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SYNOPSIS 

A method capable of quantitative predictions of orientation gradients at the surface of 
polymers is proposed. It is based on the transformation of variable-angle attenuated total 
reflected infrared intensities to absorption coefficients versus depth from the surface. Two 
alternate approaches have been used to demonstrate the viability of the method computer 
simulation and sample analysis. Exact reflected intensities from anisotropic layered systems 
have been calculated with Fresnel coefficients. The exact intensities are used to reextract 
the orientation gradient with data transformation. This analysis demonstrates the conditions 
under which the variable-angle method is expected to optimally perform. Simulation results 
clearly indicate high accuracy near the interface and low accuracy at remote distances. 
Thin films of isotropic and uniaxially drawn isotactic polypropylene are prepared and used 
as layered systems. Step functions in orientation can be accurately predicted only when 
some information is known prior to the gradient calculation. In uniaxially oriented thick 
films of polypropylene, the analysis indicates that the crystal phase is highly oriented at  
the surface and in the bulk. Within the first 2 microns from the surface, both the amorphous 
and crystal phases show negligibly small gradients in orientation. 0 1993 John Wiley & 
Sons, Inc. 

INTRODUCTION 

A number of analytical methods have been recently 
applied to polymer surfaces that can provide com- 
positional or structural information as a function of 
depth from a surface. Tingey and Andrade' and 
Gardella' summarized commonly used methodolo- 
gies. Often, multiple methods are used to probe the 
same samples since each is sensitive to a different 
range of depths from the surface. Whereas contact 
angle measurements, ion scattering spectroscopy, 
and secondary ion mass spectroscopy are extremely 
surface-sensitive (0-10 A), infrared spectroscopy is 
on the other end of the depth spectrum, probing 
distances from 0 to 2 microns. A few of the surface- 
sensitive methods can provide depth profiling in- 
formation by the variation of an experimental pa- 
rameter, e.g., the electron takeoff angle in X-ray 
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photoelectron spectroscopy (XPS) 3,4 and the angle 
of incident light in attenuated total reflection ( ATR) 
fluore~cence.~ Both XPS and ATR spectroscopies 
provide composite depth information when the 
takeoff or incident angle is varied. Recently, Dittmar 
et a1.6 approached the depth resolution of composite 
information with the use of photoacoustic infrared 
spectroscopy in combination with step-scan inter- 
ferometry. A depth resolution of about 0.8 micron 
is based on a constant infrared modulation frequency 
in combination with a phase resolution of the out- 
going acoustic signal. Miller and Bohn' explored the 
use of wave guide Raman scattering in a model anal- 
ysis to determine dopant distributions in polystyrene 
thin films. It was concluded that any available in- 
formation known beforehand about the functional 
form of the profile is a valuable aide to the problem. 

Depth profiling with the use of ATR infrared re- 
flection spectroscopy has been accomplished by a 
variation in the depth of penetration. This can also 
be described as a variation in the rate of decay of 
the evanescent wave that propagates from the re- 
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flection crystal element into the sample medium. 
The depth of penetration is experimentally varied 
by a change in the refractive index of the reflection 
element or in the angle of incident light. Many stud- 
ies have been done that exploit this property to probe 
chemical and structural differences between the 
surface and the bulk. Urban and Koenig reviewed 
the area.' Popli and Dwivedig used a combination 
of incident angular variation and two internal re- 
flection crystals to show nonhomogeneous distri- 
butions in solvent-cast polymer blends. Zerbi et a1.I' 
probed the surface of polyethylene with variable- 
angle ATR and predicted the distribution of crys- 
tallinity from the surface. Studies such as these can 
be considered semiquantitative since the depth of 
penetration is a measure of the evanescent wave de- 
cay. To obtain quantitative distribution information, 
the ATR intensities must be inverse Laplace trans- 
formed, as has been described elsewhere.''-15 

Depth profiling of orientation at polymer surfaces 
has been approached semiquantitatively by a limited 
number of researchers.'c18 Tshmel et a1.I6 compared 
the bulk and average surface orientation in several 
uniaxially drawn polymers with infrared transmis- 
sion and ATR modes, respectively. A generally ob- 
served phenomenon is a surface that is more highly 
oriented than is the bulk. Contrarily, Hobbs et al.17 
observed a negligibly small orientation gradient in 
uniaxially drawn polypropylene. The goal of this 
work is to explore and extend the variable-angle 
ATR methodology originally proposed by 
Hirschfeld" to include a quantitative prediction of 
the orientation distribution as a function of distance 
from a polymer surface. In some cases, the distri- 
butions cannot be correctly predicted, particularly 
when there is no a priori knowledge of the form. 
Nonetheless, under conditions described in this 
work, a considerable improvement in quantitative 
orientation gradient analysis can be realized. 

