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Figure 3. Plot of the consumption of 20 equiv of NBE by 2a 
at 50 "C in C6De 

Table I1 
GPC Analysis of Polynorbornene Prepared at 65 "C Using 

2a as the Catalyst' 
run equiv of NBE M,(uncor) Mw/iVn 
1 100 22 OOO 1.63 
2 200 48 OOO 1.66 
3 500 127 000 1.73 
4 200 (-75% complete) 32 100 1.04b 

'A -30 OC solution of 20 mg of 2a in toluene was mixed with a 
-30 "C solution of norbornene in toluene such that the total vol- 
ume was -15 mL. The resulting solution was heated in an oil 
bath and checked by GLC to ensure that norbomene was com- 
pletely consumed. The reactions were heated for an additional 30 
min to 1 h and cooled to 25 "C. Acetone (- 1 mL) was added, and 
the mixture was heated to 65 OC for approximately 15 min. The 
solvent was removed in vacuo, and the polymer was rinsed with 
methanol and dried in vacuo. In run 4 the reaction was taken to 
only -75% completion. The polynorbornene was analyzed in tol- 
uene at  25 "C on a Waters 15OC instrument vs. polystyrene stand- 
ards using three Styragel columns. bThe polymer with the ex- 
pected molecular weight made up -94% of the sample; -6% of a 
fraction with a relatively high molecular weight could be resolved 
as a separate peak in this GPC spectrum. 

is not the case), then kl is smaller when R = tBu than when 
R is the growing polymer chain. This result is surprising 
until one considers that the steric congestion probably is 
greater out near the isopropyl groups of the phenoxide 
ligands than it is in the region where the tert-butyl group 
is foun& i.e., the growing chain exerts a greater steric effect. 

Toward the end of the reaction the plot of NBE con- 
sumption deviates from linearity. A plot of In [NBE] vs. 
time in this region is linear; i.e., the rate depends on [NBE] 
at low values of [NBE]. Using the steady-state approxi- 
mation for 3, one finds that the reactions shown in eq 1 
yield the expression -d[NBE]/dt = klk2[Tal [NBEI/(k-l 
+ k2[NBE]), where [Tal is the catalyst concentration. 
Evidently k2[NEiE] > k-l until toward the end of the run. 
From the slope of the In [NBE] vs. time plot we can show 
that k 2 / k l  = 150 M-' at 57.0 OC. 

Analysis of the polynorbornene prepared with 2a as the 
catalyst in toluene (Table 11) confirms that the molecular 
weight is directly proportional to the amount of monomer 
employed. The higher than desired polydispersities can 
be ascribed to slow secondary metathesis reactions after 
all norbornene has been consumed. In one case (run 4) 
the polymerization was stopped at -75% completion. The 
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polydispersity in that case was what one would expect from 
an essentially monodispersed polymer. These results 
suggest that this polymerization is truly living and that 
the slightly slower initiation step relative to propagation 
has a negligible adverse effect on polydispersity. 
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Dopant-Induced Ablation of Poly(methy1 
methacrylate) by a 308-nm Excimer Laser 

Recently, excimer laser ablation of polymeric materials 
has been the subject of many studies,' and some litho- 
graphic2 and medical applications3 have been reported. 
Because the ablation is initiated by absorption of laser 
photons, a necessary condition is that the target materials 
have an appreciable absorption at the appropriate wave- 
lengths. Some reports have dealt with the effect of ab- 
sorbance upon ablation, correlating the etched depth with 
the absorbance of the However, in these studies 
both absorbance and wavelength were varied simultane- 
ously so that it is difficult to analyze independently the 
effects of these two parameters. In the present work, the 
wavelength remains constant at 308 nm while the absor- 
bance at 308 nm is varied. This is accomplished by varying 
the concentration of ?r-electronic chromophores in PMMA 
films. The dopants used in this work are pyrene and 
benzophenone; the photophysical data of these dopants 
are well documented.' 

PMMA (ultrapure, Eastman Organic Chemicals), pyrene 
(Aldrich), and benzophenone (Aldrich) were used as re- 
ceived. PMMA and the dopant were dissolved in chloro- 
benzene and spin-coated on a quartz plate at a thickness 
of 1.5 pm. A Lambda Physik EMG 201 XeCl excimer laser 
was used as an exposure source. Its beam was focused into 
a 1 X 2 mm2 spot by using a lens with a focal length of 12 
in. and an aperture. The laser fluence was measured with 
a Scientec 362 power meter. A copper mesh mask made 
photolithographicaUy was used in contact with the polymer 
films. All ablation experiments were single-shot exposures. 
Depth profiies were measured by a Tencor Alpha-Step 200. 
Scanning electron micrographs were recorded with a 
Philips 500 SEM instrument after argon ion metal sputter 
deposition. 

