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the growth regime investigated and explained well by the 
dynamical scaling law. 
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ABSTRACT The optical properties of solvent-cast films were studied for several polymer formulations 
over a wide range of casting conditions. It is shown that the casting process induces distinct molecular 
order in the solid film as manifested by finite birefringence in the cross-film (transverse) direction. The 
optical anisotropy represents a random molecular alignment parallel to the film plane which can be observed 
only by measurements in oblique incidence. The level of birefringence depends on the general mode and 
conditions of the casting procedure and on the optical properties of the polymer. Two distinct procedures, 
free casting and blade casting, were evaluated and found to produce films with widely varied levels of bire- 
fringence. Birefringence was also influenced by the solvent type, the casting temperature, the surface energy 
of the substrate, and the timing of the peel-off step. In the limit of thin (525 pm) films, the transverse 
birefringence can be loosely correlated with the intrinsic birefringence of the polymer. Indeed, it is shown 
that by blending miscible polymers having intrinsic birefringences that are opposite in sign, one can pro- 
duce effectively nonbirefringent films. Two such blends have been tested in this study. All our observa- 
tions are interpreted in terms of a molecular ‘freezing-in” process induced by drying stresses. 

I. Introduction 
The optical properties of solvent-cast polymer films 

are of great technological importance in a host of opto- 
electronic systems and devices, e.g., in optical waveguides, 
in optical data storage systems, and in various linear and 
nonlinear optical components. These properties are gen- 
erally dictated by the intrinsic optical anisotropy of the 
polymer chain and by the orientation induced during the 
casting operation. The alignment of polymer molecules 
and the corresponding optical anisotropy in solvent-cast 
films has been addressed by several investigators. Gen- 
eral aspects of macromolecular organization in the vicin- 
ity of inorganic surfaces have been reviewed by Rickert 
et  al.,’ who consider in detail three features that control 
the behavior of polymer molecules near surfaces: (i) sub- 
strate properties, (ii) solution organization, and (iii) inter- 
facial properties of macromolecules. All three features 
contribute, to some extent, to the level of molecular order 
near solid surfaces, and they underlie the complex nature 
of the corresponding phenomena. 

Cherkasov et ak2 studied orientation phenomena in poly- 
mer films produced by free casting (see next section for 
definition) and observed that the polymer molecules tend 
to align parallel to the solid surface in a manner resem- 
bling liquid-crystalline (cholesteric) order. They found, 
however, that the planar orientation has a finite range 
that depends on the stiffness of the polymer chain. For 
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stiff backbone polymers the planar orientation zone may 
extend 20 pm into the film whereas for flexible chain 
polymers the high orientation zone is only ca. 1 pm thick. 
Some molecular order, according to Cherkasov et  al., may 
extend well beyond this high orientation “skin” reaching 
10-50 pm. Although the origin of this effect was not fully 
elucidated, it was speculated that the high orientation 
arises from steric/adhesion effects and long-range inter- 
actions of the solid surface with the polymer molecules. 

Prest and L U C ~ , ~ P *  in a study on the properties of poly- 
meric films cast from solution by thin, wire-wound, draw 
bars, also observed high planar orientation in the solid 
films. They view the molecular ordering process as a com- 
petition between planar conformation induced by dry- 
ing (“drying stress”) and the tendency of the molecules 
to drift toward a random (“equilibrium”) conformation. 
As solvent evaporation proceeds, the molecular mobility 
in the collapsed film becomes increasingly restricted until 
the drying-induced conformations are “frozenn in the solid 
matrix as the glass transition is approached. Prest and 
Luca studied relatively thin films (1-5 pm) and evalu- 
ated the effects of solvent, polymer structure, molecular 
weight, and drying conditions on the birefringence level 
in the film. The contribution of drying stresses to the 
molecular organization in solvent-cast films was also noted 
by Sudduth and Rogers5 and Sosnowski and Weber.‘ 
Cohen and Reich7 studied the effects of molecular weight 
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and polydispersity on molecular ordering i n  t h i n  (1-10 
pm) polystyrene films produced b y  d i p  coating. Like 
Cherkasov et ale,’ t h e y  observed long-range ordering in  
the films which was attributed to “cooperative phenom- 
ena occurring during solvent evaporat ion as a result of 
m o l e c u l a r  e n t a n g l e m e n t s  and u n r e l a x e d  conforma-  
t ions ...” The effect of increasing molecular weight was 
to increase the birefringence i n  the film, in line with the 
findings of Prest and Luca. 

In the present  work the previous studies were extended 
to thicker  films (12-200 pm),  other polymer formula- 
tions, and different casting techniques. In addi t ion,  i n  
order  to establish the leading procedural and material 
factors that control the level of birefringence in the cast  
film, the effects of the solid substrate, the casting tem- 
perature ,  the solvent type,  and the polymer composition 
(in a miscible blend) were also investigated. 

