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bility may not have been achieved in the experiments 
reported here, this is thought to be a limitation of the 
maximum strains allowed by the equipment used rather 
than refutation of the flow-induced mixing argument. 
Future experiments will employ a rotary shear device in 
order to  overcome the strain limitations of our present 
equipment. 
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Introduction 
Pulsed ultraviolet laser radiation can lead to clean and 

precise material removal a t  the irradiated site of poly- 
mer surfaces. This phenomenon was discovered in the 
early 1980s using an excimer and was termed abla- 
tive photodecomposition.' It has been reported that the 
absorption of laser light in polymers is governed by Beer's 
law and that the etch depth exhibits a logarithmic depen- 
dence on the incident laser fluence above a threshold 

The penetration depth of ultraviolet laser light 
is usually greater than the etch depth, so that the sur- 
face left behind after ablation has been exposed to laser 
light. So far, the properties of only a few polymer sur- 
faces after ablation have been studied by means of X- 
ray photoelectron spectroscopy (XPS) and wet chemical 
 technique^.^^' In the case of two polymers, poly(ethy1- 
ene terephthalate) (PET) and polyimide (PI), the oxy- 
gen-to-carbon atomic ratio a t  the surfaces after 193-nm 
laser ablation was found to decrease significantly.' A fur- 
ther study on PET suggested that the fresh surface cre- 
ated after ablation consisted of some oligomer.' In this 
note we report the results of attenuated total reflection 
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infrared (ATR-IR) spectroscopy studies on modified PET 
and PI surfaces remaining after 248-nm laser ablation. 
The characterization of modified surfaces is performed 
with the spectral subtraction method. 

Experimental Section 
P E T  films (Toray Industries Inc., Lumirror, 70 pm thick) 

and P I  films (Ube Industries Ltd., Upilex-S, 20 ym thick) were 
used as received. Laser pulses (248 nm, 20-11s fwhm) were pro- 
duced from Lambda-Physik EMG 160 excimer laser a t  1 Hz. 
The energy of the pulses was measured with a Gentec ED-200 
joulemeter. On the basis of the threshold fluence for the abla- 
tion at 248 nm of PET (130 m J / ~ m ~ ) ~  and of PI (27 mJ/cm2 
or 80 m J / ~ m ~ ) , 4 * ~  both polymer films were irradiated at a flu- 
ence of 145 mJ/cm' to obtain the fresh surfaces after ablation, 
using a quartz lens and a metal mask of 1.0-cm2 area. Laser 
irradiation was carried out with a single laser pulse in air. 

The IR spectra were recorded on a Digilab FTS-40 Fourier 
transform infrared spectrometer by an ATR attachment using 
a KRS-5 internal reflection element (IRE) at a nominal 45' 
angle of incidence. A total of 64 spectral scans were averaged 
a t  a resolution of 4 cm-'. 

Results and Discussion 
The IR spectrum of an original PET film is shown in 

Figure la. The main absorption associated with 
C=O (502 and 1716 cm-l), C-0 (1099 and 1245 cm-l), 
and the aromatic ring (725, 872, and 1331 cm-') appear 
in the spectrum. The IR spectrum of a laser-irradiated 
PET film is shown in Figure 1b. The same absorption 
bands are observed in this spectrum; however, the rela- 
tive intensity of an absorption band at  725 cm-I is greater 
than that for the original PET film. 
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Figure 1. (a) IR spectrum of an original PET film. The chem- 
ical formula of PET is also presented. (b) IR spectrum of a 
PET film irradiated by a KrF laser at the incident laser flu- 
ence of 145 mJ/cm2. (c) The difference spectrum of the spec- 
trum of a PET film irradiated by a KrF laser minus the spec- 
trum of an original PET film with a scale factor of 0.52. 

As PET strongly absorbs 248-nm photons (absorption 
coefficient of lo5 cm-'),12 the penetration depth (99% 
absorption) of 248-nm laser light in PET surface is lim- 
ited to 200 nm, as is that of 193-nm laser light.2 Some 
part of the PET surface exposed to laser light is etched 
away by ablation. On the other hand, the penetration 
depth, d , of the monitoring IR beam of wavelength X in 
the AT$ technique is given by the equation13 

(1) 
where n, and n2 are the refractive indices of the IRE 
and the sample, respectively, and e is the incidence angle 
of the IR beam on the IRE-sample interface. In the 
present experimental arrangement, in which n, = 2.38 
(for KRS-5), n2 = 1.64 (for PET), and 0 = 45", d, is cal- 
culated to be 1.4-9.4 pm in the wavenumber region of 
450-3000 cm-l. Therefore, most of the absorbance in the 
spectrum of an irradiated PET film is attributed to the 
PET layer not exposed to  laser light. 

