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Abstract

Despite numerous studies, the mechanistic understanding of the role of the photochemical processes and their coupling with the thermal
processes in UV laser ablation is still far from being complete. In this work, the effects of the photochemical reactions on the laser ablation
mechanism are delineated based on the results of molecular dynamics simulations of 248 nm laser irradiation of solid chlorobenzene.
Photochemical reactions are found to release additional energy into the irradiated sample and decrease the average cohesive energ)
therefore decreasing the value of the ablation threshold. The yield of emitted fragments becomes significant only above the ablation
threshold. Below the ablation threshold only the most volatile photoproduct, HCI, is ejected in very small amounts, whereas the remainder
of photoproducts are trapped inside the sample. Results of the simulations are in a good qualitative agreement with experimental data on
the ejection of photoproducts in the laser ablation of chlorobenzene. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction responsible for the ablation onset and the ablation could be
triggered by photochemical processes. The ablation thresh-
Ultraviolet (UV) laser ablation of various molecular old was correlated to the photochemical reactivities of the
materials has raised considerable interest due to its nu-derivatives. Formation of photoproducts in laser ablation of
merous applications in laser surgery and mass analysis ofliquid benzene by a 248 and 308 nm pulses was observed by
high-weight biological molecules. UV laser irradiation leads Srinivasan and Ghosh [3] and ascribed to the photochemi-
to the electronic excitations of the absorbing molecules. An cal decomposition following two-photon absorption. On the
excited molecule can either photochemically decompose other hand, in the investigation of the ablation of a benzene
or undergo internal conversion to a vibrationally excited film with the same wavelength, 248 nm, Buck and Hess [4]
ground state, which can then release its energy thermally.pointed out the importance of thermal processes. It has been
It is generally accepted that when photochemical processegioticed in a number of studies of laser ablation of molecular
occur, thermal processes are also involved. films that molecular photolysis yields are unexpectedly low
To understand the role of the photochemical process in under explosive desorption conditions. For example, in the
laser ablation, extensive experimental studies have been308nm laser irradiation of CHi films adsorbed on AOs
performed. Tsuboi et al. [1,2] have reported on 248 nm laser and Ag surfaces, the quantum yields of the photodissociation
ablation of liquid benzene and benzene derivatives such asof the parent molecule were found to be much lower than
toluene, benzyl chloride, chlorobenzene and benzyl alcohol.that in the gas phase [5]. Similarly, in the ablation of Cl
Based on the values of temperature estimated for the threshfilms at 193 nm, less than 7% of the desorbed species was
old fluence, they concluded that the ablation of benzene detected as Cl fragments [6]. In studies of the ablation of ICI
is induced by explosive boiling of the overheated liquid. [7], XeF; [8] and GsHsCI [9] films, a significant amount of
For the benzene derivatives, however, the estimated samplenew products were observed and attributed to recombination
temperature at threshold did not reach the boiling point, of photofragments. It was suggested that a percentage of the
which suggests that thermal processes alone could not bdiberated fragments recombine or react to reform the parent
molecule, thereby at least partly accounting for the strong
* Corresponding author. Tel:1-814-863-5319; fax:1-814-863-2103.  parent peak observed under ablation conditions. Despite
E-mail address: bjg@chem.psu.edu (B.J. Garrison). a considerable number of experimental studies, a detailed
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understanding of photochemical processes and their role inwhereas the parameters of the potential function ascribed to
the mechanism of laser ablation has not yet emerged. the internal degree of freedom are used to control the rate of
Molecular dynamics (MD) simulations are utilized in this the vibrational relaxation of the excited molecules. The ap-