11. Experimental Section 

A. Cast ing Procedures. Polymer films were produced by 
two distinct methods. The first, free casting (FC), involves cast- 
ing a polymer solution onto a flat-bottomed glass cup without 
imposing hydrodynamic stress on the liquid. The solvent is 
allowed to evaporate under ambient conditions (ca. 22 OC and 
60% RH) until the film hardens. The hardened film is then 
removed from the cup by washing it off with distilled water 
and placed in a vacuum oven a t  100 OC for 12 h for final dry- 
ing. DSC and gas chromatography data indicated that this pro- 
cedure was effective in removing residual solvent and moisture 
from the film. The thickness of films produced by this method 
is dependent in a straightforward way on concentration and 
the volume of liquid in the cup. In this study, the concentra- 
tion was varied in the range 1-8 (wt/wt) 9i and the liquid vol- 
umes ranged from 5 to 20 mL yielding film thicknesses of 12- 
200 pm. The lower limit is due to difficulties in producing self- 
supporting films with uniform thickness while attempts to produce 
films thicker than 200 pm usually led to various gross defects, 
such as ”orange peel”, on the film surface. 

In the second method, blade casting (BC), a knife blade was 
used to spread the liquid over a flat glass substrate. In this 
process considerable hydrodynamic stresses were generated dur- 
ing the coating step. Since the liquid films produced were rel- 
atively thin, initial solvent removal from the cast layer was rel- 
atively fast under ambient conditions-the films were hard to 
the touch within minutes. The coatings were left at ambient 
for ca. 12 h, and final solvent removal was done by placing the 
coated substrates in a vacuum oven for 5 h a t  T E T, - 25 “C. 
After removal from the oven the coatings were soaked in dis- 
tilled water, peeled off the substrate, and dried again in vacuo 
for 2 h a t  60 “C. Again, gas chromatography and DSC data 
indicate that only trace amounts of solvent remained in the 
films after this intensive drying. It is important to note that 
the order of peeling the film from the substrate, i.e., before or 
after drying in the oven, had a significant effect on the proper- 
ties of the film. The final film thickness was dictated by the 
blade height and the concentration. The effect of blade height 
on the thickness of the deposited film can be estimated from 
the coating dynamics of a slot coater,* and the effect of con- 
centration derives from a simple mass balance. The blade height 
was varied in the range 120-760 pm and the concentrations used 
were 5-20 (wt/wt) %, producing thicknesses in the range 12- 
114 pm. Here too the limits were dictated by difficulties in 
controlling thickness uniformity (for the thin films) and vari- 
ous surface defects (for the thick films). In both methods, but 
especially in the BC process, air currents above the drying lay- 
ers and exceedingly fast drying produced “orange peel” defects 
on the dried films. To circumvent this problem, the BC films 
were enclosed in a glass box and a lid was placed on the FC 
cups while the films were drying a t  ambient. This slowed down 
the evaporation rate yielding films with good clarity. Some of 
the films became opaque due to spontaneous crystallization dur- 
ing the initial drying step. This was prevalent in the thick poly- 
carbonate films. When the enclosing box was gradually removed, 
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Figure 1. A schematic diagram of the film and the incident 
beam. 

the drying rate was increased and the crystallization process 
could be effectively suppressed. 

B. Birefringence Measurements. (1) Procedure. Bire- 
fringence is defined as the difference in refractive index between 
two orthogonal planes of polarization, and it expresses the level 
of optical anisotropy of the medium. Generally, three compo- 
nents of birefringence can be defined for any matrix in a Car- 
tesian frame- -An,,, An,, and An,, where Anij = ni - ny When 
all the components are zero, the matrix is said to be optically 
isotropic. The films produced by either of the casting meth- 
ods were isotropic in the plane of the films; i.e., no preferred 
orientation was detected in the x-y plane (see Figure l), yield- 
ing An,, = 0. However, the other components of birefringence, 
An,, and An,,, were typically nonzero, indicating that some level 
of molecular order exists in the transverse (in-plane) direction. 
For this case the two “transverse” components, An and An,,, 
are equal since An,, = 0. Since the cast films are regtively thin, 
these components cannot be measured directly. General pro- 
cedures for measuring birefringence in thin films were devel- 
oped indepkndently by Spence’ and Stein.” The basic tech- 
nique involves the measurement of birefringence in oblique inci- 
dence, Le., a t  some angle 4 relative to the normal to  the film 
plane. If the film is rotated about the x axis, the two ‘trans- 
verse” components of birefringence are 

