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LASER ABLATION OF CRYOGENIC FILMS:
IMPLICATIONS TO MATRIX-ASSISTED PULSED LASER DEPOSITION OF
BIOPOLYMERS AND DEDICATED APPLICATIONS IN NANOTECHNOLOGY
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Matrix-Assisted-Pulsed Laser- Evaporation (MAPLE) is evolving into a powerful
technique for the controlled deposition of biopolymers. The method relies on the finding
that the biopolymers dissolved within a frozen, absorbing solvent can, upon laser
irradiation, eject in the gas phase in intact and functional form. For the better mechanistic
understanding and optimization of the technique, we review here studies on laser-induced
material ejection from cryogenic solids of simple molecular/ organic compounds. It is
demonstrated that at low laser fluences, thermal desorption dominates, so that, only
weakly-bound-to-the-solvent dopants/ solutes desorb. However, above a specific fluence, a
different mechanism becomes operative, resulting in the unselective ejection of a layer of
material (ablation). Ejection of solutes that are strongly bound to the solvent e.g. of
biopolymers, can take place only in this regime. Therefore, the term evaporation in
MAPLE acronym (and “desorption” in MALDI) are inappropriate. At least for photoinert
compounds and nanosecond laser pulses, ablation is shown to be due to explosive boiling.
We discuss the implications of this mechanism for MAPLE. Chemical effects in UV
ablation of frozen compounds are reviewed and conditions for their minimization are
presented. Finally, besides their mechanistic interest, the studies can also yield information
on a number of issues relevant to nanotechnology.
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1. Introduction

Ever since its discovery, laser ablation has constituted the basis of powerful techniques [1]
in a wide spectrum of applications, ranging from polymer structuring in microelectronics [2] to
polymer/ biopolymer characterization in analytical chemistry (Matrix-Assisted-Laser-Desorption-
Ionization of biopolymers, MALDI) [[3]-[6]], to tissue excision in medicine [7] and conservation
of painted artworks [8]. In particular, Pulsed Laser Deposition (PLD) [9] -which schematically
entails the deposition of the material/ plume that is ejected from an irradiated target onto a
substrate placed in the path of its ejection - enables the growth of films/ coatings of few 100s nm
of a wide range of materials with a high degree of control of the thickness and of the
morphological characteristics. Such films/ coatings have found uses in devices in micro/
optoelectronics [[5], [9], [10]], bio/chemical sensors [11], systems for drug delivery [12] or aiming
at improving biocompatibility of devices [[13]-[15]].

“Matrix Assisted Pulsed Laser Evaporation” (MAPLE) is a variation of PLD and was
introduced [16] in order to face the challenge of depositing organic/ polymeric materials with
minimal thermal or chemical decomposition. To this end, in MAPLE, the polymers/ biomolecules
are dissolved in an absorbing frozen solvent, instead of being directly irradiated in the bulk [[17]-
[19]]. Because the laser energy is absorbed mainly by the solvent/ matrix and not by the polymer,
the “violent nature” of laser interaction may be largely reduced (at least, deleterious photochemical
modifications to the polymer). This idea was introduced by analogy to the MALDI studies [[6],
[20]] that had demonstrated that through dissolution of biopolymers within specific, highly
absorbing organic matrices/ crystals, laser-induced ejection of biopolymers may be effected with
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minimal fragmentation, thereby enabling their mass spectroscopic characterization. However, the
matrices employed in MALDI are chemically complex, so that they do not offer any advantages
for deposition applications. The development of MAPLE relied on the realization that the
effectiveness for the ejection (and subsequent deposition) of biopolymers in an intact form is not
restricted to the specific matrices employed in MALDI, but it may be effected upon irradiation of
polymers and biopolymers dispersed within simple absorbing systems (solvents). Since
biopolymers are usually employed within an aqueous solution, freezing of the sample can provide
an easily “manipulated” solid target. The studies thus far have clearly demonstrated [[21]-[27]] the
potential of MAPLE for the deposition of a wide range of organic macromolecules (e.g.
carbohydrates [16], nanotubes), polymers/ biopolymers (e.g. PolyEthyleneGlycol) or even of
larger biological structures (e.g. viruses, proteins, cells, tissue components) in intact and functional
form. Recently, films of polysaccharides [23], blood and mussel proteins [[24]- [26]] (Figure 1) as
well as collagen [27] were successfully produced for drug delivery and diagnostic applications.
Thus, this method provides the possibility for the fabrication of micro/ nano arrays of biomaterials
[[28]-[30]] with applications in biosensing, chemical sensing, biochemical/ microbiological
analysis and even for therapeutic purposes (drug delivery systems, implant/ prosthetic fabrication).
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Fig. 1. High-resolution topography flattened atomic force micrograph of matrix assisted laser
evaporation-deposited Mytilus edulis foot protein-1 film (reprinted from ref. [24] with permission).

Although the effectiveness of MAPLE has improved substantially over the last years, a
general enough experimental protocol(s) for the deposition of a variety of polymers/ biomolecules
remains to be established. This difficulty can be partly ascribed to the wide range and to the high
chemical and structural complexity of materials to be deposited. However, the major difficulties
seem to relate to the laser irradiation parameters (wavelength, fluence, pulse width- though the last
parameter has not been particularly examined) affecting the quality of deposit. In addition, the
choice of the matrix is also critical for the success of the technique. Understandably, one criterion
is the photochemical inertness of the matrix so that chemical reactions with the polymer/analyte
are minimized. The studies indicate that in addition best results are obtained for relatively volatile
matrices with a low concentration of homogeneously dissolved/ dispersed polymer. These features
appear intuitively reasonable, but until attaining a detailed justification, they represent important,
but only phenomenological, criteria. Other factors relating to the frozen target that may affect the
efficiency/ effectiveness of MAPLE include the matrix structure (i.e. amorphous, crystalline),
degree of solubility or dispersal of the analyte and its conformational stabilization within the target,
etc. Of course, there are a number of issues/ requirements relating to the deposition process itself,
but these requirements will not be specifically addressed in this review.

For the optimization of MAPLE, a closer examination of the ejection process is necessary,
as it is the first step in the procedure and probably the determining factor for its success.
Mechanistic understanding of the ejection process has been quite limited. Often, a simple
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photothermal mechanism has been suggested [21] to operate (as also indicated by the term
“evaporation” in the MAPLE acronym). According to this model, the laser energy absorbed by the
matrix (frozen solvent) is converted into thermal, which causes the vaporization of the matrix.
Upon vaporization, the polymers, presumably through collisions with the desorbing matrix
molecules, attain sufficient kinetic energy to be ejected to the gas phase. Though a thermal
mechanism seems to explain why best results in MAPLE are obtained with volatile solvents, it
fails to account for several other observations. In addition, it is difficult to accept that simple
collisions with the solvent molecules can accelerate the large (massy) biopolymers to ejection. In
cases that the absorbed energy seems to be too low to effect thermal desorption/ evaporation, the
ejection process is suggested to be due to a photomechanical (spallation) mechanism. For typical
excimer nanosecond laser pulses (1,~30 ns). This is a likely mechanism for thin films cast on
substrates of very different acoustic impendances [31], but as discussed in Section 4a, it is likely
not dominant in the irradiation of thick frozen solids.