work to study in detail the photochemical aspects of laser ab- proximate representation of the internal molecular motions
lation. We chose chlorobenzene as our basic system to modepermit a significant expansion of the time and length scales
photochemical events because of its well-known gas-phaseof the simulations and allows us to address collective effects
and solution chemistry. Photofragmentation of chloroben- in laser ablation. The full details of the breathing sphere
zene occurs exclusively by scission of the C-Cl bond to model are given in Refs. [15,26].
yield CgHs and Cl radicals, which in solution and static gas  Vibrational relaxation and photochemical fragmentation
cell experiments react with the precursor molecules to form of the excited molecule are the dominant processes respon-
a number of different products [10]. The photochemistry sible for UV ablation. Previously, our group has examined
of CgHsCl has been investigated by numerous experimen- laser ablation that occurs via vibrational relaxation of the ex-
tal techniques [1,2,9,11-14,25]. Using gHgCl molecular cited molecules [15-18,26]. In this paper both of the possible
beam [13], it was found that excitation of chlorobenzene by results of photon absorption, namely photochemical frag-
248 nm laser light can lead to either photochemical dissoci- mentation and vibrational relaxation of the excited molecule,
ation or vibrational relaxation. It was determined that 36% are incorporated in the model. Vibrational excitation is mod-
of the excited molecules are photofragmented with available eled by depositing a quantum of energy equal to the photon
energy for photofragments of 19 kcal/mol. The ablation of energy into the kinetic energy of internal vibration of the
liquid chlorobenzene at the same wavelength has also beerexcited molecule. Photochemical fragmentation is modeled
investigated by photoacoustic measurements [2]. Two break-by splitting up the excited molecule into fragments. These
points were clearly observed in the dependence of photoa-fragments have different masses, interaction potentials and
coustic signals on laser fluence. For chlorobenzene, the valuesizes than the parent molecule and often occupy a larger vol-
of the first breakpoint, 60 mJ/cémis in a good agreement ume, creating a local pressure inside the irradiated sample.
with the ablation threshold fluence. The origin of the second  The laser irradiation at 248 nm wavelength is simulated
breakpoint is not clear. In the ablation of neaHgCl films by vibrational excitation or photochemical fragmentation of
[9,14,25] two fluence ranges were found in which the pho- randomly chosen molecules during the 150 ps laser pulse.
tolysis of chlorobenzene produces very different yields. At To reproduce the exponential attenuation of the laser light
low fluences the photolysis yield was found to be well be- with depth the absorption probability is modulated by Beer’s
low 1% and desorption of only one new photoproduct, HCI, law with a laser penetration depth of 50 nm. In this case, the
was observed. At higher laser fluences, photolysis yields in- probability of a molecule to be excited depends on the laser
crease up to 5% and a significant fragmentation yield was fluence and the position of the molecule under the surface. In
reported. The ejection of additional photoproducts, namely our calculations, most of the excited molecules undergo vi-
Cl, CgH4Cly, C12HgCI, C12H10 and G2HgCl were detected. brational excitation, and only a certain percent of randomly
It was also noticed that the phenyl products and HCI exhib- chosen excited molecules can photofragment. Probability of
ited different velocity distributions. photofragmentation can be defined based on the experimen-
In the present work, we perform a detailed compar- tal observations of chlorobenzene in laser ablation [9].
ison of the experimental data described above with a The model of vibrational excitation is discussed in detail
molecular-level picture emerging from the MD simulations. in our previous publications [15,17,26]. Below, we give a
Verification of the model for a particular system is followed detailed description of photofragmentation model. The steps
by a general discussion of the role of the laser-induced for incorporating photochemical events in the model are as
chemistry in the phenomena of UV laser ablation of molec- follows:

