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Coarse-Grained Model of the Interaction of Light with Polymeric Material:
Onset of Ablation

Yaroslava G. Yingling' and Barbara J. Garrison*

Department of Chemistry, 104 Chemistry Building, The Penasgjd State Uniersity,
University Park, Pennsyknia 16802

Receied: May 25, 2005; In Final Form: July 7, 2005

A coarse-grained model has been developed for molecular dynamics simulations of the interaction of light
with polymeric materials. The photon energy can result in a vibrational excitation (photothermal process) or
disruption of a chemical bond (photochemical process) in a polymer. In the latter case, the formation of
active radial sites and the occurrence of chemical reactions have to be taken into consideration. The novel
feature of this model is the incorporation of chemical reactions into the united atom approximate representation
of the polymer structure, which permits the study of laser ablation, degradation, or the effect of various
chemical reactions on large time and length scales. The chemical reactions are included in the model in a
probabilistic manner as in the kinetic Monte Carlo method. This model adopts physically and experimentally
known quantities such as enthalpies and probabilities of reactions. Properties such as laser irradiation time,
laser fluence, and wavelength are explicitly included. Moreover, no chemically correct interaction potential

is required to incorporate the effects of chemical reactions on the dynamics of the system after energy deposition.
We find that the model provides a plausible description of the essential processes. The laser-induced pressure
relaxation is the main mechanism responsible for the onset of polymer ablation. Since the pressure relaxation
processes are slow, there is a delay in the onset of ablation after the end of the laser pulse as is observed
experimentally. The vaporization processes are not efficient for material removal, and the effect is minimal
for both photochemical and photothermal processes. A lower fluence is needed for the onset of ablation with
photochemical processes than photothermal processes.

Introduction thermal®” Lippert and Dickinson point out that individual
blati £ bol d biological i by f | models describe particular experimental observations but none
Ablation of polymers and biological tissues by far-UV1asers ¢ the models are comprehensive in describing all of the

causes no apparent heat damage in the remaining S‘Em_"pleexperimental observations. Therefore, there is probably not one
presumably because most of the photon energy goes mostlylntosing|e mechanism that is important, but rather, a complex,

thehbreﬁklngg] of F:herpllcal bondsl, €., p:otocr:]hemlcial Sg'%“on’ intertwined array of events are occurring. There were many ex-
rather than eatlngt e material, i.e., P otothermal a tron. perimenta]722,2¢25,28,29,3435 and computational stud-

Ok:/ er _the” pastl two ﬁecades the m_atelrials that can bef PhOtOe@3.27.30-33,37-42 o |aser ablation of various polymers conducted
¢ emlcla ylab atedd ave growr: toinc Ud% %,nu”}bg 09 COM- to elucidate the mechanism. Despite these studies, there are
mercial polymers, designer polymers, and biopolymierae many questions remaining about the mechanism of material

industrial applica’;ionsl_ofdphotlo%h?micz_al ablalii_orrlllha\_/e expanged removal and the relative relevance of photochemical and
to generation of cylindrical holes in a highly integrated, photothermal processes.

multilayer printed circuit board;® drilling of ink jet nozzles? Our group has developed and successfully applied the

stripping of ponurethgne co'ati.ng on'wir.ési,irect \./vriting' O.f breathing sphere mesoscopic mdéét for use in molecular
sub-100 nm features in polyimideabrication of microfluidic dynamics (MD) simulations of ablation of molecular solids

devices, i.e., lab-on-a-chffxreating designer polymers for fast commonly used in mass spectrometry. In addition, we have

Laprlcathn of 3?'{25{125'036“ ttc;‘pogigphl@.sf,attr)]ncatlng I?ser- developed the coarse-grained chemical reaction model (CGCRM)
fIVEN MICrorockets,-==and etching issue In the corrective eye ¢, including chemical reactions in a united atom, bead and

13
surgery LASIK: _ L spring, or breathing sphere mesoscale simulation nf5d#l.
Despite the widespread development of the applications of the mesoscale approaches for modeling laser ablation of

UV irradiation of polymers, the mechanistic description of the  gjecylar solids have been quite successful in studying both
processes involved in far-UV radiation of polymers remains npqtochemical and photothermal mechanisms of laser ablation,

fragmented. A paper by Lippert and Dickinsédelineates the  jnerpreting experimental data, and proposing new experi-
following models: photochemical (direct bond breakiigt? mentst4—46.48-51

two-level model®2?), phototherma&f~27 (heat that breaks
bonds), photophysical (direct bond breaking and haf},
photochemical surfac® photochemical volum#1834thermal
surface?®2728.35photothermal volumé$-3¢ and volume photo-