Alternatively, the explosive-boiling model has been advanced on the basis of the
Molecular Dynamics (MD) simulations [32] and thermodynamic considerations [33]. MD
simulations, relying on a “breathing sphere” representation of the particles of the substrate, predict
that below a well-defined fluence (threshold), desorption is molecular (consistent with surface
vaporization), whereas above this fluence, massive ejection of material occurs largely in the form
of clusters. According to thermodynamic considerations, boiling is too slow to be of importance on
nanoseconds-microseconds timescales. As a result, with increasing laser fluence, the system is
overheated to higher and higher temperatures, until violent boiling (“explosive boiling) occurs,
with the system ejected into a mixture of gas and droplets. However, adoption of this model in
MAPLE studies has been rather limited. A common argument is that the breathing-sphere model is
too simple to represent the complexity of the compounds employed in MAPLE studies, and the
values employed for a number of parameters (in order to reduce the computational requirements)
differ drastically from those of real systems.

Well before the advent of MAPLE, we initiated the study of cryogenic solids for the
detailed examination of the processes in laser-organics interactions [34]. This choice was based on
the reasoning that elucidation of the involved processes calls for the use of the simplest
compounds. However, under ambient conditions, simple organic compounds are generally gaseous
or liquid. Thus, for simulating the solid state, we have turned to the study of the van der Waals
(cryogenic) solids that are formed by the condensation of vapours of these compounds on low
temperature substrates. Given the physicochemical simplicity of these systems, photodesorption/
ejection processes can be probed in detail. Furthermore, the structure of the condensed solids can
be varied systematically (e.g. amorphous, glassy or crystalline), thus enabling assessment of its
influence on the ejection processes. In addition, there is extensive information available on the
photophysics/chemistry of these compounds. Thus, the processes and effects that are involved in
photoejection from cryogenic/ frozen films can be accurately and quantitatively evaluated, thus
enabling detailed assessment of the mechanisms involved in MAPLE.

In the following, we first examine the features/ characteristics of the laser-induced ejection
dynamics from cryogenic films (Section 2). To this end, we review comparative studies of the
desorption/ ejection efficiencies in the UV irradiation of frozen solids as a function of laser fluence
(FrLaser)- We show that ejection at high fluences clearly differs from thermal
desorption/evaporation; instead, at these fluences, unselective ejection of a layer of material is
observed (ablation). The most important conclusion is that ejection of species that are strongly
bound to the matrix such as of biopolymers in frozen aqueous matrix can occur only in the ablative
regime. Other implications of the studies for MALDI and MAPLE are also discussed.

In Section 3, we overview the chemical processes induced in the UV-laser irradiation/
ablation of condensed solids of photo-active compounds. In particular, we emphasize that
induction effects in such systems is a significant factor for the correct mechanistic understanding
(as well as optimization) of laser processing of cryogenic films/ solids.

Section 4a pertains to the study of the mechanisms that are responsible for the ejection
dynamics observed at high fluences (ablation). We show that at least for photoinert compounds/
matrices, explosive boiling is involved (Section 4b). The implications of this mechanism for the
understanding and optimization of MAPLE are discussed (Section 5). Besides their importance for
MAPLE, our results are of wider relevance for nanoscience/ technology (Section 6). Explosive
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boiling involves the nucleation and growth of bubbles on the nm scale. The study of bubble
dynamics is fundamental to elucidating thermodynamics and dynamics of condensed phases on the
nm scale. Bubble formation can also limit the diagnostic capability of nano-resolved diagnostic
techniques and can also be a crucial factor in nanoprocessing/ fabrication. The use of cryogenic
solids offers the advantage that bubble dynamics may be examined in detail, free from the
problems limiting its study in liquids/ solutions.

2. Examination of ejection dynamics

A common phenomenological description of laser ejection relies on the examination of the
etching depth (or ejected amount) as a function of laser fluence. The onset of the sharp increase of
the etching depth/ ejected amount is considered to correspond to the threshold fluence for ablation.
However, in most cases, the dependence is quite smooth, so that it is both difficult to specify
accurately and also questionable if it represents the onset of new processes. For instance, in some
MALDI studies, a lower fluence “limit” for the detection of bio-analytes/ proteins in the gas-phase
has been ascribed to the existence of a fluence threshold for the ejection of these analytes in the
gas-phase; however, several (if not most) studies ascribe this simply to instrumental/ detection
limitations (i.e., to the low ion signal of the biopolymers) [35]. In MAPLE studies, there has been
very little discussion of the dependence of the ejection efficiency of the biopolymer on laser
fluence [21]. In fact, the terms “desorption” and “evaporation” in the MAPLE and MALDI
acronyms suggest a simple thermal desorption process.

Several studies rely on the examination of the desorbate translational distributions Eroare!
Fara sursa de referinta. for obtaining information on the photo-ejection processes. However, the
desorbate translational distributions may be severely modified by post-desorption collisions
(important even for desorption of 0.1 monolayers [37]). Widely different interpretations have been
proposed, in terms of thermal/ non-thermal mechanisms, ‘hyper-thermal’ vs. ‘near-thermal’
desorption. Generally, a bi-modal distribution is observed, with a very high velocity (~ 1 eV most
probable value) component and a much slower one. Therefore, though of importance for
deposition processes, the characteristics of the translational distributions may not directly reflect
the processes occurring in the substrate that lead to material ejection.

Ideally, for examining if a thermal or other mechanisms are applicable, we would like to
examine systems in which all the parameters are kept the same (e.g., absorption coefficient,
chemical constitution, etc), with only the binding energy between molecules varied in a systematic
way. Of course, in practice, such systems are not available, but the objective can be attained by
comparing the dependence of the ejection signals of dopants (dispersed within a matrix) of
different binding energy to the matrix (solvent) [[38]-[40]]. To this end, the matrix is always the
same and we employ as dopants compounds of increasing size within a homologue series: with
increasing size, the number of pairwise additive interactions of the dopant with the matrix increase
and, thus, their overall binding to the matrix. To ensure that the absorption coefficient is always
the same, the chosen dopants do not absorb at the irradiation wavelength (248 nm), so that
absorption is exclusively by the matrix and in all cases the dopant-to-matrix molar ratio is the
same. Since the excitation/ deactivation processes are the same in the comparison, the relative
ejection signals of the dopants provide direct information on the nature of the energy dissipation in
the substrate and on the mechanisms of material ejection. For a thermal process, the desorption
intensities of the dopants should correlate with their binding energy to the matrix. On the other
hand, no such correlation should be observed for mechanisms such as photomechanical or
photochemical.

