. The rst situation is known as primary ion formation
and comprises such mechanisms as multiphoton ionization,
thermal ionization, or excited-state proton transfer. However, if
the ionization takes place inside the plume, in this secondary
ion formation, mechanisms like gas-phase proton transfer,
electron transfer/attachment or charge compensation must be
taken into account. Also, we must consider that the general
implementation of MALDI comprises very different experi-
mental conditions, including different laser wavelengths, pulse
durations, photon energies or sample preparation methods.
Although for the laser parameters a direct comparison between
different experiments seems possible, sample preparation is
not a standard technique between laboratories. Thus, small
differences in the preparation of the matrix and the target
molecule can produce great discrepancies in the experimental
data. Notwithstanding the difficulty of modelling the ionization
processes in MALDI, the effort is worthwhile. A better under-
standing of the ionization processes will provide better control
over the fragmentation and state of charge of the particles, with
a wider variety of molecules accessible to MALDI.

In MALDI experiments, aer the rst instants of the inter-
action of the laser radiation with the matrix, i.e., aer some
hundreds of picoseconds that is usually the timescale for the
activation of phonons in the matrix, one could think of the
interaction as a thermodynamic process. Although this inter-
action, and the subsequent absorption and relaxation of energy,
comprises very different phenomena like the already-
mentioned phonon creation or photoionization of electrons,
energy transfer, etc., it can be analyzed in terms of a phase
transition from solid to gas, where two different mechanisms,
i.e., desorption and ablation, take place as a function of the
laser uence. Our approach does not offer a detailed description
of the ionization mechanisms themselves, but it provides
a simplied but accurate phenomenological description of the
observed ion-yields in MALDI experiments.

According to the above discussion, in this thermodynamical
approach, it seems critical to determine conditions, namely the
minimum energy per area or uence threshold, to discriminate
between desorption and ablation. The theoretical determina-
tion of this threshold between mechanisms is hardly achievable
because, as we discussed, it is heavily inuenced by the exper-
imental conditions, e.g., laser radiation or pulse length, and,
more critically, by the deposition method of the molecule of
interest into the matrix. In this regard, Zhigieli et al.13 and
Yingling et al.14 have demonstrated through molecular dynamic
simulations (MDS) that both mechanisms are possible when
operating in the typical MALDI uence ranges (laser pulses of 15
ps and 150 ps at a wavelength of 337 nm). Furthermore, Kno-
chenmuss based on studies of several authors15 stated that
when operating at the considered medium/high uences for
MALDI, i.e., at laser uence of 5 to 50 mJ cm−2, there is
722 | RSC Adv., 2023, 13, 721–729
a transition from one mechanism to the other as a function of
the laser-deposited energy density. Nevertheless, and due to the
complexity of the mechanisms involved, e.g., stress conne-
ment (phase explosion),13 sublimation processes16–19 or laser-
induced pressure pulses,20 a whole description of the ion
formation processes in MALDI remains elusive.

Another key observation required for a correct interpretation
of MALDI spectra is the non-linear dependence of themolecules
per area which become transferred from solid to gas phase (nS)21

and/or ion yield as a function of the laser uence. Previous
studies22 have already proved that the ion yield detected as
a function of the laser uence presents two separated regions
with different nonlinear dependencies. This seems to conrm
a transition between different ionization mechanisms. In the
last few years, this dependency has been conrmed by novel
techniques such crossed molecular beams.

For example, Lu et al.23 demonstrated that the ion-to-neutral
ratio exhibits a turning point, underlining the importance of
thermal proton transfer reactions for the generation of ions in
ultraviolet-MALDI. The latter work has recently been mentioned
by Knochenmuss,24 insisting on the idea that, so far, no theo-
retical model has successfully explained this feature.