EXPERIMENTAL 

Sample Preparation 

Thin isotropic and uniaxially oriented films of iso- 
tactic polypropylene ( obtained from American 
Renolit Corp.) were prepared in the following way: 
The isotactic polypropylene was ground to a powder 
in liquid nitrogen. The powder was placed between 
aluminum foil sheets and heated in a press to 180°C. 
The samples were next quenched in iced water and 
then uniaxially stretched at  room temperature. This 
treatment resulted in 4-7 microns isotropic films 
and 1-2 microns oriented films. Thicker isotropic 
and uniaxially oriented films were prepared from 

the melt-quenched 130 microns-thick original com- 
mercial isotactic polypropylene film. 

Spectroscopy 

The FTIR-ATR data collection was carried out with 
a resolution of 2 cmpl and 200 scans on a Perkin- 
Elmer 1750 model Fourier transform infrared spec- 
trometer equipped with an MCT detector. A single 
reflection accessory (Specac 19653) was used with 
a zinc selenide hemispherical crystal to facilitate 
variable-angle collection. A special ATR sample 
holder was designed to optimize optical contact. In 
all experiments, a constant torque of 10 in.-pounds 
was used to maintain constant sample-crystal con- 
tact. The optic axis of the polymer was placed coin- 
cident with the s-polarized light direction. In all 
variable-angle studies, a 1 mm-diameter beam ap- 
erture was used to increase the accuracy of the in- 
cident angle and eliminate polarization mixing. In- 
cident light was polarized by a commercially man- 
ufactured gold wire grid polarizer with a AgBr 
substrate (Perkin-Elmer 0186-243). All spectra were 
sent to a DEC VAX Cluster for data processing and 
analysis. 

RESULTS AND DISCUSSION 

Simulation Studies 

The prediction of reflected and transmitted inten- 
sities from a layered system of thin films of arbitrary 
variation in optical constant anisotropy is a formi- 
dable problem. Treatments have been proposed that 
involve the calculation of an interference matrix that 
relates electric-field amplitudes at the initial and 
final boundaries of the layered system.20-22 The 
transmitted and reflected intensities are found from 
the elements of the interference matrix. Inaccuracies 
in the calculations occur when products or sums of 
elements approach zero. To avoid these problems, 
the equivalence of the electric-field strength in the 
transmission and ATR modes is used as the basis 
for the calculation of reflected intensities. This 
treatment is given in some detail e l s e ~ h e r e . ~ ~ . ' ~  The 
starting point for the use of the equivalence to probe 
oriented systems is a modified form of the Laplace 
equation, i.e., 
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where R is the experimental attenuated totally re- 
flected intensity as a function of incident angle d; 
( E i 2 ) ,  the electric-field strength at  the surface of 
the probed material; nl , the refractive index of the 
incident medium; A, the wavelength of incident light; 
n2, the refractive index of the probed medium as a 
function of depth z; k2,  the absorption coefficient of 
the probed medium; and dp,  the depth of penetration 
of the evanescent wave. Equation (1) is modified 
from previous treatments by the inclusion of n2 un- 
der the integral. Normalization of the left side of eq. 
(1) by the preintegral term on the right leads to 
information about the form of the optical constant 
gradient without solving the integral." 

