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A new method to  analyze experimental results based on laser interferometry is reported. The 
method was applied to study the dissolution of thin poly(methy1 methacrylate) [PMMA] films. 
Two fundamental parameters of the solvent-swollen gel layer at the solvent-polymer interface 
were taken into account: its thickness and its refractive index profile. This method is more 
complete than earlier models. 

The dissolution of glassy polymers often involves the 
formation of a solvent-swollen gel layer a t  the polymer- 
solvent interface. Even when this layer is too thin to be 
observed by optical microscopy, ita presence can be inferred 
through optical interferometry studies. During the past 
decade, much effort has been made in describing, fun- 
damentally and experimentally, the mechanism of polymer 
dissolution,’ with particular emphasis on the transition 
l a ~ e r . ~ ? ~  The ultimate objective is to be able to determine 
the thickness of the gel layer and its solvent concentration 
profile. The Rodriguez group,2 at  Cornell, has made 
extensive use of interferometry experiments to study 
aspects of thin polymer film dissolution. 

In our laboratory, we augmented the laser interferometry 
(LI) technique with simultaneous fluorescence quenching 
(FQ)  measurement^.^ The LIFQ methodology employs 
polymer films labeled with a trace of fluorescence dye 
(phenanthrene) and takes advantage of the ability of the 
ketone solvents to quench its fluorescence. In this way 
one gets an independent measurement of the solvent 
penetration rate into the film. 

In our previous publications, we compared the gel layer 
thickness (Ag) inferred from the LIFQ results with those 
obtained exclusively by LI using an expression reported 
without derivation and without reference by Krasicky and 
Rodriguez (KR). This equation (see eq 11) was accom- 
panied by the comment that “optical theory gives (this 
expression) as a good approximation” for a linear refractive 
index profile across the gel layer. In our early experiments, 
both methods gave similar values, within experimental 
error, for Ag. Recently, as our skills and equipment have 
improved, particularly in the stability in the new diode 
laser used for the LI measurements, we have noticed 
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systematic deviations in the results when the LIFQ method 
was compared to the KR method. This prompted us to 
examine the optical theory from which Ag values are 
calculated. We developed a more complete theory and 
find that the approximation reported by KR leads to values 
of Ag which are too large by typically 30-40%. 

Our theoretical approach is based on the description of 
the optical properties of a stratified medium by a char- 
acteristic matrix. We will start by presenting some 
elements of the theory, as developed by Abel&s4 and then 
show how this method can be applied to the description 
of a thin poly(methy1 methacrylate) [PMMAI film un- 
dergoing dissolution. AbelBs4 showed that the optical 
properties of a stratified medium can be fully described 
by a 2 X 2 matrix, called the characteristic matrix of the 
medium. This matrix expresses the relationship between 
the electric and magnetic fields propagating through the 
medium. If one obtains 

the reflection coefficient of the system is related to the 
elements of the matrix by 

(2) 

where nl is the refractive index of the first layer and n, 
that of the final layer: r can be a complex number, and 
the reflectivity of the system is given by 

(3) 
In the case of a stratified medium composed of n 

homogeneous layers, each of them characterized by a 
matrix, Mi, one can show that the characteristic matrix, 
M, of the complete system is obtained by multiplication 
of the different matrices (Le., M = M I M ~ . . . M , ) . ~ , ~  

Application to a thin PMMA film undergoing dissolu- 
tion: The system of interest to us is shown in Figure 1. 
I t  is composed of a polymer film and two semiinfinite 
media, solvent and substrate, characterized by two fixed 
refractive indices (nl and n3). The polymer film is divided 

“ 1  + n,m,,)n, - “ 1  + nsm22) 
Onll + n,m12)nl + + nsm22) 

r =  

R = rr* = 1rI2 
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Fmum I. Schematicrepmentationofa PMMA film undergoing 
dissolution. The polymer has been divided into two regions: the 
glassy part, characterized by the fixed refractive index of the 
polymer, n2 and the solventswollen gel layer, characterized by 
a distance dependent refractive index n( rJ .  