A key aspect in this discussion is determination of the laser
uence at which the solid begins to sublimate. Although this
topic has been experimentally addressed, few theoretical
investigations have been devoted to it. Thus, Prasad et al.25

pointed out that the phase change of molecules from solid to
gas occurs at uences as low as 0.4 mJ cm−2 (pulse duration of
15 ps and laser wavelength of 337 nm). These simulations, in
which MDS was employed, were based on the breathing sphere
model developed by Zhigilei et al.26 Another approach following
a rate-equation-based simulation was carried out by Knochen-
muss et al.18 and applied to 2,5-dihydroxybenzoic acid (DHB). In
this work, uence thresholds (FT) of 2 mJ cm−2 for a 4 ns laser
pulse at a wavelength of 337 nm, and 14 mJ cm−2 for the same
pulse duration and a wavelength of 355 nm were found.
Recently, the same author corrected24 some parameters for
better adjustment of the data recorded by Lu et al.23 obtaining
a value of 10 mJ cm−2 for 5 ns pulses at 355 nm radiation
wavelength.

Following the previous discussion, the focus of this work is
to shed light on the UV-MALDI laser–matter interaction
processes, pointing out two major issues. On one hand, there
are two different ionization regimes, which depend critically on
the radiation uence. In fact, in the following we will investigate
how the thickness of the desorbed/ablated layer varies as
a function of the radiation uence. On the other hand, we will
establish the uence threshold (FT) between both regimes. The
simulations will be based on our previously presented three-
layer energy–matter balance model19 for low laser uence.
This model, rigorously based on a thermodynamic approach,
accounts for the physical–chemical effects taking place when
laser radiation irradiates the MALDI matrix, allowing us, as will
be discussed, to distinguish between two different ionization
regimes. In the following sections, we will show numerical
results for three different MALDI matrixes, i.e., DHB, ferulic
acid (FA) and a-cyano-4-hydroxycinnamic acid (CHCA), for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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which two different regimes as a function of the radiation u-
ence are clearly visible. For determination of the critical uence
(FC), the different dependences of the gas phase per area (nS)
and the layer thickness will be analysed in detail. Furthermore,
the numerical results obtained allow us to discuss thoroughly
the uence threshold (FT) and the minimum layer ablated (layer
threshold, lT) parameters.
Methods and theory

The numerical results obtained are based on a modelization of
the MALDI process using rate equations, including the Fourier
transform of heat transfer and, hence, the sublimation effects
and the dependence on the radiation parameters (see ref. 19 for
further details). We used three layers whose thicknesses vary as
a function of the simulation parameters.
Temperature calculation

For this calculation, we follow the same theoretical treatment
discussed in ref. 19, in which a three-layer energy–matter
balance model was used. The model is derived from the Fourier
theorem, as given by eqn (1):

rCp

vTðr; tÞ
vt

þ rCpu$VTðr; tÞ ¼ V$ðkVTðr; tÞÞ þQðr; tÞ (1)

If we include the effects of radiation and sublimation, and
aer some mathematical treatment, eqn (1) yields:

mCp

dTi

dt
� CpTi

dm

dt
¼ F1SiIðtÞ �

kMSi

�
Ti � Tj

�

li
� Si3s

�
Ti

4

� T0
4
�
CRadðTiÞ � DHSub

MM

dm

dt
(2)

where I(t) is the laser intensity as a function of time, ki is the
thermal conductivity of matrix M, Si is the irradiated surface
area of layer i (1–3) equal to the laser spot, Ti is the temperature
of the layer as a function of time, li is the thickness of the layer, 3
is the emissivity of DHB, s is the Stefan–Boltzmann constant, T0
is room temperature (298 K), DHSub is the sublimation enthalpy,
Cp is the heat capacity at constant pressure, Tj is the tempera-
ture of adjacent layer j, m is the mass and MM is the molecular
weight of M.

The area of the matrix irradiated by the laser can be
considered by including a “coverage” fraction factor cM. This is
included in factor F1 of eqn (2), and is equal to cM(1 − RM),
where RM is the reection coefficient. It is important to
emphasize that the layer thickness, li, is calculated using the
absorption coefficient aM,l times a factor Db,19 as shown in eqn
(3):

li ¼
����
1

aM;l

Db

���� (3)

The idea behind the use of the factor Db is to prevent the
temperature of the second layer reaching the sublimation
temperature (TSub).
© 2023 The Author(s). Published by the Royal Society of Chemistry
For the calculations,30 we applied the following stepwise
procedure:

(1) A uence is selected.
(2) An arbitrary value of Db is given.
(3) The calculation is carried out. Then:
(3.1) If T of 2 layer > TSub, then Db is increasing. Go to step 3.
(3.2) If T of 2 layer < TSub, then Db is decreasing. Go to step 3.
(3.3) If T of 2 layer= TSub of sublimation, then Db is the value

sought and l is determined by eqn (3).
When T = TSub, the thicknesses of the three layers are

assumed to be equal. Besides, it is considered that the thickness
of the layers is >750 nm, so the metal substrate of the sample
does not play an important role in the heat dissipation (from
the matrix towards the metal).

