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ABSTRACT Attenuated total reflection infrared spectroscopy (ATR-FTIR) was used to measure inter- 
diffusion in a polystyrene (PS) and poly(viny1 methyl ether) (PVME) compatible pair below and above the 
glass transition of PS. A thin PS film was spin cast on an ATR germanium crystal while a PVME film was 
spin cast on the PS film from water solution. The assembly consisting of the ATR crystal and the two polymer 
films was heated to the desired interdiffusion temperature, and the ATR-FTIR spectrum was collected in 
situ. The PVME band at 2820 cm-l and the PS bands at 2850 and 3030 cm-' were used for quantitative 
analysis of the PSIPVME spectrum. The spectrum was deconvoluted to relate the area under the three peaks 
to the PS and PVME mole fractions. At 105 "C, corresponding to 5 O C  above the glass transition of PS, the 
interdiffusion coefficient was of the order of 1.1 X cm2/s. Interdiffusion was not dominated by either 
component, and it was controlled by the rate of swelling of PS by PVME. At 85 "C, corresponding to 15 O C  

below the glass transition of PS, the interdiffusion was non-Fickian and time dependent. A combination of 
the Fickian and case-I1 models was used to fit the data at 85 "C as well as the data at 105 "C. A diffusion 
coefficient of 4.2 X cm/s for case-I1 diffusion was obtained 
for interdiffusion at 85 OC. The data at 105 and 85 O C  had 20% and 70% non-Fickian component, respectively. 
To our knowledge, this is the first time that case-I1 diffusion has been observed for diffusion at polymer/ 
polymer interfaces above the entanglement molecular weight for below and above the TB of the slow-diffusing 
component. 

cm2/s and a relaxation constant of 1.6 X 

Introduction 

Considerable attention has been devoted in recent years 
to the development and characterization of miscible 
polymer blends due to the unique combination of prop- 
erties that they offer.' Diffusion at  polymer/polymer 
interfaces affects the final properties of a polymer bilayer 
as determined by the thickness of the interface or the 
concentration profile of the two polymers across the 
interface. 

Voyutskii2 proposed that after intimate contact is 
established between two polymer films, adhesion takes 
place by interdiffusion of polymer segments across the 
interface and that this interdiffusion depends on the 
compatibility parameter between the two polymers. Later, 
de GennesS5 also showed that the extent of interdiffusion 
in compatible polymer pairs is directly proportional to 
the Flory interaction parameter. 

Diffusion a t  compatible polymer interfaces can be 
examined for polymer pairs with similar or dissimilar 
thermal properties. Interdiffusion in homopolymers, 
otherwise known as polymer healing, has been studied 
extensively6 with techniques such as neutron reflectom- 
e t r ~ , ~  small-angle neutron scattering,6 forward recoil 
spectrometry: Rutherford backscattering spectrometry,1° 
secondary ion mass spectrometry,l' infrared microden- 
sitometry,12 scanning infrared micr~scopy,'~J* and surface- 
enhanced Raman scattering.15 Generally, these techniques 
have excellent spatial resolution of the order of 5-100 A 
and require deuterium labeling. Deuteration is a disad- 
vantage as Green and DoylelG have shown that it can cause 
slowing down of interdiffusion in polymer pairs. 

A number of techniques have also been developed for 
measuring interdiffusion in compatible pairs with similar 
properties. These include the combination of scanning 
electron microscopy and energy-dispersive spectr~scopy,'~ 
transmission electron microscopy,'* electron energy loss 
spec t ros~opy,~~ X-ray reflectometry,20 and dynamic light 
scattering.21 These techniques are only applicable to 
polymer pairs that contain a heavy element as a label. 
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Very limited studies of interdiffusion in dissimilar 
polymers have been reported. Yang et a1.22 have shown 
that deuteration can significantly affect the miscibility 
and phase behavior of polymer blends. For the polystyrene 
and poly(viny1 methyl ether) pair, the lower critical solution 
temperature increased from 125 to 165 "C upon deuter- 
ation, thus rendering techniques that require deuteration 
for interdiffusion studies not suitable for miscible polymer 
pairs. Infrared spectroscopy does not require labeling for 
diffusion studies as, for example, in the work of High et  
al.,23 who have used transmission FTIR to measure mutual 
diffusion of poly(ethy1ene-co-methacrylic acid), henceforth 
designated p(E-co-MAA), and poly(viny1 methyl ether), 
henceforth designated PVME. The shift in the absorption 
band of the p(E-co-MAA) carboxyl groups due to inter- 
association between the acid groups in p(E-co-MAA) and 
the ether groups in PVME was used to monitor the mutual 
diffusion. Boven et al.24 used external reflection infrared 
spectroscopy to qualitatively show evidence for interdif- 
fusion in poly(viny1 chloride) (PVC) and poly(methy1 
methacrylate) (PMMA) bilayers by following the changes 
in the absorption bands of PVC and PMMA with diffusion 
time. Vorenkamp et  al.25 used ATR-FTIR to monitor 
interdiffusion in a PVC/PMMA polymer pair, but no 
quantitative analysis of the data was reported. Spectro- 
scopic ellipsometry26 and optical schlieren27 techniques 
also do not require labeling as a probe. These two 
techniques use the refractive index gradient across the 
interface as a probe for studying interdiffusion. 

This work presents the development and quantitative 
analysis of polymer/polymer interdiffusion experiments 
with ATR-FTIR using the compatible polymer pair 
polystyrene and PVME. ATR-FTIR is distinguished from 
the techniques mentioned above by several advantages: 
(i) interdiffusion can be measured in situ, thereby reducing 
the sampling error; (ii) the diffusion of each component 
can be monitored independently without deuteration or 
labeling because both polymers have specific absorption 
bands in the infrared region, and (iii) diffusion coefficients 
ranging from 10-lo to 10-17 cm2/s can be measured with 
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Figure 1. ATR assembly for in situ measurement of polymer/ 
polymer interdiffusion: (a) infrared light beam; (h) ATR crystal, 
(c) PS layer; (d) PVME layer; (e) aluminum foil; (0 heating unit; 
(g) thermocouple. 

ATR-FTIR spanning temperatures from near or below 
the glass transition to 100 " C  above the glass transition 
of polymers. 

Experimetnal Section 
Polystyrene was obtained from Pressure Chemical Co. (Pitte- 

hurgh,PA) asaprimarystandardwitha weight-averagemoledar 
weight,&, of 105 OOOandpolydispersityindex,PI, of 1.06. PVME 
was obtained from Scientific Kolymer Products (Ontario, NY) 
as a secondary standard with M ,  of 99 OOO and PI  of 2.10. Gel 
permeation chromatography analysis of the two polymers indi- 
cated that no additives were present in the polymers. The GPC 
was carried out with a GPC system (Model 6000A, Waters 
Associates, Milford, MA) with tetrahydrofuran as the solvent 
and *Styragel columns with lo@-, lo5-, and 103-A pore sizes and 
1 mLlmin flow rate. 

