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The biodegradable polymer such as poly(L-lactic acid) (PLLA) is promising in drug delivery applications
because its chemical structure allows it to hydrolyze into non-toxic substances in the human body. In
such applications, drugs are embedded in a polymer matrix and released at the rate at which it degrades.
PLLA degradation rate is a strong function of its crystallinity. Thus, control over crystallinity allows for
continuous modification of drug release profiles. The excimer laser is used in this study to induce surface
crystallinity changes because its spatially uniform intensity profile is favorable for surface treatment. The
effects of excimer laser irradiation on the surface morphology, crystallinity, and chemical modifications
are investigated via optical microscopy, wide-angle X-ray diffraction, and X-ray photoelectron spec-
troscopy. A model is developed to numerically examine the spatial and temporal temperature profiles, as
well as the amount of chemical modifications. It is found that PLLA crystallinity decreases as a function of
laser fluence, and that the amount of chemical modifications is minimized by annealing before laser
treatment and reducing laser fluences, which decrease free radical mobility and thus the dissociation
quantum yield. A working window is demonstrated in which PLLA crystallinity decreases with no
measurable chemical modifications, and the working window can be enlarged by decreasing free radical
mobility.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Biodegradable polymers have been attracting wide attention
due to their biocompatibility and biodegradability. Being biode-
gradable, poly(lactic acid) (PLA) is used in food packaging and
tissue engineering. Its chemical structure also makes it favorable in
drug delivery as it hydrolyzes in the human body into lactic acid,
which is then excreted showing no toxicity. In drug delivery, drugs
are embedded in a polymer matrix and released as it degrades. The
advantages of using biodegradable polymers in drug delivery
system can be manifested by the controlled drug release profiles
against time [1]. However, due to the induction period of polymer
degradation caused by the time for water molecules to penetrate
into the matrix, embedded drugs cannot release at the designed
rate in the early stage.

Efforts have been made to modify the degradation rate of PLA.
Zhao et al. [2] modified its degradation rate by adjusting temper-
ature and pH value in the degradation environment. This attempt is
limited since both parameters are invariants in the human body.
Blending PLA with another biodegradable polymer, poly(glycolic
All rights reserved.
acid), to adjust the degradation rate is also investigated [3], while
the desired properties of PLAmay be altered in the copolymer. Tsuji
[4] investigate the effects of tacticity, content of L-lactide unit, and
blending of poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA)
on the degradation rate of PLA. Although the PDLLA film can have
the highest degradation rate, it requires specific chemical reaction
environments to synthesize PDLLAwith a desired ratio of PLLA and
PDLA.

A way to modify PLA degradation rate free from the above
limitations is to change its crystallinity [5]. Tsuji and Ikada [6]
proposed that PLA degradation begins in the amorphous
regions between lamellae, followed by the disorientation of the
lamellae and disappearance of the spherulitic structure. Less
crystalline regions are expected to degrade faster. Adjusting
crystallinity is a relatively simple process, and can be accom-
plished through thermal treatments such as annealing, melting
and quenching [7]. However, they affect the overall properties
within the bulk and have limitation since accelerating the initial
degradation may only require decreasing surface crystallinity
while keeping the bulk intact. Recently, laser irradiation as
a heating source to modify the surface crystallinity has drawn
increasing attention. It is also attractive due to flexibility, ease of
use, and spatial controllability.
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Fig. 1. Elementary events following the polymer absorption of photons with energies
higher than the polymeric bond energy.
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Using the Nd:YAG laser with the photon energy lower than PLLA
bond energies, Bhatla and Yao [8] reduced the PLLA crystallinity,
and quantified it by the wide-angle X-ray diffraction (WAXD)
measurements. However, the non-uniform laser spatial intensity
profile makes it difficult to achieve a uniform surface treatment.
Because of the incoherent light generated by the excimer laser, the
beam can be homogenized without interference, and the homog-
enized beam is spatially uniform and favorable for surface treat-
ment. Using the excimer laser, Lazare and Benet [9] treat
poly(ethylene terephthalate) (PET) films, and demonstrate the
presence of a thin amorphous surface layer. Lazare and Benet report
that photochemical reactions are possible in addition to photo-
thermal effects, since excimer lasers operate at UV wavelengths
with photon energies higher than certain bond energies in poly-
mers. In another attempt to decrease PET film crystallinity using the
excimer laser [10], the chemical changes are studied via X-ray
photoelectron spectroscopy (XPS). It is found that low fluences
cause little chemical changes. These chemical changes include the
dissociation of ester bonds and reduce of the number of oxygen
atoms due to the emission of small molecules [11]; these modifi-
cations could alter the original properties of the polymers.