The advantage of these models is that none of the measured
properties from the ablation experiments are used to fit any of
the computational parameters. Rather, the parameters in the
model are fit to a general set of mechanical, elastic, thermo-
dynamic, and chemical properties of the system to be studied.
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clusters in the plume, high ejection velocities, and spontaneous

decomposition of the ablation plume are the effects observed

in the simulations of molecular solid&444849Similarly, the

effects of the chemical reactions on the heat deposited in the Norrish
system as well as the resulting compositional changes in the ‘ Type I

system are the results of the simulation rather than input
quantities!®>47 Entrainment of analyte molecules in the matrix
is predicted by the simulatior{&5253Moreover, the description
of the material at a coarse-grained rather than atomic level makes Norrish Type I
it possible to model the time and length scales needed for the
collective process of ablation. MD simulations provide complete
information on molecular motions during and after the laser
pulse, which makes it possible to compare the simulation results
with a variety of experimental daf4-46:49:5455The success of
the prior simulations makes us optimistic about the extension
of laser ablation simulations to more complex materials such
as polymers and biological tissue.

In the present study, the CGCR matlé$ incorporated into Figure 1. Representation of the PMMA coarse-grained scheme. Carbon
a united atom mesoscale description of a polymer to examine atoms are gray, hydrogen atoms are white, and oxygen atoms are red.
the processes involved in ablation of polymers. To apply the 'I_'he ellipses represent approximations for the coarse-grained representa-
CGCRM for ablation of polymers, a specific material is chosen, tion.

Ithough we ex he insights in hotothermal and photo- . .

ZI;I ac;il:)% of ; olilrr?eercst tto E e gse?] etr?al fc:?apbroot :(tj rim 92 06; n? a?er(i);(ljs. syccessfully applled to a study of laser ablatlon_of chlorobenzene
As the model material, poly(methyl methacrylate) (PMMA) is via photochemical and_ pho_tot.hermal mechaméﬁfé.
chosen due to its straightforward photochemistry, available 10 model the laser irradiation of PMMA, we first need to

experimental and theoretical data for development of the model understand Fhe known p_hotochemistry and_ the known eXp‘?”'
and comparison to results, and finally its extensive use in mental ablation observations. Second, a suitable coarse-grained

applications. PMMA is used for UV, electron, and X-ray description of PMMA and a means of generating the initial

lithography® and holograph¥”8In lithography, PMMA is one polymer sample must be developed. Third, a set of potential
of the highest resolution organic photoresists. With electron Parameters needs to be chosen for each of the reactants,
beam lithography, lines as narrow as 10 nm of PMMA can be intermediate species, and proo!ucts. Flnglly, a protqcol, in this
produced” Wider nodes of 70 and 100 nm of PMMA can be €@S€ the coarse-grained chemical reaction model, is needed to
produced by lasers operating at 157, 193, and 248 nm describe all the events that occur. .
wavelengths. A problem arises at the shorter wavelengths, Photochemistry. PMMA has relatively straightforward pho-
however, as the polymer becomes too absorbent for practicallochemistry yet at the same time displays a wide range of
use and it is believed that the photoproducts may outgas andimportant events for polymer ablation, such as bond scission,
condense on the exposure tool lens, degrading its transm#sion. cross-linking, free radical reactions, and volatile gas formation.
Due to the biocompatibility of PMMA with tissue, it is widely 1N addition, PMMA has been widely investigated in ablation
used in various medical applications. Bone cement PMMA is Studies, thus providing an experimental foundation for verifica-
used commonly for fixation of prosthetics to bone or to anchor tion of our modef’"%® Interaction of a high-energy photon with
hip prostheses in the femur. The PMMA is later removed via PMMA will result in one of three outcomes: main chain
laser irradiation during revision surge®s! Furthermore, scission, side chain scission, or blocking group deprotection
PMMA is used for fabrication of microlens and -optical (Figure 1). Photon cleavage of the main chain bond (Norrish
components with the laser ablation techni§&®? In pulsed type Il) leads to decomposition of the polymer into chains with
laser deposition (PLD), PMMA films are used for deposition ower molecular weight or even monomers. Photon cleavage at
of a-C:H films®566 Despite the plethora of applications, a the ester carbonyl group (Norrish type ) results in the formation
complete fundamental understanding of the underlying processes’’ carbon radicals on the main chain, thus leading to cross-
of the interaction of laser radiation with PMMA does not exist. inking of polymers as well as main chain scission and monomer
In the following section, we give a detailed description of elimination. The ester elimination reaction as well as the Norrish
the model. The model is then applied to the investigation of YP€ ! reaction can be followed by the loss of carbon dioxide

the onset of photochemical and photothermal ablation of or carbon monoxide.