The PS and PVME samples had T. of 101 and -27 OC, 
respectively, measured hy differential scanning calorimetry (DSC 
2910, E. I. du Pont de Nemours & Co., Wilmington, DE). A 
thermogravimetric analyzer (Hi-Res TGA 2950, E. I. du Pont de 
Nemours & Co., Wilmington, DE) was used to study the 
degradation behavior of PVME and its blends with polystyrene. 

A FTIR spectrometer (Nicolet 800, Madison, WI) with the 
ATR accessory (Connecticut Instruments) was used for the 
interdiffusion studies in the configuration shown in Figure 1. 
The ATR crystal was germanium with 5-cm length, 1-cm width, 
and 2-mm thickness. The polystyrene film was cast on the ATR 
crystal with a spin coater (Model l-EClOlD-R485, Photo-Resist 
Spinners, Garland, TX) from a 5% solution in toluene a t  250 
rpm. The PS film was dried in a controlled atmosphere at 25 OC 
for at least 24 h, then dried in vacuo a t  25 "C for 24 h, and finally 
heated to 115 "C to remove any residual solvent in the film. The 
film was annealed a t  115 "C for a t  least 12 h to remove solvent 
and minimize molecular orientationZ8resulting from the spinning 
process. The thickness and surface roughness of the PS film 
were measured using a profilometer (alpha-step 200, Tencor 
Instruments, Mountain View, CA). 

The PVME was cast directly on the PS film from a 10 % PVME 
solution in water using a spin coater at 250 rpm. The high 
concentration of PVME improved wettahility of the solution for 
PSandgaveacontinuouslayerofPVMEon thePS. ThePVME 
film was dried a t  25 "C for 24 hand then dried in vacuo at room 
temperature for 24 h to remove residual water. Since the Tp of 
PVME is helow room temperature, further drying at higher 
temperatures was not necessary. Sauer and WalshZ6 have used 
neutron reflection and spectroscopic ellipsometry to study the 
interface between PS and PVME. They also cast the PVME 
film directly on the PS from isobutyl alcohol solution. They 
measured the initial interface thickness with ellipsometry, and 
in general it was less than 25 nm. Since water is less compatible 
with PS compared with isobutyl alcohol, the initial interface 
thickness in our experiments is a t  most 25 nm. This initial 
thicknesscomparedwiththePSfilmthicknessof 1lOOnmwould 
not affect our results significantly. 

The thickness of the PVME film was measured by casting a 
PVME film on a microscope glass slide, with the same dimensions 
as the germanium crystal, under the same spinning conditions. 
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Figure 2. Thickness of the PS film on a eeimaninm crvatal. PS ,---- - - ~ ~ ~~~ ~ ~ ~ ~ r ~ ~ ~ ~ _ ~ ~ ~ . ~ ~ ~  .. 
wirh&f.of 105 W a n d  polydispersiryindexof 1.06wasspincast 
at 250 rpm from a 5'; toluene solution. 
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Figure 3. Surface roughness of the P S  film on a germanium 
crystal using profilometry. PS with M, of 105 OOO and poly- 
dispersity index of 1.06 was spin cast at 250 rpm from a 5% 
toluene solution. 

The film was dried at 25 'C for 24 hand then dried in vacuo at 
rmm temperature for 24 h to remove residual water. The glass 
slide was weighed before and after the PVME film was cast. The 
thickness of the PVME film was determined from the weight of 
PVME and the dimensions of the glass slide. The thickness of 
the PVME film was 6.6 pm. which is the average of four samples. 
The heating unit was placed on top of the PVME layer with an 
aluminum foil separating the heating unit from the polymers. 

Results 
ATR-FTIR was used to measure interdiffusion in  a PS/ 

PVME compatible pair below and above the glass tran- 
sition of PS. Figure 1 shows the  schematic diagram of the 
ATR cell for interdiffusion experiments. The PS film was 
cast by spin coating from atoluene solution. The thickness 
and  surface roughness of t he  PS film were measured as a 
functionofdistancealongthecrystallengthfrom thecenter 
and are reported in Figures 2 and  3. The PS film thickness 
was 1.1 pm, and its surface roughness was lower than 200 
A, Le., about 2 % of the  total  film thickness. The thickness 
of the PVME film was 6.6 pm. The assembly consisting 
of t he  ATR crystal, the two polymer films, and  the heating 
unit  was heated to the  desired interdiffusion temperature, 
and the  ATR-FTIR spectrum was collected in si tu with 
128 averaged scans and a resolution of 4 cm-'. 
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Figure 4. Percent weight loss of PVME as a function ofJime 
at 120 (l), 110 (2), 100 (31, and 90 OC, respectively. The M, of 
PVME and ita polydispersity were 99 OOO and 2.1, respectively. 

Park et al.29 have studied the oxidation of PVME and 
its blends with PS. According to their results, the 
induction period of PVME thermal oxidation was in- 
creased by the presence of PS and phase separation 
occurred shortly before the end of the induction period. 
They also reported that water vapor and carbon dioxide 
were evolved during the oxidation of PVME. In our 
studies, a thermogravimetric analyzer (TGA) was used to 
monitor the weight loss of PVME as a function of time at  
temperatures from 90 to 120 "C, as shown in Figure 4. 
According to Figure 4, there is less than 0.2 % weight loss 
for PVME for 4 h a t  120 OC, 5 h at  110 OC, 14 h a t  100 "C, 
and 20 h at  90 "C. Also there was no change in the ATR- 
FTIR spectra of PS/PVME mixtures during interdiffusion 
studies. 

The phase diagram of a PS/PVME blend changes 
significantly with molecular weight and molecular weight 
distribution of the two polymers and with deuteration. 
Yang et al.22 have investigated the phase diagram of PS 
with fiw of 100 OOO and PI of 1.05 and PVME with fiw of 
99 000 of PI of 2.13, which are the same molecular weight 
and polydispersity as for our samples, and they report a 
LCST of 125 "C. Therefore, the temperature of 105 "C 
in our experiments is well below the LCST of this blend. 

Figure 5 shows the ATR-FTIR spectra of PS and PVME, 
in the high-frequency region from 2700 to 3200 cm-l. The 
high-frequency spectra of PS consist of seven absorption 
bands. The bands with peak locations at  3000,3030,3060, 
3085, and 3105 cm-I are due to the C-H stretching of 
benzene ring CH groups on the PS side chain. The bands 
with peak positions of 2930 and 2850 cm-I are due to the 
C-H stretching vibration of the CH2 and CH groups on 
the main PS chain, respectively. The high-frequency 
spectra of PVME consist of four absorption bands. The 
bands with peak positions at  2880, 2930, and 2975 cm-l 
are due to the C-H stretching vibration of the CH2 and 
CH groups on the main PS chain, respectively. The band 
at  2820 cm-I is the C-H stretching of the CH3 group of the 
methoxy side chain, as shown in Figure 5b. Figure 6 shows 
the ATR-FTIR spectrum of a 50/50 w/w PS/PVME 
system. The seven absorption bands of PS and the four 
bands of PVME in the high-frequency region combine to 
give ten bands with the PS and PVME bands a t  2930 cm-I 
superimposed. No significant change in the peak position 
or the shape of the bands was observed with temperature 
or composition. 

