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A hybrid model, which combines a bead-and-spring approach with the breathing sphere model, is developed

for a molecular dynamics study of matrix-assisted laser desorption of analyte molecules. The combined model

is used to investigate the initial stage of analyte molecular ejection at different laser fluences. Analyte molecules

embedded near the irradiated surface are lifted off at laser fluences corresponding to the ablation threshold.
Higher fluences are required to eject analyte molecules embedded deeper below the surface. At all considered
laser fluences, analyte molecules are ejected within matrix clusters, thus solvated. The degree of solvation

decreases with increasing laser fluence and during the ablation plume expansion. Possible mechanisms of
analyte desolvation in the ejected plume are discussed. Analyte fragmentation is found to be negligible under

all explored conditions.

1. Introduction disintegration via a nonequilibrium phase transittdmechan-
ical stress and shocdk,and photofragmentatiof?.In addition,

. '?““T‘g tr'\lAeAfglsthdecgde, matrlx-'asgsteg laser defscl)rpt'lonseveral models such as the cluster medeand “cool plume
ionization ( ) has been recognized to be a powerful too model” have been elaborated to explain the MALDI process.

for mass-spectrometric analysis of large organic molecules suchyye recent numerical predicti#f?land experimental observa-
as proteins and peptidés.” The MALDI technique is based tion?* of cluster ejection during ablation has provided new

on the embedding of analyte molec.ules.ln'Fo a solid matrix ,Of information concerning the role of molecular clusters in MALDI.
molecules that strongly absorb laser irradiation. Laser excitation . . .
In several papers, the molecular dynamics simulation tech-

of the matrix molecules results in the ejection of the irradiated nique was used for the analysis of MALBH8252% For

material and in the formation of an ablation plume. Analyte xample, analyte ejection was studied using a detailed atomistic
molecules are entrained in the plume and are usually detectedS 2P 16 lgyltg 25126 9 .
simulation®:18:19.25.26 Energy transfer rates from matrix to

in the form of ions. It was demonstrated in several experiments analyte molecules were investigated, and the ejection of analyte
that under optimized conditions analyte molecules as heavy as olecules was demonstratid The effect of burial depth of

1.5 MDa are lifted off intact in MALDI*? The detection of the the analyte molecules on their ejection was also shéwn

ejected high molecular weight molecules that have survived the addition, conformational changes Jof the analyte molecules.have

ejection process without major fragmentation is the main b ’ tlv studied by at 9¢ tic simul t'éyﬁ

advantage of MALDI as compared to other mass-spectrometric een recen .y S udied by atomistic smu atiens. o

techniques. Therefore, MALDI has found many applications in 1 n€ atomistic approach, however, imposes a limitation on
the system size and does not allow simulation with realistic laser

the pharmaceutical industry and medical research.
P 4 penetration depth, pulse width, and fluence. To address these

Processes similar to the ones in MALDI have been recently ; .
o Iy P shortcomings, the breathing sphere model was desigf7éd?3!
utilized for the deposition of polymer thin films. Polymers are The main advantage of this model s its ability to study the

dissolved in an absorbing matrix instead of organic molecules. dvnamics of the svstem at the mesosconic lenath scale and

The laser ejected polymer molecules are captured on a surfacetﬁ/erefore ith morg realistic laser pro ert'gs Th'g new model

thus creating the thin polymer film with minimal fragmentation. re Wi Istic properties. This new .
has yielded a wealth of information on the microscopic