Anisotropies in the optical constants, n2 and k2, 

and in the surface electric-field strength exist for 
oriented systems, Additionally, for systems with 
orientation gradients, the optical constants are 
depth-dependent. Equation ( 1) cannot be solved for 
these unknowns given the experimental reflected 
intensities. However, modeling studies are infor- 
mative in terms of their use to probe polymer sys- 
tems. Of primary interest is the anisotropy and gra- 
dient in the absorption coefficient k2 .  The exact re- 
flected intensities for a two-phase system can be 
found from the following  relationship^^^: 

where the x direction corresponds to the s-polarized 
direction and z is perpendicular to the interface. i i i  

is defined in this work as ni - iki . Modifications of 
eqs. ( 2 ) - ( 4 )  allow for its use with a three-phase 
system. Figure 1 shows the calculated reflectances 
for a two-phase system using optical constants that 
are typical of polymers. Curves A and B are calcu- 
lated using the same absorption coefficients and a 
refractive index ( n )  change of 0.07 units. This level 
of n variation can be considered as an average 
amount of birefringence for oriented polymers. 
These curves illustrate that the refractive index an- 
isotropy can be ignored at  large angles of incidence 
for a k value of 0.01. However, a close approach to 
the critical angle of internal reflection (38.3" ) is re- 
quired to provide the Laplace eq. ( 1 ) with a sufficient 
variation in the depth of penetrati~n.'~ Curves C 
and D of Figure 1 show the same comparison at a 
larger absorption coefficient value (0.10). In this 
case, the refractive index anisotropic of oriented 
polymers cannot be neglected except at incident an- 
gles approaching 90". Therefore, in general, the re- 
fractive index anisotropy cannot be ignored in the 
calculation of orientation gradients. 

I I I I I 
30 50 70 
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0.2 I 
0 

Figure 1 Exact attenuated total s-polarized reflectances calculated with eqs. (2  ) - (4 )  
for a two-phase system where the incident phase is isotropic and nonabsorbing ( nl = 2.42) 
and the final phase is absorbing. (A) k, = 0.01, n, = 1.50; ( B )  k, = 0.01, n, = 1.57; ( C )  k, 
= 0.10, n, = 1.50; ( D )  k, = 0.10, n, = 1.57. (Reprinted with permission from the Advances 
in Chemistry Series in Structure-Property Relations in Polymers: Spectroscopy and Perfor- 
mance, C. Claver and M. Urban, eds., Copyright 1992, American Chemical Society.) 
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Also of primary concern in the calculation of ori- 
entation gradients a t  surfaces is the refractive index 
gradient that accompanies an absorption coefficient 
gradient. A determination of the relative importance 
of these gradient types is instructive for the use of 
eq. ( 1 ) . Figure 2 shows the calculated s-polarized 
reflectances from eq. (1) that has been used in a 
form where n2 and k2 depend discretely on depth z 
rather than cont inu~us ly .~~ The top curve is the re- 
flectance for a system with gradients in both n2 and 
k2 ( k2 linearly decreases from 0.02 at  the surface to 
0.01 at 0.6 micron and is constant thereafter; n2 lin- 
early decreases from 1.50 at the surface to 1.40 at 
0.6 micron and is constant thereafter). A compar- 
ison of this curve that takes into account gradients 
in both optical constants with the remaining three 
yields information about the relative importance of 
individual optical constant gradients. The bottom 
two dashed curves are calculated with no gradients 
in k2 [ k2 (2) = 0.02 for all z ]  . Clearly, neglecting the 
gradient in k2 significantly alters the reflectance cal- 
culation. Conversely, neglecting the gradient in 122 

and retaining the gradient in k2 ,  as shown in the 
dotted curve [where n2 (2) = 1.50 for all 21, does not 
significantly alter the calculated intensities from the 
top curve. Figure 2 is interpreted to mean that the 
refractive index gradient can be neglected when eq. 
( 1) is used to probe experimental systems. This is 

particularly true in polymers with small P2 (cos 0) 
values or large P2(cos 0 )  values accompanied by 
small birefringence values. An example of the latter 
is polypropylene. 