In most of our work, as matrix we employ CcHsCHj; (at 248 nm, absorption coefficient ~
3700 cm™ from in-situ measurements) for three main reasons. First, it is one of the simplest
organic molecules and it may be a useful solvent in MAPLE for various hydrophobic compounds/
biopolymers. Second, it presents minimal photo-fragmentation (at 248 nm), thereby avoiding
complications due to any photoreactivity. Third, it has been extensively studied, thus the well-
defined values permit quantitative analysis of the results. As dopants, we include alkanes (e.g. c-
C3H(,, C-C(,le, C]()sz, C15H32) and ethers/ alcohols (eg (CH3)2(CH2)nO, Dzo, CH3(CH2)nOH)
which are nearly transparent at 308 nm and 248 nm. Among all the examined dopants, we refer in
particular to the results concerning dimethylether ((CH;),0) and decane (CyoHp,). Their binding
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energies to the C¢HsCH; matrix are respectively ~0.4 eV/molecule and ~0.8 eV/molecule, as
determined by Thermal Desorption Spectroscopy (for reasons of brevity, we refer to (CH;),0 as
“volatile”, while to CyoHy, as “non-volatile” dopant). The intensities of the ejecta are probed as a
function of laser fluence (Frasgr) via quadrupole mass spectrometry (i.e., neutral desorbates are
detected by electron-impact ionization). Typical time-of-flight spectra recorded are shown in Fig.
2. The film thickness is > 50 pum, i.e., much larger than the optical penetration depth. Further
information on the experimental procedures can be found in Ref. [41].
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Fig. 2. Time-of-flight spectra of the parent molecule and of the products (CsHs), and HCI ejected
upon irradiation of neat C¢HsCl solids at fluence just above the ablation threshold (A=248 nm).

Considering first the fluence dependence of the ejection from neat frozen C¢HsCH; solid,
its desorption signal exhibits an exponential dependence on laser fluence (Fpasgr) (Fig. 3),
increasing sharply above ~100 mJ/cm® If we assume, as commonly, that Signal scales as

1 F
—ln[ﬂj , where a is the absorption coefficient, and plot the data accordingly, the threshold
a thr

is estimated at 100 + 10 mJ/cm”. However, a closer examination of the plot reveals another
increase of the desorption intensity at ~ 45 mJ/cm? (inset of Fig. 3).
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Fig. 3. Intensity of the ejected C¢HsCHj; recorded from freshly deposited C4HsCHj; films as a function of the
incident laser fluence (A=248 nm). The error bars represent 2o, as determined from at least 6-7 different
measurements of each datum point. The inset depicts in detail the intensity at low fluences.

Examination of the ejection intensities of the dopants ((CH;),0, C¢H;, and C;oHy,) shows
that two fluence ranges can be delineated with characteristically different ejection observables/
dynamics (At very low fluences < 5 mJ/cm?, desorption is very weak, i.e., sub-monolayers and



226

system-specific. The processes operative at these fluences have been examined in detail by surface
scientists [37].):

e At low laser fluences, the signal of the volatile dopants (e.g. (CH;),0) is considerably
higher than the C¢HsCHj; signal, even though its molar concentration in the film is 1/5 that of
CgHsCHj3. On the other hand, at these fluences no signal is detected for the non-volatile dopants
(e.g. for CoHz,). Apparently, at low fluences, only dopants that are weakly bound to the matrix
desorb. By re-plotting the data in an Arrhenius-type format (i.e., In(signal) vs. 1/T, where T is the

oF| ASER o

PCp

¢, the heat capacity of the condensed C¢HsCHj solid (in the case of mixtures c, is estimated as the
molar averaged heat capacities of CsHsCHj; and dopant [[42], [43]]), a the absorption coefficient
for neat or doped toluene solid and p is the molar average molar density. The activation energy for
desorption (AEg) of the compounds can be determined from the slope of the linear fitting. The
activation energies for ejection of the dopants and of toluene are found to agree well with their
binding energies to the matrix as determined by Thermal Desorption Spectroscopy (Table 1).
Therefore, at these fluences, material ejection is consistent with surface thermal desorption. The
conclusion is reinforced by the experimental results described in Section 5 on phase
transformations.

e In contrast, at higher fluences, both the weakly and the strongly-bound-to-the-matrix
dopants are found to eject in the gas phase. In fact, for all systems, the dopant-to-matrix signal
ratios reach values close to the film stoichiometry, although in the case of the strongly bound
dopants, deviations are observed (Figure 4) [39]. Clearly, at these fluences, the ejection intensity
of the dopants does not correlate with their binding energy to the matrix. For the “nonvolatile”
dopants (e.g. C1oHy,), the ejection intensity relatively to that of the matrix remains almost constant
with successive laser pulses [40]. Furthermore, the dependence of the “nonvolatile” dopant
ejection efficiency on Fpaser (> the ablation threshold) is almost identical to that of the matrix (Fig.

peak (surface) temperature attained upon irradiation T =T + % where Ty=120 K,

5), i.e. for both C4HsCH; and C oHa,, S gjected € ln[EJ where Sejecea Tepresents the intensity

thr
of the corresponding compound and Fy, represents the same threshold value. Taken together, these
results show that these fluences entail the unselective expulsion of a volume of material, i.e.,
independently of the binding energy of the dopants. Besides the above, for “volatile” dopants (i.e.,
dopants desorbing both below and above the ablation threshold) ejection dynamics changes
characteristically (e.g. different dependence on laser pulses, different translational distributions,
etc).

Table 1. Activation energies derived from TDS and Laser induced desorption.

System Taes” Erps" (kJ/mol) Epaser”

(’K) (kJ/mol)

neat CcHsCHj, 170 4142 3043
(CH;),0/ C¢HsCHj; 145 1613 1745
¢-C3Hg/ CeHsCH; 135 1543 1445
CeH}/ C¢HsCHs; 176 3344 2545
CoH 12/ C¢HsCHs - d 77

a) Temperature for the onset of desorption in the TDS experiments. In the case of the binary systems, the
temperature refers to the desorption of the dopant.

b) The activation energy for desorption of the compounds as determined from fittings of the rising edge of
the TDS curves.

c) Activation energies determined from conventional semilogarithmic plots of the laser-induced desorption
signals vs 1/Fpssgr.

d) C,oHy, desorbs thermally at temperatures well above that at which all C¢HsCHj; has desorbed.
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Fig. 4. Mass spectrometric measurements (A=248 nm) of the concentration [i.e.
Liopant/(Idopant T Tiotuene)] 0f (CH3),0, C¢H,, and C,oH,, dopants in the plume as a function of
the laser fluence in the irradiation of the mixtures of these compounds with C¢HsCHj3. The
intensities are corrected for the different relative ionization efficiencies of the compounds
in the mass spectrometer. The horizontal line indicates the initial concentration of dopants
in the sample. The ablation thresholds for the corresponding systems are different due to
different heat capacities and cohesive energies of the two systems, as a result of the dopant
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Fig. 5. Desorption intensities of C;oHy, and of C¢HsCH3 in the irradiation of their mixture (1:5 molar
ratio) at A=248 nm.

These characteristics are not due to a change in the absorption process, since the
absorptivity is measured to remain constant at least for laser fluences up to the ablation threshold.
Thus, the strikingly different ejection features at high laser fluences from those at low laser
fluences unambiguously demonstrate the operation of different ejection mechanisms in the
corresponding ranges. Accordingly, the ablation threshold represents a physically significant
parameter. The onset of the ejection of the strongly-bound to the matrix dopants constitutes a
direct experimental criterion for establishing the laser ablation threshold of molecular solids.

According to the MD simulations [32], the onset of ablation is reflected by the ejection of
material largely in the form of clusters. This criterion is different from the one established above in
the experiments. However, further evidence indicates that they are closely correlated. Specifically,
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MD simulations have been performed on some of the systems presented above [39]. Although the
values adopted for some parameters differ from the experimental ones (due to computational
limitations), there is overall very good agreement with the experimental results [39].