This new technique is called matrix assisted pulsed laser . . ;
d P mechanisms of laser ablation, the parameters of the ejected

i 5
evgzo;?g??hg\gg?t;}én d numerical investiaations of MALDI plume (velocity distributions of matrix and analyte molectie®
v : umerical investigati and cluster ejectio27283§ and their dependence on the

have begn performé@.‘ﬂ The attempts to understant_j MALDI irradiation conditiong%32 For example, the simulations have
mecha_msms ha_ve ra_used many fundamental questions. On_e 0tevealed the existence of a threshold fluence at which the
the major questions is how large frague_molecules can SUrVIVe ., nsition from the desorption regime to the ablation regime
the laser heating and subsequent ejection. To understand why, ¢ plac@®32 In addition, the ejection of analyte molecules
analyte molecules do not dissociate during MALDI, many . examined’~2° and the mass dependence of the velocity
possible ‘scenarios of the ma}t7r|2>§ 2d|3|ntegrat|on and analyte yiiption of analyte molecules in matrix-assisted laser de-
liberation have been propos&d.*’22#These scenarios include sorption was analyzed. In these simulations, however, the analyte
— molecules were represented by spheres without internal structure.
* To whom correspondence should be addressed. E-mail: bjg@psu.edu. s li h the eiecti f | | | ith
tThe Pennsylvania State University. everal issues, such as the ejection of analyte molecules wi
* University of Virginia. an internal structure, have not been addressed within the
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breathing sphere model. Herein, we present the results of a The analyte molecules are modeled using a chain of beads
molecular dynamics (MD) simulation of laser ablation where and springs. Each bead represents one unit of analyte macro-
the target material is modeled as a solid solution of analyte molecule. The chains are assumed to be flexible. For bonded
molecules in a molecular matrix. The analyte molecules are interactions in analyte molecules, we use a Morse potential given
described using a bead-and-spring mgdel® where each bead by

represents one or several units of the macromolecule. The

combination of the beaelspring model with the breathing sphere ul) = A[e*ZB(I*Io) _ Ze*B(l*Io)] ()
model is developed in order to provide new insights into the P
processes in MALDI of large molecules. Because united-atom
models are used both for molecular matrix and for analyte
molecules, the system size is significantly larger than in atomic-
level modelsi®-18:36 The new combined model is used to
investigate the structural modifications of the molecules during
the ejection. The role of molecular clusters and the degree of
analyte solvation are examined. The possible mechanisms of
the liberation of analyte molecules from clusters of matrix
molecules (desolvation) are discussed further.

wherelg is the equilibrium spring length andlis the potential
well depth (dissociation energy). In simulations presented in
this paper]o = 1.64 A andA = 4.6 eV. The stretching constant
is assumed to bk, = 8.42 eV/R, and therB = (ks,/2A)2 =
0.96 A-L. The mass of each bead is set to be 74 amu, and its
radius is 1.26 A. These parameters are typical for a range of
bonds in organic molecul&and are used in this work to
represent a generic analyte molecule in MALDI. The same
parameters were used previously to model MAPFALdE siloxane
polymers (e.g., PDM%5). When the bond length exceeds 7.7
A, the chemical bond is broken, leading to fragmentation. After
In the present section, we briefly review the basic features the fragmentation, the interaction between the previously bonded
of the breathing sphere model developed for MD simulations beads is calculated as the one between nonbonded beads. All
of laser ablation of organic soli#fs’-**and describe the coupling  nonbonded interactions are modeled by the same Morse potential
with the bead-and-spring modéP* used for the analyte  as that for the matrix molecules. Because the united-atom models
molecules. In the breathing sphere model, each matrix moleculeare used both for matrix molecules and for analyte molecules,
(or group of atoms) is represented by a single particle that hasa relatively large time step of 2 fs is used in the simulation.
the true translational degrees of freedom but an approximate The calculations are performed for a rectangular sample with
internal degree of freedom. The Langrangian that describes thejinear dimensions of 10& 100 x 900 A that contains about
motion in the system is given by 62 600 matrix molecules. From 9 to 30 analyte molecules, each
composed of 40 beads, are introduced into the sample using a
L= 1/ZZmi (dri/dt)* — ZUf + 1/ZZ M, (dR/dt)* — ZUR random Monte Carlo procedure and removing the overlapping
[ 1 [ [ @ matrix molecules. The total mass of each analyte molecule is
2960 Da. Before exposure to a laser pulse, the system is
wherem, r;, andR, are the mass, position, and radius of ithe qguenched. Dynamic boundary conditions are used to eliminate
breathing sphere molecule. the reflection of the laser induced pressure wave from the bottom
The intermolecular forces among matrix molecules represent Of the simulated sampfé.In the lateral directions, periodic
the van der Waals interaction in the molecular system. The boundary conditions are imposed. Laser irradiation is simulated
Morse potential is chosen to represent the intermolecular by vibrational excitation of randomly chosen matrix molecules.