into two regions. One is the glassy part, characterized by 
the uniform refractive index of the polymer (n2). The 
other is the solvent-swollen gel layer (at the polymer- 
solvent interface) and is characterized by a refractive index 
which is a function of z (n (z ) ) .  This system is a stratified 
medium along the z axis and can be described in terms of 
the different characteristic matrices constituting this 
medium. We will consider only the case of normal 
incidence which is the arrangement in our experiment. A 
glassyPMMAlayer,ofthicknessh,can beassociatedwith 
the following matrix:',$ 

(4) 

where a = k&nz, ko being the wave vector (Le., ko = 2u//x, 
where A is the laser wavelength). 

We can decompose the solvent-swollen gel layer into an 
infinite number of slices of thickness hi in which it is 
possible to regard n within each slice as being constant. 
Associated with such a system, neglecting second order 
terms in hi, is the matrix"5 

(5) 

with A = Jn2(z)  dz and B = Jl.r dz = 4 (nonmagnetic 
materials), where 4 represents the total thickness of the 
solvent-swollen gel layer and n(z)  its refractive index 
profile. 

The complete system is described by the product M,M1: 

M=&M1= 

coda) - k&As sin(a) 
-i[k,A oodo) + &(all cos(a) - (k&n,) sin(a) 

-ilk Ap&a) + (I/-) sin(al1 I 
Substituting the coefficients of matrix M into eq 2, one 

I 
obtains, after some simplifications 

fr12 + rZ3ei+ 
r = e'*( , ) 

1 + frl~23e" 
where r12 and r23 are the classical Fresnel coefficients (i.e., 
at n o d  incidence, rjj = (ni - nj)/(ni + nj)). The terms 
q, 6, and f are dependent on A and 4 and are defined in 
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Figure 2. Gel layer thickness as a function of the factnr of 
reduction, j .  Two different methods of calculation are com- 
pared the Krasicky-Rodriguez method (KR, eq 11) and the 
method (NW, eq 15) developed here. In both cases a linear 
refractiveindexprofileacross thegellayer is assumed. Theinsert 
depict8 an idealized reflectivity versus time plot for a dissolution 
process with (f = 1) and without (f < 1) gel layer, and defines 
terms used in the text: Amp represents the amplitude of 
oscillations, and s is the "offset". 

eqs 12-14. Equation 7 leads directly to 

R =  
2 

(8) 

In the case of PMMA undergoing dissolution in typical 
organic solvents such as 2-pentanone, r12 = 0.04 and r23 
0.09.6,8 Thus, to a good approximation 

fr," + 2fr,g2,, cos 6 + rZ3 
1 + frl,Zr2,2 + 2frl2rZ3 cos 6 

R = frl," + 2frgZ3 cos 6 + rB2 (9) 
From equation 9, one can see that the reflectivity is a 
sinusoidal function of the film thickness (which is com- 
monly observed during a film dissolution experiment) and 
that the amplitude of the oscillations depends on the value 
off. As shown by Krasicky and Rodriguez? if no gel layer 
is present, f = 1, and at the end of the experiment the 
intensity reaches the same value as that reached by the 
maxima during the dissolution. If a gel layer is present, 
f < 1, and the amplitude of the oscillations is reduced. 
Hence, f is called the 'factor of reduction". Since the gel 
layer is intermediate in refractive index between the 
solventand thepolymer,itactsasanantireflectioncoating 
for the polymer-solvent interface. A characteristic feature 
of dissolution involving gel layers is that, at the end of the 
process, the reflectivity reaches a plateau (bare substrate) 
higher in intensitythan the maximaofthesinusoidal trace. 
The difference in intensity between the plateau and the 
maxima is called the 'offset", s. These two cases can be 
depicted as shown in the insert of Figure 2. In the case 

(6) Nivaggioli, T.;Dimnik, G.; Wang, F.; Winnik. M. A,; Smith,B.A. 
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where a gel layer is present, the experimental value off  
can be calculated as 

Nivaggioli and Winnik 

Am 
- Amp +” 2s 
- 

where Amp represents the amplitude of the oscillations 
and s the magnitude of the “offset”. 