R 
Anzy - cos y H 

sin2 y 
Anzy = 

R 
H An, cos2 y - 

sin2 y 

cos y 
(2) Anrx = 

where y, the refracted angle, is given by (see Figure 1) 

y = sin-’ ((sin 4 ) / n )  (3) 
with n being the average index of refraction and H is the film 
thickness. R, is the apparent optical retardation observed for 
the oblique angle 4 and the corresponding refracted angle y. 
Equations 1 and 2 are identical since An,, = 0. Equation 1 can 
be rearranged to  give 

(4) 

which is the working equation used to  obtain An,,; a plot of 
(R  /H) cos y vs cos2 y yields -An,, as the slope. Experimen- 
talKy, the retardation R, is measured for several oblique angles 
to ensure complete sampling, and the data are fit by linear regres- 
sion to determine the “transverse” component of birefringence 
via eq 4. 

(2) Apparatus. The optical train for measuring birefrin- 
gence is depicted in Figure 2. The light source is a 1.8-mW 
HeNe laser polarized 500:l and filtered by an additional polar- 
izer positioned parallel to  the polarized beam. The P M T  detec- 
tor is connected to a voltmeter with a needle readout scale. The 
polarizer and analyzer are crossed and positioned a t  -45” and 
+45O, respectively. A Soleil-Babinet compensator placed between 
the crossed polars acts as a zero-order waveplate with variable 
retardation which is adjusted by a micrometer screw. When a 
transparent sample is placed in the light path with its princi- 
pal axis 45O to the polarizer and analyzer, the retardation of 
the compensator is adjusted to compensate for the retardation 
R in the sample. The difference in the micrometer readings 

(R,/H) COS y = A n , , ( l -  COS’ 7) 
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Detector 

Figure 2. A 
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schematic diagram of the optical setup. 

Table I 
Materials 

polymer grade (designatn) source M," PDb T,:OC All0 
bisphenol A polycarbonate Merlon M50F (PCl) Mobay 65 300 2.3 154 0.216 
polystyrene Styron 685D (PS) Dow 312 300 2.5 107 -0.1' 
tetramethyl polycarbonate (TMBPA) General Electric 64600 2.6 198 
paly(2.6-dimethyl-p-phenylene oxide (PPO) General Electric 49000 2.9 210 0.2' 
* PS equivalents. PD = polydispersity. DSC, 10 "C/min (midpoint). Reference 22. e Reference 21. 

(AM) can be converted to birefringence by 
An = R J t  = AMh/Kt (5) 

where h is the wavelength, K is a calibration factor, p d  t is the 
optical path length in the sample. 
C. Materials. The polymers used in this study are list ed 

in Table I together with some pertinent properties. The sol- 
vent in most of the casting experiments was dichloromethane 
(DCM). DCM is a good solvent for most of the polymers stud- 
ied and is also relatively volatile (boiling point 40 "C). 

111. Results 
As noted in the previous section, all the films pro- 

duced by either casting method were isotropic when viewed 
in normal incidence (Anxy = 0) but exhibited varying 
degrees of optical anisotropy in the transverse direction, 
i.e., An n,, - n ,  # 0, where n - n, - n, and n,  = n,. 
Furthermore, the data for bot casting methods could 
be conveniently collapsed into curves of An vs H (dried 
film thickness), independent of the initial concentration 
and volume (for FC) or blade height (for BC) used in the 
casting experiments. These results are in line with the 
observations of Cherkasov et al? and Prest and L ~ c a ~ . ~  
and suggest that the polymer chains are aligned parallel 
to the film plane, whereas orientation in the x andy direc- 
tions is completely random. This also implies that the 
hydrodynamic stresses generated in the BC process did 
not contribute directly to molecular orientation in the 
film. The degree of molecular alignment in the plane of 
the film is dependent on a number of factors to be exam- 
ined below. 

An(H) curves for PC1 films produced by both casting 
methods under the nominal conditions are presented in 
Figure 3. The data reveal two striking differences between 
the casting techniques: First, films produced by the BC 
method are considerably more birefringent than those 
produced by the FC method, especially at high H. Sec- 
ondly, within the range of the data, the birefringence of 
the BC films is weakly dependent on thickness whereas, 
in the FC process, the birefringence drops precipitously 
with thickness at low H and then levels off. Similar trends 
are observed for other polymers. Data for PS and TMBPA 
are shown in Figure 4, again for both casting methods. 

g- .- 

Here, too, the BC films are more birefringent than the 
FC films, but the slope of the An(H) curves is generally 
milder. Also, in the case of PS, the birefringence of the 
FC films is nearly independent of thickness, in contrast 
with the data for PCl. (The precipitous drop in birefrin- 
gence observed for PCI a t  low H occurs possibly at thick- 
nesses outside the data range for PS; i.e., the An(H) curve 
for this material is confined to the high H asymptote!) 
The slope of the curve for the TMBPA films produced 
by FC is also somewhat different from that for PCl, thus 
indicating that the general shape of the curve as well as 
the absolute level of birefringence are material-specific. 
It is finally noted that the birefringence of the PS films 
is negative whereas the PC1 and TMBPA films have pos- 
itive birefringence. These differences in magnitude and 
sign are consistent with differences in the intrinsic opti- 
cal anisotropies of the corresponding polymers." 