Most importantly, the simulations indicate that the strongly bound dopants are found
exclusively within clusters of the matrix, whereas the weakly bound ones are ejected mainly as
monomers. Clusters have been commonly observed in ablation studies of a wide range of
materials. In the case of frozen substrates, cluster ejection is a particularly common observation in
the irradiation of frozen aqueous solutions of salts (e.g. of CeCl;/H,O, XMnO, (X=Na, K)/ H,O
etc) [44]. Cluster observation has also been documented in the laser irradiation of a number of
other cryogenic/ frozen compounds, though generally the cluster size distribution in these systems
is not as extensive (broad) as in the case of frozen solutions of salts. We have discussed in detail
elsewhere [45] the several factors that may be involved and determine cluster detection in laser
ablation studies.

The important point, however, is that the clusters are ejected directly from the substrate
and they are not mainly formed by secondary collisions in the plume (as usually suggested in most
studies). Of course, depending on their internal energy and the number of collisions they undergo
in the plume, a number of clusters may be disintegrated. Yet, in all cases, the MD simulations [32]
find that in the initial stage, the strongly-bound-analytes/ dopants are ejected within clusters of the
matrix/ solvent. This indication will be further justified within the “explosive boiling” model
(Section 4b). Thus, the two criteria advanced by these experimental studies and the MD
simulations appear, though still not proven experimentally, to be intimately interrelated.

2.1. Implications for MALDI, MAPLE

The results account for various observations in MALDI studies and have immediate
implications for MAPLE. First, they account for the observation that the matrix desorbates are
detected at fluences much lower than the biopolymers/ proteins [3]. In MALDI studies, the reason
for this observation has been difficult to establish because ions are usually detected. Thus, the
difference between the two detection limits has been plagued by arguments about the contribution
of the ionization/ detection efficiency of the biopolymers [[46]-[47]]. However, here, this issue is
altogether avoided, since neutral desorbates are detected. Clearly, our results show that there is a
minimum threshold for ejection of the biopolymers in the gas phase: at lower fluences only the
relatively volatile matrix/ solvent can desorb (because of the thermal nature of desorption),
whereas ejection of the biopolymers, due to their high average binding to the aqueous solution [48],
can be effected only in the ablative regime. Besides the mechanistic importance, this finding also
shows the limitations in trying to obtain better films by reducing the employed fluences. It has
been reasonably thought (both in MAPLE and MALDI studies) that deleterious chemical
modifications/ fragmentation of the ejected biopolymers can be reduced by employing lower and
lower laser fluences. Clearly, the improvement that can be attained is limited by the existence of a
lower fluence limit for the ejection of the biopolymer.

The second important point concerns the influence of clustering on gas-phase desorbate
intensity measurements. Since the interaction of the biopolymer with the matrix may be strong, the
biopolymer may not get rid of its solvation shell through collisions in the plume. Clustering can
significantly affect ionization, with species (within the clusters) with lower ionization potential
being preferentially ionized [49]. As a result, the ion intensities recorded by electron impact or
multiphoton ionization may not reflect accurately the relative concentrations of the neutral species
in the plume. This factor accounts for the fact that the strongly bound dopant-to-matrix intensities
ratio, as defined by mass spectrometry (Figure 4), appears to be lower than the film stoichiometry
(these species have a higher ionization potential than C¢HsCH;). Thus, ejection of species within
clusters may be of major analytical handicap. On the other hand, for deposition processes, it may
be beneficial, as the incorporation of the biopolymers within clusters may ensure their “soft”
landing on the target, as well as minimization of interaction between adsorbates that may lead to
coagulation. However, it may imply that the deposit obtained is of lower chemical purity (which is
likely of no importance if H,O is the solvent [50], but may be a problem when other solvents are
employed [51]).
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Furthermore, the described studies clearly indicate the limitations/ caveats of Arrhenius-
type analysis of ejection signals. In the present case, such analysis would indicate the same
activation energy of ejection for the involatile species as for toluene. As demonstrated here,
however, this value differs much from the binding energy determined by thermogravimetric
measurements. The activation energies specified in the ablative regime do not relate to the binding
energy of the specific molecules but, as shown in Section 4b, to the activation energy for
“explosive boiling” (i.e., bubble nucleation energy).

A common argument is that ablation may just be defined by a high amount of material/
matrix being ejected. For matrices of a low cohesive energy, simple thermal desorption will result

—AE indin kT . . . .
in a very high desorption signal (according to € g ). Yet, this does not imply ejection of

the incorporated biopolymers. The criteria for ensuring biopolymer ejection differ, as discussed in
detail above.

3. Chemical processes and effects in the uv irradiation of cryogenic
solids

It has often been argued that results on chlorinated (e.g. halocarbons-CHCly) solvents are
inconsistent with the thermal model. For instance, for such solids the temperatures, as estimated on
the basis of the absorption coefficient of the compounds, are too low at the ablation thresholds (at
248 nm) for any substantial thermal desorption/ evaporation [52]. Thus, a photochemical or a
photomechanical mechanism has been implied, though these mechanisms were also indicated to
fail to account for the observations. However, in these studies, a multipulse protocol was used. As
shown below, for photochemically active compounds, multipulse protocols can result in
significant complications.

More generally, the question arises about plausible chemical effects in the UV ablation of
cryogenic solids. To this end, we give here a more general discussion of the chemical processes
under intense laser irradiation conditions of cryogenic films. Studies have been performed in the
UV (248 nm and 193 nm) irradiation of a number of systems such as CH,Cl, (x=1-4), C¢His,
C¢HsCl and H,O. These compounds represent a wide range of absorptivities and different
reactivities. Yet, in all cases, we have observed similar trends in the chemical processes induced
upon UV irradiation of their condensed solids, so we review the general trends by giving selected
examples.

Table 2 presents the (neutral) products detected in the gas phase (by quadrupole mass
spectrometry) in the laser irradiation of cryogenic films/solids of the indicated compounds in the
ablative regime [[41], [53]-[58]].

Table 2:
System A (nm) Observed Refs
Products/Fragments'-*
CINO 193 Cl,, NO, Cl1
IC1 532,266 I,CL I, Cl, [59], [60]
Cl, 355 Cl [61]-[63]
CeH;Cl 248 (C1)*, C4Hs, HCL, C1,Hy, [56]
Ce¢Hs CeH4Cl,, C1,HoCl,
C,HsCl,
CH;C1 248 CHj;, CHy, HCI, C,Hg, [54], [55]