The described approach was employed to calculate the rises
in temperature suffered by the matrix layers and their variation
as a function of time. When the laser irradiates the matrix, the
crystalized molecules deposited on the metal substrate start to
gain energy from the radiation, i.e., they are heated, leading to
a swi phase transition when TSub is reached. It should be noted
that this process occurs because the energy dissipation by the
crystalline structure is not fast enough. Thus, while the laser is
still active, molecules are transferred into the gas phase.

In fact, the transference of molecules from the solid to gas
phase continues beyond the duration of the laser pulse until the
excess energy is dissipated. Thus, the molecules existing in the
gas phase become a supersaturated molecular ensemble, which
enables an increase above TSub. This was conrmed by the
simulations we carried out, where the surface temperature
remained above the sublimation temperature for a long time
aer the laser pulse had ceased. This time can reach even the
microsecond timescale for high laser uence. The whole
process in MALDI resembles the dynamics of supersonic
beams, with the ejected molecules achieving velocities above
the speed of sound by energy transfer from the laser radiation
(see ref. 18 and 19 and ESI† of this work). Therefore, a thermo-
dynamic adiabatic correction to pressure and density might be
applicable.27

Another important aspect that must be considered is, that
since the laser heating persists for a longer time than the pulse
duration, the rst portion of sublimated molecules, i.e., those
molecules sublimated while the laser is still active, can acquire
further energy by interacting in the gas phase with the radia-
tion. This result is crucial, especially in UV-MALDI where laser
radiation may favour the positive and negative ion yield via
photonic effects. In other words, measurements carried out
with no time-lag-focusing28 or short delay extraction time, in
comparison to the laser lifetime, will differ from those with
medium or long times.
Thermal conductivity k calculation

Although the thermal conductivity is an intrinsic property of
every material or compound, it varies as a function of temper-
ature. Thus, in our simulations for considering the heat diffu-
sion between the different layers, it is necessary to calculate the
thermal conductivity k and the layer thickness, li, for every step
RSC Adv., 2023, 13, 721–729 | 723
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of the procedure. Typically, when the temperature rises, the
conductivity increases up to a maximum. Once it has reached
this maximum value, it decreases but at amuch slower rate than
when it rises.

For this work, data of thermal conductivity k for the matrices
DHB, FA and CHCA were taken from the NIST database,
although values over a large range of temperatures are scarce.
Thus, aiming to reproduce the parameter behaviour, we
adjusted the data sets numerically using power polynomials
and Taylor series (cos(x) or sin(x)). Finally, a step function
containing two sub-domains was achieved (see Fig. 1 in ESI†).
Calculation of number of molecules per square meter

One relevant parameter for obtaining a complete picture of
MALDI dynamics is the number of molecules transferred into
the gas phase per area (nS), which is basically related to the
molecules existing in the sublimated layer. This parameter is
easily derived from our calculation using eqn (4):

nS ¼ V$riðTÞ$ nA

Mi$A
¼ lpd2riðTÞ$ nA

4$Mi$A
(4)

where V is the volume, ri(T) is the density at 298 K, nA is the
Avogadro constant, Mi is the molecular weight of matrix i and A
is the laser spot area (pd2/4), being the volume calculated as A$l.
Thus, the density of particles varies as a function of the
temperature and is calculated according to eqn (5):29

riðTÞ ¼ riðT ¼ 300 KÞ
ð1þ 0:0008$DTÞ (5)

According to the previous discussion, eqn (5) accounts for
density changes up to TSub. From this value on, a supersonic
expansion correction factor is applied as well as a correction to
the second layer, which emits heat in form of radiation.19
Fitting of trends, two-regime turning point and uence
threshold (FT)

Calculations were carried out between 100 mJ cm−2 and the
lowest uence value, for which the parameter Db could be
adjusted so that the temperature of the second layer does not
reach TSub. It is important to note that this uence limit is not
the uence threshold, but the uence for which the rst layer
becomes completely sublimated. This value corresponds to the
layer threshold lT. Below this thickness, there is no value of Db
for which the second layer achieves TSub. However, there is still
a gradient of temperatures for the rst layer and so for the rest.