differences in intrinsic bire- 
fringence can be exploited to produce nonbirefringent 
films through blending of miscible polymers with oppo- 
site optical anisotropies. PS and PPO and PS and 
TMBPA are two such polymer The miscibil- 
ity of these blends was confirmed by DSC runs; for all 
the compositions studied, DSC scans for both polymer 
pairs show a single glass transition temperature (T,) which 
lies between the T 's of the pure components. An(H) 
curves for the PS/+MPBA blends are shown in Figure 
5 for various polymer compositions. As for pure PS, the 
curves are nearly independent of film thickness but the 
effect of composition is pronounced. This effect is depicted 
in Figure 6 for both casting methods. The birefringence- 
composition curve for the BC method is nonlinear, espe- 
cially a t  low TMBPA concentration, and full compensa- 
tion (zero birefringence) is observed at -40wt % TMBPA. 
Werumeus Buning and Gijsen,16 in a rheooptical study 
on the same blend system, have obtained optical com- 
pensation a t  a similar composition (38 w t  % TMBPA) 
and also observed nonlinear dependence of the stress- 
optical coefficient on composition. However, the coeffi- 
cient ratio for the pure components reported in their study 
is substantially different from the birefringence ratio 
obtained in this work. The absolute value of birefrin- 

As noted 
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Figure 3. Transverse birefringence vs dry film thickness, show- 
ing the effect of casting method for PC1 cast from DCM: 0, BC 
method; 0, FC method. 
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Figure 4. Transverse birefringence vs dry film thickness, show- 
ing the effect of casting method for PS and TMBPA. TMBPA: 
0, BC method; 0, FC method. PS: 0, BC method; m, FC method. 
All films cast from DCM. 

gence is systematically lower for the FC method, in line 
with the data for PC1 (Figure 3)) but the zero-birefrin- 
gent composition for this case is not easily discernible 
because of the low values of birefringence for the PS- 
rich compositions. The effect of composition for the PS/ 
PPO blend is shown in Figure 7 only for the BC method. 
This curve as well as the corresponding curve for the PS/ 
TMBPA blend are monotonous but slightly nonlinear. 
The zero-birefringent composition for the PS/PPO blend 
(-67 wt 70 PS) is intermediate between the value reported 
by Saito and Inoue14 and the values obtained by Prest12 
and Greener and Machell.16 

A critical step in the casting procedure was the removal 
of the film from the substrate. In particular, the order 
of removal, i.e., before or after oven drying, appeared to 
have a decisive effect on birefringence, especially in the 
BC process. Figure 8 illustrates this point by compar- 
ing a nominal An(W curve (film removed after drying) 
with curves corresponding to early removal. The films 
in the latter category were allowed to dry a t  ambient tem- 
perature for various times and then peeled off the sub- 
strate and placed in the oven unsupported for final dry- 
ing. Generally, films that are removed from the sub- 
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H (p-4 

Figure 5. Transverse birefringence vs dry film thickness, show- 
ing the effect of TMBPA/PS blend composition (wt/wt) (cast 
from DCM, BC method): 0, TMBPA; 0, TMBPA/PS 4/1; 0 
TMBPA/PS 1/1; ., TMBPA/PS 1/4; A, PS. 
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Figure 6. Transverse birefringence vs wt% TMBPA, showing 
the effect of TMBPA/PS blend composition and casting method 
0, BC method; 0, FC method. All films cast from DCM. 

strate prior to complete drying exhibit significantly lower 
birefringence, and the effect is more pronounced the shorter 
the drying time on the substrate. A similar response was 
exhibited by the PS films. This effect can be correlated 
with solvent content; although all the films were hard to 
the touch when removed from the substrate, they con- 
tained various amounts of residual solvent. Data obtained 
by gas chromatography indicate that films dried at ambi- 
ent contained 2.5-5.0 wt % of DCM, depending on the 
drying time, whereas films dried in the vacuum oven fol- 
lowing the nominal procedure contained <0.1 wt % of 
DCM. In the case of the FC process the effect of film 
removal was less pronounced and generally within the 
scatter of the data (see Figure 9). These results suggest 
that even small amounts of solvent can cause fast relax- 
ation of stress upon removal of the film from the sub- 
strate, leading to a measureable drop in birefringence. 
Once solvent is completely removed, the polymer mole- 
cules are immobilized (“frozen”) in their stressed (orient- 
ed) conformations. In the FC films the level of stress 
was inherently low so the removal step per se did not 
significantly affect the level of birefringence. 