C,H;sCl, C,H,CL, (C1)
! Besides the parent molecule.
? Radicals are generally difficult to be specified with electron-impact ionization and, thus, their presence
cannot be ascertained. In the case of C¢HsCl,quantification of C¢Hg is hampered by the contribution of the
strong C¢Hs' peak deriving from the mass cracking of C¢HsCl.
3 Cl detected only at high fluences.
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Fig. 6a represents the intensity of the products observed in the gas-phase in the irradiation
of neat C¢HsCl films (with a single laser pulse) as a function of Fyager. In all cases, HCI is
observed even from the lowest examined fluences (< 5 ml/cm’ i.e. well-below the ablation
threshold of the systems) from the very first pulse on freshly deposited films (Figure 6b). In
contrast to HCI, most other products [e.g. in the irradiation of C¢HsCl the phenyl products (Cg¢Hs)s,
CsHyCl,, CeHs-CsH4Cl, (CsH4Cl),] for the first pulses on freshly deposited solids are detected in
the gas phase only at fluences above the ablation threshold, whereas below the ablation threshold,
they are detected only after extensive irradiation (when as shown below, signal induction becomes
significant). It would appear that phenyl products are not formed at lower fluences. However, this
is not the case, as examination by Thermal Desorption Spectroscopy (TDS) and High Resolution
Electron Energy Loss Spectroscopy (HREELS) demonstrate [59] photolysis of C¢HsCl upon UV
irradiation of multilayer films to be significant even at fluences < 1 mJ/cm®. Furthermore, in the
irradiation at fluences below the threshold, film transmission is found to decrease with successive
laser pulses, thus indicating the accumulation in the film of biphenyl species, which are known to
absorb much stronger than the parent compound at 248 nm [54]. Exactly similar observations have
been made in the irradiation of chloroalkanes (CH«Cly) and C¢H,, at 248 nm. Thus, even at low
fluences, well below the ablation threshold, all these products are formed, and the main or
exclusive reason for failing to observe them in the gas phase relates to the fact that at these laser
fluences, they cannot desorb thermally, because of their high binding energy to the matrix. Thus,
relying exclusively on gas-phase diagnostics for assessing the photoinduced chemical processes
and products can be misleading if examination is limited at low fluences, i.e., below the ablation
threshold. If such a study is complemented by a parallel spectroscopic examination of the film, it
will demonstrate a pronounced accumulation of species and extensive chemical modifications.
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Fig. 6. (a) Products observed in the irradiation of condensed C¢H;sCl solids at 248 nm as

a function of the incident laser fluence (each signal is recorded in a single laser pulse

from as-deposited solid). The right side axis corresponds to the intensity of the parent

peak. (b) Pulse evolution of the ejection intensities of CcHsCl, HCI and (Cg¢Hs), in the

irradiation of as-deposited films at 30 mJ/cm’. The same pulse dependence as that for

(C¢Hs), is also observed for C¢HsCl, and Cj,HoCl (reprinted from Ref. [S5] with
permission).

For the halo-derivatives, the observed photochemistry is fully consistent with radical
reactivity of the fragments produced upon UV photolysis of the compounds. For instance, in the
case of C¢HsCl upon excitation with UV light, it dissociates exclusively by C-CI bond scission to
give phenyl radical and chlorine atom. Generally, for these compounds (C¢HsCl, CHCI, etc.),
thermal decomposition can be safely discounted because the attained temperatures (Section 5) are
rather low, whereas the energies of the bonds involved (C-H, C-Cl) are quite high. Note that in this
scheme, at least for 308 nm and 248 nm irradiation, Cl does not represent Cl detectable in the gas
phase: for all examined halocarbons at these wavelengths, CI is detected only at fluences well
above the ablation threshold. This is understandable: Cl is so reactive that it reacts by H-atom-
abstraction (if H-atom-containing groups are available) that any CI produced in the film by
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photolysis will react before ejection. Free Cl is only observed at high fluences and must be formed
by secondary photolysis of ejecta in the rarefied part of the plume, consistent with the fact that the
Cl time-of-flight differs significantly from that of the parent compounds both in width and peak
arrival time, and the Etrans is comparable to that determined in the gas- phase photolysis of the
compounds, (thereby suggesting that it has undergone very few collisions). On the other hand, at
193 nm for all chlorinated compounds [[41], [54]-[55]] a high signal for free Cl is generally
observed and its time-of-flight characteristics are more complex, indicating that at 193 nm, even
Cl formed in the film may be ejected before reaction (plausibly because of higher kinetic
translational energy acquired upon photolysis or because of faster plume ejection at 193 nm).

Note that product formation can be significant even in the case of “seemingly” photoinert
compounds such as C¢Hj, at 248 nm. C¢H,, at moderate laser fluences at 248 nm undergoes two-
photon excitation/ ionization, with the ions reacting subsequently to form a variety of UV-
absorbing products. Note also that usually deleterious chemical modifications are generally
thought to relate to plasma effects: evidently this is not the case.

The most important, however, implication is that for irradiation at fluences below the
ablation threshold, the extensive accumulation of products in the film (due to their inefficient
thermal desorption) may result in a significant change of the absorptivity (Figure 7a). This effect is
most pronounced in the irradiation of solids of weakly absorbing compounds, such as of
halocarbons (CH,Cly) and CsH,, at 248 nm and 308 nm, but is also observed even in the irradiation
of moderately absorbing ones (e.g. C¢HsCl at 248 nm) (in the UV). As a result of the gradual
accumulation of highly absorbing products and the consequent change in laser energy absorption,
ejection efficiency at fluences below the ablation threshold increases with successive laser pulses,
i.e. signal induction (incubation) occurs (Figure 7b). The same dependence of the signal on
successive laser pulses is observed by a wide angle (open) ionization gauge placed close to the
irradiated solids, thus this change in the mass spectroscopic signal is not due to changes in the
angular distributions of the ejecta. In the case of polymers, induction is a well-known effect [[1],
[2], [5]], especially for irradiation at weakly absorbed wavelengths (e.g. PMMA at 248 nm) and
the physical basis (mechanism) appears to be the same as for cryogenic solids.
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Fig. 7. (a) The transmittance of a C4HsCl film at 248 nm upon irradiation with successive laser pulses at
248 nm. (b) Induction effect for C¢HsCl at 248 nm at various fluences (reprinted from ref. [55] with
permission).

Clearly, in systems that induction is important, particular care must be paid when
interpreting the results from multipulse laser irradiation experiments. First, the average “etching/
desorption yield” from multiple pulse experiment can differ significantly from the pulse-to-pulse
value. In addition, it can be misleading: at moderate fluences, for the first few pulses, the process
is in the sub-ablative regime, in which case the strongly-bound-to-the-matrix dopant is not ejected;
but, after a sufficient number of pulses, ablation sets in and the biopolymer will be efficiently
ejected in the gas phase. However, because of the parallel accumulation of other products in the
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film, the possibility for chemical degradation of the biopolymer is higher than in the ablative
regime. Most importantly, estimating the laser-induced temperatures on the basis of the absorption
coefficient of the parent compound is erroneous. The discussion of mechanisms must be
accordingly reconsidered (e.g., the attained temperatures are much higher than estimated, at
variance with the arguments of Ref. [52]).

4. Mechanisms of UV ablation
4.a. Overview of mechanisms

Excluding the simple thermal evaporation/ desorption scheme, three, at least, different
mechanisms have been considered in the literature for laser-induced material ejection, namely
photochemical, photomechanical and phase explosion [[1], [2]]. All three can account for massive,
unselective material ejection, but they differ considerably in their nature.