0 1987 American Chemical Society 



Macromolecules. Vol. 20, No. 2,1987 Communications to the Editor 461 

Wavelenglh. nm 

Figure 1. Absorption of PMMA films with thickness of 1.45 )ua: 
(a) neat fib, (b) doped with 7.7 x Ira mol of pyrene per mol 
of MMA unit. 

Fluence. Jlcm’ 

Figure 2. Ftehtion between etch depth and laser fluence of doped 
PMMA films. C l a d  and open symbols mean homogeneous and 
inhomogeneous etching, respectively. Jhpanta are (a) 7.7 x 1W2 
mol of pyrene per mol of MMA unit (o,.); (b) 7.7 x 10- mol 
of pyrene per mol of MMA unit (0, m); (c) 8.5 X mol of 
benzophenone per mol of MMA unit (A, A). The thickness of 
the film (a) is 1.55 pm, and that of the other films is 1.45 pm. 

Control experiments c o n f i i  that for neat PMMA f h  
no optical and morphological changes are caused by laser 
exposure at 308 nm even for a fluence of 3 J/cm2. For 
doping experiments, films with 7.7 X l W 2  and 7.7 X 10” 
mol of pyrene per mol of MMA unit and 8.5 x 10-l mol 
of benzophenone per mol of MMA unit were prepared, 
yielding absorbances at 308 nm of 0.32,0.2, and -0.01, 
respectively. Representative absorption spectra are shown 
in Figure 1. Etching phenomena were studied in the 
fluence region from 50 mJ/cm2 to 2.9 J/cm2 in a singleshot 
irradiation. From the depth profile measurements sum- 
marized in Figure 2, the following observations were made: 
(1) above 1.8 J/cm2 fluence all of the doped films studied 
are etched completely; (2) a typical relation where etched 
depth increases in proportion to the logarithm of laser 
fluence was observed only for the polymer doped with a 
high concentration of pyrene, (3) in the case of the other 
f h ,  at a fluence leas than 1.8 J/cm2, efficient etching was 
induced only in some parts of the exposed areas (conditions 
that lead to such nonuniform etching are indicated by open 
symbols in Figure 2)-in other words, homogeneous, 
uniform etching has a distinct threshold for these systems; 
and (4) even in the case of the films doped with a high 
concentration of pyrene. a nonuniformly etched area was 
observed at laser fluences below 100 mJ/cm2. 

Figure 3. Scanning electron microscope photographs of doped 
PMMA films: (A) doped with 1.7 x lo-* mol of pyrene per mol 
of MMA unit, 1.8 J/cm2 fluence; (B) doped with 7.7 x mol 
of pyrene per mol of MMA unit, 1.8 J/cm2; (C) doped with 7.7 
X 10.’ mol of pyrene per mol of MMA unit, 650 mJIcm.2 

The present work clearly demonstrates that ablation of 
nonabsorbing polymers can be induced by the addition of 
an absorbing dopant species. Doping of PMMA with 
acridine is reported to lower the energy threshold for 
etching at  248 nm! Some SEM photographs of our ab- 
lated films are shown in Figure 3, where one can see in- 
teresting effects of exposure fluence and dopant concen- 
tration on the physical and mechanical conditions of the 
etched surface. After exposure, PMMA films doped with 
a high concentration of pyrene (7.7 X mol of pyrene 
per mol of MMA unit) showed a very clear periodic dif- 
fraction pattern that extended from the edge of the mask 
pattern into the exposed areas (Figure 3A). The periodic 
images can be ascribed to a diffraction effect caused by 
passing the laser beams through a grid mask. A similar 
circular diffraction image was reported previously in the 
193-nm excimer laser ablation of PMMA.8 where multi- 
ple-shot laser exposures make the interpretation of the 
image difficult because of the fluctuating laser intensity. 
Our experiments were carried out exclusively in a single- 
shot exposure mode. 

This periodic image was observed for all such films a b  
lated with fluences larger than 100 mJ/cm2. In compar- 
ison, for films doped with a low concentration of pyrene 
(7.7 X IO-’ mol of pyrene per mol of MMA unit) no such 
diffraction patterns were observed. Instead, stringy re- 
siduals were formed in the boundary region between ex- 
posed and unexposed areas (Figure 38).  At low fluence, 
this effect is more pronounced, with the production of 
small curd-like particles inside the expased region (Figure 
3C). The PMMA films doped with benzophenone showed 
a behavior different from that just described for pyrene- 
doped films. Neither periodic patterns nor stringy resid- 
uals were observed; instead a smooth surface was observed 
in the etched areas. The henzophenone-doped films re- 
quired a higher fluence for the ablation. which mich have 
resulted in a high temperature. 