The thermodynamic quality of the solvent was stud- 
ied by Prest and Luca4 and noted to have a relatively 
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Figure 7. Transverse birefringence vs wt% PPO, showing the 
effect of PPO PS blend composition. All films cast from chlo- 
roform via B d method. 
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Figure 8. Transverse birefringence vs dry film thickness, show- 
ing the effect of film removal from casting substrate for PC1 
(cast from DCM, BC method): 0, removed after complete dry- 
ing at elevated temperature; ., removed after 24 h at ambient; 
0, removed after 1.5 h at ambient; ., removed after 0.5 h at 
ambient. 
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small effect on the birefringence level in the cast film. 
They observed that a slow-evaporating solvent yields lower 
birefringence due to plasticization of the polymer by the 
entrapped solvent and a corresponding slower freezing- 
in process. General confirmation of this observation is 
provided by the data in Figure 10 where several solvents 
with a wide range of boiling points (and vapor pres- 
sures) are examined. All the solvents are considered gen- 
erally to be "good" solvents for PC, yet they produce films 
with varying degrees of orientation. The solvents with 
the highest boiling points, dioxane (101 "C) and cyclo- 
hexanone (155 "C), produced films with systematically 
lower birefringence. The data for these solvents are lim- 
ited to relatively thin films due to the onset of crystalli- 
zation for high H.  (Crystallinity was manifested by dis- 
tinct haze and a characteristic melting peak in a DSC 
scan.) The large scatter in the data for these solvents is 
apparently due to greater sensitivity of the drying pro- 
cess to fluctuations in ambient conditions (70 RH, room 
temperature, etc.). It is also noteworthy that in the case 
of the FC process the films cast from either dioxane or 
THF were crystalline a t  any thickness. 

3 0.012 

Figure 9. Transverse birefringence vs dry film thickness, show- 
ing the effect of film removal from casting substrate for PCl 
(cast from DCM, FC method): 0, removed after complete dry- 
ing at elevated temperature; 0, removed after 1 h at ambient. 
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Figure 10. Transverse birefringence vs dry film thickness, show- 
ing the effect of casting solvent for PCl (BC method): ., DCM; 
0, tetrahydrofuran; 0, p-dioxane; ., cyclohexanone. 

The effect of casting temperature T,  is shown in Fig- 
ure 11 for two solvents and two film thicknesses. In all 
cases the material is PC1 and casting was done by the 
BC process. The casting temperature was varied by pump- 
ing water at a specified temperature through an alumi- 
num block under the substrate. The general effect of 
temperature is to decrease the birefringence although it 
is considerably less pronounced for dioxane than for DCM. 
Similar trends were observed by Prest and Luca4 and 
attributed to a slower freezing-in process a t  higher tem- 
peratures. 

Finally, we consider the role of the casting substrate 
in controlling the birefringence in the solid film. In all 
the casting experiments discussed thus far, the sub- 
strate for either casting method is a smooth glass sur- 
face. In order to evaluate the effect of the substrate, cast- 
ing experiments were conducted by using Teflon, alumi- 
num, and polyethylene surfaces. The surface energies, 
as estimated from contact angle data for methylene iodide 
and water, are 49.4 erg/cm2 for glass, 49.0 for aluminum, 
33.9 for polyethylene, and 20.4 for Teflon. An(H) curves 
for the four substrates are shown in Figures 12-14 for 
PC, PS, and TMBPA. The data for TMBPA (Figure 
14) are for both casting methods while the other sets (Fig- 
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Figure 11. Transverse birefringence vs casting temperature, 
showing the effect of solvent and film thickness for PCl (BC 
method). DCM: 0,30 pm; 0 , 7 0  pm. Dioxane: 0 , 2 5  pm; ., 50 
rm. 
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Figure 12. Transverse birefringence vs dry film thickness, show- 
ing the effect of casting substrate for PC1 (cast from DCM, BC 
method): 0, glass substrate; 0, aluminum substrate; ., Teflon 
substrate; 0, polyethylene substrate. 

ures 12 and 13) are only for BC. A general trend can be 
clearly discerned from the data: the birefringence of the 
cast film is substantially reduced with decrease in sur- 
face energy of the substrate, and this effect appears to 
be independent of the casting method or the polymer. It 
is noteworthy that the effect of a low-energy substrate is 
qualitatively similar to the effect of early removal of the 
film from the substrate (Figure 8). Overall, the casting 
substrate, together with the peel-off step, appears to play 
a major role in controlling the level of molecular order 
in the cast film. 