The PVME band at 2820 cm-l and the PS bands at  2850 
and 3030 cm-' were used for quantitative analysis of the 
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Figure 5. (a, Top) ATR-FTIR spectrum of PS in the high- 
frequency region. (b, Bottom) ATR-FTIR spectrum of PVME 
in the high-frequency region. 
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Figure 6. ATR-FTIR spectrum of a 50/50 w/w PS/PVME 
mixture in the high-frequency region. The open circles and the 
solid line represent the original and the convoluted spectrum, 
respectively. The best fit was obtained with a 50% Lorentzian 
and 50% Gaussian distribution. Peak frequencies (1)-(10) are 
2820, 2850, 2880,2930,2975, 3000, 3030, 3060, 3085, and 3105 
cm-I, respectively. 
PS/PVME spectra. The intensity of these three peaks 
was most sensitive to changes in PS/PVME blend com- 
position. For quantitative analysis, the PS/PVME spec- 
trum was deconv~ lu ted~~  to relate the area under the three 
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Figure 7. Deconvolution of ATR-FTIR spectrum of a 50150 
w/w PS/PVME blend. The solid line represents the original 
spectrum, whereas the dotted curves are the deconvoluted peaks 
using a 50% Lorentzian and 50% Gaussian distribution. Peak 
frequencies (1)-(10) are 2820,2850,2880,2930,2975,3000,3030, 
3060, 3085, and 3105 cm-l, respectively. 

peaks to PS and PVME mole fractions. The deconvolution 
program uses the Levenberg-Marquardt fitting routine 
to fit the experimental convoluted absorbance data to a 
set of calculated Gaussian or Lorentzian peaks. The input 
to the deconvolution program provides the initial guesses 
for frequency, absorbance, and line width for each peak 
in the spectrum. The routine ZXSSQ, which is an IMSL 
(International Math and Statistics Library) routine, is used 
to minimize the difference between M data points yi (i = 
1,M) and a set gi calculated from N unknown variables x j  
0' = l,N, as given by the following equation: 

(1) 
Here,fi(x) are the residuals,yi are the data points consisting 
of absorbance versus frequency, and gi(x) represent the 
reconstructed absorbance spectrum from a set of Gaussian 
or Lorentzian peaks with unknown variables x, 0' = 1,N). 
The uptake to the unknown variable x is determined by 
the following equation, which is the focus of the Levenberg- 
Marquardt algorithm: 

f&x) = Y z  - g@) 

xn+' = - [anDn + JnTJ,1-'J,Tf(~") (2) 
Here, xn+l  and x n  are the update and the previous values 
of the unknown variables x j  0' = l ,n),  respectively, Jn is 
the forward difference Jacobian matrix evaluated at  xn,  
JnT is the transpose of J,, Dn is a diagonal matrix equal 
to the diagonal JnTJn, and a n  is the Marquardt parameter. 

If the Marquardt parameter a is zero, the update is a 
conventional Newtonian step. As a is increased, it 
enhances the steepest descent portion of the step (i.e., the 
diagonal matrix D,). The routine converges if the residual 
sum of the squares is less than a prescribed tolerance. 
Figures 6 and 7 show the comparison of the actual and 
deconvoluted ATR-FTIR spectrum for a 50/50 w/w PS/ 
PVME mixture. The best fit was obtained with a 50% 
Lorentzian and 50% Gaussian peaks. 

To relate the molar fraction of PVME to the relative 
absorbance of PVME and PS, a calibration curve was 
required. Blends of PS and PVME with known compo- 
sition ranging from 10% to 90% PS by weight were cast 
on a ZnSe crystal from a 1% solution in toluene a t  250 
rpm. Toluene is a compatible solvent for PS as well as 
PVME.31 The films were dried and annealed above their 
respective Tg, and their spectra were collected. Figure 8 

0 . 0 2 0  

0 

c 
m 

0 . 0 0 5  
n 
4 

3 2 0 0  3 1 0 0  3 0 0 0  2 0 0 0  2 8 0 0  2 7 0 0  

Wavenum ber (c m' I) 
Figure 8. ATR-FTIR spectra of the PSIPVME blends with 
specified compositions. The PS and PVME @, were 105 000 
and 99 OOO with polydispersity indices of 1.06 and 2.10, respec- 
tively. The films were cast on a ZnSe crystal by spin coating at 
250 rpm from a 1% toluene solution. The absorbance scale 
corresponds to spectrum 1, and the other spectra are shifted by 
0.001 absorbance unit. Spectra 1-9 correspond to 90/10,80/20, 
70130,60/40,5~1~50,40/60,30/70,20/80, and 10190 wlw PSIPVME 
blend compositions, respectively. 
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Figure 9. Time evolution of ATR-FTIRspectra for interdiffusion 
in the PSIPVME pair at 105 O C .  The PS and PVME @, were 
105 OOO and 99 OOO with polydispersity indices of 1.06 and 2.10, 
respectively. The PS film was spin cast on a germanium crystal 
at 250 rpm from a 5% toluene solution. The PVME film was 
spin cast on the PS film at 250 rpm from a 10% water solution. 
The PS and film thicknesses were 1.1 and 6.6 pm, respectively. 
The absorbance scale corresponds to spectrum 1, and the other 
spectra are shifted by 0.01 absorbance unit. Spectra 1-10 
correspond to 0.0,0.5,1.0, 1.5,2.0, 2.5,3.0,4.0, 5.0, and 6.0 h of 
interdiffusion time, respectively. 

shows the ATR-FTIR spectra of nine blends with specified 
composition. The absorbance scale corresponds to the 
spectra with 90110 wlw PS/PVME. The other spectra 
were shifted by 0.001 absorbance unit each for visual 
clarity. The areas under the peaks were determined by 
deconvoluting the original spectrum. The area of the 
PVME band at  2820 cm-l and the areas of the PS bands 
at  2850 and 3030 cm-I were used to calculate the relative 
absorption of PVME and PS. 

Figures 9 and 10 show the time evolution of the ATR- 
FTIR spectra for interdiffusion in the PS/PVME pair a t  
105 and 85 "C, respectively. The absorbance scale 
corresponds to the spectrum at zero interdiffusion time. 
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Figure 10. Time evolution of ATR-FTIR spectra for interdif- 
fusion in the PS/PVME pair at 85 OC. The PS and PVME fi, 
were 105 OOO and 99 OOO with polydispersity indices of 1.06 and 
2.10, respectively. The PS film was spin cast on a germanium 
crystal at 250 rpm from a 5 % toluene solution. The PVME film 
was spin cast on the PS f i i  at 250 rpm from a 10 % water solution. 
The PS and PVME film thicknesses were 1.1 and 6.6 pm, 
respectively. The absorbance scale corresponds to spectrum 1, 
and the other spectra are shifted byO.O1 absorbance unit. Spectra 
1-10 correspond to 0, 4, 8, 12, 16, 17, 18, 19, 20, and 21 h of 
interdiffusion time, respectively. 
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Figure 11. Mole fraction of PVME as a function of time at an 
interdiffusion-temperature of 105 (0) and 85 "C (0). The PS 
and PVME M, were 105 OOO and 99 OOO with polydispersity 
indices of 1.06 and 2.10, respectively. The PS film waa spin cast 
on a germanium crystal at 250 rpm from a 5 5% toluene solution. 
The PVME film was spin cast on the PS film at 250 rpm from 
a 10% water solution. The PS and PVME film thicknesses were 
1.1 and 6.6 pm, respectively. 