amorphous PMMA material, and the preliminary results of the _ The relative probability of particular chemical reactions
model are presented. A summary of the work is given at the involved depends on the wavelength. For instance, at 248 nm

Elimination

end. irradiation, the Norrish type | process dominates photochemical
decomposition of PMMA7-70 At 248 nm, a relation of 1:6.25
Model between main chain and carboxyl decomposition was esti-

mated?® whereas, at 157 nm, the Norrish type Il reaction is
The goal of the modeling efforts is to assess the influence of believed to be dominast. In addition to the photochemistry,

the chemical reactions on the ablation phenomena, not tothe quantum yield, that is, the number of photons going into
understand the details of a given reaction. A recently developedbond scission versus heat, and the absorption depth also depend
methodology (CGCRM) includes the effects of the reactions in on the wavelength. In conjunction with the chemical reactions
molecular dynamics simulations in a probabilistic manner such and the change in the composition of the material, the absorption
as in a Monte Carlo calculatiod. The essential pieces of depth can also change with time. Finally, depending on the
information required are the enthalpies and dynamics/prob- amount of heat deposited, temperature-activated reactions may
abilities of reactions. In the previous studies, the CGCRM was occur. The interplay of all these effects is not understood.
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Obviously, to build in all the chemistry described above ina TABLE 1: Bond Stretch Parameters

detailed model is a significant undertaking. Thus, three repre- D, o ke o fer

sentative processes that are important for irradiation of PMMA bond (eV) (A (eVIR?) (AY A)

at 157 nm are chosen initially. These processes span the C—CHa 38 264 14.36 1.94 571
important types of events that transition photochemical ablation c—cp, 36 1.54 14.36 1.99 1.63
to photothermal ablation. The modeling steps include imple- c-co 3.6 1.49 14.36 1.99 1.58
mentation of the chemical reactions in the coarse-grained MD OC-0O 3.5 1.34 15.29 2.1 1.44
simulation, choosing the appropriate interaction potentials ©—CHs 3.5 2.59 15.29 21 2.68

reflecting the coarse-grained representation of PMMA, con-
structing an initial sample, and implementing the CGCRM
methodology.

Reaction Protocols. Photoinduced Bond Cleage The
bond-breaking event in the simulations such as a Norrish type
Il bond cleaved is effected by changing the particles corre-
sponding to a bonding atom to a nonbonding one. There is a
concomitant change in the interaction potential. We assume that
the net repulsive interaction is about 1 eV above the bond
dissociation energy. Thus, of the photon energy, 3.6 eV goes
to breaking the chemical bond andl eV goes toward further
increasing the potential energy. The remaining photon energy
is placed into thermal motion of the two fragments involved in
the bond-breaking event. This protocol necessitates a threshol
of about 4.6 eV for one-photon-&C bond cleavage. The other
photon-induced bond cleavage proceSsegluding activated
release of CO and CQwill be handled in a similar manner.

Thermally Actiated Unzipping from a RadicalWe assume
that the polymer can unzip from a radical along the backbone,
eliminating one monomer at a time. For a change in energy of
AE, the ratek, can be approximated by

described in the previous section. As shown in Figure 1, the
PMMA monomer is described as a branched molecule with C,
CHy, CHs, CO, and O particles. The polymer structure retains
the bond angles and lengths of the original molecule. With this
particular choice of coarse-grained representation, the proposed
reaction products mentioned above can be described. With this
choice of coarse-grained representation the computationally
intensive explicit H atoms and=€0 double bond have been
eliminated.

Interaction Potentials. The potential energyl) of the
system includes terms describing the interactions due to bonds
between particles, angle bend interactions along the chain, and
dwonbonding long-ranged interactions between particles on

different chains and between particles on the same chain. The
goal is to model the dynamical effects of laser ablation with
the inclusion of reactions as described above; thus, some
adaptations have been made to conventional approaches for the
potentials to best accommodate the CGCRM. In all cases, the
objective is to include the essential interactions, to have the
correct cohesive energy and density of PMMA, and to predict
reasonably the glass transition temperature.