Meanwhile, if the temperature of the rst layer passes TSub,
partial sublimation occurs. Thus, the uence threshold is
calculated by tting the data obtained from the simulation,
assuming an extrapolation of the Db factor up to 3 Å. This value
was chosen because it is meant to be the minimum van der
Waals longitudinal interaction. It is important to notice that in
the obtained data two trends are clearly distinguishable (see
Fig. 6 and Discussion). This supports the hypothesis of two
different regimes as a function of the laser uence: i.e.,
desorption for low radiation uences and ablation for high
724 | RSC Adv., 2023, 13, 721–729
ones. The laser uence at which there is a change from one
regime to another is called the critical uence FC.

The obtained data were adjusted to linear equations of the
form:

[Db, nS or l ] = ADb + BDb$F (6)

where A and B are constants and F is the radiation uence (mJ
cm−2).

Results and discussion

For the numerical simulations, we considered laser radiation at
355 nm wavelength and pulse duration of 4 ns (FWHM). This
radiation is typically provided by frequency mixing of the
fundamental output and its second-harmonic of an Nd : YAG
laser. The focus diameter was set to 100 mm, which seems
reasonable for most experimental cases. A uence range of 3 mJ
cm−2 for DHB and CHCA, and 2.4 mJ cm−2 for FA, up to 100 mJ
cm−2 was studied in the simulations. To account for the pulse
durations, different power density ranges were used: 7.5 ×

109 W m−2 (DHB, CHCA) and 6 × 109 W m−2 (FA) to 2.5 ×

1011 W m−2.
It must be mentioned, as we discussed above, that the

deposition methods, i.e., the sample preparation, heavily
inuence the experimental results fromMALDI. In simulations,
this factor can be taken into consideration by adjusting the
coverage fraction (cM). In our previous work,19 cM values of 0.95
and 0.85 were chosen. In this work, we considered cM = 1 in
most situations, i.e., we assumed that the target is completely
covered by, for example, sublimation or electrospray deposition
methods. Nevertheless, for comparison purposes, we also ana-
lysed the situation of cDHB = 1 and cDHB = 0.85. This is shown
in Fig. 4, where around a 15% difference in the Db factor was
found.

In addition, we considered the following conditions:
(i) The laser beam irradiates the MALDI plate at normal

incidence.
(ii) Expansion and evolution of the plume occur in the

absence of an electrical eld.
(iii) As a consequence of (ii), pulsed ion extraction is not in

operation. The latter together with (i) and (ii) are typical
conditions of an internal MALDI FT-ICR-MS set-up.

(v) Derived from (iv): no effects produced by laser-metal
interaction are accounted for.

The parameters used in the calculation are summarized in
Table 1.

Temperature variation and rst derivative

The calculation of T variation as a function of time was carried
out for three different matrices. Here we show a typical time-
dependent T-prole for the DHB at a uence of 4.1 mJ cm−2

(see Fig. 1). As it can be seen in Fig. 1, the temperature T of the
second layer never reaches TSub. This is due to the adjustment of
Db to a certain value.

The rst derivatives of transients from Fig. 1 are plotted in
Fig. 2. As it can be seen in Fig. 2, the temperature of the third
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parameters used in the simulations

Parameter DHB FA CHCA Ref.

ri/m 3.5 × 10−10 10.4 × 10−10 10.1 × 10−10 Calc. by DFT
1/ai /m @ 355 nm 8.7 × 10−6 m 1.25 × 10−7 m 3.5 × 10−7 m 23 and 29
3i (W m−2 K−4) 0.8 0.8 0.8 Assumed
ki (W m−1 K−1) f(T) f(T) f(T) 31 and ESI
Cp,i (J mol−1) f(T) f(T) f(T) 23 and 29
Mi (Kg mol−1) 0.15412 0.194186 0.18917 31
DHSub (J mol−1) 1.17 × 105 1.2 × 105 1.071 105 31
ri (T = 298 K) (kg m−3) 1.4 × 103 1.123 103 1.4 103 31
TSub/K 450 445 460 31

Fig. 1 Temperature transients for DHB (cDHB = 1) according to the
three-layer model for a fluence of 4.1 mJ cm−2. The horizontal brown
line represents TS (450 K), and the blue vertical line the time when TSub
is reached.