The other spectra were shifted by 0.01 absorbance unit 
for visual clarity. For the experiment a t  105 OC, spectra 
were collected every 20 min for 10 h, while for the 
experiment a t  85 OC they were collected every 30 min for 
22 h. The end-face angle of the ATR crystal and the optical 
angle of the infrared beam were 4 5 O .  As interdiffusion 
proceeds, the PVME band at  2820 cm-' increases with 
time and the PS bands a t  2850 and 3030 cm-l decrease 
with time. The spectra were deconvoluted, the relative 
absorption of PVME as a function of time was calculated, 
and the molar fraction of PVME was obtained from the 
calibration curve. Figure 11 shows the comparison of 
interdiffusion in a PS/PVME pair a t  85 and 105 O C  as a 
function of interdiffusion time. At 105 "C, corresponding 
to 5 "C above the Tg of PS, interdiffusion is fast and reaches 

R 

o*22 0 0 0 . 0 5  0 . 1  0 . 1 5  0 . 2  0 . 1 5  0 . 3  0 . 3 5  0 . 4  

Distance from the ATR Crystal ( p m )  

Figure 12. Relative IR intensity in the high-frequency region 
for the PS layer calculated with eqs 3 and 4. The crystal was 
germanium with an end-face angle of 45", and the optical angle 
of the beam was 45O. The distances 0 and 0.4 pm are the ATR 
crystal and the PS layer interface, respectively. 

equilibrium in less than 10 h. At  85 "C, corresponding to 
15 "C below the Tg of PS, interdiffusion is slow with 15 
h of induction time. 

Analysis of Results with Fickian and Case-I1 
Diffusion 

The relative intensity of the radiation as a function of 
distance away from the crystal surface is shown in Figure 
12 for germanium crystal. The relative intensity is given 
by the following e q ~ a t i o n : ~ ~ ~ ~ ~  

e-zfdp (3) 
Here, Ire1 is the IR intensity relative to the intensity a t  the 
interface, z is the distance from the crystal/polymer 
interface in the polymer layer, and d, is the penetration 
depth of IR radiation in the polymer medium. According 
to eq 3, the intensity decreases exponentially away from 
the interface. The penetration depth of IR radiation is 
given by the following equation: 

d, = (4) 
x 

4rqC[sin e2 - 
where 

1 sin(@-+) e = @-sin- [ tc ] (5) 

Here, A is the wavelength of infrared radiation, qc and 7, 
are the refractive indices of the crystal and polymer, 
respectively, 8 is the incidence angle of the beam, fl is the 
end-face angle, and 

Figure 13 shows the variation of penetration depth with 
frequency for the refractive index of PS and PVME when 
using a germanium crystal with end-face and optical angles 
of 4 5 O .  Figure 13 indicates that the penetration depth is 
a strong function of frequency. For quantitative analysis 
of the experimental data it is important for the penetration 
depth to be independent of frequency and changes in 
refractive index as interdiffusion proceeds. This implies 
that the higher frequency region of the IR spectrum would 
be more useful for quantitative analysis. Lu et al.34 have 
studied the effect of composition, solvent, and thermal 
history on position and shape of the PS/PVME FTIR 
spectrum. In the infrared spectrum of PVME a strong 
doublet a t  1085 and 1107 cm-l with a shoulder a t  1132 

is the optical angle of the beam. 
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cm-l showed the greatest change in relative intensity with 
temperature. Their results also showed that specific 
absorptions in PSA at  700 cm-l and in PVME at  1100 cm-l 
are most sensitive to compatibility. They observed no 
significant change in position or shape of the absorption 
bands in the higher frequency region of the spectrum as 
a function of temperature and compatibility. 

Fickian Model. The interdiffusion system consists of 
a PS layer with thickness 61 and a PVME layer with 
thickness 6 2  on an ATR crystal, as shown in Figure 1. The 
interdiffusion direction is along the z-axis, which is 
perpendicular to the PSJPVME interface with the origin 
at  the crystalJPS interface. The differential equation 
describing the diffusion of the PS component across the 
interface as a function of distance and time with a constant 
diffusion coefficient is given by the following equation: 

Macromolecules, Vol. 26, No. 9, 1993 

Here, cps is the molar concentration of PS, Di, is the 
interdiffusion coefficient, z is the distance across the 
interface, and t is the interdiffusion time. The initial and 
boundary conditions for solving the above diffusion 
equation are given by the following equations: 

cps = co 0 I2 5 a,, t = 0 (7) 
cps = 0 6, e 2 56, + a,, t = 0 (8) 

acp,/az = o z = 0,  t > o (9) 

acps/az = o z = 6 ,  + a,, t > o (10) 
Here, co is the initial concentration of PS. Equations 9 
and 10 represent no-flux boundary conditions at  the PS/ 
crystal and the PVME/heating unit boundaries, respec- 
tively. The solution to the diffusion eq 6 with the above 
boundary is given35 by the following equation: 

) +  

c n=+m 6, + 2n(6, + 6,)  - z 

2(Di,t)'" 
cps(z,t) = 2 

2 n=--m 

)]  (11) 
6, + 2n(6, + 6,) + z 

er( 2(Dict)'/* 

The concentration of PVME, cpv, is given by 

cpv(z,t) = co - cps(z,t) (12) 

ATR-FTIR Cumulative Concentration versus Time. 
The exponential decrease of IR intensity within the 
penetration depth has to be considered in order to compare 
experimental results with the model predictions. For an 
interdiffusion time, t, the concentration of PVME, cpv, a t  
distance z from the crystal surface was multiplied by its 
corresponding relative intensity, I re l ,  given by eqs 3 and 
4, and it was integrated over the penetration depth of IR 
radiation inside the polymer layer. This process was 
repeated for each interdiffusion time to given the cumu- 
lative concentration of PVME inside the penetration depth 
versus time as given by the following equation: 

Jomcpv(z,t) Ire@) dz 

JmIre,tz) dz 
QpV(t) = (13) 

Figure 14 shows the cumulative concentration of PVME 
for diffusion coefficients of the order of 
cm2/s, PS film thickness of 1.1 pm, PVME film thickness 
of 6.6 pm, and germanium ATR crystals. The most 
important feature of Figure 14a is the initial induction 

and 
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Figure 13. Penetration depth of the IR beam as a function of 
wavenumber for PS and PVME calculated with eqs 4 and 5. The 
solid and the dotted lines are for PVME and PS, respectively. 
The crystal was germanium with an end-face angle of 4 6 O ,  and 
the optical angle of the beam was 45*. The refractive indices of 
the PS and PVME were 1.59 and 1.467, respectively. 

time for the PVME to reach the penetration depth; then 
the PVME molar fraction increases rapidly and reaches 
the equilibrium mole fraction of the PS/PVME blend. 
This initial induction time is better illustrated in Figure 
14b with a 2 order of magnitude smaller diffusion 
coefficient compared with that of Figure 14a. 