Up to this point, the reflected intensities have 
been calculated directly from the optical constants. 
In an experiment, the intensities are measured and 
used in eq. ( 1 ) to calculate the gradients. Equation 
( 1) is based on assumptions that limit its accuracy 
and applicability: They are that (1) b < 0.10 and 
( 2 ) ( Eg2) and dp ( 0 )  are independent of b (2). To 
a first approximation, the assumptions are met, but, 
nonetheless, cause inaccuracies in the calculation of 
the inverse Laplace transform. To define the 
strengths and limitations of the transform, the exact 
intensities of model orientation gradients are cal- 
culated and used in eq. ( l ) to solve for the gradient. 
The model system is shown in Figure 3. n, is the 
refractive index of the nonabsorbing incident phase. 
6i are the refractive indices of the absorbing oriented 
layer. All analyses are done with the optic axis of 
the probed material as the x-axis or s-polarized di- 
rection. The oriented materials are assumed to be 
uniaxially symmetric. 6 3  is the refractive index of 
the substrate. 

The first model system treated is homogeneously 
oriented with the thickness of the layer ( d )  much 
greater than the incident wavelength of light ( A ) .  

D 

Figure 2 Attenuated total s-polarized reflectances calculated with eq. (1)  for decreasing 
linear gradients in the absorption coefficient ( k 2 )  and/or gradients in the refractive index 
( n2): (solid line) b-gradient, n2-gradient; (dotted line) k2-gradient, n2-no gradient; 
(large-dashed line) k2-no gradient, n2-gradient; (small-dashed line) &-no gradient, 
n2-no gradient. (Reprinted with permission from the Advances in Chemistry Series in 
Structure-Property Relations in Polymers: Spectroscopy and Performance, C. Claver and M. 
Urban, eds., Copyright 1992, American Chemical Society.) 
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Figure 3 Optical model of a step function in orientation. 

Equations ( 2 )  - ( 4 )  are used to calculate the exact 
intensities for parallel and perpendicular dipoles. 
The values for the refractive i n d i ~ i e s ~ ~  and absorp- 
tion coefficients are chosen as those of isotactic 
polypropylene. The intensities are shown in Figure 
4 for dipoles either parallel or perpendicular to the 
optic axis. The s-polarized intensities for parallel 
dipoles and p -polarized for perpendicular dipoles are 

only shown since remaining intensities are close to 
1.0 throughout the angular range. The large drop in 
intensity near 40" is due to a large increase in the 
depth of penetration of the radiation. These inten- 
sities are used to calculate the gradient with eq. ( 1 ) . 
Figure 5 shows the result as the absorption coeffi- 
cient versus the distance away from the interface. 
The solid line represents the true solution to the 
gradient of the homogeneously oriented model sys- 
tem, whereas the dashed lines are calculated solu- 
tions using eq. ( 1 ) . The fitting process does not con- 
verge to the true solution. This is a result of the 
dependence of the depth of penetration and the 
electric-field intensity on the absorption coefficient 
that are not taken into account in eq. ( 1 ) . Figure 5 
serves as a general indication of the limitations and 
accuracy of the methodology for use with orientation 
gradients. The average error in the calculations at 
various distances from the interface is shown in Ta- 
ble I. The error is the lowest near the interface, 
where the electric-field intensity is the strongest, 
and increases at  depths further away. 

The second model system treated here is a step 
function in orientation as modeled in Figure 3. The 
middle layer is anisotropic and 1.0 micron-thick, 
while the substrate is isotropic. The optical con- 
stants in the calculation of exact intensities are the 
same as those of Figure 4 for the oriented layer. The 
isotropic substrate has the constants n3 = 1.51 and 
123 = 0.00577. The exact intensities are found with 

30 40 50 60 70 80 90 

INCIDENT ANGLE 

Figure 4 Exact calculated reflected intensities for a homogenously oriented film. n, 
= 2.42; h = 10 F; n, = 1.52; n, = n2 = 1.50. (Large dashes) dipole parallel to the polymer 
chain axis, s-polarized light, k, = 0.01, k,, = k, = (small dashes) dipole perpendicular 
to the polymer chain axis,p-polarized light, k, = k,, = k, = 0.01. 
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Figure 5 Calculated gradients for a homogeneously oriented system: (solid line) exact 
solution; (large dashes) calculated solution using s-polarized light for dipoles parallel to 
the polymer chain axis; (small dashes) calculated solution usingp-polarized light for dipoles 
perpendicular to the polymer chain axis. 