Fig. 2 First derivatives of transients in Fig. 1 (4.1 mJ cm−2). The feature
presented in the first layer is an effect of the adiabatic correction to the
pressure and volume when T = TSub. (iv) It is assumed that after matrix
deposition, 100% of the metal target is covered.

Table 2 Report of values for the magnitudes of critical fluence, flu-
ence threshold and layer thresholda

Parameter DHB1
32 DHB0.85

33 FA1
34 CHCA1

35

BDb for F > FC 0.034 0.030 0.045 0.021
BDb for F < FC 0.017 0.015 0.021 0.0175
FC (mJ cm−2) 4.1 4.8 3.1 7.1
FT (mJ cm−2) 2.21 3.16 1.89 1.73
lT1

Å−1 22.4 23.8 10.1
Bl for F < FC 1.5 × 10−9 6.0 × 10−10

Bl for F > FC 7.2 × 10−10 5.0 × 10−10

Unit cell data DHB I DHB II
a/Å 4.911 5.545 4.5887 5.8182
b/Å 11.828 4.877 16.7619 9.5061
c/Å 11.058 23.3506 11.7853 15.461
V/Å3 642.22 630.1 906.00 853.15
abc/Å 9.26 11.26 11.04 10.3

a The subscripts 1 and 0.85 correspond to cM = 1 and 0.85 cM = 0.85,
respectively.
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layer T3 exhibits a maximum, i.e., the rst derivative is zero, just
when the laser radiation has almost ceased. This behaviour is
similar at higher uence, i.e., 7.5 mJ cm−2 in ESI,† for which the
maximum of T3 takes place far later than the extinction of the
laser pulse.

According to these results, one can dene a turning point at
which the slope of Db as a function of the uence F changes.
The uence at which this occurs is the so-called critical uence
© 2023 The Author(s). Published by the Royal Society of Chemistry
FC and denes the transition between the two discussed
regimes.15 Thus, if F < FC, the dominant regime is desorption,
and there is a smooth transition from solid to gas. On the other
hand, if F > FC, ablation is predominant, and a sudden over-
heating of the sample takes place. In our calculation, the value
of FC was derived for the three chosen matrixes: DHB = 4.1 mJ
cm−2, FA = 3.1 mJ cm−2 and CHCA = 7.1 mJ cm−2.
Db and uence threshold, FT

Two series of data were chosen according to the t of eqn (6).
Values of the parameters BDb and Bl are collected in Table 2.
Variation of Db as a function of the uence for FA and CHCA
matrices (DHB in ESI†) are compared in Fig. 3. It is interesting
to note that the FA matrix shows a much faster rise than the
CHCA one. In addition to this, both matrices exhibit different
behaviour when the uence falls below FC. Thus, the turning
point for FA takes place at a lower uence than for CHCA,
therefore making FC higher for CHCA. Conversely the uence
threshold FT, extrapolated for Db = 3 Å, is lower for CHCA than
for FA. Thus, the minimum uence required to partially subli-
mate a matrix follows the trend: CHCA (1.73 mJ cm−2) < FA (1.89
mJ cm−2) < DHB (2.21 mJ cm−2).
RSC Adv., 2023, 13, 721–729 | 725
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Fig. 3 Trends of FA (squares) and CHCA (circles) for the two sets of
data selected according to the best fitting criteria. The fluence at
which the increase in Db varies as a function of fluence is different for
both matrices. The threshold is higher for FA than CHCA (1.7 vs. 1.3 mJ
cm−2). The inset shows an enlargement for fluences between 1 and 20
mJ cm−2.
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It is important to point out that the experimental measure-
ments of FT and our calculated values are of the same order of
magnitude. In fact, according to ref. 36 the FT value for DHB is
close to 1.5 mJ cm−2, while our simulation yields 2.2 mJ cm−2.
Also, this parameter FT for FA and CHCA has values of 4 and 2.5
mJ cm−2, respectively, according to the measurements carried
out in ref. 23. These values are again slightly higher than those
obtained in our calculations: 1.9 mJ cm−2 for FA and 1.7 mJ
cm−2 for CHCA. We believe that a possible explanation for this
disagreement resides in the ion transmission efficiencies of the
ion optics and/or mass lters, which might have great difficul-
ties detecting low amounts of neutrals.