2. Model and Simulation Details

interaction as follows: The vibrational excitations are performed by depositing a
qguantum of energy equal to the photon energy into the kinetic
U, = ep[exp{ —2a(r; — dp)} — 2 exd —a(ry — dy)}] (2) energy of internal vibration of the molecules to be excited. The

absorption probability decreases exponentially with depth in
whererj = |ri — rj| — R — R, i.e., the distance between the accordance with Beer’s law. The laser penetration depghis
edges of breathing spheres. For the simulation presented in thisassumed to be 500 A, and the laser wavelength is set to be 337
paper, we have seh =3 A, ¢, =0.1 eV, andu =1 AL A nm. Two values of the laser pulse width= 150 and 300 ps,
mass,m, of 100 Da is attributed to each matrix molecule. The are used in the simulation. The laser fluence is varied between
cohesive energy of the molecular matrixds= 0.6 eV, the 10 and 110 J/h
elastic bulk modulus is on the order of 5 GPa, and the density ) ) _ )
is 1.2 g/cm. The parameters are chosen to model a generic 3- Simulation Results and Discussion

molecular solid. ) ) In this paper, we present the simulation results obtained with
An internal degree of freedom is attributed to each molecule 3 |3ser pulse duration corresponding to the thermal-confinement
by allowing the spheres representing the matrix molecules to regime, which is typical for UV-MALDR?32 This regime is
change their sizes or “breath”. The frequency of the internal yeajized when the pulse duration is longer than the characteristic
breathing mode is controlled by the parameters of the anhar-tjme of relaxation of the laser-induced stresggshut shorter
monic potential ascribed to the internal degree of freedom  than the time of dissipation of the absorbed energy by the
5 3 4 thermal conductionty,. First, we discuss the ablation process
Ur = KAR® + KAR™ + K AR, ©) and the ablation yield. The degree of solvation of the analyte
molecules in the matrix clusters is investigated as a function of
whereAR = R — R’. The parameters of the internal potential laser fluence. In the next subsection, we discuss the mechanisms
determine the coupling between internal and translational of the desolvation of analyte molecules. The processes that could
molecular motion. In the present calculations, the equilibrium lead to analyte fragmentation are addressed in the final part.
radius,R-O, is 1.4 A. The parameters of the internal potential ( 3.1. Plume Development and Analyte EjectionA snapshot
=30 eV/A? k; = —60 eV/A3, andks = 60 eV/A%) are chosen of the laser plume obtained in the simulation for a laser fluence
to provide the characteristic relaxation time of an excited above the ablation threshold is shown in Figure 1. The
molecule to be on the order of 10 ps. simulations clearly demonstrate that analyte molecules (red) are
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Figure 1. Snapshots from the MD simulation showing a portion of ~Figure 2. (a) Matrix yield vs laser fluence. Circles represent the number
the laser plume obtained with laser pulse widtk 150 ps and laser of matrix molecules ejected in the form of monomers and small clusters
fluenceF = 70 J/n%. (a) Initial sample, (b) laser plume &= 200 ps (four molecules or fewer), squares correspond to the number of matrix
after the end of the laser pulse. Thexis is directed along the outward ~ Molecules ejected in the form of big clusters (more than four molecules),
surface normal, and the position of the irradiated surface corresponds@nd_triangles show the total yield of the matrix molecules. The
toz= 0. For clarity, the analyte molecules (red) are plotted in front of Partitioning between small and large is arbitrary, and any choice of
the matrix molecules (blue), whereas in reality, they are inside the Small and large exhibits the same trend. (b) Analyte molecules. (c)
sample. Number of matrix molecules in clusters containing one analyte