a modified version of eqs. ( 2 )  - ( 4 )  23 and have the 
same general form as those of Figure 4. As in the 
homogeneous-oriented treatment, the exact inten- 
sities are used in eq. ( 1 ) to solve for k ( 2 ) .  The cal- 
culation procedure is based on a nonlinear least- 
squares optimization algorithm, 25 which requires 
input guesses that approximate the actual solution. 
In Figure 6 is shown the result of the gradient cal- 
culation for the orientation step function. The solid 
lines give the exact (known) solutions. The dashed 
lines are the solutions calculated with eq. (1) using 
the exact reflected intensities. The calculated inten- 
sities are based on input guesses to the fitting process 
of k (2) = constant. These guesses led to errors in 
the solution, suggesting that the algorithm had set- 
tled in a local minimum. When a step function in 
orientation is used as the input guesses to the so- 
lution of the inverse Laplace transform, the local 
minimum is lost, as shown in Figure 7. In this case, 

Table I Error in Laplace Treatment 

Depth (rm) Error (%) 

Interface 2.4 
d, (45') TZ: 1 pm 3.8 
2 X dp 8.1 

8 X d, 10.7 
4 X d, 10.2 

10 X dp 11.8 

the step function gradient is accurately predicted in 
the first 2 microns and quickly loses accuracy at  
larger distances. This response is consistent with 
the exponential decay of the electric-field strength 
that assumes a value of less than 1% of the surface 
value at  6 microns for 45' incident light. 

Sample Analysis 

The variable-angle ATR spectra of a uniaxially ori- 
ented thick film of isotactic polypropylene are shown 
in Figures 8 and 9, s-polarized and p-polarized, re- 
spectively. The polymer chain axis is oriented along 
the s-polarized direction. All peaks show an intensity 
decrease as the incident light angle increases, which 
is a combined function of the depth of penetration 
and the surface electric-field strength. The slight 
derivative shape to the peaks in Figure 8 at  the low- 
est incident angle is due to an approach to the critical 
angle of internal reflection [ sin-' ( 1.52 / 2.42 ) 
= 38.91" 1. Peaks that are analyzed in this study are 
indicated in Figures 8 and 9 and assignments are 
given in Table 11. The strong absorption of the 973 
and 998 cm-' bands in the s-polarized spectra and 
of the 1376 cm-' band in the p-polarized spectra is 
an indication of the large degree of orientation. 

Optical contact is of critical importance in quan- 
titative ATR work. As pointed out by several au- 
thors, 16732733 the In ( RTm) /In ( RTe) ratio is a sensitive 
measure of optical contact. At an incident angle of 
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Figure 6 Depth profiling gradients for a step function in orientation for dipoles parallel 
to the polymer chain axis. Solid lines are the exact solutions: (upper solid line) s-polarized 
light; (lower solid line) p-polarized light. Dashed lines are calculated solutions using eq. 
(1) for k ( z )  = constant as input guesses: (large dashes) s-polarized light; (small dashes) 
p-polarized light. 

4 5 O ,  the ratio reduces to 2.0, as can be derived from 
eqs. ( 2 ) - (4) .  For oriented polymers, the use of this 
criterion requires the identification of an orienta- 
tion-insensitive absorption peak. The 1460 cm-l 
peak has been ~uggested.~' Intensities from Figures 
8 and 9 yield a ratio of 1.93. Assuming that the 1460 
cm-' is completely orientation-insensitive, a high 
degree of optical contact has been established and 

0.012. 
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a minimum amount of stray or false radiation is 
present. The intensities of peaks in Figures 8 and 9 
have been found from both Lorentzian curve-fitting 
and pseudobase-line techniques. The intensities are 
then used to solve a discrete form of eq. ( 1 )  for the 
orientation gradient. As stated previously, the gra- 
dient in the refractive index has been neglected. This 
assumption is valid in isotactic polypropylene where 

I I I I 

2 4 6 8 .O 

DEPTH FROM INTERFACE 01) 
Figure 7 
as input guesses. 