Fig. 4 shows a comparison between two different coverage
fractions, cDHB = 1 and cDHB = 0.85, in the inset, for a DHB
matrix and its inuence on the calculated parameters. The
numerical results show that both FC and FT are higher for cDHB

= 0.85 than for cDHB = 1. These interesting results agree with
the observations carried out by Dreisewerd et al.22 In this work,
the value of FT when rst ions and/or neutrals are detected gets
higher when the laser spot decreases, i.e., when the parameter
cM gets smaller.
Fig. 4 Variation ofDb as a function of fluence for cDHB= 1 (circles) and
cDHB = 0.85 (squares) for 100 mm laser-spot diameter.

726 | RSC Adv., 2023, 13, 721–729
From Fig. 4, it is also possible to obtain a value for the u-
ence threshold and the critical uence for the different coverage
fractions considered: FT= 2.1mJ cm−2 and FC= 4.1 mJ cm−2 for
cDHB = 1, and FT = 2.6 mJ cm−2 and FC = 4.8 mJ cm−2 for cDHB

= 0.85. Besides, Dresisewerd and coworkers in ref. 22 observed
that the slope of the tting decreased when the laser diameter
was larger. In our simulations the slope diminishes from 0.034
to 0.030 (F < FC) and from 0.017 to 0.015 (F > FC). This means
a reduction of 15%, which is observed both in FC and FT.
Sublimated thickness (l) and layer threshold (lT)

Fig. 5 shows the variation in thickness (l) as a function of u-
ence for FA and CHCA (DHB in ESI†). Since the variation of the
layer desorbed per laser shot is proportional to Db, according to
the results shown in Fig. 5, we can conclude that the layer depth
affected by the laser and, therefore, totally transferred to the gas
phase is higher for FA than CHCA. The slopes of the trends are
quite similar: 7.2 × 10−10 and 5.0 × 10−10 for FA and CHCA,
respectively, when F > FC, but quite different to lower uences:
1.5.0 × 10−9 and 6.0 × 10−10 for FA and CHCA, respectively (F <
FC). Also, the minimum layer desorbed for FA is 23.8 Angstroms
(Å) while that for CHCA is 10.1 Å. This result is surprising if one
compares it with those obtained from the structure of the
crystalized matrix. In X-ray diffraction studies a 3D unit cell is
identied for each substance and three different distances are
given: a, b and c (see Table 2). Considering that in MALDI,
crystals are randomly oriented, an average can be used as
a reference. Thus, abc = 10.3 Å for CHCA and 11.04 Å for FA.
Strikingly, the value for the latter almost corresponds to that
obtained computationally but is almost twice the obtained
experimental value.

Another interesting aspect is that calculations extended to
DHB show a minimum thickness of 22.4 Å. This is also roughly
double the average calculated from the unit cell: abc = 11.3 Å.
We believe that there is a relation between the minimum des-
orbed thicknesses and how molecules are located in the unit
cell. Thus, CHCA molecules are oriented in co-planar layers
differently than those from FA and DHB, whose molecular
planes cross each other (ESI†). In other words, the interaction of
the molecules via dispersive forces would basically be reected
Fig. 5 Thickness sublimated FA (squares) and CHCA (circles) for the
two sets of data selected according to the best fitting criteria.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by the macroscopic characteristics, such as the sublimation
temperature, heat conductivity and heat capacity.
Fig. 7 Number of total sublimatedmolecules (including those ionized)
for DHB (circles), FA (square) and CHCA (rhomboid). Only the fit for
data obtained for F > FC is shown.
Number of molecules per square meter (nS)

The number of sublimated molecules per square meter can be
calculated from eqn (4). Results for FA and CHCA are shown in
Fig. 6 (DHB in ESI†). According to the results, the parameter nS
increases much faster for low uences (F < FC) than for high
ones. This trend has been observed repeatedly for many years
and recently conrmed by crossed molecular beam
techniques.36

Fig. 7 displays the total number of molecules (N) surpassing
the solid-to-gas phase barrier (DHSub) at low uence for the
three matrices.