Case-I1 Model. The case-I1 model corresponds to a 
diffusion process which depends on the relaxation of the 
polymer matrix and it is independent of the concentration 
profile. The faster diffusing component, PVME, diffuses 
into the slower diffusing component, PS, and the original 
sharp interface moves into the slower moving component, 
PS, remaining as a sharp interface. Case-I1 diffusion is 
characterized by a relaxation constant, KII, which defines 
how fast the interface moves into the PS layer. The 
position of the interface as a function of time is given by 
the following e q ~ a t i o n : ~ ~ ~ ~ '  

azI,/at = (14) 
Here, ZII is the position of the interface as a function of 
time, t, and KII is the relaxation constant for case-I1 
diffusion. Integrating the above equation subject to the 
condition that initially the PS/PVME interface is a t  z = 
61, the thickness of the PS film, gives the following equation 
relating the position of the interface to time: 

211 = 6, - KIIt (15) 
As the PVME diffuses into the PS with a relaxation 
constant KII, it leaves behind a mixture corresponding to 
the equilibrium composition of the PS/PVME film. 
Therefore, the concentration profile is given by the 
following  equation^:^' 

cpv = cpveq 211 I 2 e a,, t > 0 (16) 
cpv = 0 0 I2 < Z I I ,  t > 0 (17) 

Here, cpveq is the equilibrium concentration of PVME and 
is given by the following equation: 

(18) 

Here, 61 and 8 2  are the thicknesses of the PS and PVME 
films, respectively, p1 and p 2  are the densities of the PS 
and PVME, respectively, and M1° and Mzo are the 
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Figure 14. (a, Top) Mole fraction of PVME as a function of 
interdiffusion time calculated using eqs 11 and 13. The crystal 
was germanium. The PS and PVME film thicknesses were 1.1 
and 6.6 pm, respectively. The penetration depth of the IR beam 
was 115 nm. Lines 1,2, and 3 correspond to diffusion Coefficients 
of 0.5 x W2, 1.0 X 10-l2, and 2.0 X cm2/s, respectively. (b, 
Bottom) Mole fraction of PVME as a function of interdiffusion 
time calculated using eqs 11 and 13. The crystal wasgermanium. 
The PS and PVME film thicknesses were 1.1 and 6.6 pm, 
respectively. The penetration depth of the IR beam was 115 nm. 
Lines 1 and 2 correspond to diffusion coefficients of 5.0 X 
and 2.5 X cm2/s, respectively. 

monomer molecular weights of the PS and PVME, 
respectively. The PVME cumulative concentration inside 
the penetration depth is determined by substituting for 
concentration in eq 13 from eqs 16 and 17, which result 
in the following equation: 

~ ~ c p v e q & e l ( z )  dz 
QPV,II(~) = (19) 

JomIrel(z) 

Integrating the above equation and substituting for ZII 
from eq 15 result in the following relation between the 
PVME cumulative concentration for case-I1 diffusion and 
time: 

The PVME cumulative concentration may have both 
Fickian and case-I1 components. This can be taken into 

account by using a linear combination of the two cases as 
given by the following equation: 

Q P V ( ~ )  = (1 - &I)QPV,F(~) + hIQpV,dt)  (21) 

Here, QPV is the PVME cumulative concentration inside 
the penetration depth, Q p v , ~  and QPVJ are the Fickian 
and case-I1 components of the Cumulative concentration, 
respectively, and 411 is the fraction of the case-I1 com- 
ponent. 

Error Analysis. Error analysis was done for eqs 4,11, 
and 13 to determine the effect of uncertainty in the values 
of independent variables on the penetration depth, con- 
centration profile, and the PVME cumulative concentra- 
tion. The independent variables included refractive index, 
wavelength, PS and PVME film thickness, and the area 
of the deconvoluted peaks. The maximum uncertainties 
expected from the independent variables were 20% for 
the refractive index, 2% for the wavelength, and 0.1 pm 
for the PS and PVME film thicknesses. The uncertainties 
in the areas of the peaks were calculated from the intensity 
and the line width of each peak which were obtained from 
their standard deviation based on a 95 % confidence level. 

The uncertainty in the values of the refractive index 
and wavelength resulted in less than 1 % variation in the 
penetration depth. The major sources of error for the 
cumulative concentration of PVME were the uncertainty 
in the thickness of the PS layer and the area of the 
deconvoluted peaks. The uncertainty in measuring the 
PS film thickness and area of the peaks contributed 8% 
and 10% to the accuracy of the PVME cumulative 
concentration, respectively, with 15 % total error. The 
uncertainty in the diffusion coefficient obtained by fitting 
the cumulative concentration of PVME to the Fickian 
model was 47 % . This maximum uncertainty includes the 
uncertainty in the PS and PVME film thickness, wave- 
length of the infrared beam, refractive index of the 
polymers, and the area of the deconvoluted peaks. The 
error analysis is described in more detail in the Appendix. 

Discussion 

Figure 15 shows the comparison of the Fickian model 
prediction based on the solution of eq 13 and the 
experimentally determined molar fraction of PVME versus 
time for interdiffusion at  105 "C. The best fit to the 
experimental data was obtained with a diffusion coefficient 
of 1.1 X 10-l2 cm2/s. The error bars, obtained from the 
error analysis, are also included for each mole fraction of 
PVME along with the best fit and the experimental data. 
The dotted lines above and below the solid line are for 
diffusion coefficients of 1.2 X and 1.0 X 10-l2 cm2/s, 
respectively, to show the sensitivity of the diffusion 
coefficient to the PVME cumulative concentration. It is 
important to point out that the best fit using the Fickian 
model is outside of the error bars for diffusion times of 
less than 1 h. 