ular solids. e Pick a compound that has a well-known photochemistry.

o ldentify possible reactions and products for the chosen
compound.

e Choose potential parameters for the products from these

reactions.

Define reaction rates and probabilities.

2. Computational setup

Our group has developed and applied an MD model to
investigate the microscopic mechanisms of laser ablation *
[15-18,26]. In this model each molecule is represented by a The selection of chlorobenzene as our basic system for
single particle. In order to simulate molecular excitation by modeling photochemical events is based on the well-known
photon absorption and vibrational relaxation of the excited photochemistry of the compound and extensive experimental
molecules, an additional internal degree of freedom is at- studies that make a detailed interpretation/verification of the
tributed to each molecule. The internal degree of freedom, or simulation results possible. A set of parameters is chosen
breathing mode, is accomplished by allowing the particles to to represent the chlorobenzene solid. To achieve a correct
change their sizes. The parameters of the inter-particle inter-density of chlorobenzene (1.1064 gfmthe equilibrium
action are chosen to reproduce the properties of the material radius of the spherical particles representing these molecules
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in the breathing sphere model is chosen to be 1.59 A. Thedata summarized in Table 2. When any of these reactions
properties of model chlorobenzene solid such as sublimationoccur, the corresponding Hyx,° will be the amount of en-
energy of 0.612 eV, elastic bulk modulus of about 5 GPa, the ergy deposited into the system. In other words, A y,°
calculated vibrational spectra are typical for organic solids. is the change in the total (potential plus kinetic) energy of
To represent the photochemical processes in chloroben-the reaction products and the surrounding molecules. The
zene, we chose reactions that are thermodynamically favor-amount of energy given off from each reaction is carefully
able and are observed in gas-phase or solution chemistrymonitored by adjusting initial positions of the reaction prod-
of chlorobenzene. The excited molecule undergoes a pho-ucts and by performing additional local energy checks.
todissociation reaction that produces two radicals, Ph~Cl Obviously, from the above reactions, we need to choose
Pk + °Cl (Ph=phenyl). The radicals then react with a potential form to describe eight different molecules and
chlorobenzene or other radicals by various abstraction andthree radicals. The pairwise additive potential among parti-
radical-radical recombination reactions. The complete list cles allows us to simulate multicomponent molecular sys-
of the reactions induced by the laser excitation and subse-tems without introducing additional specific potentials. The
quent photodecomposition of chlorobenzene in our model potential form is represented by the following formula
is given below.

Laser excitation of the molecule: Ur = enlexp{—2a(rij* — do)} — 2exp—a(rij’ — do)}],

CgHsCl + hv — CgHsCI* (1) whererjj* is the distance between the edges of the particles,
) ) ) do the equilibrium distance between particleg, the po-
Photochemical fragmentation of the excited molecule: tential well depth and the anharmonicity constant. In this
CeHsCl* — CgHs® + °Cl ) formulation, the intermolecular interaction depends on the
_ . _ distance between the edges of the breathing spheres rather
Vibrational relaxation of the excited molecule: than their centers. This definition is based on the physical
CeHsCl* — CgHsCl 3) conpept Fha}t the subllmat_|on or coheswe energy of an or-
ganic solid is governed primarily by the interactions among
Abstraction reactions by primary radicals: atoms on the outside of the molecule. In order to represent
. o different organic molecules, we ascribe to each molecule an
CoHsCl +*Cl — CeHaCI® + HC ) individual set of parameters (Table 2). For all molecules, the
CeHsCl 4+ CgHs® — CgH4ClI® + CgHg (5) same equilibrium distancely = 3.0 A) and anharmonicity
-1 .
CeH4Cly + CgHs® — CgH4Cl® + CgHsCl (6) constant(a¢ = 1'A ) have been chosen. In the potential
_ . o ' between two different types of molecules, the well depth
Radical-radical recombination reactions: is calculated as the arithmetic mean of well depths of the
o e corresponding molecules from Table 2. Because there is no
Cl Cl - Cl 7 : R .
+ R 0 available data on the sublimation energy of the radicals,
CgHs® + *CgHs — Cq1oH1g (8) parameters of the potentials between radicals and between
CeH4CI® + *CeHaCl — CoHgCla ) radicals and molecules have been carefully fit to the values

of the heat of reactions (Table 1). For example, the choice
CsH4ClI® 4 *CgHs — C12HoCl (20) of the equilibrium radius, initial positions and parameters
for the intermolecular potentials of Cl anglds radicals is

CeHaCl® + °Cl — CeHaCl2 (11) based on the value of the available energy for photofrag-
Abstraction reaction by secondary radical: ments of 79.5kJ/mol [13]. The potential between radicals

. . has an equilibrium distance of 1.5 A and anharmonicity con-
CeHsCl + CeH4Cl* — CgHs® + CeHaCl2 (12) stant equal to 1.1 A. For the interaction between a radical and
For each reaction the standard heat of formatidfyn° a molecule, a set of parametetly & 2.5A, « = 1.0 Afl,