According to the photochemical mechanism, material ejection is due to the expulsion
exerted by gaseous products and fragments produced by the photolysis of the parent molecule.
This mechanism has been advanced [[65], [66]] in a number of cases e.g. by Masuhara and
coworkers for the UV ablation (at 248 nm) of aromatic compounds in liquid state (under ambient
conditions). In the case of C¢HsCHj, the photochemical mechanism can be rejected on the basis of
a number of experimental observations [67]. For instance, in the irradiation of CcHsCH; films, no
products are detected by mass spectrometry upon UV laser irradiation. On the other hand, a
photochemical mechanism may be contributing in the ablation of photolabile compounds. Indeed,
MD simulations reported recently [68] on our previous work on C¢HsCl indicate that the ablation
threshold is lower than if no reactions take place.

A spallation/ photomechanical mechanism has sometimes been considered. A detailed
assessment of its contribution in the case of glycerol matrices has been given in [69]. Generally,
however, its contribution for typical excimer laser pulses and relatively strongly absorbing systems
can be considered to be rather moderate. In the present case, it can be rejected because of the weak

1
stress conﬁnement: T=—=z ) <
ac 3700cm™1500cm/sec

coefficient and c is the speed of sound in the material.

For the purposes of this review, we focus particularly on explosive boiling, because (1)
according to our studies, at least for photoinert, moderately strongly absorbing systems, it appears
to be dominant in nanosecond laser ablation (2) its implications for MALDI/ MAPLE have not
been discussed in detail, so that various difficulties in accepting it are not well founded and (3) it
directly relates to fundamental issues in nanoscience/technology.

Touise~30 ns, where a is the absorption

4b. Explosive boiling

Liquids heated above the temperature corresponding to the equilibrium external pressure
are thermodynamically metastable (Fig. 8), since their chemical potential p is higher than that of
the vapor py [[33], [70], [71]]. However, the transformation (boiling) requires bubble formation,
which is limited by the work necessary for the formation of a new interface within the liquid (i.e.,
the surface tension o) [70]. The free energy for bubble formation is:

P
AG = 4R’0 - 2RI (R, —P )+ 2R
3 37 KT

where R is the bubble radius, ¢ the surface tension, kg the Boltzmann constant, T the saturation
temperature of liquid and Py, Py are respectively the pressure inside the bubble and the ambient
pressure of the liquid. In the above equation, the first term represents the energy necessary for the
liquid-vapor interface formation, the second one the work directed against the pressure forces and
the third one the “driving force” of bubble formation. For small R, the surface term dominates and
so AG>0; only for sufficiently large R, AG<0 as necessary to lead to bubble growth. The radius for
this change is specified by the condition of “mechanical” equilibrium of the bubble

(ety — 1) (1)
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2
[Pv -P = ?O-j and of “thermodynamic” equilibrium (z, (P,) = s, (P, )) [where Pg is the

saturation pressure of the liquid phase]. This radius is donated as the “critical” radius and in this
1670

3(Pv - PL )2
generated (J.;) is given by:

J, =J,exp(-AG, /kgT)=1J, exp(—

case AG,, = . Thus, the rate at which homogeneous bubbles of critical size are

3
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where J, = NL(—j (N is the number of liquid molecules per unit volume and m is the
zm

molar mass). Because in (2) both ¢ and (Py - Pp) factors depend sensitively on temperature, critical
bubble formation depends crucially on the maximum attained film temperature and its temporal
evolution.
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Fig. 8. The binodal and spinodal curves and the region of metastability for toluene. C is the critical point,
and Tc=593 °K and Pc=41 bar are respectively the temperature and the pressure of the compound at the
critical point.

The surface film temperature drops rapidly after the end of the laser pulse as a result of
evaporative cooling (Fig. 9). For low overheating, the reduction in the free energy upon phase
change is insufficient to compensate for the surface tension limitation and, thus, bubble growth
eventually halts (~ 100 ns). However, with increasing fluences/ temperatures, due to the sharp
decrease of o and the increase of (Py-Pp)” factors, J increases sharply. At a sufficient degree of
superheating, the number of interconnected bubbles and high pressure exerted by them result in
the violent (supersonic beam-like) material ejection. Because J increases sharply exponentially, the
onset for material ejection exhibits a “threshold-like” behavior. In fact, thermodynamic analysis
[33], as well as the MD simulations [32] associate the threshold with the limit (maximum T) that
can be effected before a liquid becomes so unstable that “spontaneously” (i.e., without the
requirement of an energy barrier to be overcome) decomposes into a mixture of liquid/ gas. This

limit, spinodal limit, is specified [[70], [72]] by the criteria E =0and ﬁ =0 (stability
oV ); oT Jp

criteria) and occurs at ~ 0.8T., where T, is the critical point of the compound.
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Fig. 9. The surface film temperature as a function of time for the indicated laser fluences.

The suggestion of explosive boiling can account consistently for several features of laser
ablation at least of photoinert systems (with ns laser pulses):

It accounts for material ejection largely in the form of clusters/ droplets as suggested by
the MD simulations. Indeed, even for heating of a system up to the spinodal limit (Tp) the required
heat c,(T,-To) (per unit mass) is lower than the evaporation energy (per unit mass), i.e., the
available heat is not sufficient for the complete evaporation to monomers. A detailed
thermodynamic justification is given by Debenedetti [70] and the reader is referred therein. The
important point to underline here is that due to material ejection largely in the form of liquid
droplets, the “activation energy” will be lower than expected on the basis of the sublimation/
evaporation energy of the compound.

Explosive boiling can provide a solid justification for the common observation in MAPLE
studies that better results are obtained for “volatile” solvents. Specifically, the minimum energy
(per unit volume or mass) for explosive boiling relates to the cohesive energy of the substrate (i.e.,
the intermolecular binding energy), decreasing with decreasing cohesive energy [[39], [72]]. This
is clearly illustrated by the comparison of the critical points T¢ for a series of hydrocarbons of
increasing molecular length (thus, increasing pairwise additive interactions) (nominally, explosive
boiling occurs at ~0.8 T¢). Alternatively, this dependence can be rationalized within the
framework of conventional nucleation theory by the fact that a higher cohesive energy of the
system results in an increase of the surface tension and a decrease of Py, thus higher temperatures
(T) are required for significant bubble growth (Eq. 2). Thus, for “volatile” solvents, i.e. solvents of
low cohesive energy, explosive boiling can be effected at relatively low fluences (temperatures),
thus ensuring minimal thermal or photochemical influence on the biopolymers. Based on this, we
suggest that fluoro-compounds (characterized by low cohesive energy) would be excellent solvents
for MAPLE, if of course the polymer is soluble in them.

The assumption of explosive boiling also provides a rational for the ejection of the
“involatile” species exclusively within clusters of the matrix/ solvent. Adopting the kinetic Kagan-
Domler description [[70], [73]] the rate of vaporization into the bubbles can be approximated by

A

(2amkgT)"?
“surface”, Py(T) is the vapor pressure of the compound at the (laser-induced) temperature Ty, Py is
the ambient pressure on the liquid and m is the mass of the molecule. For mixtures, an additional
factor is usually included for accounting for replenishment of the molecules vaporized into the

bubble by diffusion from the bulk [70], but in the case of MALDI and MAPLE, this factor can be
neglected. Therefore, the relative desorption rates of the two components (dopant, matrix) into the

[Pv (T)- Pl_], where A is correlated with the fraction of dopant on the bubble
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bubbles is specified by g Fown /@ Enai , where E represents the binding energy of the component
in the condensed phase. Thus, in the case of “involatile” dopant (high Epinging), the growing bubbles
are exclusively composed of C¢HsCHj vapor, and explains the finding of the MD simulations that
the strongly bound dopants are ejected exclusively within droplets of the matrix. The implication
for MAPLE and MALDI is that, thermodynamically, it is much more “facile” to break the weak
bonds between the outer solvent layer of the cluster surrounding the biopolymer than breaking the
large number of the rather strong (hydrogen type) bonds between the biopolymer and the solvent.
Thus, explosive boiling provides a simple and physically acceptable picture of how strongly bound
biopolymers are ejected at relatively low temperatures.