IV. Discussion 
We have already noted that the rapid and inhomoge- 

neous drying during the casting process induces a frozen- 
in (residual) stress in the solid film that is intimately 
related to the drying conditions. This stress, in turn, leads 
to planar molecular order, as manifested macroscopi- 
cally by the transverse birefringence. The birefringence 
is simply related to the residual stress via the stress-op- 
tical law 

An = CAa (6) 
where ha, the principal stress difference, is equal to the 
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Figure 13. Transverse birefringence vs dry film thickness, show- 
ing the effect of casting substrate for PS (cast from DCM, BC 
method): 0, glass substrate; 0, Teflon substrate; 0, polyethyl- 
ene substrate. 

0.012 

residual plane stress and C is the operative stress-opti- 
cal coefficient. C is generally temperature-independent, 
but it assumes different values for the polymer glass, its 
melt, and solution. Although the correct value of C for 
use in eq 7 is not obvious, it should scale like the intrin- 
sic optical anisotropy (intrinsic birefringence) of the 
polymer.20 This property represents the intrinsic poly- 
mer contribution to the transverse birefringence in the 
film (cf. Figures 4-7). For purely amorphous films, the 
molecular order can be expressed by the Hermans' ori- 
entation function f :  

3(CoS2 e,) - 1 f =  2 = A n / A n o  (7) 

where Ano is the intrinsic birefringence of the polymer 
and 8, is the angle between the main-chain axis and the 
film plane. For PSF1 Ano = -0.1 and the values off  for 
the data in Figure 4 (in the limit of small H) are -0.03 
and -0.003 for the BC and FC methods, respectively. 
The corresponding values for PClZ2 and PPOZ1 for films 
produced by the BC method are 0.032 and 0.052, respec- 
tively. These values represent generally low levels of molec- 
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ular order, being much lower for films produced by the 
FC method than those produced by the BC method. The 
apparent variability in f among the various polymers 
appears to correlate with the temperature interval AT 
(f T,  - T,) and other factors to be discussed in detaiy 
below. It should be noted though that the orientation is 
expected to vary with position across the film’ and that 
the measured values off  represent spatial averages. In 
fact, on the basis of previous s t ~ d i e s , ~ ”  the orientation 
is expected to be maximum near the substrate-film inter- 
face, forming, in effect, a high orientation “skin”, and 
decay toward the free surface. The exact spatial distri- 
bution of birefringence could not be inferred directly from 
our data. 

The buildup of stress in solvent-cast films was stud- 
ied in some detail by Chow et aLZ3 and by C r ~ l l . ~ ~  In 
general, drying stresses arise from the volume inhomo- 
geneity induced by the concentration gradient across the 
film during the drying process. This stress cannot be 
sustained by the liquid due to its low modulus, but once 
the polymer vitrifies, the volume inhomogeneity leads to 
a “frozen-in” stress in the solid matrix. On the basis of 
ad hoc arguments and in obvious analogy to the thermal 
stress problemz5 C r ~ l l * ~  has shown that the average resid- 
ual plane stress in the film can be expressed by 
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where E is Young’s modulus of the polymer glass, u is its 
Poisson’s ratio, and the term $ J ~  - & represents the change 
in volume upon vitrification. $1 and 4, are respectively 
the volume fractions of solvent just prior to vitrification 
and in the glassy (“dry”) state. 

Equation 8 expresses only the gapwise-averaged stress; 
the spatial dependence of the residual stress across the 
film is expected to be complex owing to the complex nature 
of the drying process.2629 Generally, thick liquid films 
should give rise to large density gradients and thereby 
induce large instantaneous stresses as in the analogous 
cooling problem. However, in contrast to the cooling prob- 
lem, solvent becomes entrapped in the film as solid skin 
builds up at  the free surface and its diffusion out of the 
film is gradually slowed down. Our data indicate that 
large amounts of solvent remain in the film a long time 
(days) after casting is complete if the drying is not suf- 
ficiently intensive, i.e., using high temperature and vac- 
uum. This gradual decrease in drying rate will plasti- 
cize the polymer and relax some of the stresses already 
present in the film. This latter effect is expected to dom- 
inate the stress buildup process in relatively thick liquid 
films, and it implies that the gapwise-averaged value of 
the term 41 - 4, in eq 8 should be lower for thick films. 
This general argument can be used to explain the differ- 
ence between films produced by the FC and BC meth- 
ods. For the same final film thickness, H, the initial liq- 
uid layer thickness, H,, in the FC process (500-4000 pm) 
is generally much greater than in the BC method (50- 
400 pm), and hence, lower residual stress and birefrin- 
gence are expected for films produced by the former 
method as is indeed observed experimentally. Only at 
low H the results for both methods converge since the 
corresponding H i s  for the FC process approach those of 
the BC process. Since H is a linear function of H,, the 
birefringence is expected to vary with H as well, as shown 
in Figures 3 and 4 for PC1 and PS. If these figures are 
combined and replotted in terms of the coated film thick- 
ness HO3O (Figure 151, the data are shifted and seem to 
form a single sigmoidal curve far each polymer whereby 
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Figure 15. Transverse birefringence vs initial film thickness 
for films cast from DCM by both methods: 0, PCI; 0, PS. 