To evaluate f i n  eq 9, Krasicky and Rodriguez used the 
expression given in eq 11, which they say is based upon 

fKR = (sin a/2)/(a/2) (11) 

an optical approximation in conjunction with an assumed 
linear refractive index profile. Here a = A g / t  and t = 
ho/4nt, at  normal incidence, and nt represents the average 
refractive index between the solvent and the polymer. 

A more complete approach to evaluating f is available 
through the elements of the matrix M that are used in 
deriving eq 7.8 The terms @, 4, and fa re  described by the 
three expressions 

(1 + k,2+) + iko(f! - :) 
(12) 

feiP = 

4 = 2 a - p  (13) 

tan(?) = ko: 

where a = A + nln2Ag, B = A - nln2Ag, y = nl + n2 and 
c = nl - n2. 

From eq 12 one can derive the expression 

f = d( 1 + $ p 2 ) / (  1 + $a2) (15) 

Equation 15 makes i t  clear that the value off depends on 
both the thickness of the gel layer and its refractive index 
profile. 

There are two ways of using expression 15. The first is 
to assume a refractive index profile throughout the gel 
layer and calculate A, from the experimental value off. 
This method allows us to compare values of A, with the 
ones obtained using the Krasicky-Rodriguez method, 
assuming a linear refractive index profile. A more 
satisfying approach would be to obtain both f and A, 
experimentally and then to determine the “best” refractive 
index profile to fit the data. The LIFQ3p6 provides an 
independent measure of A,. Here we are interested only 
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Figure 3. Experimental laser interferometry result of a 0.79- 
pm-thick PMMA film (annealed a t  140 “C/1 h) undergoing 
dissolution a t  22 “C showing the offset, s. The solvent is a 2:l 
mixture of methyl ethyl ketone and isopropyl alcohol. 

in the proper interpretation of the interferometry exper- 
iment. 

The LI part of our setup consists of a flow cell connected 
to a 1-mW diode laser (673.0 nm) via a three-branch 
randomized fiber-optic cable oriented at  normal incidence. 
A classical interferogram is presented in Figure 3. From 
these data one can calculate the initial thickness of the 
film, to, and its dissolution rate, DRS6 The increase in 
intensity a t  the end of the interferogram reveals the 
presence of the solvent-swollen gel layer as predicted by 
eq 9 and described subsequently. The experimental factor 
of reduction, fexp, can be calculated using eq 10, in this 
case fexp = 0.86 f 0.03. Using ho = 673.0 nm, nl = 1.38 
(solvent), n2 = 1.49 (PMMA) and solving for Ag in eq 15 
(assuming a linear profile) leads to Ag = 44 f 6 nm; the 
value obtained using the Krasicky-Rodriguez method (eq 
11) leads to A, = 62 f 6 nm. The value obtained by the 
Krasicky-Rodriguez method is larger. 

Figure 2 compares values of A, calculated from eqs 11 
and 15. In the practical range (i.e., when f varies from 0.6 
to 0.9) the KR method gives results 20-40% higher than 
the method derived here. Thus, whatever assumptions 
were made in deriving eq 11, they lead to significant errors 
in calculating A, values from experimental data. 

We have presented a new method, based on laser 
interferometry experiments, to analyze the transition layer 
of thin PMMA films undergoing dissolution. This method 
takes into account two fundamental parameters of the gel 
layer: its thickness and its refractive index profile. It is 
more rigorous than that developped earlier and can be 
easily adapted to the study of similar systems. It also 
opens the possibility that in conjunction with other 
methods to measure A, independently, one can obtain 
deeper insights into the evolution of the gel layer thickness 
and its refractive index profile.’ 