The primary objective of this work is to reduce crystallinity of
PLLA films with excimer laser surface treatment, while minimizing
the chemical modifications. The optical microscopy, WAXD, and
XPS measurements are utilized to study the morphology, crystal-
linity, and chemical modifications, respectively. A 2D model
considering the thermal and chemical effects is proposed to
numerically examine the spatial and temporal temperature profiles
and the amount of chemical changes. The effects of radical mobility
in the PLLA films and laser fluence have also been considered.

2. Background

2.1. Melting and crystallization

Polymer melting is an amorphization process in which polymer
chains detach from crystals, and the crystal dimension decreases
longitudinally and transversely [12]. As a rapid process, chain
detachment and crystallinity decrease can occur within nanosec-
onds [13]; melting polymers by a nanosecond laser is thus feasible.
The melting temperature Tm of PLLA is between 170 �C and 180 �C.
Due to the difference in the fold surface energy se and lateral
surface energy of crystals, thicker crystals are more thermody-
namically stabile and thus have higher Tm [14,15]:

Tm ¼ T0m

 
1� 2se

Dhf l

!
(1)

where T0
m is the equilibrium melting temperature, Dhf is the

fusion heat, and l is the crystal thickness. Given sufficient chain
mobility, lamellar crystals thicken to reduce surface energy.
Annealing enhances chain mobility, and can increase l and Tm by
5e10 �C for PLLA [7,16]. Temperatures higher than 200 �C can cause
thermal degradation over minutes.

Crystallization begins with the nucleation process. Nucleation of
PLLA occurs over minutes. PLLA crystal growth is given by the non-
isothermal crystallization kinetics

qðtÞ ¼ 1� exp

8<
:�

2
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0

KðTðsÞÞds
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m9=
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where q (t) is the crystallinity, t is crystallization time, K (T (s)) is
the reaction rate constant, and m is the Avrami exponent. For
crystal development t is also on the order of minutes. A cooling
rate higher than 50 �C/min prevents molten PLLA from
recrystallization [17]. Since laser treatment can induce an
extremely high cooling rate, recrystallization during the cooling
process of laser treatment does not occur [8].

2.2. Interaction between photons and polymers

Polymer absorption of photons with energies exceeding the
bond energy can break the bonds. A series of events is given in Fig.1
[18]. The photons excite electrons from the ground state Sg to the
exited state Se, Event 1. Part of the energy is relaxed, Event 2; part of
it breaks the bond, forming free radicals, Event 3. Some radicals
generate decomposed products via Event 4, while some recombine,
Event 5. Radical reactions release heat. In situations where oxida-
tion does not occur, UV irradiation on PLA breaks the CO bonds in
its backbone, separate the CH3CHCOO units, and generates free
radicals R1 and R2 following Eq. (3) [19],

C C O C C O

H HO O

CH3 CH3

C C O

H O

CH3

C C O

H O

CH3 (R2)(R1)

(3)
This reaction occurs between two CH3CHCOO units. As the
reaction continues, the number of scissions increases, which
decreases the molecular weight and number of connected
CH3CHCOO units. R1 and R2 can generate smaller molecules such as
CO and CO2 via further reactions [20]. The reactions last for micro-
seconds after the nanosecond UV laser pulse [21]. After laser treat-
ment, bubbles can be observed on the polymer surface [20,22,23].

2.3. Dissociation quantum yield

Competition of Events 4 and 5 in Fig. 1 determines the dissoci-
ation quantum yield f, which is the number of dissociations
occurring per photon absorbed, defined by

f ¼ w
M0

n

d
�
M0

n=Mn � 1
�

d
�
Npht

� (4)

where w is the sample weight, M0
n is the initial molecular weight,

Mn is the molecular weight at time t, Nph is the number of absorbed
photons per unit time. The number of scissions per chain,
M0

n=Mn � 1, increases with radical mobility based on the cage
effect. The quantum yield in the mobile state is generally larger by
an order under UV irradiation [24], and is proportional to the
dissociation reaction rate constant K through [25]