Same as Figure 6 except a step function in the orientation gradients is assumed 
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Figure 8 Variable-angle ATR spectra of a thick oriented isotactic polypropylene film 
(draw ratio = 5.0) : s-polarized incident angles from top to bottom: 40, 42, 44, 45, 46, 48, 
50, 52, 54. 

the birefringence ( A n )  for well-oriented samples is 
0.02.24 The refractive index of an isotropic film in 
the infrared frequency range was found from an in- 
terference fringe pattern to be 1.51. Using An of 
0.02, the refractive index parallel to the chain axis 
was assumed in the calculations to be 1.52, and per- 
pendicular, 1.50. 

The depth-dependent absorption coefficients for 
the 998 cm-' crystalline peak are shown in Figure 
10. The absorption coefficients parallel and perpen- 
dicular to the chain axis are included in the figure. 

Similar results for the 973 cm-' peak are not shown. 
In the first 2 microns from the interface where the 
calculation is expected to be the most accurate, very 
little, if any, depth-dependence is visible. As a test 
of the accuracy of the Laplace transform in this ap- 
plication, the absorption coefficients have been cal- 
culated by independent means. An iteratively fitted 
Kramers-Kronig transform (KKT) has been ap- 
plied to an isotropic sample absorption spectrum of 
isotactic polypropylene. The absorption spectrum is 
shown at  the top of Figure 11, and the calculated 

AA = 1.07 

I 
I I I I I 

1500 1400 1300 1200 1100 1000 

WAVENUMBERS (cm-1) 
00 

Figure 9 Same as Figure 8 except p -polarized incident radiation. 
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Table I1 Peak Assignments 

Transition 
Frequency Moment Angle 

(cm-') Phase' Polarization Assignment" Ref. (Ref. 31) 

973 A 
A, C 

II CH37, C-CU 26, 27 
I1 CH37 28 

CH37, C-CV 29 
II 30 

18" 

998 C II CHBy, C H ~ U ,  CH6 26,27 18" 
C II Skeletal 28 

CH37 29 
C II 30 

a A = amorphous; C = crystalline; y = rock; u = stretch; w = wag; 6 = bend. 

absorption coefficient and refractive index spectra, 
below. Using the values of the absorption coefficients 
a t  the polymer surface in Figure 10 and 

Figure 10 can be used directly to calculate a depth- 
dependent dichroic ratio. However, since the tran- 
sition moment angles have been determined (Table 
11) , well-known equations to calculate the second 
moment of the orientation distribution function can kII + 2k* - 

kisotropic - 3 be used, i.e., 

( R -  1) ( R o + 2 )  
(pz(cos e ) )  = ( ( R  + 2 ) ) (  (Ro - 1)) 

where R is the dichroic ratio (AII/A, or kll/k,), Ro 
= 2 cot'a; a, the angle between the chain axis and 
the transition moment; and 8, the average angle be- 
tween the chain axis and the orientation direction. 
Figure 12 shows the orientation gradients for the 

variable-angle ATR yields kiso for the oriented ma- 
terial of 0.021 for the 998 cm-' peak. This is in close 
agreement with the KKT prediction of Figure 11, 
which yields a value of 0.018. It is noteworthy that 
the k value for the 1376 cm-' peak (0.116) is too 
large to use either the Flournoy and SchaffersZ3 or 
the Laplace treatment for quantitative results. 

The absorption coefficient versus depth curves of 

- - - _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ - - - - _ - - - - - - - - - - - - - - - - - - - - - - .  
I 1 I I 

0.0 0.4 0.8 1.2 1.6 2.0 

DEPTH FROM INTERFACE (p) 

Figure 10 
pylene: (large dashes) s-polarized light; (small dashes) p-polarized light. 

Calculated gradients of 998 cm-' band for homogeneously oriented polypro- 
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Ak = 0.12 

nHlgb = 1.61 
nLar = 1.48 
n_ = 1.51 
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Figure 11 Optical constants of the isotropic polypropylene: ( A )  absorption spectrum; 
( B ) calculated absorption coefficient spectrum; ( C ) calculated refractive index spectrum. 

first 2 microns from the interface for the 973 cm-' 
band (crystalline and amorphous contributions) and 
the 998 cm-' band (exclusively crystalline). The 
lines represent depth-independent bulk values cal- 
culated from dichroic ratios reported in the literature 
for similarly oriented isotactic p~lypropylene.~~ The 

l.o+--@--....... ....... 