_ - Bonding InteractionsBond stretch and bond angle bend
k= v exp(-AR/KgT) interactions for hydrocarbon systems are well established and
are often expressed in terms of the harmonic approximation.
The challenge for our simulations is that we need to be able to
break bonds if the system gets sufficiently hot or sufficiently

— strained during the ablation conditions. To account for fracture
v = (1) exp@ElkeT) of the bond, the hybrid mod&lis used where the bonds exhibit
elastic behavior for displacements from equilibrium until the
bond length reaches a critical vallgwhere a Morse-type
potential is applied:

wherev ~ 1013 s71, The lifetime of a radical, is given by the
reciprocal of the rate constant or

The temperaturel, will be determined from the kinetic energy
of the monomer with the radical site where the unzipping can
occur. Stoliarov et al. calculate the enthalpy change to be
endothermic by 91 kJ/mol or approximately 0.94 eV/monoffer. 2
This value cor)r/esponds to ha\E)i?lg a previgus broken chain with Uail) = {kalr = 1o)" = D for r=rg
a radical end and removing one monomer unit. The net effect .
is to break one €C single bond and create a double bond. Usilr) = {Ddexp(=2a(r — o)) — 2 exptalr — ro))] +
Since the unzipping of a monomer is endothermic, there will AU} for r>rg,
be a concomitant decrease in the kinetic energy of the neighbor-
ing particles. with
Formation of a MonomerA monomer may form from either )
the unzipping reaction or another photon absorption event. A AU = {Ky(I'sy — ro)” — D1 + exp(~20(rg — rg)) —
double bond of strength 6.36 eV is formed in the monomer. 2 exparg, — ro)l}
The potential energy change due to the double bond formation
will be offset by a comparable increase in kinetic energy of the The parameters for these harmonic and Morse potentials are fit
monomer. to those used in atomistic calculatiéh&'and are given in Table
Cross-Linking The cross-linking reaction between radicals 1.
on different polymer chains will be accommodated by replacing  The primary angular interaction is the bond angle bend
radical interaction potentials with the bonding potential. There motion. Torsional interactions are important for equilibrium
will be a concomitant gain in heat (kinetic energy) as the configurations and motions near equilibrium but are not as
potential energy of the system is lowered due to the bond important for the ablation dynamics. The angle bend term is

formation. assumed to be harmonic:
Deposition of HeatFor deposition of the photon energy as
heat, the kinetic energy of the particles in one randomly chosen Upend @) = Kand 0 — 0o)°
monomer will be adjusted to increase the energy of the system
by an amount equal to the photon energy. The potential parameters are also fit to those used in atomistic

Coarse-Grained Model of PMMA. The choice for the united  calculationg®>7#and are given in Table 2. The harmonic angle
atom approximation in PMMA is based on the photochemistry bend potential does not dissociate; thus, when two particles
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TABLE 2: Angle Bend Parameters Photons
6o kang
angle (deg) (eVided)
C-C-C 109.0 2.02
C-CO-0 117.0 2.95
CO—0O—CHs 124.0 2.6

dissociate, the associated angle bend terms are simply removed.
Changes in energy due to the discontinuity in this potential are
adjusted by altering the kinetic energy when particles are
transformed.

Long-Range Interactiongypically, for long-range interac-
tions a site-site model is used to describe the potential between
a pair of atoms. Within this description, there are parameters
for the interaction for each pair of particle types. For these
simulations of laser ablation of organic solids, an alternative to
this description was proposed in which the interaction between
a pair of particles is evaluated from the edge of the partiiés.
The rationale for this choice is that the interaction between a
pair of molecules is dominated by the outer functional groups
and not portions of the molecule buried inside. Moreover,
heterogeneous materials such as large analyte molecules embed-
ded in matrix molecules can be easily accommod&t&g>3.55
Within this description each particlg,is assigned a radiug;.
The appropriate distance for evaluating the potential between
particlesi andj is rj — R — R — Re, whererj is the center-
to-center (or site-to-site) distance amd is the equilibrium ) ] )
distance between the edges of the particles. The convenience§igure 2. Computational setup. The colors are assigned by bead type
of this choice for the original breathing sphere model are With the same colors as the circles in Figure 1.
straightforward*® First, changes in the internal energy of a TABLE 3: United Atom Particle Properties
molecule, e.g., from an absorption of a photon, results in changes C chy cH co )
in the radius; consequently, there can be energy transfer from $
one molecule to the next. Second, there is only one set of Mass, ba 1201 14.026 15034 2801 16.00
potential parameters for all the species with only the radii being 241US’ A 16l 1.88 1.88 1.60 1.42
different.