K ¼ NphsðuÞf (5)

where s (u) is the photon absorption cross section with photon
frequency u.
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3. Numerical model

To numerically investigate the spatial and temporal distribution
of temperature and the amount of chemical modifications, a 2D
symmetric thermal and chemical model is developed. Since PLLA is
semitransparent at UV, laser irradiation energy is absorbed by the
bulk, and the bulk temperature is governed by the heat equation

rCpðTÞvT
vt

¼ V$ðkVTÞ þ qðz; tÞ þ qrad (6)

where r is density, Cp (T) is specific heat, k is conductivity, z is laser
irradiation depth, q (z, t) is the laser power density, and qrad is the
release heat of radical reactions and will be determined in Eq. (12).
For an incompressible material, change in Cp (T) during the phase
transition can be approximated by DCp ¼ Dhf =Tm, where Dhf is the
heat of fusion. The specific heat is calculated as

CpðTÞ ¼ Cp0 þ DCpUðT � Tm;DTÞ (7)

where Cp0 is the specific heat in the solid state and U is a step
function with value 0 for T � Tm � DT and 1 for T � Tm þ DT. The
specific heat of polymeric materials is typically around 1000 J/
(kg K) [26]; thus Cp0 is assumed 1000 J/(kg K). DT, 10 �C, is half the
transition temperature span. Laser power density, q (z, t), is
a function of space and time

qðz; tÞ ¼ A$q0$exp ð�azÞ$exp
�
� 4ln2

�
t � 2tp

tp

�2�
(8)

where A is the absorptivity, 0.07, a is the absorption coefficient,
103 cm�1 [27], tp is the pulse width, 25 ns, and q0 is the peak power
density obtained by q0 ¼ aF=tp with F the laser fluence. Convection
and radiation are considered on the boundaries while insulation is
specified along the symmetry line. The initial temperature is set
20 �C. Change of crystal size due to annealing is not of interest,
while its effect on Tm is considered by assuming different Tm’s for
the non-annealed films (175 �C) and annealed films (180 �C). From
the backgrounds of crystallization and cooling rate in Sec. 2.1, it is
assumed that no crystallization occurs during cooling; the
assumption will be validated by our simulation results in Sec. 5.2.
Crystallinity decreases as the material melts; therefore, the crys-
tallinity change is related to the melting depth in the film.

The chemical modifications occur via Eq. (3) if R1 and R2 do not
recombine. The amount of modifications depends on the number of
scissions, Eq. (4). As scission occurs, the connections of the
CH3CHCOO units at their ester group with another unit are broken,
and the number of such connected CH3CHCOO units decreases.
Therefore, the number of the CH3CHCOO units with connection at
their ester group to another unit in a unit volume, or its number
density, is modeled. For incompressible materials, the number
density is governed by the mass conservation equation

vc
vt

þ u$Vc ¼ V$ðDVcÞ þ r (9)

where c is the number density with an initial value of c0, u is the
velocity vector, D is the diffusion coefficient, and r is the reaction
rate. Velocity and diffusion gradients are assumed to be negligible
during laser treatment, and thus vc=vt ¼ r. The reaction rate is
given by the crystallinity q,

r ¼ q$rc þ ð1� qÞ$ra (10)

where rc and ra are the reaction rates of the crystalline and amor-
phous domains, respectively. The photochemical reaction rate is
proportional to the number density [28]. Thus, rc ¼ c$Kc and
ra ¼ c$Ka where Kc and Ka are the reaction rate constants of the
crystalline and amorphous domains, respectively. Temperature
dependence of reaction rate is expressed by the Arrhenius
expressions for the reaction rate constant [29]; the proportionality
between the reaction rate constant and quantum yield [25] is also
considered.