molecule. Squares show the number of matrix molecules attached to

the analyte molecule in the largest cluster, whereas solid circles display
entrained in the expanding plume of matrix molecules (blue). the one in the smallest cluster. (d) The percentage of matrix molecules
The figure also illustrates that, in addition to monomers, the I Small and large clusters. The data points are obtaineds50 ps

laser plume contains big clusters composed of both matrix and after the laser pulse. The vertical line in all frames shows the ablation
p 9 p thresholdF,. Lines in frames b and c are just guides to the eye. The
analyte molecules.

second vertical line in frame d indicates the laser fluefgce 2Fa at

A quantitative analysis of analyte ejection relative to the which the fraction of small clusters exceeds the one of big clusters.
physical mechanisms of ablation is shown in Figure 2. Figure
2a demonstrates the calculated yield of matrix molecules, which
is defined in the simulation as a number of molecules ejected material overheated by the fast laser energy deposition, which
at a distance more than 100 A above the position of the initial leads to the ejection of molecular clusté?d! Quantitatively,
irradiated surface. As discussed previously, at low fluences, thethe fluence values are lower in our simulation than in typical
removal of material occurs because of desorptigfiFor a laser MALDI experiments because of the difference in the heat
fluenceF, = 30 J/n? corresponding to the ablation threshold capacity of the irradiated sample, the presence of the reflection
in our simulation, a discontinuity in the total yield can be losses in experiments, and the difference in optical penetration
observed, indicating the transition from the desorption regime depth?:39The ejection of analyte molecules occurs only in the
to the ablation regime. At this fluence, the amount of the material ablation regime, i.e., when laser fluence is larger tRalfFigure
removed increases because of the explosive boiling of the 2b]. In this regime, the strong cooperative motion of the ablated
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material leads to the ejection of the analyte molecules. The of the processes leading to the desolvation. In addition, because
ejection of analyte molecules when the laser fluence is abovewe do not explicitly consider intramolecular atomic vibrations,
the ablation threshold agrees with experim&ftsand with the amount of energy that can be accumulated in the model
previous simulationg?4° material is smaller than the real heat capacity of a molecular
Our calculations show that the ablated analyte molecules aresolid?* Nevertheless, we qualitatively consider the main mech-
typically solvated within relatively large clusters of matrix anisms of the analyte desolvation.
molecules. Figure 2c illustrates the laser fluence dependency Single Analyte Molecule®©ne possible explanation for the
of the number of matrix molecules in the largest (moving in unsolvated analyte ions is that these ions arise from very special
the plume tail) and smallest (moving in the front part of the conditions. As shown in Figure 2c,d, our calculations predict
plume) clusters that contain an analyte molecule. One can se&hat the amount of solvation is less if the analyte molecule is
in the figure that the size of the smallest cluster diminishes originally close to the surface and if the laser fluence is almost
rapidly as the fluence increases up to a value of about twice tyjce the ablation threshold. There have been proposals that
the ablation threshold. the analyte molecule must be on the surfaae that the ion
Clusters of matrix moleculés*-2and clusters of analyte  formation threshold is well above the ablation threshold. There
molecule$*5 are evidently present in many MALDI experi- s also a possibility that the analyte molecules can segregate at
ments. Indirect evidence of the ejection of molecular clusters grain boundaries of the crystalline matrix. In the simulations
in MALDI has been obtained in postionizatitr® and the presented here, the analyte molecule is embedded into in a very
delayed extractiot§ time-of-flight mass spectrometry experi- homogeneous environment.
ments. Several models of ionization in MALDI assume thatthe  Thaormal Eaporation. Because of the high temperature