(Table 1) is calculated from the available thermochemical ¢, = 0.05eV) is chosen. An internal degree of freedom is

Table 1
Heat of reactions (kJ/mdl)

Reaction

(2 3 4 (5) (6) o 8 9 (10) 11) (12)
—AHxn°(9) 79.5 482.7 109.3 144.9 146.7 239.2 478.9 194.0 410.9 248.5 35.2
—AHyn°(l) 66.4 136.5 144.6 555.4 294.0 34.6
—AHxn®(9) 119.7 564.4 282.3 410.9 318.9

aCalculated from thermochemical data in Table 2/8xn° = Y AH;° products minusy_ AH;° reactants. The designations g, |, and s represent
data for gas, liquid and solid state reactions, respectively.
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Table 2

Physical and thermochemical properties of molecules

Formula Molecular Melting Boiling Density &, (eV) Radii A Hs 298° (kJ/mol) Ref.
weight (Da) point (°C) point (°C) (g/cr?) A

CgHsClI 112.56 —45 132 1.1064 0.1 1.58 54.42 (gas), 11.5 (liquid) ab.c

HCI 36.46 —114.8 —84.9 1.0004 0.069 1.086 (gas)2.31 ab.c

Cly 70.906 —100.98 —34.6 3.214 0.075 1.356 (gas) 0.0 ab.c

CesHe 78.11 55 80.1 0.8787 0.122 14 (gas) 82.93 (liquid) 48.95 ab.c

CsHaClp(1,2-) 147.01 —17.0 179 1.3048 0.112 1.73 (gas) 33.0 (liqui)7.4 ab.c

(1,3-) -25 172 0.109 (gas) 28.1 (liquidy20.5

1,4-) 53 174 0.143 (gas) 24.6 (solie)42.34

Ci2H10 154.20 70.0 255.9 1.9896 0.15 1.76 (gas) 182.1 (liquid) 105.56 (solid) 96.78-¢

C12HoCl (2-) 188.65 32.4 274.1 1.1499 0.134 1.88 (solid) 53.89 ab.c

(3-) 16 2845 1.1579 0.127

4-) 7.7 291.0 0.154 (solid) 76.595

CioHgCly (4,4-)  223.1 148 315.9 0.185 1.99 (gas) 120.1 ab.c

2,2-) (gas) 127.9

(2,2-) (solid) 31.7

CeHs* 77.102 0.05 1.39 330.5 a.c.d

cl 35.453 0.05 1.08 119.6 a.c.d

CeHaCI* 111.55 0.05 1.57 54.4 ac.d

aPhysical properties of molecules are taken from CRC Handbook of Chemistry and Physics, 58th Edition, CRC Press, Cleveland, OH, 1977.

b Thermochemical data for molecules are taken from NIST online databases at http://www.nist.gov/srd/online.html.

¢ potential well depthss,, are chosen to scale with the melting point of the compound. Radii of the molecules are calculated according to the density
of the compound.

d Thermochemical data for radicals are taken from Y.H. Yim, M.S. KimPBys Chem. 98 (1994) 5201.