Ki ¼ K0$exp
�
� E
RT

�
$fi (11)

where i ¼ c or a and K0 is the pre-exponential factor of the
Arrhenius expression, assumed 107 1/s, E is the activation energy,
assumed 25 kJ/mol, and R is the universal gas constant. fc and fa

are the step functions accounting for the quantum yields in solid
and mobile states. To consider the one-order-of-magnitude differ-
ence of the quantum yields in the mobile and solid states [24], fc is
assumed 1 if T > Tm and 0.1 if T � Tm and fa is assumed 1 if T > Tg
and 0.1 if�Tg. Temperature is imported from the thermal analysis. It
is assumed that the time period for the photochemical process (tdeg)
is 20 ms and that no flux across the boundaries. The release heat of
radical reactions qrad is considered as

qrad ¼
�crad

2

� Hrad
tdeg

!
Urad (12)

where crad is the number density of the free radicals to be recom-
bined or react, which is 2c if all molecules in the ground state can be
excited to generate free radicals (Event 1 in Fig. 1). Also in Eq. (12),
Hrad is the reaction heat by each event, around 600 J/mol [30], and
Urad is the step functionwhose value is 1 if t� tdeg and 0 if t> tdeg to
consider the time period of the photochemical process. The reac-
tion heat is then output to the thermal analysis. Part of the crys-
talline chain becomes amorphous during melting, while its motion
could be constrained by surrounding crystals. Thus, at the same T,
the initial crystalline domain is assumed to have the same mobility
and reaction rate before and after melting. Since the amount of
chemical modifications on the polymer chains induced via Eq. (3) is
of interest and the generated free radicals only react with other
radicals instead of the polymer chains [20], the subsequent chem-
ical reactions and products are not considered in the simulation.

The coupled partial differential Eqs. (6) and (9) with boundary
and initial conditions can be solved through the finite element
method. The software COMSOL Multiphysics 4.1 is used. A 2D
symmetric model is developed and composed of thermal and
chemical analyses. Its domain is 0.7 mm � 20 mm with laser beam
size 0.5 mm. The thermal analysis is realized by the Heat Transfer in
Solids Interface of the Heat Transfer Module. The chemical analysis
is accomplished by the Transport of Diluted Species Interface of the
Chemical Reaction Engineering Module, which is able to compute
the number density of a single species under varying reaction rates.
The COMSOL smoothed Heaviside function, flc2hs, is used as the
step functions.
4. Materials and methods

PLLA granules were provided by PURAC and used as received.
The inherent viscosity of PLLA in chloroform at 25 �C is 1.6 dl/g, and
the molecular weight is thus estimated as 5.6 � 104 g/mol [31].
Films were prepared by the solvent casting method described in
reference [32]. The film thickness is 20e25 mm. Dissociation
quantumyield changes with radical mobility, which can be reduced
by higher crystallinity. Annealing increases crystallinity, and can
obtain films with lower radical mobility when radicals are formed
due to laser irradiation. Non-annealed films are termed films with
high radical mobility. Annealing is conducted at 140 �C for 1 h. A KrF
excimer laser with wavelength 248 nm and pulse width 25 ns is
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used. The homogenized laser beam has spatially uniform intensity
favorable for a uniform surface treatment. The film is radiated by
a single pulse with fluence 1.80 J/cm2 to 2.80 J/cm2 in argon
atmosphere with the flow rate of 15 standard cubic feet per hour to
prevent oxidation. Morphology of PLLA films is observed via optical
microscopy. WAXD measurement is accomplished using the Inel
X-ray diffractometer. Monochromatic CuKa radiation with wave-
length 0.15418 nm at 40 kV and 30 mA is used. X-ray photoelectron
spectroscopy (PHI 5500 ESCA) is used to analyze chemical
constituents of pre- and post-treated films. The O1s and C1s spectra
are captured, and the take-off angle is 45�.

5. Results and discussion

5.1. Effects of laser irradiation on morphology

The morphologies of the laser treated films are given in
Fig. 2(a)e(d). High fluence irradiation generates appreciable
bubbles as a result of laser energy penetration into the bulk due to
the lowabsorption coefficient (103 cm�1) of PLLA at UVwavelength.
The same phenomenon has been reported in poly(methyl meth-
acrylate) (PMMA) under the excimer laser irradiation [22,23]. Its
absorption coefficient is on the same order as PLLA, and the flu-
ences of several J/cm2 generate bubbles in both materials.