zgatme rl]l]%icilgeesvglr\/eir:g“g?gs?n Coenrl:z(r:;lwggwngsterlx ,\rﬂngll_eglules attained at the end of the laser pulse, natural desolvation (or
P S —ng ’ ' . thermal evaporation) of matrix molecules from hot clusters can
spectra do not exhibit strong ion signals corresponding to matrix lead to the liberation of analyte molecules from precursor

addEct_s. Hatvlgg Fheblan?lyte lon S|Igr:_al Iparut;one|d lntg s;e\lleralt clusters after the end of the laser pulse. To provide a qualitative
peat. S"'Stﬂo beswa efg‘r an alnay |tc_a pl)rotoco., ant a ?as description of the matrixanalyte energy transfer, we monitor
partially, the absence of the analytmatrix clusters in a typica the internal energy of the analyte molecules as shown in Figure

MAL.Dl experiment can be att”bl.“ed toa d_ellberate choice of 3a. The internal energy of analyte molecules is calculated as a
matrixes that minimize the clustering of matrix molecules around . N
sum of potential and kinetic energy of analyte beads. The

o ,
the analyte ioné: Regardless of whether some matrixes under simulation results show that the internal energy rises during the

me experimental condition Iv he anal ions, ther .
some experimental conditions solvate the analyte ions, the ©laser pulse and decreases thereafter. The decay of the internal

are some conditions under which the analyte ions are not .
encumbered with matrix molecules. Several physical processesenergy after the end.of the_laser pulse correlates with the process
f analyte desolvation (Figure 3b). The observed correlation

that can lead to desolvation of the analyte molecule are discussed’ - . . .
in the next subsection can be explained by the evaporative cooling that helps in

. . . . stabilizing the analyte molecules. One can note, furthermore,
Before discussing possible scenarios of the analyte desolva- 9 y

tion, we first checked that the analytenatrix interaction is not that the major desolvation takes place after the laser pulse, at
100 ,stron in our simulation. To ey:amine this possibility. we the stage when the plume cools because of the phase transition.

9 N . s p Y, In fact, the temperature in the plume decreases considerably
have performed a set of simulations scaling down both the

. : . X after the end of the laser pulse during a period which is

parameters of the matrbanalyte and matrixmatrix potential. . .
The only difference observed is that both the ablation threshold comparablg to the laser .pulse width.Earlier, molecular
and the dependency of the yields are shifted to lower fluences.d.ynamICS simulations pred|gte_d that at longer laser pulses the
The analyte molecules are still solvated. It is known from ejected c_Iust_ers are smalfér?Figure 3c demo_nstrates also that
experiments that analyte molecules must be miscible in the desolvation is slower when the laser pulse is longer.
original matrix in order to obtain good spectra. Thus, the strength ~ Previously, investigations of the evaporation of clusters have
of the matrix-matrix and matrix-analyte interactions must be  been performed by using classical nucleation thédmiRRK
comparable. Therefore, our choices of parameters are sensibletheory?**® kinetic theory?® and molecular dynamics simula-
and the observed solvation of analyte molecules is not an artifacttion=>*°” These studies showed that the evaporation rate is
of the simulation. Ongoing simulations of explosive boiling in  typically low. For example, thermal evaporation of an argon
a system of water molecules with an embedded small peptidecluster containing more than 600 atoms was estimated to
molecule also exhibit considerable solvatfén. continue during a few microsecontfsin addition, both the