In the following, we compare the results obtained with the
most recent, and in our experience the most accurate, data for
the desorbed molecule. It is interesting to compare the increase
in the calculated number of total molecules per shot per area
(nS) with those from ref. 23, 37 and 38 It should be mentioned
that C. K. Ni and co-workers23,37 employed cross-beam tech-
niques for measurement, which is in our opinion the most
powerful methodology so far, for the neutrals of the three
matrices we have studied. In addition to these studies, we
should note that there are not many articles where a quantita-
tive analysis of the number of neutrals (N) and/or neutrals per
area (nS) versus uence can be found. For example, Niehaus
et al.39 in 2018 published an excellent study showing qualitative
trends that our work predicts. However, any attempt to compare
this work with our data is not possible since the normalized
photoacoustic signal from MALDI material ejection is given in
arbitrary units. With an awareness of the scarcity of information
existing in this sense, we refer the reader to the many good
reviews published in the last two decades8,40–45 and references
therein.

In Table 3, we record the data from ref. 23 and 37 calculated
from the plots and divided by the laser spot: circular with
a diameter of 200 mm diameter and 50 times 80 mm rectangular
laser-spots, respectively. For this comparison, we have used the
data plotted in Fig. 6 of our work for CHCA and FA and Fig. 3 of
Fig. 6 Number of molecules per squaremeter (ns) for FA (squares) and
CHCA (circles) sublimated at different fluences. nFA and nCHCA are
similar for fluences higher than 7 mJ cm−2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
ESI,† where the thickness (l) of desorbed/ablated DHB is pre-
sented (with eqn (4) in which nS = (N/area). In general, we
observed for all values close agreement of measurements to our
predictions for all the matrices studied. In the case of DHB at
lower uence than the critical, an order of magnitude higher is
predicted.

In Table 4, we compare our predictions, obtained by inter-
polating our data with tting equations, with those of ref. 38 for
CHCA and DHB, where 1.5, 2, 3 and 4 times the threshold u-
ence were measured (0.30 and 0.87 mJ for CHCA and DHB,
respectively, and an area of 0.0019 mm2 in both cases).
According to the data, for CHCA the values predicted by our
approach are around an order of magnitude higher than in ref.
38. However, for the DHBmatrix this difference increases to two
orders of magnitude.

It is interesting to pay close attention to these discrepancies
with regard to the number of molecules (N). For the DHB
matrix, we estimate an increase in neutrals of about 119 times
for a uence range between FT and 25 mJ cm−2. However, in ref.
23 this increase is nearly an order of magnitude higher (2500).
For FA and CHCA and according again to ref. 37, the increase in
neutrals for the same range of uences is 200 for FA and 2000
for CHCA. However, we calculate increases of 59 and 41,
respectively, which are signicantly smaller. Thus, it seems
clear that experiments show a faster increase in the number of
neutrals as a function of uence compared with theoretical
results, e.g., one and two orders of magnitude for FA and CHCA-
DHB, respectively. This observation is contrary to the (nS)
results, for which the predictions show greater numbers.

We believe that this disagreement between theoretical and
experimental results, and the aforementioned results corre-
sponding to nS, has two different origins. On the one hand, the
calculation of thermodynamical factors related to the processes
of sublimation, radiation, and heat conduction, i.e., k, Cp and
f(T), could present some numerical inaccuracies. It is plausible
that small inaccuracies could produce large discrepancies in the
calculation of the relevant parameters in such highly correlated
systems. On the other hand, and more importantly, a mechan-
ical contribution should be introduced to consider the sudden
RSC Adv., 2023, 13, 721–729 | 727
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Table 3 Comparison of the results obtained in this work with those of ref. 23 and 37 (spot diameters of 200 and 50 × 80 mm, respectively)a

Fluence
mJ cm−2

CHCA ref. 23 CHCA this work FA ref. 23 FA this work DHB ref. 37 DHB this work

Neutrals
shot/m2

Neutrals
shot/m2

(this work/ref. 23)
Neutrals
shot/m2

Neutrals
shot/m2

(this work/ref. 23)
Neutrals
shot/m2

Neutrals shot/m2

(this work/ref. 37)