attributed to each molecule that has a pyridine ring or other a hydrogen atom from the chlorobenzene molecule via
aromaticm-electron system because these systems can ab+eaction (12) after; = 0.8 ps only in the gas or liquid state.
sorb a photon. Particles representing HCI, @hd Cp do In order to use a relatively large system with 126,950
not have the internal mode. molecules(10 nmx 10 nmx 191 nm, we employed a mul-
The choice of the dynamics and probabilities of tiple step integration algorithm. The time step of 5fs is used
the reactions is given and explained below. Generally, in the parts of the system where no reactions occur or no
radical-radical recombination reactions are faster than ab-free radicals are present. In the regions where reactions are
straction reactions. Hence, the free chlorine, phenyl andtaking place, the time step is decreased to 0.5fs. Dynamic
chlorophenide (gH4ClI®) radicals will try to react instanta-  non-absorbing boundary conditions are applied at the bot-
neously with each other via reactions (7)—(11). If a radical tom of the sample to avoid artifacts due to the reflection of
does not encounter another radical during a certain time, the laser-induced pressure wave from the edge of the com-
t, then the radical can abstract a hydrogen or chlorine putational cell [21]. Periodic boundary conditions in the di-
atom from the nearest chlorobenzene or dichlorobenzenerection parallel to the surface are imposed, simulating the
molecule. The reactions will only take place if the radi- conditions at the center of a laser spot.
cal finds a molecule or another radical within the certain
distance equal to 3.0A. The choice pffor each radical
is based on the concept that different radicals have differ- 3. Results and discussions
ent reactivities and lifetimes, and that the chlorine bond is
weaker than the hydrogen bond in the molecule. The av- In the following section, the above model is applied for
erage lifetime of a radical is about s [19]. In terms investigation of the role of the photofragmentation processes
of reactivity, the chlorine radical is 2.7 times more reactive in 248 nm laser ablation of chlorobenzene films. We per-
than phenyl radical and is about 3.1 times more reactive form two series of MD simulations on the same sample for
than chlorophenide radical [20]. The hydrogen abstraction a range of laser fluences. In the first series, all of the ex-
reaction (4) will be, therefore, faster than hydrogen abstrac- cited molecules undergo vibrational relaxation with no pho-
tion reaction (5). Thus we can assume that chlorine radical tochemical reactions. In the second series, as suggested by
abstracts the hydrogen atom to form HCI molecule after experimental data [9], 5% of the excited molecules undergo
n = 0.3 ps. Aftersy = 0.7 ps, the phenyl radical looks for a  photofragmentation. The fluence dependence of the molec-
dichlorobenzene molecule to abstract chlorine atom via re- ular yields are compared and related to the difference in to-
action (6). If there is no dichlorobenzene around, it abstracts tal deposited energy and average cohesive energy in these
hydrogen atom from the nearest chlorobenzene moleculetwo systems. The influence of cohesive energy on the yield
via reaction (5). The chlorophenide radical can abstract versus fluence dependence is discussed. The total amount of
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CH,Cl molecules
————0

CH,Cl molecules
without fragmentation

photofragments

.

Fluence, mJ/cm®

Fig. 1. Desorption intensities of molecular yields for the system with vibrational relaxation only (white squares and dashed line) and system with
photochemical fragmentation as a function of laser fluence (solid lines). The gray diamonds and black circles represent the matrix and photofragment
yields for the system with fragmentation. The vertical dashed and solid lines, respectively, mark the approximate position of the ablatids.threshol