3.2. Desolvation of Analyte Moleculesif analyte molecules ~ Present simulation and previous investigations of cluster evapo-
are ejected solvated, then how can one explain the observatiorfation indicate that clusters do not evaporate completely. This
of isolated analyte molecules in MALDI experiments? The result can be attributed to the decrease of cluster temperature
following processes can account for these observations. (i) Underecause of thermal evaporatitiin addition, the frequency of
some set of specific conditions, a small fraction of analyte collisions among clusters and plume molecules decreases as a
molecules can be ejected without matrix molecules attached toresult of the plume expansion. Therefore, the temperature of
them. (i) Thermal evaporation of clusters occurs after the end the clusters, even being higher than the one of the gas
of the laser pulse and before detection. (i) Desolvation can component of the plum&,decays faster in an expanding plume
occur because of collisions of solvated analyte molecules with than in a stationary case. At shorter laser pulses, clusters cool
plume molecules during ion extraction. Below we will consider more rapidly after the end of the pulse, and cluster sizes stabilize.
these processes in more detail. It should be noted, however,For longer laser pulses, the initially smaller clusters cool more
that we perform the calculations only until about 1 ns from the slowly, and therefore, clusters can evaporate to a smaller size.
end of the laser pulse. The typical time-of-flight of an analyte However, thermal evaporation seems to be insufficient for
molecule from the irradiated target to the detector is on the order complete desolvation, and additional mechanisms must be
of microseconds. Therefore, our simulations cannot describe allconsidered.
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Figure 3. (a) Internal energy of analyte molecules vs time for different andZ = 0 corresponds to the initial position of the irradiated surface.

laser fluences. Circles correspondre= 39 J/nf, diamonds correspond
to F = 70 J/n%, and triangles correspond to laser fluefice 90 J/nt. ) _ ) )
Calculations are performed for pulse durationr= 150 ps and the In this part, we have discussed the major mechanisms that

number of analyte moleculeé, = 9, and the results are shown for the  can account for the observation of isolated analytes. Calculation
analyte molecule e_mbedded near the |rr_ﬁld|ated surface. (b) Number ofrasylts have shown that natural desolvation is a slow process,
matrix molecules in the clusters containing analyte molecules as & \vhich can give rise only to a partial desolvation. The desolvation

function of time. The initial positions of the analyte molecules are (1) hanism i babl db llisi I .
Zy, = —42.3 A (the smallest cluster containing an analyte molecule), M&chanism is most probably promoted by collisional interaction

(2) Zo=—143 A, and (3)2o = —262 A (the biggest cluster containing  Of clusters with plume molecules at the initial stage of the plume

an analyte molecule). (c) Same as b for the smallest cluster and twodevelopment and during the ion extraction.

laser pulse widttr = 150 and 300 ps. 3.3. Velocities and Fragmentation of Analyte Molecules.
The movement of the analyte molecules away from the surface

Gas-Phase Collisions during lon Extraction. the presence IS illustrated in Figure 4. At a laser fluence just above the
of an electric field, additional processes can lead to analyte ablation threshold [Figure 4a], only the analyte molecule initially
desolvation. In this case, small charged clusters containinglocated close to the irradiated surface is ejected. With the
analyte molecules will undergo many collisions with plume increase in fluence, more analyte molecules are entrained in
molecules during their extraction in the electric field. Because the plume [Figure 4b]. The molecules that are initially embedded
matrix molecules are more weakly bound to the analyte deeper under the irradiated surface start moving later and are
molecules than the bonding interactions within the analyte Slower than the ones that are embedded closer to the irradiated
molecule, the collisions within the plume can result in the surface. These results can be related to the effect of entrainment
liberation of analyte molecules from the matrix. Supporting this 0f analyte molecules and molecular clusters that was observed
hypothesis, several experiments demonstrated that the energgarlier?®2° Free expansion of the plume leads to the linear
of the extracted analyte ions is smaller than one would expect dependency of the flow velocity on the distance from the initial
from the acceleration in the electric field® For example, the surface. The analyte molecules are entrained into the expanding
energy deficit of 24 eV was reported for insulin ions by Zhou plume and move along with the individual molecules with nearly
et al? The revealed energy deficit was attributed to the collisions the same velocities. Therefore, analyte molecules that are in
with the neutral species in the plume during the extraction. Thesethe tail of the plume are slower than the ones in the front part
results indicate that an amount of energy transferred to a chargedf the plume?® The analyte center-of-mass velocities are
cluster during the extraction could be sufficient to increase the proportional to the slope of th&(t) curves. The velocities of
cluster temperature and to promote the desolvation. Additional the ejected analyte molecules range from 40 to 1200 m/s and
collision effects can also lead to the liberation of the analyte increase with laser fluence. These values are comparable to those
molecules from the matrix when experiments are performed in from a number of experiments in which velocities in the range
the presence of a low-pressure buffer gas. of 500—1200 m/s are measur&d?8.60-65
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Figure 5. Maximum value of the internal energy of that analyte
molecule embedded at the degth= —42 A as a function of laser
fluence. Calculation results are obtained at 7 = 150 ps. The line is