The bubble formation in laser treated polymers has been
explained by different theories. Srinivasan [33] suggests that the
bubbles are the gas trapped by the melted and re-solidified mate-
rial, while others believe that the bubbles are the gaseous products
Fig. 2. Morphologies of the film with high radical mobility treated with fluence of (a) 2.50
2.60 J/cm2 and (d) 2.70 J/cm2.
from the decomposition of original materials [22]. The origin of
bubble formation can be revealed by comparing the morphology
shown in Fig. 2 and the XPS results shown in Figs. 8e10. (The XPS
measurements and chemical modifications will be discussed in
more detail in Sec. 4.3.) Fig. 2 shows that appreciable bubbles are
generated in the film with high radical mobility if the fluence
achieves 2.60 J/cm2 (Fig. 2(b)). However, in the filmwith low radical
mobility, the appreciable bubbles form only when the fluence
reaches 2.70 J/cm2 (Fig. 2(d)). The results agree with the XPS
measurements, which show that appreciable chemical modifica-
tions occur at 2.60 J/cm2 and 2.65 J/cm2 for the film with high and
low radical mobility, respectively. Thus, bubble formation is
believed to be a chemical process involving the decomposition of
the original material. The components in the bubbles include small
molecules such as CO and CO2 [20].

Laser fluences used in this study are on the order of J/cm2, while
the fluences treating PET are only several mJ/cm2 [9,10]. This
difference comes from different absorption coefficients of PET
(105 cm�1) and PLLA at UV wavelength [27], which determines the
laser penetration depth. The penetration depth, defined as the
depth at which the laser intensity in the bulk falls to 1/e of the
original intensity, is the reciprocal of the absorption coefficient
based on the BeereLambert Law. The penetration depth is on the
order of 0.1 mm for PET and 10 mm for PLLA. Therefore, PET
concentrates laser energy on the surface, reducing fluences
required to induce surface modification, while PLLA allows larger
energy penetration and higher fluences are needed to modify the
material.
J/cm2 and (b) 2.60 J/cm2, and film with low radical mobility treated with fluence of (c)
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5.2. Decrease of crystallinity by laser irradiation

Crystallinity is investigated via WAXD, and the results for the
films with high radical mobility are given in Fig. 3. The peaks
become less prominent for the films treated with higher fluences,
suggesting a lower crystallinity. Similar results are obtained for the
films with low radical mobility, while more prominent peaks are
observed due to its higher crystallinity caused by annealing. The
crystallinity is calculated based on reference [34] with results given
in Fig. 4. Fig. 4 quantitatively shows that annealing results in
a higher crystallinity; radical mobility may thus be reduced. It is
also shown in Fig. 4 that crystallinity decreases at a certain fluence,
which suggests a thermal process involving polymer melting.

From Fig. 4, the crystallinities of the two kinds of films both
decrease at 2.30 J/cm2, suggesting that the increase of Tm due to
annealing does not affect the onset of crystallinity decrease. This is
because the temperature increment caused by different fluences is
larger than the Tm difference caused by annealing. However, the Tm
difference causes different amount of crystallinity change. For the
film with high radical mobility (the non-annealed film), crystal-
linity decreases from 31% to 14% after treated with a 2.70 J/cm2

pulse, which is 55% decrease. For the filmwith low radical mobility
(the annealed film), the crystallinity decreases from 48% to 34%
under the same condition, which accounts for 29% decrease.
Namely, less amount of material is melted in the annealed film.
Since WAXD measures the crystallinity in the bulk due to the high
penetration depth of X-ray, a possible scenario is that the lower Tm
in the non-annealed film facilitates melting, and thus the amount of
crystallinity decrease is larger.

To numerically investigate the temperature distribution and
melting depth in the film, a 2D thermal model is developed. A
typical temperature distribution is given in Fig. 5. The highest
temperature occurs on the surface due to the highest local laser
energy density, and the temperature decreases with depth. Since
the excimer pulse intensity is spatially uniform, the temperature
distribution is not a function of the distance to the beam center.

The melting depth is also determined from the simulation
results, as given in Fig. 6. For both kinds of films, melting begins
once the fluence reaches a certain level (2.10 J/cm2 in the simula-
tion), and melting depth increases with fluence thereafter. The
simulation agrees with the WAXD measurements in that small
difference in Tm of both films does not affect the onset of melting.
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Treated with F = 2.60 J/cm2

Treated with F = 2.00 J/cm2
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Fig. 3. WAXD profiles of crystalline PLLA films with high radical mobility before and
after laser treatment. Note that the peaks decrease at higher fluences (2.40 and 2.60 J/
cm2). The same trend is observed for the films with low radical mobility.
Simulation results confirm that crystallinity decreases from the
surface, and that different melting depths are obtained with
different Tm’s. The non-annealed film has larger melting depth
because of its lower Tm, which in turn allows crystallinity to
decrease at a larger extent, as observed in theWAXD. Therefore, the
amount of crystallinity decrease is a bulk phenomenon and can be
explained by the melting depth in the film.