0.0 4 I 

0 1 2 

DEFNFROM INlERFACE (p) 
Figure 12 Orientation coefficients vs. depth for uni- 
axially oriented isotactic polypropylene. Lines are values 
calculated from bulk dichroic ratios reported in the lit- 
erature: (solid line) 998 cm-' band; (small-dashed line) 
973 cm-' band; (large-dashed line) amorphous phase ori- 
entation. Data points are depth-dependent orientation 
coefficients found from Figure 10. (Closed circles) 998 cm-' 
band; (open circles) 973 cm-' band; (triangles) amorphous 
phase orientation calculated from the previous two. 

data points are the depth-dependent orientation 
coefficients calculated from absorption coefficient 
versus depth curves (e.g., Fig. 10). The top two 
curves and lines are a result of directly measured 
intensities, whereas the bottom curve and line are 
calculated with eq. (5) .  The relationship between 
orientation coefficients in the crystal and amorphous 
phases can be written 

(f'2 ( cos 0 ) )total = X( f'2 ( cos 6) )crystal 

+ (1 - x)(pP(cos 0))amorphous ( 5 )  

assuming a two-phase system, where X is the rel- 
ative amount of crystallinity. The known phase 
assignment of the 973 and 998 cm-' peaks in poly- 
propylene permit the use of eq. (5) to find the 
( P2 ( cos 6 ) )amorphous .16,31 The value of X was assumed 
to be a constant number, 0.64, for the calculation of 
the bottom line.34 

The crystallinity is expected to vary with depth, 
as has been shown previously in polyethylene." The 
crystallinity gradient is the result of thermal gra- 
dients during processing or surface effects that are 
propagated over relatively large distances. To obtain 
the crystallinity as a function of depth, we utilize 
an infrared band ratioing method.35 Isotropic- 
equivalent b98 and k973 values are calculated using 
the relationship kiso = [ ( k , ,  + 2k1)/3] and the ex- 
perimental data from above (e.g., Fig. 10). Figure 
13 shows the &s/k973 ratio versus depth from the 
interface. The absorption coefficient ratio of these 
two bands is related to the crystallinity through the 
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density.35 Figure 14 is the calculated crystallinity 
versus the depth for the first 2 microns from the 
interface. Examination of this plot shows that the 
crystallinity is between 60% and 44% and decreases 
in the first 2 microns from the interface. Using the 
depth-dependent crystallinity in eq. ( 5 ) ,  the bottom 
curve in Figure 12 is generated. The apparent ori- 
entation gradient reflected in the mixed-phase peak 
in Figure 12 (circles) translates to a large orientation 
gradient in the amorphous phase (triangles) if the 
depth-dependence of the crystallinity is neglected. 
However, with the consideration of the crystallinity 
gradient, an orientation gradient is found to be ab- 
sent in the amorphous phase. This observation is 
essentially identical to the results of Hobbs et al.17 
However, other published literature reports conclu- 
sions that are contrary to ours. We believe that the 
crystallinity gradient effect accounts for the dis- 
crepancy. 

Orientation gradient analysis has also been done 
with layered isotactic polypropylene samples, e.g., a 
1.2 micron-thick highly oriented film on an isotropic 
substrate. The analyses are entirely consistent with 
the modeling studies presented earlier where the step 
function is smoothed when using k ( z )  = constant 
as input guesses in the fitting process. Any prior 
knowledge of the form of the gradient as can be ob- 
tained by intensity normalization of multiple angle 
data or variation of the refractive index of the in- 
cident medium is a valuable aide in the improvement 

lm01 

0.5 
0 1 2 

DEF"H FROM INTERFACE (p) 
Figure 13 Isotropic equivalent absorbance ratio of 998 
and 973 cm-' bands vs. depth for uniaxially oriented is- 
otactic polypropylene. 

- " U (  I 

in I 

" .  
0 1 2 

DEPTH FROM IN'lERFAE (p) 
Figure 14 
for uniaxially oriented isotactic polypropylene. 

Calculated degree of crystallinity vs. depth 

of input guesses and the subsequent gradient cal- 
culation. 
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