a linear fit to the dependency.

Figure 6. Distance between the end beads of the analyte molecule
(the length,lp) as a function of time. Calculations are performed for
laser pulse duration = 300 ps and laser fluende= 90 J/n?. (1) the
molecule is initially unextended; (2) the analyte molecule is initially
extended in the direction perpendicular to the irradiated surface. At
= 110 ps the first molecule is broken. Lines are just guides to the eye.
Typical MALDI-TOF experiments show a deterioration of

the mass spectra at high laser fluences. This result is frequently . )
attributed to the fragmentation of molecules, because the &t t ~ 100 ps The observed unfolding and fragmentation of
formation of fragments with different molecular weight de- the chal_n can be explained by the dn‘ferenpe |n_the velocities
creases the resolution of the MALBTOF techniqué. There of the dlff.e.rent parts of the molecu!e en.tralned in the plume.
can be two main reasons of analyte fragmentation, (i) the The velocities of the molecules entrained in the plume are nearly

increase in temperature (thermal effects) and (i) mechanical (€ Same as the velocity of the corresponding part of the plume.
stress. Different parts of the same molecule, which are situated at

For fragmentation due to thermal effects, the internal energy g!gerent dgpthr,] Canlth!l?' atl:qu(ijre diffirent \f/ell(c;.cities.f Tr?e
of the analyte molecule should exceed a certain dissociationderence in the velocities leads to the unfolding of the
threshold value. The exact calculation of the threshold is not Molecules during the laser pulse. The unfolding is more

possible within the bead-and-spring approximation. An estimate pronc_;uncgd for molecules that are initially more extended_ in
can be obtained from classical RRK theory, in which the the direction of the plume expansion. The observed unfolding

molecule is represented s oscillatorss® For example, for can result in the fragmentation of analyte molecules initially
molecules withs = 40 (the number of spring connectors i,n each located close to the irradiated surface and parallel to the pressure
analyte molecule in our simulation) and a bond dissociation gradient. We note, however, that in most of the simulations the

energy of 4.6 eV, this estimate gives an internal energy thresholg@nalyte molecules remain intact as their initial configurations