Ye et aL2' have measured the mutual diffusion coefficient 
for PS/PVMEat 112 "C using a modified optical schlieren 
technique. They report a diffusion coefficient of 1.1 X 

cm2/s for PS and PVME &fw of 2950 and 99O00, 
respectively. After correcting for temperature using the 
Williams, Landel, and Ferry (WLF) equation, a diffusion 
coefficient of 7.8 X cm2/s a t  105 "C is obtained, which 
is 2 orders of magnitude higher than our experimental 
value. The PS molecular weight in their experiment was 
35 times lower, which was below the entanglement 
molecular weight. In our experiment, the molecular 
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Figure 15. Comparison of the experimental mole fraction of 
PVME as a function of interdiffusion time and the Fickian model 
using eqs 11 and 13 at 105 OC. The PS and PVME &fw were 
105 OOO and 99 OOO with polydispersity indices of 1.06 and 2.10, 
respectively. The PS film was spin cast on a germanium crystal 
at 250 rpm from a 5% toluene solution. The PVME film was 
spin cast on the PS film at 250 rpm from a 10% water solution. 
The PS and PVME film thicknesses were 1.1 and 6.6 pm, 
respectively. The penetration depth of the IR beam was 115 nm. 
The best fit to the experimental data was obtained with a diffusion 
coefficient of 1.1 X 10-l2 cm2/s. 

weights of both PS and PVME were above the entangle- 
ment with reptation as the mechanism of diffusion whereas 
in their experiment, the molecular weight of PS was 6 
times lower than the entanglement molecular weight with 
Rouse as the mechanism of diffusion. Also the Tg of our 
PS sample was 101 "C whereas Tg for their sample was 
most likely around 70 "C for PS with a molecular weight 
of 2950. 

Green et al.38 have measured the diffusion of a PS chain 
in PS/PVME matrices of different composition with elastic 
recoil detection. The PS and PVME Mw in their studies 
were 100 000 and 145 OOO, respectively, which are similar 
to the molecular weights that we have used. A diffusion 
coefficient of 1.0 X 10-13 cm2/s was obtained from their 
experimental results for a 50/50 w/w PS/PVME mixture, 
after correcting for temperature using the WLF equation. 
Therefore, our diffusion coefficient is quite reasonable 
compared with values reported in the literature. 

The self-diffusion coefficient of PS and PVME can be 
calculated from zero-shear viscosity data using the rep- 
tation theory.39 The monomeric self-diffusion coefficient 
of a polymer chain above the molecular weight from 
entanglement is related to the monomeric friction coef- 
ficient by the following equation:40 

(22) 

Here, f;" is the monomeric friction coefficient of component 
i as if it were a Rouse chain, Nie and Ni are the number 
of repeat units between entanglements and the number 
of repeat units for chain i, respectively, and R and Tare  
the gas constant and temperature, respectively. Once a 
mechanism of motion is chosen for the polymer chains, 
the friction coefficient can be related to the zero-shear 
viscosity. Graessleg9 has shown that, for the reptation 
model, the zero-shear viscosity can be related to the friction 
coefficient by the following equations: 

(23) 

where 

(24) 

Here, 70' is the zero-shear viscosity of polymer i, 7di is the 
reptation time of chain i, vi is the moles of chain i per unit 
volume, Nee: is the number of statistical segments per 
chain, k is the Boltzmann constant, T i s  temperature, Li 
is the contour length of polymer i, f iC  is the friction 
coefficient of the polymer chain, and Mi and Mi" are the 
molecular weight and monomer molecular weight of 
polymer i, respectively. Equation 23 relates the zero-shear 
viscosity of a polymer to its reptation time and, in turn, 
eq 24 relates the reptation time of a chain to its monomeric 
friction coefficient. Graessley4l has also shown that the 
mesh size of the entangled chains can be related to the 
mean square end-to-end distance by the following rela- 
tionships: 

where 

(26) (R:jO = Liai 

Here, ( Ri2)o is the root mean square end-to-end distance 
of polymer i, ai is the mesh size of the entangled chains, 
and Mie is the entanglement molecular weight for polymer 
i. Substitution of eq 26 in eq 25 results in a relationship 
between the chain contour length and the mesh size of the 
entangled chains as given below: 

(27) 

Doi et alj2 have shown that the number of statistical 
segments, Nsegi, can be related to the mesh size of the 
entangled chains by the following relation: 

Li = - 5 -ai Mi 
4M;e 

Here, ai and bi are the mesh size of the entangled chains 
and the statistical segment length, respectively. Rear- 
ranging eqs 23-28 results in the following relationship 
between the zero-shear viscosity and the monomeric 
friction coefficient: 

The above equation relates the molar monomeric friction 
coefficient of component i to its corresponding zero-shear 
viscosity. Shibayamaet al.43 have measured the statistical 
segment length, b, for PS and PVME blends withdifferent 
compositions using small-angle neutron scattering. Their 
results show that the statistical segment length was 
independent of composition for this mixture and was 7.7 
A. The molecular weights for entanglement for PS and 
PVME are 18 100" and 12 000,46 respectively. The zero- 
shear viscosity for PS with Mw of 105 000 is 3.16 X lo5 P 
at  170 0C.46 The zero-shear viscosity for PVME with BW 
of 99OOO is 1.78 X lo4 P at  80.6 0C.45 The zero-shear 
viscosity values were corrected for temperature using the 
WLF equation. Using eqs 22 and 29, the self-diffusion 
coefficients of PS and PVME are eetimated to be 3.06 X 
10-19 and 1.44 X 10-lo cm2/s a t  105 "C, respectively. 
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The best fit to the experimental data a t  105 "C gives a 
diffusion coefficient of 1.1 X cm2/s, which is 2 orders 
of magnitude smaller than the self-diffusion coefficient of 
PVME and 7 orders of magnitude greater than the self- 
diffusion coefficient of PS at  the same temperature. 
Although the experimental diffusion coefficient is closer 
to the PVME self-diffusion coefficient than the PS self- 
diffusion coefficient, it indicates that the interdiffusion 
coefficient in the PS/PVME pair above the T, of the two 
polymers is not dominated by either the fast or the slow 
diffusing component. 

The fast4' and sl0W4~ mode theories for interdiffusion 
in compatible polymers predict that interdiffusion is 
dominated by the fast and slow diffusing component, 
respectively. These theories predict that the concentration 
profiles are symmetric for interfaces with similar molecular 
weights and symmetric boundary conditions. Although 
the fast mode theory predicts swelling of the slow diffusing 
component by the faster component, this swelling is due 
to differences in molecular weight and not due to differ- 
ences in physical properties of the two polymers. There 
are two major assumptions in these theories which give 
rise to symmetric concentration profiles. 

The first assumption involves the chemical potential of 
vacancies across the interface. The fast mode theory 
assumes that the chemical potential gradient of vacancies 
is zero. This means that the polymer pair is a t  thermo- 
dynamic equilibrium with respect to the surroundings as 
interdiffusion proceeds.49 On the other hand, in the slow 
mode theory, it is assumed that the chemical potential 
gradient of vacancies is nonzero and dominated by the 
slow-moving component but the flux of vacancies across 
the interface is zero. The vacancy chemical potential is 
related to the relaxation time of the chains as compared 
to the interdiffusion time. 