wu (Oz-01

This style of description between nonbonding pairs of term that', as explained above, we are ignoring. The radi Of.the
particles in the bonded polymer chain are taken from theoretical

particles is continued for the simulations of laser ablation of . ® and . . ble 3 al ith th f
polymers even though breathing spheres are not being used€Stimates’ and are given in Table 3 along with the masses o

We feel that this choice is particularly convenient for breaking the particles.

a bond and changing, for example, a bonding C site to a radical The remaining challenge is to determine the radii of the
C site. The radius (size) of this carbon site can increase, andradical species. The choice of parameters must be such that the

the interaction is intuitively more repulsive. Moreover, at a later replacements of particles described above can be made and that
time, if it is appropriate, then it is possible to reintroduce the the correct energy change of the reactions can be implemented.
breathing spheres. Since the reactions can occur when the system is in the solid,
Following the previous work, a Morse potential is chosen liquid, or gaseous phase, numerous simulations need to be
for the interaction between a pair of particles. We realize that performed to test the potentiéfs!’ To date we have determined
a Lennard-Jones potential is conventionally chosen for long- potential parameters for the C, grand terminal CHiradicals.
range interactions but the Morse potential affords us the The radius of the radical is 2% larger than the radius for the
additional parameteny, that influences the repulsive wall of ~bonding configuration, and the value afis 20% larger.
the potential. The goal is to model the dynamics of ablation  Simulation Setup. The laser irradiation of the system is
rather than the precise equilibrium structure; thus, this choice simulated by randomly choosing the particle(s) to absorb the
is acceptable. Specifically, the Morse potential is given by photon and the type of event to occur (bond cleavage or heat
deposition) on the basis of a chosen quantum yield. The total
Unonbondind i) = De(1 — exp-a(rj — R — R — R))* — D, number of photons entering the model during the laser pulse is
determined by the laser fluence. The absorption probability is
Within this description, the well-depti)e, o, andRe are the modulated by Beer’s law to reproduce the exponential attenu-
same for all pairs of interactions, 0.03 eV, 1.0%Aand 1.8 A, ation of the laser light with depth. The absorption probability
respectively. As discussed below, these parameters were ob<an depend on the reaction event, e.g., Norrish type I or Il bond
tained from simulations aimed at reproducing the cohesive cleavage, or can change with time with material composition
energy, density, and glass transition temperature of PMMA. A changes. The photons are absorbed by the system during a
cutoff distance of 10 A for the edge-to-edge distance is used. prescribed time; thus, the effects of different laser pulse widths
This nonbonding potential is used for all pairs of particles can be assessed. The events in the center of the laser beam are
from different polymer chains as well as particles that are modeled; thus, periodic boundary conditions are used in the two
separated by at least four neighbors in a given chain. The (1,4)horizontal directions as shown schematically in Figure 2. To
interactions within a chain are typically described by a torsional accommodate the material removal in the upward direction and
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the pressure pulse into the solid, the sample is typically much follows. (1) Track all reactive species, in this case, each radical
deeper than it is wide. and its associated monomer. (2) After each 2 fs time step, check

The |ength of the |ongest po|ymer in the samp|e Stricﬂy the vicinity of each reactive SpeCies for pOSSible reaction
depends on the minimum horizontal dimension, due to the partners, i.e., cross-linking, and check the temperature of the
periodic boundary conditions. On the basis of the density, the surroundings for thermal unzipping. (a) If two radicals are within
po|ymers are p|aced in the Samp|e according|y by propagation 3 A of each other, create the covalent bond between radicals
of a polymer chain grown step by step into the lowest density Py switching the potential functions. (b) If the temperature of
region via a self-avoiding Monte Carlo random walk. When the MMA monomer with the radical site is higher than the
the polymer chain reaches the side, it automatically reentersunzipping activation temperature, break the @H, bond by
through the opposite face due to the periodic boundary condi- removing the covalent potential and replacing it with the radical
tions. This self-avoiding walk is performed with only knowledge ~Ppotentials and create a double bond instead of a single bond by
of the bond lengths between particles and bond angles and nogsWwitching the potentials within the monomer. As a result, a new
the specific interaction potential. The sample can be easily radical site is created on a polymer chain and MMA is formed.
converted, for example, to poly(dihydrofluorooctylacrylate) or (3) The deposition of energy change is carefully monitored so
other polymers with a similar coarse-grained structure. that the total energy change of the system is the enthalpy of