The characterization of the surface layer exposed to 
laser light has been performed with the following spec- 
tral subtraction method. At a wavenumber of ATR-IR 
spectra, the absorbance due to the surface layer exposed 
to laser light, A,, can be evaluated from the r e l a t i ~ n ' ~  

(2) 
where A,  and A,  are absorbances measured for a laser- 
irradiated film and for an original PET film, respec- 
tively, and f is a wavenumber-dependent scale factor due 
to exponential decay of the evanescent wave on penetra- 
tion. Although simple subtraction using a constant f value 

d, = (~/2?rn,)[s in~ e - (nz/nl)]- ' /2  

A, = Ai - f A ,  
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Figure 2. (a) IR spectrum of an original PI film. The chemi- 
cal formula of PI (Upilex-S) is also presented. R indicates an 
oxydianiline derivative; the detailed chemical structure of the 
oxydianiline derivative is unknown. (b) IR spectrum of a PI 
film irradiated by a KrF laser at 145 mJ/cm2. (c) The differ- 
ence spectrum of the spectrum of a PI film irradiated by a KrF 
laser minus the spectrum of an original PI with a scale factor 
of 0.82. 

in eq 2 does not provide quantitative absorbances for all 
spectral r eg i~ns , '~  some characteristic bands for the sur- 
face layer exposed to laser light can be identified quali- 
tatively. 

An example of a difference spectrum obtained with a 
scale factor of 0.52 is shown in Figure IC. The absorp- 
tion band at 725 cm-' (C-H out-of-plane bending vibra- 
tion of aromatic ring) appears clearly above the base line, 
while most of the absorption bands appear near the base 
line. Therefore, the absorption band at  725 cm-' can be 
identified as a band peculiar to the fresh surface after 
ablation. This absorption band suggests that the sur- 
face after ablation is mainly composed of aromatic rings. 
We have also confirmed the presence of a carbon-rich 
surface after 248-nm excimer laser ablation by XPS as 
well as the ablation with a 193-nm excimer laser.16 The 
complementary results obtained from IR and XPS sug- 
gest the etching process is due to primary bond break- 
ings between an aromatic ring and carbonyl groups in 
the PET molecule, followed by the ejection of carbon 
oxides. From the difference spectrum, only the absorp- 
tion band associated with C-H out-of-plane bending vibra- 
tion of the aromatic ring is identified for the surface layer 
exposed to laser light. This may result from the forma- 
tion of new C-H bonds and other rearrangement reac- 
tions after bond breakings. The surface structure of PET 
after ablation is completely different from that after con- 
tinuous irradiation of weak ultraviolet light, which results 
in the formation of carboxylic acid end groups.17 



676 Macromolecules 1990,23, 676-678 

The IR spectra of PI  films are also presented in Fig- 
ure 2 .  The same absorption bands are observed in the 
spectra of an original PI  film and of a laser-irradiated PI 
film. The main absorption bandslgZ0 associated with C= 
0 (1705 cm-'), C-N (1362 cm-'), C-0 (1076 cm-'1, and 
aromatic rings (733 and 1516 cm-') appear in the spec- 
tra. The penetration depth of 248-nm laser light in a PI  
surface is limited to about 200 nm due to strong absorp- 
tion of PI.2',22 Also, the penetration depth of the IR mon- 
itoring beam in a PI film seems to be of the same order 
as that in a PET film. 

An example of a PI difference spectrum obtained by 
subtraction method mentioned above with a scale factor 
of 0.82 is shown in Figure 2c. In the region of 900-4000 
cm-', the absorption bands similar to those of PET are 
seen under the base line due to using a large scale fac- 
tor, and there is no characteristic band of the modified 
surface. However, in the region of 450-900 cm-', several 
absorption bands are seen above the base line and can 
be identified as characteristic bands of the modified PI  
surface layer. From the molecular structure of PI, at  least 
two distinct absorption bands associated with C-H out- 
of-plane bending vibration of aromatic rings could appear 
in the spectrum. The absorption band at  825 cm-' can 
be assigned to a band associated with C-H vibration of 
aromatic rings directly bonded to carbonyl groups (1,2,4- 
substituted benzene ring).23 In addition, similar to an 
absorption band at  725 cm-' in the PET spectrum, the 
absorption band at  733 cm-' can be assigned to a C-H 
vibration of oxydianiline derivative (probably 1,4- 
substituted benzene). According to the difference in IR 
absorption spectra of maleimide and ~h tha l imide ,~~  absorp- 
tion bands at 486, 498, 523, and 548 cm-' seem to be 
associated with other vibrations of aromatic rings of PI. 
As a result, it is suggested that the modified PI surface 
after ablation is mainly composed of aromatic rings. From 
the XPS studies, we have found a significant decrease in 
the atomic ratios (both oxygen to carbon and nitrogen 
to carbon) of PI surfaces remaining after 248-nm laser 
ablation.16 As suggested by YehZ5 from the etch prod- 
uct analysis for the ablation of PI, the primary cleavage 
reaction induced by laser irradiation is believed to be 
the rupture of imide rings. 
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Cooperativity is a concept often invoked to explain phys- 
icochemical processes in macromolecular systems. Most 
notably, transition processes of macromolecules have been 
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described in terms of cooperative behavior among the 
degrees of freedom of the macromolecules. The success 
of the Ising model' in characterizing helix-coil transi- 
tions illustrates the utility of the concept of cooperativity 
in polymer science. Still, the ab initio demonstration that 
cooperative behavior is intrinsic to high molecular weight 
linear molecules has remained elusive. We believe that 
we may have come upon evidence of cooperative behav- 
ior as part of a molecular dynamics (MD) simulation of 
the 0-orthorhombic (Po) to a-hexagonal (a,.,) transition 
in the C,, n-alkane crystals.' 

The full details of the MD simulation will be given 
later, but a brief description follows. A total of 12 21- 
carbon chains were placed in each of two layers of the 0, 
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