For PVME to swell the PS matrix, the experimental 
time should be compared with the relaxation time of PS 
corresponding to the critical molecular weight for entan- 
glement, M,. This relaxation time can be estimated using 
eq 23, which relates the relaxation time of a chain to its 
zero-shear viscosity. The number of statistical segments 
per chain, Nse; ,  can be estimated if the relaxation time 
and zero-shear viscosity a t  one set of conditions are known. 
The relaxation time of a PS chain with M ,  of 170 000 at  
114.6 "C is 25 min,50 and the zero-shear viscosity for the 
same conditions is 6.27 X 1O'O P.46 Substituting for the 
relaxation time and zero-shear viscosity in eq 23, Nse: is 
estimated to be 335 for PS with &fw of 170 000. Since the 
number of statistical segments is inversely proportional 
to the molecular weight, Nse: is equal to 71 for PS with 
M,of 36 200. Knowing the number of statistical segments, 
the relaxation time of a PS chain with M, of 36 200 a t  105 
"C is 8 s. This relaxation time is an order of magnitude 
smaller than the experimental time at  105 "C. This 
indicates that the vacancy chemical potential is not 
significant above the Tg of PS. 

The second assumption involves the concentration 
dependence of the monomeric friction coefficients or the 
mobility of the monomer units. The fast mode as well as 
the slow mode theories assume that the monomeric friction 
coefficients are independent of composition. Although 
this is a good assumption for similar polymers with 
different molecular weights or different polymers with 
similar properties, this assumption is not valid for polymer 
pairs with dissimilar properties. We have developed a 
mode151 based on irreversible thermodynamics for inter- 
diffusion at compatible polymer interfaces with dissimilar 
properties. This model reduces to the fast mode theory 
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Figure 16. Comparison of the experimental mole fraction of 
PVME as a function of interdiffusion time and a combination 
of the Fickian and case-I1 models using eq 21 at 105 "C. The 
solid line is the best fit using eq 21, and dotted lines 1 and 2 are 
the case-I1 and F i c k e  components of the best fit, respectively. 
The PS and PVME M, were 105 OOO and 99 OOO with polydis- 
persity indices of 1.06 and 2.10, respectively. The PS film was 
spin cast on a germanium crystal at 250 rpm from a 5 % toluene 
solution. The PVME film was spin cast on the PS film at 250 
rpm from a 10% water solution. The PS and PVME film 
thicknesses were 1.1 and 6.6 pm, respectively. The penetration 
depth of the IR beam was 115 nm. The best fit to the experimental 
data was obtained with a diffusion coefficient of 8.8 X Wa cm2/ 
s, the case-I1 relaxation constant of 3.1 X 10-8 cm/s, and 20% 
case-I1 component. 

for diffusion at  polymer interfaces with similar properties. 
The results indicate that, for the PS/PVME pair, the 
concentration profiles are highly unsymmetric with sub- 
stantial swelling of PS by PVME. This indicates that the 
assumption of concentration-independent monomeric 
friction coefficient is not valid for polymer interfaces with 
dissimilar properties. 

For the experimental data a t  85 "C, no good fit between 
the data and the Fickian model was obtained as the 
interdiffusion coefficient was highly concentration and 
time dependent. This indicates that interdiffusion below 
the Tg of PS is highly non-Fickian. The experimental 
data a t  85 "C as well as the data a t  105 "C were analyzed 
using a combination of Fickian and case-I1 diffusion, given 
by eq 21. Figures 16 and 17 show the best fit to the PVME 
cumulative concentration at  105 and 85 "C, respectively. 
Three parameters were optimized to get the best fit to the 
experimental data including the Fickian diffusion coef- 
ficient, Djc, the case-I1 relaxation constant, KII, and the 
case-I1 fraction, 911. 

The best fit to the above parameters is given in Table 
I. The diffusion coefficient and as the case-I1 relaxation 
constant decrease by 1 order of magnitude when the 
temperature is decreased from 105 to 85°C. More im- 
portantly, the cumulative concentration at  105 "C has 20% 
case-I1 component whereas the profile a t  85 "C has 70% 
case-I1 component. This confirms the fact that the 
concentration profile below the Tg of PS is highly non- 
Fickian. Also, significant improvement in the correlation 
coefficient of the best fit was obtained when the data a t  
105 "C were fitted to a combination of Fickian and case-I1 
models, as shown in Table I. 

Figure 18 compares the best fit to the data a t  105 "C 
with the Fickian model and a combination of the Fickian 
and case-I1 models. According to Figure 18, the best fit 
to the Fickian model for times less than 1 h is outside the 
error bars. However, the best fit using a combination of 
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Figure 17. Comparison of the experimental mole fraction of 
PVME as a function of interdiffusion time and a combination 
of the Fickian and case-I1 models using eq 21 at 85 O C .  The solid 
line is the best fit using eq 21, and dotted lines 1 and 2 are the 
case-I1 and Fickip components of the best fit, respectively. The 
PS and PVME M, were 105 OOO and 99 OOO with polydispersity 
indices of 1.06 and 2.10, respectively. The PS film was spin cast 
on a germanium crystal at 250 rpm from a 5 % toluene solution. 
The PVME film was spin cast on the PS film at 250 rpm from 
a 10% water solution. The PS and PVME film thicknesses were 
1.1 and 6.6 pm, respectively. The penetration depth of the IR 
beam was 115 nm. The best fit to the experimental data was 
obtained with a diffusion coefficient of 4.2 X cmz/s, the 
case-I1 relaxation constant of 1.6 X cm/s, and 70% case-I1 
component. 

Table I 
Parameters for the Best Fit of the Experimental Data at 

105 and 85 OC to the Fickian and Case-I1 Models. 
T = 105 O C  T = 105 O C  T=85OC 

parameter Fickian Fickian/case I1 Fickian/case I1 
D,, (cm2/s) 1.1 X 8.8 X 4.2 x 10-14 
KII (cm/s) 3.1 X lo4 1.6 x 10-9 
@I1 0.20 0.70 
corr coeff 0.99540 0.99996 0.99624 

"The parameters Di,, KII, and &J are the Fickian diffusion 
coefficient, the case-I1 relaxation constant, and the case-I1 fraction, 
respectively. The last row of the table is the correlation coefficient 
obtained from the best fit. 

the Fickian and case-I1 models is well within the range of 
the error bars, which indicates there is a non-Fickian 
component to the concentration profile a t  105 "C. To our 
knowledge, this is the first time that case-I1 diffusion has 
been observed for diffusion a t  polymer/ polymer interfaces 
above the molecular weight for entanglement for above 
and below the Tg of the slow diffusing component. 