After generation of the sample, simulated annealing calcula- e reaction. (4) integrate the particles in the regions where
tions were performed both for equilibrating the sample and for €actions are taking place with a reduced time step to partially
determining the parameters in the long-range potential. Begin- gqU|I|brate the posltlons. In the simulations, the local region is
ning with MD simulations at a constant pressure of 1 atm and Integrated for 10 time steps at one-tenth the normal time step
a constant temperature of 600 K, the sample is then quenched.Of the whole S|m_ula_1t|on. For the duration of the laser pulse, the
This protocol is repeated with different potential parameters until S&Me protocol is implemented except that every few steps,
the predicted properties of the atactic PMMA are as follows: depending on the fluence, a photon is absorbed into one of the
density of 1.19 g/c) cohesive energy per monomer (MMA) aIIowed_chanr_leIs. ) )
equal to 0.53 eV, and glass transition temperature equal to 395 The simulations of photothermal and photochemical ablation

K.7® The potential parameters and radii for the radicals are Of polymers are designed to model the ablation process and to
established with a similar protocol. assess the effect and interplay of the various physical and

chemical processes on the measurable quantities. The simula-
9 tions are not designed, however, to predict the fundamental
chemical reactions of the polymer, for example, the Norrish
reactions. Similarly, absorption coefficients (or penetration
depths) that change with composition can be implemented into
the model, but the model is not able to predict the quantitative
changes in penetration depth. The simulations as proposed

corrector is used to integrate the equation of motions with a e | iral o5 th . b dicted at
time step of 2 fs. This choice of the relatively short wavelength consider only neutral Species, thus, no lons can be predicied a
this time although the CGCR model is sufficiently flexible to

is to limit the reaction events to only the Norrish type Il process. . . S .
Similarly, picosecond pulses are used rather than the experi-'nCIUde them in the future. Even though it might be desirable

mental nanosecond pulses due to issues associated with thé? preflr:ctt th.e C.?.em'fal rgahc:‘[tlons End th.e |?jn.|ctpr<t)r::esskt)als,tllt IS
pressure wave as discussed in the next paragraph. clear that signriicant Insight can be gained into the ablafion

The reflecti f th f the bott f th dynamics of polymers without these effects. Finally, although
e retiection ot the pressuré wave from the bottom ol e g6 gimylations make significant progress in approaching the

Pexperimental time and length scales, they are not quite the same
76 - ! :
of the yield™ Therefore, to avoid artifacts of the pressure as in experiment. On the basis of our experience in modeling

reflection, the analysis of the simulations is stopped as S0on aSqer aplation of organic solids, the simulations nonetheless
the pressure wave reaches the bottom. Thus, the simulation rovide illuminating insights into the ablation events.

here describe the onset of the ablation process. Developmen
of appropriate boundary conditions is ongoing to extend the
time of the simulations, perform more detailed and realistic
studies, and compare yields and plume compositions to experi- A series of molecular dynamics simulations of laser ablation
mental observations. at several fluences and laser pulse durations were performed
Coarse-Grained Chemical Reaction Model for Photoab- on a coarse-grained amorphous PMMA sample to examine the
lation of Polymers. The essence of the proposed approach for onset of ablation. We start with discussion of the laser ablation
modeling photoablation of polymers has been piecewise de-initiated by photochemical processes, in particular main chain
scribed in the previous text. The protocol is to perform a scission (Norrish type Il reaction). A fluence of 0.3 mJ?and
molecular dynamics simulation using a mesoscale or coarse-pulse duration of 50 ps are chosen as the system shows clear
grained representation of the system. A set of conditions is evidence of the ablation process. Four snapshots of the plume
established for which chemical reactions can occur during the are shown in Figure 3. A total of 59 photons were absorbed by
simulation. If these conditions are met, covalent bonds betweenthe material, which resulted in 59 photochemically broken
particles are allowed to break or form. Each reaction event is backbone bonds and simultaneous creation of reaction products.
accomplished by removing the reactant particles and replacingAt this fluence a small number of particles, mostly terminal
them with the product particles. This replacement is ac- CHz groups, are desorbed by the end of the laser pulse at 50
companied by changes in the interaction potential. For each ps. At 60 ps there are many more fragments of the polymers in
reaction event, the energy change of the system is the appropriatéhe plume, representing the onset of ablation. At 70 ps, the yield
reaction enthalpy. This protocol is best described for the has dramatically increased and even some intact polymers are
conditions when there are radical sites present. The steps forejected from the material. The increase in the number of pieces
incorporating chemical reactions in the simulation proceed as of polymer as indicated by the increase in colors in going from