5. Phase transformations and bubble formation

A fundamental implication of the “explosive boiling” mechanism is that upon irradiation
even at fluences below the ablation threshold, the solid melts. However, no direct experimental
evidence of a solid-to-liquid phase transformation has been obtained so far, except for indirect
observations via studies of the translational distributions of the desorbates [44] and post-irradiation
optical examination of the morphology of irradiated areas. The second fundamental feature
entailed in explosive boiling is the formation of bubbles within the (superheated) liquid.

Considering first the issue of melting, calculations indicate that for neat C¢HsCHjs, the
matrix attains sufficient (at the surface) temperature to melt (T, ~ 178 OK) at Frasgr ~ 30 mJ/cmz,
i.e. well below the ablation threshold (~ 100 mJ/cm®). Hence, the increase in the desorption
intensity of neat C¢HsCH; observed at ~ 45 mJ/cm® (Figure 3, inset) is ascribed to the melting of
the film. Melting is directly demonstrated by the pulse dependence of the intensity of “volatile”
dopants (e.g. (CH;),0). For irradiation at fluences < 50 mJ/cm’, the dopant signal is found to
decrease with successive laser pulses. The total signal over ~ 50-100 pulses indicates that only
dopant from the upper (surface) layer (~ 10 nm) of the film desorbs. In contrast, in the 50-100
mJ/cm? fluence range, though the dopant signal per pulse is much higher, and the total signal over
the first ~ 25-50 pulses corresponds to desorption of the dopant from ~ 100 nm depth. Diffusion of
the dopant from such depths shows that the film viscosity is in the ~ 10’-10" Pa's range, which in
fact corresponds to the viscosity of liquid toluene (for T=210-350 K) [75]. In contrast, the
viscosity of (frozen) C¢HsCH; at ~100 K is ~10'* Pas [75].

At Fpaser p 40-50 mJ/cm?, the melt, under the effective zero external pressure, represents
a metastable liquid that may undergo explosive boiling [[72]-[74], [76]]. Therefore, bubble
nucleation/ formation is expected. Bubble formation/ growth may be detected by optical
techniques, as for example demonstrated in the superheating of liquids adjacent to absorbing
surfaces [[77]-[81]]. However, molecular substrates are generally amorphous/ powdery (thus,
highly optically scattering), thereby limiting the potential of optical techniques in these substrates.
In our studies, we have overcome this problem by exploiting the fact that upon vapor condensation
at temperatures (1120 “K, toluene forms a glass of high optical quality (in the VIS) [82]. The
processes that are induced to the glass upon UV (248 nm) irradiation are monitored via imaging
and temporally resolved monitoring of the transmission/ reflection of a probe beam (HeNe or
diode laser) [83]. Briefly, a sharp characteristic decrease of the intensity of the transmitted/
reflected probe beam is observed at ~60-200 ns after the UV laser pulse (Figure 10). The decrease
gets more pronounced with increasing laser fluence, reaching maximum close to the ablation
threshold. At fluences above the ablation threshold (100 mJ/cm?), this peak is followed by a broad
decrease (~ 10s ps) of the transmitted/ reflected probe beam. This second broad decrease is
evidently due to the scattering of the probe beam by the ejected plume. On the other hand, the
sharp decrease at ~ 100 ns shows close similarities (in time and shape/ time-decay) with the optical
transients that have been observed for bubble growth in the case of superheating of liquids
adjacent to laser heated surfaces [80]. Indeed, in the present case, a Rayleigh-Gans [84] type
analysis of the signals indicates the size of scatterers to be in the 60-100 nm range, consistent with
gaseous bubbles.
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Fig. 10. Time-resolved transmission at A=633 nm, recorded upon irradiation of condensed
C¢HsCHj; films with one UV pulse (A=248 nm) at the indicated fluences.

In fact, besides bubble formation, we have observed a number of structural
transformations for these simple organic substrates/ glasses upon laser irradiation (such as glass
devitrification at low fluences (15-30 mJ/cm®). Besides their importance for the mechanistic
elucidation of laser-induced desorption/ ablation processes, their observation is important in
relationship with the elucidation of dynamics of molecular glasses/amorphous solids, a topic of
intense current interest in physical chemistry.

Relevant to structural aspects, it is important to note that the targets/substrates obtained
upon cooling are usually highly polycrystalline. Therefore, even in the absence of any chemical
modifications, optical properties may differ considerably from those determined from
measurements on liquid samples. Furthermore, the exact structure depends on the rate of cooling.
Different cooling rates result in different polycrystalline structures, with somewhat different
coordination number of the molecules and, thus, of their intermolecular binding. Because the
desorption intensity depends exponentially on the binding energy, these changes can result in
significant variation of the desorption/ejection yields. For instance, in the case of vapor-deposited
toluene (at ~100 K), upon annealing the film, the signals in Fig. 3 decrease by nearly a factor of 2.
It is interesting to note that in MALDI [[85]-[87]], a pronounced dependence of the biopolymer
(ion) signal on the substrate structure, i.e., degree of crystallinity is observed. In fact, this high
sensitivity of ejection to the matrix structure (i.e. degree of polycrystallinity) has been one of the
major problems in the development and optimization of MALDI. Likely, this dependence on
structure can account for variations of results that are sometimes noted in MAPLE studies.

Furthermore, irradiation of the film further affects its structural condition. Thus, for
compounds in which induction does not occur, at relatively low fluences, previous irradiation
results in laser annealing of the as-frozen samples, and often the desorption signal decreases
somewhat with successive laser pulses (i.e. even in the absence of formation of a crater). Of course,
signal dependence on solid structure is particularly high in the ablative regime, where the
formation of a crater affects also the angular distribution of ejecta, etc.

6. Bubble dynamics and nanoscience/ technology

Of course, further studies are required for establishing in detail how in MAPLE and
MALDI explosive boiling affects biopolymer ejection. Nevertheless, it must be realized that
explosive boiling is a much more general/ubiquitous phenomenon, of fundamental scientific
interest, and also of direct relevance to nanoscience/technology.
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Despite all studies for over 100 years, especially the primary steps in bubble nucleation/
formation remain unclear (ambiguous). There are many instances in liquids, under ambient
atmosphere, at which pronounced differences are found between the predictions of the classical
nucleation theory and experimental results. The best known and most extensively studied example
concerns cavitation (the process of bubble formation by reducing the pressure on the liquid), for
which inception occurs at acoustic amplitudes far below the theoretically predicted tensile pressure
(e.g. the experimental tensile strength of H,O is almost order of magnitude below the predicted
value [[70], [72], [88]]). Discrepancies have also been noted in the explosive boiling processes in
the laser-irradiation of liquids and of liquids adjacent to laser-heated surfaces. However, in liquids,
exclusion of dissolved gases (that may act as heterogeneous nuclei) cannot be prevented. Thus,
any deviations between theory and experiment have been largely attributed to the hypothesis that
long-lived cavitation nuclei, such as ultramicroscopic bubbles are present in liquids.