To determine the cooling rate after the laser pulse, the
temperature time history is obtained from the model. A typical
result is given in Fig. 7, which describes the temperature time
history on the surface of the film with low radical mobility treated
with 1.80 and 2.80 J/cm2. It is observed that the temperature drops
below Tg at a cooling rate of 105 �C/min. At temperatures lower than
Tg, the structure becomes solid and no crystallization can occur.
Since a cooling rate higher than 50 �C/min prevents PLLA recrys-
tallization [17], recrystallization does not occur in our case, as
agrees with reference [8] and our assumption. The temperature can
exceed the thermal degradation temperature (w200 �C) due to
laser irradiation. However, thermal degradation requires minutes
to occur [35] and therefore is negligible during this rapid cooling
process.
Fig. 5. Simulation result of the typical temperature distribution in the film. This
simulation depicts the film with high radical mobility 1 ms after the onset of a 2.40 J/
cm2 laser pulse.
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5.3. Chemical modifications

5.3.1. Modifications of chemical bonds
XPS measurements are performed to investigate the chemical

modifications on the film surface. O1s and C1s spectra are recorded
to determine the amount of O and C elements and possible bond
breakages. C1s spectra of the film with high radical mobility before
and after laser treatment are given in Fig. 8(a)e(c). The profiles are
composed of three peaks, which come from the three carbon
groups in the structure: the CeH groups, the CeO groups in the
backbone, and the OeC]O groups in the ester bonds. They have
the binding energies of 285, 287, and 289 eV, and contribute to Peak
1, Peak 2, and Peak 3, respectively [36]. The resolved peaks are also
given in Fig. 8. It is observed that the profiles remain similar until
a high fluence is utilized.

Areas under the resolved peaks in Fig. 8 are calculated. The
calculation results are shown in Fig. 9(a)e(b) for both kinds of films
as a function of laser fluence. Peak areas change only when the laser
fluence reaches certain levels, which are 2.60 J/cm2 and 2.65 J/cm2

for the film with high and low radical mobility, respectively. The
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Fig. 7. Simulation result of the typicalfilm temperature profiles as a function of time after
laser irradiation. The simulationpredicts the temperatureprofile on the surface of thefilm
with low radical mobility treated a single pulse with fluence of 1.80 and 2.80 J/cm2.
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reason is given in Sec. 5.3.1.
excimer laser used in this study generates photons with 248-nm
wavelength, whose energy is 5.0 eV. Chemical bond energies in
PLLA are 3.6 eV for the CeC bonds, 3.8 eV for the CeO bonds, 7.5 eV
for the C]O bonds, and 4.3 eV for the CeH bonds. Since the
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photochemical reactions occur whenever the energy of a single
photon exceeds the dissociation energy, chemical bond breakage
always occurs. The threshold behavior shown in the XPS results
thus suggests that low-fluence laser treatment induces an insig-
nificant amount of chemical modifications not reflected in the
measurements [10].

XPS results also reveal possible chemical reactions. Decrease of
Peaks 2 and 3 in Fig. 9 suggests, respectively, the loss and/or
breakage of the CeO groups in the backbone and the OeC]O
groups in the ester bonds. The O/C ratio decreases shown in Fig. 10
suggests the loss of oxygen atoms. Since bubbles are composed of
small gaseous products from chemical decomposition as discussed
in Sec. 5.1, a portion of the oxygen atoms is believed to emit from
the film in form of CO and CO2. A possible series of chemical
reactions following the generation of the free radicals R1 and R2
through Eq. (3) is given in Appendix [20]. The generation of R1 and
R2 via Eq. (3) requires the breakage of the CeO bonds in the
backbone, which reduces the amount of the carbon atoms
contributing to Peak 2. Due to the instability of R1 and R2, two R1’s
may react to produce R3 and CO2 following Eq. (A.1). The evolution
of CO2 decreases the amount of oxygen atoms as well as the carbon
group accounting for Peak 3. Two R3’s may react to generate R4 and
eliminate small molecules CHOeCH3 through Eq. (A.2). R4 may
decompose into R3 and CO through Eq. (A.3), forming a chain
reaction. Two R2’s may react to produce R5 and C2H4 through Eq.
(A.4). R5 can further decompose into R2 and CO2 through Eq. (A.5);
this further decreases the amount of oxygen and the area under
Peak 2, and also initiates a chain reaction between R2 and R5.