The sample size used in this study is 5 b nm x 13.6
nm and contains 135 polymers with 13 MMA monomers or 7
particles each. The total number of particles in the sample is
about 10665. A penetration depth of 8 nm is used. Laser pulses
of 5, 15, and 50 ps in duration at a wavelength of 157 nm (7.98
eV) are used in the simulations. A Nordsieck predietor

Results and Discussion
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Figure 3. Snapshots from MD simulation of laser ablation of PMMA  Figure 4. Snapshots from MD simulation of laser ablation of PMMA
initiated by pure photochemical processes: laser fluence 0.3 thJ/cm initiated by pure photothermal processes. The conditions are the same
(59 photons), penetration depth 8 nm, pulse duration 50 ps. Each coloras in Figure 3 except the laser fluence is 0.5 m3/(38 photons).
designates a different piece of polymer. Initially all the chains are shades
of green or b_Ige. The larger diversity of color for the photochemical pmpa. The propagation of the pressure wave and thus the
ablation signifies that more bonds have been broken. relaxation of the pressure, however, are slow because the
50 to 70 ps indicates that bond cleavages continue well beyondpolymers are intertwined and interconnected with strong cova-
the end of the laser pulse. lent bonds. This delay in the pressure relaxation delays the
The physical properties and concepts that have been used t@blation event to after the end of the laser pulse as seen in Figure
describe ablation of molecular organic solids include the 3 at 65 and 70 ps. Therefore, for polymer ablation the laser-
cohesive energy of the material and pressure buifddp. induced pressure relaxation is the main mechanism responsible
Conceptually, the cohesive energy is related to the energyfor the onset of ablations, the vaporization processes are not
needed to vaporize a particle. In the case of polymers, however,efficient, and the effect is minimal. The single beads presented
the definition of cohesive energy with respect to ablation is in the plume are due to overheating of the material, however,
intricate. The average cohesive energy in the simulations is 0.53since heating proceeds in parallel with the pressure-driven
eV per MMA unit. Each MMA, however, has one (end unit) or ablation.
two covalent bonds of strength 3.6 eV which connect it to the  The ablation, however, can be initiated at energy densities
polymer. Thus, the energy required to remove a species frommuch lower than those required for vaporization due to the
the solid depends on the length of the polymer chain or fragment occurrence of photomechanical effects caused by laser-induced
and whether a bond or two must be broken before it desorbs.stressed? In our simulations the onset of ablation is delayed
To complicate the matter, most of the polymers are intertwined after the laser pulse and started at about 60 ps as can be seen in
with each other and are not simply lying on the surface. Figure 3. The rapid increase in yield represents the onset of
Throughout the simulations five MMA units are created; ablation. There is a clear change in the structure of the ejected
however, most of the formed MMA is not located on the surface plume at 65 ps. There are more beads and bigger chunks of
and, therefore, is not present in the plume. polymers ejected from the surface than when the laser is on.
The pressure in the system is the driving force for the ablation  The photothermal processes are modeled by putting the full
process. Part of the pressure buildup arises from the increasgohoton energy into the sample as heat as shown in Figure 4.
in size of the photofragments relative to the species bound in Since the bonds are not broken directly by the photons, more
the polymer’” The other contributor to the pressure buildup is energy is needed for ablation, and thus, a fluence of 0.5 mJ/
the excess energy above the bond cleavage energy that goesn? corresponding to 98 photons is used. At the end of the
into the heat of the surroundings. During laser excitation, the pulse, the deposited heat is almost 3 times higher than in the
increase in thermal energy of the material would normally lead simulation of the photochemical process. The state of the system
to thermal expansioff. The thermal expansion in polymers at the end of the laser pulse is shown in Figure 4 at 50 ps. In
during the laser pulse is minimal (Figure 3); therefore, heating contrast to the photochemical system at 50 ps, there are fewer
of the material is taking place at nearly constant volume. The beads above the surface. As time progresses, there continue to
result of such heating is a high-pressure buildup in the absorbingbe some bond-breaking events due to thermal and mechanical
region. The high pressure can relax by expansion of the material,stresses but there is not as much fragmentation as in the
leading to acceleration of the material away from the surface simulation with photon-induced bond cleavage. The onset of
in the surface region and to the propagation of a strong ablation is delayed longer than for the photochemical process.
compression wave into the bottom of the sanfflablation is The ablation process starts at 80 ps; before this there are single
initiated when these forces exceed the strength of the materialparticles in the plume. The high temperature in the absorbing
and cause polymer fracture and subsequently ejection. In thesaegion leads to overheating of the material and photothermal
simulations, the pressure is relatively strong, peaking at 100 bond dissociation. Despite the higher number of photons, the
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Figure 5. Yield of particles as a function of time/laser pulse with (a)
photochemical processes and (b) photothermal processes. The yield i%
expressed in terms of the number of beads ablating from the surface to