A pmible explanation of the different surface conditions 
obtained after the ablation of the doped PMMA with high 
and low pyrene concentrations is as follows. For high 
dopant concentrations, the h n d  scission of PMMA caused 
by the energy transfer from the excited pyrene results in 
far smaller fragmented segments of PMMA than the ones 
obtained with the films with the low dopant concentration. 
This is because the greater light absorption of such films 
results in more efficient energy deposition into the film 
and thus a higher density of hond scissions during the laser 
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pulses. Such a homogeneous scission into smaller units 
would result in the etched image being a closer repre- 
sentation of the light intensity distribution striking the 
polymer film, in a manner analogous to the use of finer 
grain sizes in a photographic film for higher resolution 
photography. Thus, periodic patterns such as in Figure 
3A are observed for films with high pyrene concentrations. 
This kind of periodic image is not observed with films 
having the low dopant concentration, because ablated 
fragments are bulkier in this case (a larger "grain size"), 
leaving relatively large residues, particularly with smaller 
laser fluences. 

The presence of the periodic images in films heavily 
doped with pyrene is an indication that the temperature 
of the film during the ablation was not high enough for 
the polymer to undergo extensive thermal flow. PMMA 
is a UV-softened polymer: which flows below its T after 
UV irradiation, different from UV-hardened materids like 
novolac resins and poly(hydroxystyrene).'O In contrast, 
with a low concentration of pyrene dopant, the etched area 
shows evidence of having been heated to its melting point 
(Figure 3B). It is interesting to compare these differing 
surface conditions to those observed in the laser ablation 
of PMMA at 193 nm and at 248 nm.576,8 In that work, the 
presence of periodic patterns in the etched image after 
irradiation a t  193 nm is associated with an ablation 
mechanism believed to be largely photochemical, while the 
presence of signs of melting in an area etched with 248-nm 
light is considered evidence that photothermal ablation 
is dominant. A similar switching between photochemical 
and photothermal mechanisms depending on optical ab- 
sorption may be operative in the present work. 

The lowest T1 excited states of benzophenone and 
pyrene are 69 and 48 kcal/mol, respectively; the excited 
SI state of benzophenone is 74 kcal/mol.' Since the C-C 
bond energy in PMMA is about 85 kcal/mol, single elec- 
tronic energy transfer from these excited dopants may not 
be sufficient for main-chain scission of PMMA. The laser 
ablation induced by the dopant's presence must involve 
multiphoton excitation of the dopant or annihilation of two 
dopant excited states. Higher electronic energy transfers 
made possible in such mechanisms may trigger the primary 
bond scission. The energy transfer from these higher ex- 
cited states of PMMA and/or thermal energy attained by 
fast dissipation of electronic excitation energy from the 
latter state resulted in bond scissions of PMMA. With 
benzophenone as a dopant, a Norrish type 11 process may 
have contributed to a certain degree. Enhanced ablation 
through addition of a dopant to PMMA films has been 
reported for 248-nm excimer laser e x p ~ s u r e ; ~ , ~  however, 
competitive absorptions by the polymer film and dopant 
at this wavelength complicate the analysis and mechanistic 
discussion. We will study the mechanism in detail from 
a photophysical viewpoint in the near future. 
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Stepwise Deposition of Oriented 
Monolayer-Polymer Films by the 
Langmuir-Blodgett Technique 

The Langmuir-Blodgett (LB) technique is an excellent 
method for obtaining ultrathin films with a well-defined 
molecular assembly, and there has been much interest in 
LB films because of this molecular assembly.' Studies of 
LB films have been conducted primarily on amphiphilic 
molecules, such as long-chain fatty acids and dyestuffs with 
long alkyl chains. However, there has been little study of 
LB films consisting of monolayers of synthetic 
Orientation of synthetic amphiphilic polymers at  the 
air/water interface and transfer of the monolayer films 
onto substrates are of interest as a route to oriented, ul- 
trathin, synthetic polymer films. 

We have demonstrated'O that poly(viny1 acetals) spread 
on the air/water interface can be transferred onto various 
substrates by Y-type deposition and that the one-layer 
thickness increases with increasing length of the alkyl side 
chain. We report here that the one-layer thickness of LB 
films of poly(viny1 octal) is constant at  1.1 nm from one 
monolayer to 100 layers and that the films have an oriented 
structure. 

Poly(viny1 octal) (OA-PVA) was prepared from com- 
mercially available poly(viny1 alcohol) (Wako Pure Chem- 
icals, >98% hydrolyzed, average molecular weight 8.8 X 
lo4) and octaldehyde in the presence of hydrochloric acid 
in chloroform.'0 The mole fraction of acetalized units ( x )  
was 0.7. The OA-PVA was amorphous, with a glass tran- 
sition temperature of 25 "C. 

/CHA 
S C H i f H  FH-~;~CHTFH+~ 

OH 
O'FH/O 

y 2 a  

CH, 
OA-PVA 

A benzene solution of OA-PVA (0.126 g/L) was dropped 
on the surface of distilled water (10-11 "C) in a Langmuir 
trough. The solution spread on the surface immediately. 
After evaporation of the solvent, a surface pressure-area 
curve was recorded by using a Lauda film balance with a 
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