the transverse birefringence appears to have a high asymp 
tote at low Ho (mostly the BC data) and a low asymp- 
tote a t  high H, (the FC data). The level of birefringence 
in the intermediate range (mostly the FC data) seems to 
depend on concentration, being higher for less concen- 
trated solutions. It is interesting to note that the inflec- 
tion point in the An(H,) curve occurs at about the same 
range of H ,  for both polymers when the same solvent 
(DCM) is used. The data in Figure 15 suggest that the 
casting process involves three distinct regimes. At low 
H ,  (regime I) the birefringence (or stress) is a weak func- 
tion of Ho and is effectively controlled by the intrinsic 
birefringence of the polymer chain. At  intermediate 
H,,’s (regime 11) the birefringence (and residual stress) 
depends strongly on H, as well as on concentration and 
solvent type. At high Ho (regime 111) the birefringence 
is relatively low and independent of H ,  and other cast- 
ing parameters. 

The effect of casting temperature can also be explained 
in terms of the freezing-in mechanism. Although the over- 
all drying rate is increased at  higher temperatures, the 
extent of volume change on vitrification is decreased, and 
it appears to dominate the molecular ordering process 
leading to an overall reduction in birefringence (Figure 
11); &, the dominant term in eq 9, is expected to depend 
nearly linearly on AT, 9 T,  - Tc.24p31 The data in Fig- 
ure 11 together with data for PC1 and for the PS/PPOZ3 
blends can be correlated in terms of the orientation 
function,32 f, vs the temperature interval AT,. The cor- 
relation, shown in Figure 16 for data in regime I (cf. Fig- 
ure 15), suggests that AT has a distinct effect on the 
level of orientation in the film, independent of the poly- 
mer system but with a notable dependence on solvent 
type. The dependence of An (or f )  on ATg was first dem- 
onstrated for a series of plasticized polystyrenes by Prest 
and Luca4 who attribute this behavior to the fact that 
the rate of the freezing-in process increases monotoni- 
cally with AT,. 

Similar arguments can be advanced to explain the sol- 
vent effect. The less volatile solvents are slower to leave 
the film and are therefore more likely to plasticize the 
polymer and reduce the frozen-in stress as is clearly illus- 
trated by the data in Figure 10. In terms of the mecha- 
nism discussed above, the effect of the solvent is 2-fold: 
first, it may shift the inflection point in Figure 15 (regime 
11) to lower H ,  with drop in volatility, and, secondly, it  
may influence the value of - c $ ~  in eq 8. In any case, 
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Figure 17. Data from Figure 16 replotted as f /ATg vs In Vp. 

a drop in solvent volatility consistently reduces the level 
of birefringence in the cast film. The data in Figure 16 
can be conveniently collapsed into a single "master" curve 
by plotting f / A T  vs the vapor pressure of the solvent, 
V,, as shown in figure 17. If the abscissa is logarithmic 
we obtain, within the scatter of the data, a nearly linear 
dependence which can be further condensed to 
f / (AT,  In V,) N (1.2 f 0.3) X OC-' (V, in mmHg) 

(9) 
where the error, *0.3 X OC-l, is the standard devi- 
ation for the data in Figure 17. This correlation can be 
used to estimate the intrinsic birefringence of a polymer 
from measured transverse birefringence for a given sol- 
vent (V,) and ATg. 

The contribution of the substrate to the residual bire- 
fringence is inferred from two sets of data. We have shown 
that the general procedure for removing the film from 
the substrate and the surface energy of the substrate have 
a pronounced effect on the transverse birefringence. Chow 
et al.23 have speculated that, for the case of a film dry- 
ing on a rigid support, the interfacial strain dominates 
the state of stress in the film. In fact, from inspection 
of the drying problem we expect the residual stress to 
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vary from zero at  the free surface to a maximum a t  the 
substrate-film interface. If the interfacial strain is relieved 
before the polymer is fully vitrified, the stress will be 
relaxed, leading to lower birefringence. The interfacial 
strain can be relieved, for example, by "peeling" the film 
off the substrate while some entrapped solvent is present 
near the interface (cf. Figure 8). As noted earlier, large 
amounts of residual solvent were detected in the film a 
long time after casting if the film was not dried inten- 
sively, Le., in vacuo and at high temperature. Likewise, 
the surface energy of the substrate is low, as in the case 
of Teflon or polyethylene (Figures 12-14), and the film 
will delaminate spontaneously from the substrate due to 
poor adhesion before solvent is fully removed. 