The above hypothesis appears to account for the observed deviations but, in fact, it
introduces an even more fundamental problem. Bubbles with a radius smaller than R, are
thermodynamically unstable (Section 4b) and should dissolve and vanish quickly. For resolving
this difficulty, Frenkel [89] has resolved to the distinction between heterophases and homophases,
but the physical basis for this delineation is unclear. Alternatively and equally questionably,
stabilization of (nano) bubbles has been ascribed to the influence of such factors as cosmic
radiation [90], formation of clusters of organic or ionic molecules [[91], [92]] and van der Waals
stabilization [93]. In addition, bubble nucleation/ growth exhibits a quite complex behavior, which
cannot be accounted by classical models. For highly purified and degassed water, a significant
decrease of the cavitation threshold due to neutron irradiation has been observed [94], with the
threshold slowly returning to the initial level upon removal of the source of radiation (kind of a
memory effect). A “memory” effect has also been demonstrated by Leiderer and Grigoropoulos
[79] on ps-ms time scale in the explosive boiling of liquids adjacent to solid (absorbing) surfaces
heated by nanosecond pulses.

There is increasing understanding that the above discrepancies between theory and
experiment are not only due to experimental limitations, but rather to our limited understanding
and specification of parameters, e.g. of the surface tension, on nanometer scale. A common
approach is to introduce the variation of the surface tension with curvature (Tolman’s length) [95].
The problem is being vigorously attacked by simulations on the nanometer scale. It has already led
to major new concepts concerning cavity formation within a liquid, hydrophobicity [[96], [97]] etc.

Besides the fundamental scientific interest, the above questions are also of direct relevance
to nanoscience and nanotechnology. The existence of nanobubbles can be a serious problem in the
examination of surfaces by in situ atomic force microscopy (AFM) and other scanning
microscopies. Nanobubbles have been detected to form spontaneously when gold surfaces are
immersed in pure water [98], but they are probably a general phenomenon at liquid-solid interfaces.
Their formation can result in undesirable effects, such as enhanced noise and even artefacts in the
microscopic imaging (solutions). Formation of nanobubbles is also common in the laser irradiation
of materials. Laser-based structuring techniques generally result in some degree of heating. Thus,
when using laser-based techniques for nanostructure fabrication, within liquids bubble formation
may compromise the focusing of the beam and the final resolution of the structures produced by
techniques such as femtosecond-based polymerization approaches [99]. On the other hand,
nanobubble formation may be used to advantage. For instance, recently, bubble formation has
been exploited for the directional transport of objects in microfluidics. Typically, actuation forces
exploited to transport small objects in channels rely on applied pressure differences, capillary
forces, electrophoresis or Marangoni forces [100]. By comparison with these approaches,
microbubbles on a substrate can induce well controlled fluid motion on very small scales [101].
Furthermore, appropriate combinations (“doublets”) of bubbles and microparticles provide for the
controlled breaking of the symmetry of the motion. In other work, the rapid expansion of vapor
bubbles has been exploited to switch valves in microdevices [102]. Bubbles have also been
exploited for blocking transiently the path of a light beam, thus creating an optical switch [103].
Microbubble formation near cells can also result in localized shear forces sufficient to open pores
in cellular membranes, thus enabling drug delivery or gene transfection [104].

Despite all this importance, the study of bubble nucleation and growth in liquids is subject
to major limitations, due to the presence of dissolved ambient gases. In addition, the fleeting
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existence of bubbles in liquids makes their study quite difficult. Generally, the time scale for most
acoustic studies has been limited to microseconds due to the instability of the transducers to
generate shorter acoustic pulses of sufficient intensities to cause cavitation. On the other hand, the
use of cryogenic films (under high vacuum) offers the crucial advantage that the presence of
dissolved gases or of impurities that may act as heterogeneous nuclei can be strictly excluded.
Furthermore, because of the relatively rapid cooling (cooling on %ZD ~ 10-50 ps, where a is
th

the absorption coefficient and Dy, the heat diffusion constant) and subsequent solidification, bubble
structures may be “arrested” and thus studied in detail. In addition, they can be monitored in time,
thus being able to establish the factors crucial for elucidating their dynamics when still in their
“infancy”. It is clear that bubble formation in cryogenic films can provide new insights, as
necessary for exploiting and manipulating bubbles at the nano level.

Indeed in our studies, we have noticed various discrepancies in the quantitative analysis of
the dynamics of superheated liquids on ns time scale. Theoretical considerations generally
associate ablation with spinodal decomposition, attained at temperatures ~0.8T,, (~ 470 °K for
toluene, where T, is the critical temperature). However, we have noted in our experiments [67] that
the estimated surface temperatures are somewhat lower e.g., for neat C¢HsCH3, the temperature at
threshold is estimated to be ~ 350-380 "K. This value is certainly well above the melting point of
toluene, but not quite as high as expected from the model. Very recently, Perez et al [105], on the
basis of molecular dynamics have also indicated shortcomings of the accepted view of explosive
boiling [33]. At any rate, the important point is that though the general theory [[72]-[74]] predicts
ablation to occur at the spinodal limit, in practice, its onset is initiated at lower temperatures. This
means that thermal degradation effects are considerably less than may be expected.

7. Conclusions

Significant information about MAPLE can be obtained from studies on cryogenic solids,
where the mechanisms and processes of laser-induced material ejection have been addressed in
detail, free from the complications encountered when using frozen polymer samples.

It was shown that biopolymers can be ejected in the gas phase only upon laser irradiation
at fluences above the ablation threshold. At lower fluences, a thermal vaporization process
operates, which can be responsible for the desorption of the solvent, but not of the polymer. Given
this separation, quantitative analysis of the rates of biopolymer/ matrix activation energies of
desorption can be quite misleading.

For photoinert compounds, explosive-boiling type process is shown to dominate. Several
implications of explosive boiling mechanism have been examined in detail. It was shown that
explosive boiling can account for most observations in the laser-material ejection (in cryogenic
solids, MAPLE and MALDI) in a physically direct way. The important point is that biopolymers
are not simply evaporated or ejected via collisions with the desorbing molecules to the same
velocity. These ideas can result in several pitfalls, even if overall the working knowledge has
empirically established the important parameters.

Typical chemical processes in the irradiation of various films have been presented. These
provide better clue about the solvents that may be useful in extending the potential of MAPLE to
other biochemical systems.

We have not discussed in this review the possibility of MAPLE with femtosecond pulses,
since we are not aware of any reported studies. Furthermore, only preliminary studies on the
ablation of cryogenic films with fs pulses have been reported. These studies indicate the high
potential of femtosecond laser technology for film deposition, but in parallel they indicate that
mechanisms and characteristics of material ejection differ substantially from the ones specified
(described) above for nanosecond laser-induced material ejection.
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