2.5 1.5 × 1017 1.2 × 1019 (80.2)
5 2.0 × 1018 3.0 × 1019 (15.0)
10 9.5 × 1018 2.0 × 1019 (2.1) 6.4 × 1018 2.2 × 1019 (3.5) 5.0 × 1018 6.57 × 1019 (13.2)
15 2.0 × 1019 1.1 × 1020 (5.5)
20 6.4 × 1019 4.0 × 1019 (0.6) 3.8 × 1019 5.0 × 1019 (1.3) 3.7 × 1019 1.53 × 1020 (4.1)
25 5.0 × 1019 2.2 × 1020 (4.0)
30 2.$1020 6.0 × 1019 (0.3) 6.4 × 1019 7.0 × 1019 (1.1)

a Predictions of this work divided by data from references are given in parentheses.

Table 4 Comparison of this work with ref. 38a

Fluence
mJ cm−2

CHCA ref 38 CHCA this work DHB ref 38 DHB this work

Neutrals shot/m2

(1.5, 2, 3, 4 times
threshold uence)

Neutrals shot/m2

(this work/ref. 38)

Neutrals shot/m2

(1.5, 2, 3 times
threshold uence)

Neutrals shot/m2

(this work/ref. 38)

24 5.0 × 1018 5.0 × 1019 (10.00)
32 6.9 × 1018 7.0 × 1019 (10.2)
47 1.7 × 1019 1.0 × 1020 (6.0)
63 2.3 × 1019 1.5 × 1020 (6.6)
69 1.6 × 1018 4.4 × 1020 (275.0)
92 2.5 × 1018 5.5 × 1020 (220.7)
137 4.5 × 1018 9.8 × 1020 (221.0)

a Predictions of this work divided by data from references are given in parenthesis.
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loosening of material (chunks), i.e., a huge mass rate leaving the
sample. In this situation, a compression effect dened by
a force built rapidly. This force has the same magnitude but
a different sign to that created by the material ejected from the
surface. Including extra terms in the system of equations, where
pressure (F / /area) is taken into account, would represent
compensation for the temperature increase, giving rise to
a more accurate description of the whole process.

Although the model presented in this work qualitatively
describes the behaviour of thickness sublimation as a function
of uence as well as many other interesting features, e.g., the
appearance of FT and FC, further work will be done to achieve
better agreement between theoretical and experimental results.
Conclusions

In the work presented here, the three-layer energy–matter
balance model was extended to the limit of the very low uence
threshold. Thus, two different regimes were encountered:
desorption for uences up to 4 or 7 mJ cm−2 (DHB or CHCA),
and ablation from these uences on. The two regimes are well
identied by the variation in the sublimated number of mole-
cules as a function of time. Furthermore, this approach applied
728 | RSC Adv., 2023, 13, 721–729
to ns-UV-lasers based on rate equations describes a change in
trend related to the transition in the dominant mechanism for
ion production, i.e., related to the transition between adsorp-
tion and ablation, and establishes a turning-point uence
named the critical uence FC. To the best of our knowledge,
none of the previous attempts to simulate this behaviour in ns-
MALDI was successful. We believe that our model can provide
a phenomenological description of these processes because all
the possible mechanisms competing between each other are
included in our approach.

Besides, the discussed model attempts to determine the
limit of desorption, yielding values close to those measured by
modernmolecular crossed-beam techniques. The limit at which
molecules (neutrals and/or ions) start to sublimate, known as
the uence threshold FT, is in our approach closer to the
experimental values than the values theoretically predicted by
the existing models. However, it fails in the description of the
rapid increase in the total number of molecules as a function of
uence. Nevertheless, to the best of our knowledge, it provides
the best qualitative results up to now.

For future work, it is necessary to devote more efforts to
implementing mechanistic effects due to a force originating
from the compression of the layer during sublimation. This will
© 2023 The Author(s). Published by the Royal Society of Chemistry
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rene the model and will surely provide deeper insights.
Furthermore, this thermo-mechanic model would explain the
emission of chunks and spallation. These model renements
will be the subject of future publications.
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