photoproducts that form inside the sample with the corre- The threshold difference is related to the difference in
sponding photoproduct yields that are observed in clustersthe total energy deposited into the systems (Fig. 2(a)). In
and monomers are then discussed and related to the experithe system without reactions, the energy deposited in the
mental data. sample is directly defined by the laser fluence. In the case
The yields of molecules ejected from the first and second of the 248 nm irradiation, each photon absorbed increases
series of simulations upon laser irradiation are shown in the energy by 482.7 kJ/mol. In the simulations with photo-
Fig. 1. For both systems at a certain laser fluence, the yieldschemistry, the total energy has an additional contribution
sharply increase signifying the change in the ejection mech-from the reactions. When the excited molecule undergoes
anism from desorption to ablation. In our simulations this fragmentation, most of the photon energy, 482.7 kJ/mol,
increase of the molecular yield is coupled to the ejection of goes to the bond rupture and the total energy only increases
clusters of material and attributed to the ablation threshold by 79.5kJ/mol. Subsequently, the CI radical can undergo
[15-18,26]. For the system with photochemistry, at low flu- an abstraction reaction (4), releasing 109.3kJ/mol and
ences the ejection of the photoproducts is insignificant. The forming chlorophenide radical. The latter can react with
presence of reactions becomes visible only after the abla-phenyl radical via reaction (10) with an additional release
tion threshold, where approximately 2% of the total yield is of 410.9 kJ/mol. The total energy in this scenario will in-
photoproducts. The reactions also affect the ablation thresh-crease by 599.7 kJ/mol, which is higher than the increase
old value that is lower in the system with photochemistry in energy caused by vibrational relaxation of the excited
as compared to the system with vibrational relaxation only. molecule. Thus the photochemical reactions increase the
Indeed, it was discussed by Tsuboi et al. [1,2] that, in the actual energy deposited by the laser pulse causing a shift of
ablation of the liquid chlorobenzene sample the estimated the ablation threshold to lower values.
temperature at the ablation threshold 1GY is below the Another factor that affects the threshold difference is the
boiling point (132C) signifying the contribution of pho-  change of the attractive interactions in the absorbing region
tochemical fragmentation processes. Conversely, for ben-due to the presence of photoproducts. The results of our re-
zene in which only vibrational relaxation of the molecules cent laser ablation study of systems with different cohesive
occurs, the estimated temperature is higher than theenergies suggest that the cohesive energy of the sample is
boiling point. related to the value of the ablation threshold [22]. The abla-
Analysis of the simulation results suggests that two effects tion threshold is defined by the critical energy dendity
are responsible for the decrease of the ablation threshold flu-required for the collective ejection of a volume of material
ence as a result of introduction of photochemical reaction. or ablation [23,24]. It was shown that the threshold fluence
One effect is the release of the additional energy from the F* = LpE,* depends on the penetration depthand the
exothermic reactions (Fig. 2(a)). Another effect is the over- critical energy densityt,*. The critical energy density is
all weakening of the attractive interactions in the absorb- related to the binding energy of the organic solids and con-
ing region due to the formation of volatile photoproducts sequently, the ablation threshold should be the lowest for the
(Fig. 2(b)). Below, we give an analysis of these two factors, system with the lowest cohesive energy. The fluence depen-
starting with the effect of the reactions on the total energy dence of the total yield for three systems with different co-
deposited into the system. hesive energies is shown in Fig. 3. The solid lines represent
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Fig. 2. Total deposited energy into the sample (a) versus laser fluence. Potential energy per molecule averaged over the top 30,000 molecgles remainir
in the sample after the ablation (b) versus laser fluence. White diamonds and dashed lines represent the system with vibrational relaxatiomaanly and bl
circles and solid lines represent the system with photochemical fragmentation of excited molecules.

the prediction of the ablation model given by the following
equation

N L In( F )
tot =1 5
(0] mLp LpEv*

wherenp, is the molecular number density of the material
zz;t:srﬁl\évét:e?é%her andNiot the total_ngmber of eje_cted molecules. The cohesive
energy of the original system is 0.6 eV [18], 0.57 eV for the
system with lower cohesive energy, and 0.66 eV for the sys-
tem with higher cohesive energy [22]. Even though for the
two systems with modified cohesive energies the penetration
> R depth is slightly higher (55 nm) than in the original system
Fluence, mJ/cm’ (50 nm), the assumptlon that t_he C(_)heswe energy equal to
the critical energy density is still valid.
Fig. 3. Total yield versus fluence for three systems with different values ~ The presence of volatile and non-volatile particles in the
of cohesive energy. The black circles represent the total yield from the Samp|e decreases or increases its average cohesive energy,
original_syst_em with cohesive energy 0.6 eV and penetratio_n depth 50 nm. respectively. In the present simulations, radicals HCl and Cl
The white diamonds and gray squares represent the total yield for the sys- . .
tem with 0.57 and 0.66 eV cohesive energies, respectively, and penetrationare more volatile than chlorobenzene. Because the denS|ty
depth 55nm. The solid lines represent prediction of the ablation model Of photofragmentation events follows Beer's law, there are
with critical energy density equal to 0.57, 0.60 and 0.66 eV, respectively. more fragments present closer to the surface than deeper in
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the sample. The presence of reactions and the number of pho-
toproducts in the sample changes with time, hence it is diffi- .
cult to calculate how reactions affect the cohesive energy of 250 |
the sample. To highlight the effect of changing interactions :
in the surface region we have examined the sample after ab-
lation and averaged the potential energy per molecule for the
top 30,000 molecules remaining in the sample (Fig. 2(b)).
Clearly, the presence of photoproducts in the sample signif-
icantly decreases the potential energy in the surface region _
in comparison to the simulations without fragmentation. 50 |
In the present study, the potential energy and the cohesive
energy of the sample changes in time due to the presence O ¥ == == T T 0 s00 e
of the photoproducts. The amount of photoproducts in the Time, ps
sample is controlled by reaction rates and probabilities. To
illustrate this effect, the formation of photoproducts versus Fig. 4. Formation of photoproducts in time at laser fluence equal to
time at laser fluence equal to 2.9 mJfcimshown in Fig. 4. 28° m/crf.
During the laser pulse, the parent molecule breaks up into
chlorine and phenyl radicals. The chlorine radical can react radical can be formed after the laser pulse and therefore, the
with other radicals via reactions (7) and (11) or abstract a concentration of HCl molecules reaches a steady state value.
hydrogen atom from the parent molecule via (4) forming a Approximately 74% of the HCI molecules never escape
HCl molecule. The sharp rise of the concentration of volatile from the sample, even though the HCI molecule is nearly
HCI during the laser pulse leads to the significant decreasetwo times more volatile than the chlorobenzene molecule.
of the potential energy in the absorbing region. No chlorine Most of the phenyl radicals formed by photodissociation