of about 63 eV. We have calculated the maximum internal &€ More compact.
energy of analyte molecules as a function of laser fluence
(Figure 5). From the linear extrapolation of the obtained
dependency, one can estimate tBat ~ 63 eV at fluences as We have presented a numerical investigation of matrix-
high as about 290 JAnAt these high fluences, the energy assisted laser desorption of analyte molecules. Molecular
absorbed per matrix molecule would be much higher than the dynamics simulations have been used to elucidate microscopic
average cohesive energy (0.6 eV per molecule in our simula- mechanisms of the analyte molecule ejection and their structural
tion). The fluence required for the fragmentation is much larger modification. A combination of the breathing sphere model with
that the one needed for the ejection and liberation of the analytethe bead-and-spring approach has been developed, which allows
molecules. The degree of fragmentation is, therefore, negligible calculations with large time step and system size.
at laser fluences typical for MALDI. The solvation of analyte The simulation results show that analyte molecules are ejected
molecules also helps in preventing their fragmentation. In effect, from the surface at laser fluences higher than the laser ablation
the analytes can transfer the energy stored in their vibrational threshold. The velocity of the ejected high molecular weight
modes to the surrounding matrix molecules. In addition, analyte molecules can be as high as 1200 m/s. Analytes
collisions with the plume molecules during the extraction only incorporated closer to the irradiated surface are lifted off at
weakly affect solvated analyte molecules and cannot lead tofluences just above the ablation threshold. To eject analyte
their fragmentation. molecules embedded deeper under the surface, higher fluences
The difference in the velocities of the material ejected from are needed. As the laser fluence increases, the yield of both
different depths in the irradiated sample can also cause analyteanalyte and matrix molecules grows logarithmically.
fragmentation. To study the structural modifications of analyte ~ Our calculations have demonstrated that analyte molecules
molecules, we monitor the time variation of the analyte length are ejected within clusters of matrix molecules and are thus
(distance between the ending beads) for analyte moleculessolvated. These results support the earlier suggestions of Karas
located close to the irradiated surface (Figure 6). In the first and Hillenkamp? that the absorption of laser radiation leads
case, the length of the analyte is quite short at the beginning ofto the ejection of large particles of matrix material containing
the laser pulse. In the second case, the analyte molecule isanalyte molecules. The calculations show, furthermore, that the
initially extended in the direction perpendicular to the surface. number of matrix molecules attached to the analyte molecules
One can see that the length increases during the laser pulse ans smaller for analyte molecules embedded closer to the surface.
then decreases in the first case. In the second case, the lengtin addition, the degree of solvation is found to diminish with
of the chain increases rapidly with time until the chain is broken laser fluence. The least solvated analyte molecules are, therefore,

4. Summary
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those that are embedded near the surface and ejected at a high (11) Brown, R. S.; Feng, J.; Reiberg, D. [@t. J. Mass Spectrom. lon

laser fluence. How the analyte molecules lose all the matrix
molecules to be detected as isolated analyte ions in MALDI 4,59

experiments is still an open question.
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discussed. Two major explanations of the observation of isolate

d U.S.A.1996 93, 7003.
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desolvation. Therefore, the mechanism of the desolvation is ;4
probably related to collisions of clusters with individual
molecules in the plume. These collisions take place both at the
initial stage of the plume development and during the analyte
extraction by an external electric field. The collisions lead to
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of weakly bonded matrix molecules.
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(22) Domen, K.; Chuang, T. Phys Re Lett. 1987 59, 1484.
(23) Garrison, B. J.; Srinivasan, Rppl. Phys. Lett1984 44, 849—
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rises with laser fluence. The energy is, however, insufficient
for the fragmentation of the molecules at all considered laser

fluences.
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surface. Both the depth dependence of the velocities of the
analyte molecules and their structural modifications can be
explained by the effect of entrainment of analyte molecules in
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(30) Zhigilei, L. V.; Garrison, B. JAppl. Phys. Lett1997 71, 551.

(31) Zzhigilei, L. V.; Kodali, P. B. S.; Garrison, B. Chem. Phys. Lett.

the plume. In fact, different parts of the same analyte molecule 1997 276, 269.

move with nearly the same velocities as matrix molecules in

(32) Zhigilei, L. V.; Garrison, B. JAppl. Phys. A1999 69, S75.
(33) Qtinger, H. C.Stochastic Processes in Polymeric Flyi@pringer-

the corresponding part of the plume. Because of the differenceveriag: Berlin, 1996.

in velocities, the molecule unfolds. The molecules located just

(34) Cascales, J.J.L.;&n, F. G.; Gara de la Torre, JPolymer1995

below the irradiated surface unfold more than the ones that are36 (2), 345.
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