It is noticed that the area under Peak 1 is larger than those under
Peaks 2 and 3, and the peak area ratio does not agree with the
theoretical value, 1:1:1. The theoretical value of the peak area I can
be determined through the equation

I ¼ K0NasclpAsTa (13)

where K0 is the instrument constant, Na is the atomic concen-
tration, sc is the photoionization cross section for an element, lp is
the inelastic mean-free path length for photoelectrons, As is the
area of the sample, and Ta is the analyzer transmission function.
Sample area As, being a constant, is not expected to cause the
deviation from the theoretical value. sc and lp depend on chemical
elements and do not cause the deviation since the element of
interest is carbon. Both K0 and Ta are device dependent constants
and are not the cause either. Atomic concentration Na can be the
reason. Larger area of Peak 1 suggests a higher concentration of the
side group CH3 on the surface than the other two carbon groups in
the backbone. Since XPS is sensitive to a monolayer of atoms on the
surface, the side group is believed to be more abundant on the
surface. This abundance could be due to the fact that the crystalline
chains are well-aligned in the lamellae, and their side groups
uniformly protrude outward from the chains. Such side groups may
form the outmost atom layer on the lateral surface of the lamellae,
and thus the surface of spherulites and the film. Therefore, in the
ordered structure the side groupmay have higher concentration on
the film surface. The explanation is supported by a separated XPS
measurement on an amorphous PLLA film prepared by spin coating
with procedures detailed in reference [32]. Results of both area
ratio and atomic ratio O/C (not shown) agree with the theoretical
values, since the distribution of the three carbon groups is more
uniform in a less ordered structure.

5.3.2. Effect of radical mobility on the amount of chemical
modifications

The amount of chemical modifications can be revealed by the
XPS results given in Figs. 9 and 10, which show that appreciable
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chemical modifications occur at a lower fluence (2.60 J/cm2) for the
film with high radical mobility and higher fluence (2.65 J/cm2) for
the filmwith low radical mobility. Peak areas and the O/C ratios also
change more for the filmwith high radical mobility. To numerically
investigate the amount of chemical modifications, the number
density of the CH3CHCOO units connecting at their ester group with
another unit is simulated and represented in terms of normalized
values based on the initial number density c0 in Eq. (9). The
normalized number density is thus defined as c=c0 � 100% and
represents the percentage of the initial value c0. The normalized
number density of the film with high radical mobility is given in
Fig. 11, which shows that the number density decreases with time
and fluence. The same trends are obtained for the film with low
radical mobility. The simulation is computed for the film surface
and thus comparable with the XPS results. The normalized number
density is also plotted as a function of fluence as given in Fig. 6,
which shows that the film with high radical mobility experiences
more chemical modifications under the same fluence, as agrees
with the XPS results.

The reason that the film with less radical mobility has less
chemical modifications is because radicals with low mobility less
easily react with other free radicals to generate decomposed
products. This is known as the cage effect, which states that the free
radicals generated by the dissociation of molecules are unable to
move apart due to the existence of surroundingmolecules, with the
result that the dissociation products may recombine and return to
the initial state. To react with each other it is required that the free
radicals meet in a single cage, which is the volume in which the
probability of reaction is significantly higher. The cage radius is
affected by radical mobility, which is higher in a high temperature
or the molten state. The cage radius can reach several tens of
angstroms at a temperature close to the melting temperature [37].
Due to a large cage radius, the radicals have high possibility to react
with other radicals within the cage. When the radical mobility is
hindered, such as in the crystalline domain, the effective cage
radius decreases to the dimension of the elementary crystal unit
cell, and the number of active radicals in the cage is much less. Free
radicals can also diffuse from cage to cage to react with others.
However, the diffusion is slow in a polymer matrix with a diffusion
coefficient on the order of 10�15 to 10�18 cm2/s. This slow process
leads to a high probability of free radical pair recombination in the
cage, which is dominant in the crystalline domain. This accounts for
the phenomenon that higher fluence is required to cause chemical
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Fig. 11. Simulation results of the typical normalized number density of the CH3CHCOO
units connecting at their ester group with other CH3CHCOO units on the surface.
Results of the film with high radical mobility are shown.
modifications in the film with high radial mobility and its larger
amount of chemical modifications.