300 |

[35]
=4
=]

Number of particles

60 — (a)
2 oL HCl
g 40 CeHs
£ i
g 0F CHLCL,
> -
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Fig. 5. Intensities of photofragments ejected in: (a) monomers or clusters less than four molecules and (b) clusters. Vertical lines indicatantateapp
position of the ablation threshold.
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participate in the formation of §Hg molecules via reaction  contribution of the strong §Hs™ peak deriving from mass

(5) and only a very small fraction undergoes reaction (10) cracking of chlorobenzene.

to form Ci2HgoCl molecules. In the present simulations, the

probability of fragmenting the absorbing molecule (5%) is

too small for the reactions (7) and (8) to occur. The in- 4. Conclusions

crease of the gH4CI® concentration during the laser pulse

is dictated by reactions (4) and (5). This radical mostly re-  |n this paper, we have developed and applied a
acts through reaction (9) forming;&HgCl, molecules. Es-  molecular-level model for investigation of the photofrag-
sentially, the tightly bounded biphenyls surround the HCI mentation processes and their role in laser ablation of
molecule and, therefore, it has very little chance to diffuse chlorobenzene films. We found that the presence of
out of the sample unless it is formed near the surface. In photofragmentation significantly lowers the ablation thresh-
the liquid and gas regions, the chlorophenide radical is re- old value. Photofragmentation of molecules and following it
sponsible for the formation of §E14Cl> and phenyl radi-  reactions deposit additional energy into the sample even be-
cals via reaction (12). Reaction (12) increases the amountyond laser irradiation. The presence of the reaction products
of phenyl radicals, consequently the concentration of ben- in the sample lowers the potential energy and, consequently,
zene and GH4Cl; rise after the laser pulse. Eventually, cohesive energy of the sample in the absorption region. The
when all the GH4CI* radicals react, the concentration pro- yield of the photofragments becomes apparent only above
files for all the products will be constant. The reactions in- the ablation threshold. Below the ablation threshold only
volving phenyl and chlorophenide radical are slower than yolatile HCI was ejected. Even in the ablation regime most
the chlorine radical abstraction reaction (4). Therefore, theseof the products stay trapped inside the sample. Hydrochlo-
radicals are present in the sample for a longer time thanric acid, followed by benzene and dichlorobenzene are the
the chlorine radical. Thus, energy continues to be dEDOSitedmain photoproducts ejected as monomers or as part of very
into the system from reactions even after the laser pulse issmall clusters. In addition, 8g, C12HgCls, CsH4Cl> and

over. After ablation, the majority of the photoproducts is HC| are detected to be the main photoproducts that are
trapped inside the sample. There are a total of 803 photo-ejected incorporated in clusters.

products formed at 650 ps, whereas only 201 are present in
the plume.
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