V. Summary and Conclusions 
We have shown that polymer films cast from solution 

onto a rigid support possess finite birefringence only in 
the cross-film (transverse) direction which suggests ran- 
dom molecular alignment parallel to the film plane. The 
corresponding level of birefringence depends on the opti- 
cal characteristics of the polymer and on the general mode 
and conditions of the casting procedure. We explored 
two particular casting methods, free casting (FC) and blade 
casting (BC), and observed distinct differences in the level 
of birefringence in films produced by these methods. These 
differences were attributed to the large variations in the 
initial thickness of the liquid layer deposited on the cast- 
ing substrate, which was generally much higher in the 
FC process, corresponding to three distinct casting regimes 
(Figure 15). Other factors influencing the birefringence 
are the solvent type, the casting temperature, the sur- 
face energy of the substrate, and the extent of drying 
when the film is peeled off the substrate. The latter two, 
having a particularly strong effect on the transverse bire- 
fringence, can be readily exploited to manipulate the opti- 
cal properties of polymer films in a casting operation. 

The magnitude (and sign) of birefringence in a cast 
film is also intimately related to the intrinsic birefrin- 
gence of the polymer. Indeed, under some conditions, 
one can use the casting technique to characterize the opti- 
cal anisotropy of the polymer chain and provide a semi- 
quantitative assessment of its intrinsic birefringence (see 
eq 9). 

The drying stress mechanism proposed to describe the 
buildup of molecular order during the casting process 
explains most of our observations in a consistent man- 
ner, and provides a general framework for assessing the 
effect of various casting parameters on the optical prop- 
erties of solvent-cast polymer films. 
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ABSTRACT: The renormalization group theory for the concentration dependence of the osmotic pressure 
of neutral polymers in semidilute solutions is applied to  three structural types of polyelectrolytes: flexible 
chains, exemplified by sodium poly(styrene sulfonate) (NaPSS); compact globular proteins; and stiff chains 
including DNA, pectinate, and (carboxymethy1)cellulose. Renormalization group theory predicts that the 
reduced osmotic pressure, IIMICRT, is a universal function of the reduced concentration A&C, where A, 
is the thermodynamic second virial coefficient and M is the molecular weight. We have used it to analyze 
data in the literature on aqueous salt solutions of the three polyion types. The experimental results for 
NaPSS over a range of salt concentrations from 0.005 to 0.5 M and molecular weight from 3.2 x lo6 to 1.2 
X lo6 in semidilute solution fall on a universal curve independent of polymer molecular weight, polymer 
concentration, and salt concentration. The osmotic pressure of the semidilute polyelectrolyte solution in 
the presence of added salt is very similar to that of neutral polymers in good solvents. The universality of 
IIMICRT vs A&C is also observed for globular proteins and stiff-chain macromolecules, with each struc- 
tural type having its own characteristic curve. The observed high values of the reduced osmotic pressure 
for spherical proteins at high reduced concentration, compared with the flexible NaPSS, are due to  large 
contributions from third and higher virial terms. Conversely, the low values for the stiff-chain molecules 
are due to  weak contributions from higher virials. Qualitively, these differences reflect the different inter- 
penetrabilities of these three types of structures. 

Introduction 

Polyelectrolyte solutions are complicated. To the vari- 
ables c h a r a c t e r i z i n g  neutral p o l y m e r  s o l u t i o n s -  
concentration, molecular weight, and solvent quality- 
m u s t  be added ionic strength and polyion charge. T h u s ,  
there are addi t iona l  complicat ions ar is ing f rom long- 
ranged polyion-polyion and polyion-small ion electro- 
s ta t ic  interactions. Despite these complications, consid- 
erable progress can be made i n  understanding polyelec- 
trolyte solutions. In our previous paper,' we showed that 
renormalization group theory developed for  neutral  

could be appl ied successfully to the diffu- 
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sional dynamics of polyelectrolytes. In th is  paper we con- 
s ider  the application of renormalization group theory to 
the osmotic pressure of solutions of flexible polyelectro- 
lytes. In addi t ion,  we consider similar universal rela- 
t ions for  globular and rodlike polyelectrolytes, s t ruc-  
tures of particular interest in biological systems. A sim- 
ilar survey has been undertaken b y  Burchard& for neutral 
polymers with these shapes and by Cherayil et al.4b for 
linear, star, and ring polymers. 

The osmotic pressure II of semidilute poly(styrene sul- 
fonate)  at var ious salt concentrat ions has been mea- 
sured as a funct ion of polymer concentration C by Koene 
et al.5 T h e y  found that at constant salt concentration, 
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