Fig. 6 shows that chemical modifications always occur even at
small fluences, and no chemical modification threshold exists. This
differs from the XPS results while agrees with the photochemical
decomposition theory. The threshold observed in the XPS
measurements, Figs. 8e10, is due to insignificant amount of
chemical modifications. Appreciable amounts of chemical modifi-
cations are generated by higher fluences. Chemical changes ob-
tained from experiments tend to level off at high fluences, while in
the simulation the trend becomes steeper. Small molecules gener-
ated by laser irradiation are ejected from the surface and are not
detected by the XPS measurements. However, the molecular ejec-
tion is not considered in the model, which causes the steeper trend
of chemical change in the simulation results.

The reaction rate of Eq. (3), r, defined in Eq. (9) as vc=vt, is
determined. Fig. 12 gives its absolute value for the amorphous
domain on the surface of the filmwith high radical mobility; similar
trends are obtained for the film with low radical mobility. The
amorphous domain becomes mobile as the temperature reaches Tg,
which is 60 �C for PLLA. During the period when the photo-
degradation can last, the temperature remains higher than Tg.
Therefore, the amorphous domain is in mobile state and has a high
quantum yield according to the cage effect. The dissociation rate is
maintained on the order of 106 mol/(m3 s). The rate changes with
temperature and thus increases with fluences and decreases
exponentially with time.

Fig. 13 gives the absolute value of the reaction rate for the
original crystalline domain on surface of the film with high radical
mobility. The crystal structure becomes mobile as the temperature
increases up to Tm, which is assumed 175 �C for the film with high
radical mobility and 180 �C for the film with low radical mobility
due to annealing. The temperature exceeds Tm because of high laser
fluences and subsequently drops below it. When the temperature is
higher than Tm, the crystals are melted and the dissociation rate is
significantly increased due to the high free radical mobility. The
rate is maintained around 106 mol/(m3 s) as in the amorphous
structure, Fig. 12. As the temperature drops below Tm, radical
mobility is limited by the remaining crystal structure, and is
assumed to be that of the crystal structure. The dissociation rate
drops to the order of 105 mol/(m3 s). However, for smaller fluences,
1.80, 1.90, and 2.00 J/cm2 for both films, the dissociation rate is kept
on the order of 105 mol/(m3 s). At these fluence levels, no surface
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high radical mobility are shown.
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Fig. 13. Simulation results of the typical absolute value of the reaction rate of Eq. (9)
for the crystalline domain after the onset of laser pulse. Results of the film with
high radical mobility are shown.
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melting occurs under these fluences, and mobility is therefore low.
The results also agree with the simulated melting depth, Fig. 11,
which demonstrates that 2.10 J/cm2 is the lowest fluence causing
surface melting for both films. Similar trends are obtained for the
filmwith low radical mobility, while the dissociation rate maintains
at higher value for a shorter time. A fluence of 2.80 J/cm2 maintains
a high dissociation rate for the film with high radical mobility for
12 ms, while it only maintains for 9 ms for another type of film. The
film with low radical mobility, due to annealing, has a higher Tm,
and therefore temperature drops below the Tm sooner.
6. Conclusions

PLLA crystallinity changes and chemical modifications under
excimer laser irradiation are experimentally and numerically
investigated. Crystallinity decrease due to laser melting is demon-
strated, and the effects of radical mobility on chemical modifica-
tions are evaluated. The amount of chemical modifications is
determined by the free radical mobility, which is decreased by
increasing the crystallinity through annealing before laser treat-
ment. Both the WAXD and simulation results show that the
decrease of crystallinity initiates at the same fluence for both films
with high and low radical mobility. According to the XPS
measurements and simulation, the film with low radical mobility
has a smaller amount of chemical modifications, and larger fluences
are required to cause appreciable chemical modifications. Films
with smaller radical mobility have a larger working window, in
which the surface melting occurs while the chemical modifications
are limited. A larger working window increases the applicability of
surface treatment by the excimer laser.
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Appendix

A possible series of chemical reactions following generating the
free radicals R1 and R2 by UV laser irradiation through Eq. (3) is
given as follows [20].
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