give a sense of the total mass removed and is measured in the final . . .
positions comparable to the last snapshot of Figures 3 and 4. onset of PMMA ablation at all laser intensities was observed

for 532 nm laser ablation with a 93 ps pufSeThe study of

yield is smaller for the photothermal process than for photo- |aser ablation of a PMMA sample doped with IR-165 at 1064
chemical one since the number of bonds broken in the former nm wavelength and 150 ps pulses revealed the “shock-assisted
case is smaller. photothermal ablation”, where the onset of ablation was

The time delay for the onset of ablation is observed for both determined to be generated by equal contributions from the
photochemical and photothermal processes. In both cases, theyressure release and thermochemical decompostion.
extent of the time delay is dependent on the laser pulse duration
and fluence. In Figure 5, the yield of particles versus time symmary and Conclusion
relative to the laser pulse is plotted for photochemical and
photothermal processes with different laser fluences and pulse A coarse-grained chemical reaction model has been developed
widths. The sharp increase in yield indicates the onset of for computer simulations of laser ablation of polymers. The
ablation. The cohesive energy per polymer value is smaller for coarse-grained representation of a polymer allows the study of
photochemical processes than for photothermal ones, whichlarger systems and longer times, which are essential for laser
could be the reason for earlier onset of ablation for photochemi- ablation phenomena. Using a well-balanced blend of experi-
cal processes. The delay of the onset of ablation versus the lasemental information for the basic chemical reactions and a
pulse width is a common observatf8rior photochemical and ~ probabilistic occurrence of some events, we are able to perform
photothermal processes, which is related to the pressure wavenesoscopic molecular dynamics simulations of laser ablation
propagation in a stiff and viscous polymer medium. of polymers at realistic length and time scales. The centerpiece

Another difference in the effect of excitation processes is the of the proposed simulations is the ability to include the effect
plume composition. The calculated mass spectrum of the ejectedof widespread chemical reactions on the dynamical events. This
material is shown in Figure 6. In the case of photochemical model is ideal for delineating the nuances of photochemical
processes, the plume consists of small fragments of polymersreactions and their associated composition, volume, and heat
and several large fragments. The small fragments consist ofchanges on the ablation phenomena.
many terminal CH radicals and fragments of less than two In this paper, the model is applied to the investigation of
MMA groups. The large fragments consist of intact polymers effects of main chain scission events (Norrish type Il reaction)
and polymers minus one MMA group. In the case of photo- and photothermal excitation of a 3D PMMA sample. In
thermal processes, there are many larger fragments of polymergarticular, the yield and composition dependence on the fluence
with more than four MMA groups in a polymer. and mechanism of excitation has been observed. The yield

Several of the observations from the calculations are in versus time for various fluences shows that the onset of ablation
agreement with experimental observations. The low surface is delayed with the use of shorter laser pulses. Lower fluence
swelling of doped PMMA samples was observed experimentally is needed for the onset of ablation with photochemical processes
for a 193 nm wavelength with 30 ns and 500 fs pulse leff§fds  than with photothermal processes. The laser-induced pressure
and for 100 ps laser pulses at 266 and 1064 wavelengths. relaxation is the main mechanism responsible for the onset of
Srinivasan et al. reported that chemical changes occurred at thepolymer ablation, the vaporization processes are not efficient,
surface during the laser pulse but that the emission process wasnd the effect is minimal for both photochemical and photo-
delayed for 193 nm irradiatiof?. A 20 ps time delay for the  thermal processes. During the laser pulse, only single particles
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and MMA groups are desorbed from the surface; however, the
intact polymers are observed in the plume during ablation.
Shorter polymer chains are observed in the plume for photo-
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