Experimental data a t  105 and 85 "C clearly indicate 
that after intimate contact is established between two 
polymer films, the faster diffusing component swells the 
slower diffusing component prior to interdiffusion. This 
swelling has also been observed by others. Sauer et a1.26 
used spectroscopic ellipsometry to study the interface 
between PS and PVME below the Tg of PS. The width 
of the interface increased from 25 to 50 nm upon annealing 
at 75 "C for 5 min. Composto et al.52 used forward recoil 
spectrometry to study interdiffusion between PS and poly- 
(xylenyl ether) (PXE). PS and PXE have dissimilar 
properties with Tis of 100 and 217 "C, respectively. They 
also observed swelling of PXE by PS when interdiffusion 
was studied in the range of 7-40 "C below the Tg of PXE. 
Fernandez et al.53 used neutron reflectometry to study 
interdiffusion between poly(methy1 methacrylate) (PMMA) 
and chlorinated polyethylene (CPE). The PMMA and 
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Figure 18. Comparison of the experimental mole fraction of 
PVME as a function of interdiffwion time with the Fickm model 
using eqs 11 and 13 and a combination of the Fickian and case-I1 
models using eq 21 at 85 O C .  The solid line is the best fit using 
eq 21, and the dqtted line is the best fit using eqs 11 and 13. The 
PS and PVME M, were 105 OOO and 99 OOO with polydispersity 
indices of 1.06 and 2.10, respectively. The PS film was spin cast 
on a germanium crystal at 250 rpm from a 5% toluene solution. 
The PVME film was spin cast on the PS film at 250 rpm from 
a 10% water solution. The PS and PVME film thicknesses were 
1.1 and 6.6 pm, respectively. The penetration depth of the IR 
beam was 115 nm. The best fit using the Fickian model was 
obtained with a diffusion coefficient of 1.1 X cm2/s. The 
best fit using a combination of the Fickian and case-I1 models 
was obtained with a diffusion coefficient of 4.2 X lo-" cm2/s, the 
case-I1 relaxation constant of 1.6 X cm/s, and 70% case-I1 
component. 

CPE had T i s  of 106 and 116 "C, respectively. For diffusion 
times smaller than the reptation time of the slower 
diffusing component (CPE), they observed that the faster 
diffusing component (PMMA) swelled the slower diffusing 
component. S t a "  et al.54 used X-ray and neutron 
reflectometry to study the interface between PS and poly- 
(bromostyrene) (PBrS). The PS and PBrS had Tis  of 
100 and 143 "C, respectively. Although this polymer pair 
is not compatible, they observed the interface thickness 
increased as much as 1 nm upon annealing at  10-25 "C 
below the Tg of PBrS. Therefore, the observed swelling 
of PS below its Tg by PVME is a general phenomenon 
characteristic of compatible polymer pairs with dissimilar 
properties. 

Conclusions 
The ATR-FTIR technique was used to quantitatively 

measure interdiffusion in a PS/PVME compatible pair. 
The interdiffusion coefficient a t  105 "C was of the order 
of 1.1 X 10-l2 cm2/s, intermediate between theself-diffusion 
coefficients of PS and PVME. Interdiffusion is not 
dominated by either component, and it is controlled by 
the rate of swelling of PS by PVME. The interdiffusion 
coefficient a t  85 "C was non-Fickian and time dependent. 
A combination of the Fickian and case-I1 models was used 
to fit the data a t  85 "C as well as the data a t  105 "C. A 
diffusion coefficient of 4.2 x cm2/s and a relaxation 
constant of 1.6 X cm/s for case-I1 diffusion was 
obtained for interdiffusion at  85 OC. The data a t  105 and 
85 "C had 20% and 70% non-Fickian component, re- 
spectively. The results indicate that in compatible poly- 
mer pairs with dissimilar properties, after intimate contact 
is established between the two polymers, the faster 
diffusing component swells the slower diffusing component 
prior to interdiffusion across the interface. 
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intensity and line width of each peak were obtained from 
the standard deviation of each variable provided by the 
deconvolution routine based on a 95 % confidence level. 
The uncertainties for the PS and PVME film thicknesses 
were 100 nm based on profilometry results. The uncer- 
tainty in the values of the penetration depth and the PVME 
f i b  thickness contributed less than 1 % error to the PVME 
cumulative concentration. The major sources of error were 
in measuring the thickness of the PS layer and the area 
of the peaks. The error in measuring the PS film thickness 
and peak areas contributed 8% and 10 % to the uncertainty 
of the PVME cumulative concentration. This resulted in 
18% maximum uncertainty in the value of QPV. 

Diffusion Coefficient. The uncertainty in the dif- 
fusion coefficient obtained by fitting the experimental data 
to the Fickian model is evaluated using the following 
equation: 

Appendix: Error Analysis 

Penetration Depth. The penetration depth is a 
function of the frequency of the infrared beam and the 
refractive index of the polymer, as given by eq 4. The 
uncertainty in the penetration depth is determined using 
the following equation: 

Ad,, AA, and A,,, are the uncertainties in the values of the 
penetration depth, wavelength, and refractive index of 
the polymer, respectively. The derivatives of the pene- 
tration depth with respect to wavelength and refractive 
index of the polymer were evaluated using eq 4. The IR 
bands used for diffusion studies are in the high-frequency 
region and are separated by 30 cm-’. The maximum 
uncertainties in the independent variables were 20 % for 
the refractive index, i.e., 0.2, and 2% for wavelength, i.e., 
50 cm-’. The above uncertainties resulted in less than 
1% variation in the value of the penetration depth. 
PVME Cumulative Concentration. The PVME 

cumulative concentration is related to a number of 
independent parameters including the thickness of the 
PS and PVME films, the penetration depth, and the 
uncertainty in the area of the deconvoluted peaks. The 
effect of these parameters on the cumulative concentration 
can be evaluated from the Fickian model using eq 13 and 
is given by the following equation: 

-- aQPvA62 + 1 *Ad, (A.2) 
QPV a 4  QPV ad, 

where 

ApVrel = APV 
APV + A,,, + APS2 

(A.3) 

Here, AQpv is the uncertainty in the value of the 
cumulative concentration due to uncertainties in the 
relative absorbance of PVME, MpJe’, the thickness of 
the PS film, A&, the thickness of the PVME film, A&, and 
the penetration depth, Ad,. APV, A m ,  and A p s ~  are the 
areas of the PVME peak a t  2820 cm-’, the PS peak at  2850 
cm-l, and the PS peak at  3030 cm-’, respectively. 

The derivative of QPV with respect to the relative 
absorbance of PVME is the slope of the calibration curve. 
The derivatives of QPV with respect to 61 and 82  were 
evaluated numerically using eqs 11 and 13, and the 
derivative of QPV with respect to d, was evaluated 
numerically using eqs 3 and 13. For a Gaussian peak, the 
area of each peak is related to the maximum intensity and 
line width of the peak by the following equation: 

Ai = (27r)”21iai (A.4) 

Here, Ii and ai are the maximum intensity and the line 
width of peak i, respectively. The uncertainties for the 

Here, ADic  is the uncertainty in the diffusion coefficient 
due to the uncertainty in the PVME cumulative concen- 
tration, AQpv, and n is the number of data points. The 
derivative of the diffusion coefficient with respect to Qpv 
was evaluated numerically using eqs 11 and 13. The 
uncertainty in the diffusion coefficient obtained by fitting 
the cumulative concentration to the Fickian model was 
47 % . This maximum uncertain includes the uncertainty 
in the PS and PVME film thickness, the wavelength of 
the infrared beam, the refractive index of the polymers, 
and the area of the deconvoluted peaks. 
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