
1512 Macromolecules 1984,17, 1512-1520 

(7) Semerak, S. N.; Frank, C. W. Macromolecules 1981, 14, 443. 
(8) Gasheari. M. A.: Frank. C. W. Macromolecules 1981.14.1558. 
(9) Holden, D. A.; Rendall; W. A.; Guillet, J. E. Ann. N.Y.’Acad. 

Sci. 1981, 366, 11. 
(10) van Aartsen, J. J.; Smolders, C. A. Eur. Polym. J .  1970,6,1105. 
(11) Smolders, C. A.; van Aartsen, J. J.; Steinbergen, A. Kolloid-2. 

2. Polym. 1971, 243, 14. 
(12) van Emmerik, P. T.; Smolders, C. A. J.  Polym. Sci., Part A-2 

1972, 39, 311. 
(13) Feke, G. T.; Prim, W. Macromolecules 1974, 7, 527. 
(14) Andreyeva, V. M.; Tager, A. A,; Tyukova, I. S.; Golenkova, L. 

F. Polym. Sci. USSR (Engl. Transl.) 1978, 19, 3005. 
(15) Keuvahara, N.; Tachikawa, M.; Hamano, K.; Kenmochi, Y. 

Phys. Rev. A 1982, 25, 3449. 
(16) van Aartsen, J. J. Eur. Polym. J .  1970, 6, 919. 
(17) van Emmerik. P. T.: Smolders. C. A.: Gevmever. W. Eur. Po- 

I - “ 1  

’ lym. J .  1973, 9, 309: 
(18) Noiima. S.: Shiroshita. K.: Nose, T. Polvm. J .  1982, 14, 289. 
(19) Labritzen, J. I.; Hoffman, J. D. J.’Res. N k .  Bur. Stahd.’Sect. 

(20) Cahn, J. W. J .  Chem. Phys. 1965,42, 118. 
(21) Shultz, A. R.; Flory, P. J. J .  Am. Chem. SOC. 1952, 74, 4760. 
(22) Debye, P.; Coll, H.; Woermann, D. J .  Chem. Phys. 1960, 32, 

(23) Debye, P.; Chu, B.; Woermann, D. J .  Chem. Phys. 1962, 36, 

(24) Scholte, Th. G. J. Polym. Sci., Part A-2 1971, 9, 1553. 
(25) Kuwahara, N.; Nakata, M.; Kaneko, M. Polymer 1973,14,415. 
(26) Nakata, M.; Kuwahara, N.; Kaneko, M. J .  Chem. Phys. 1975, 

62, 4278. 
(27) Nakata, M.; Dobashi, T.; Kuwahara, N.; Kaneko, M.; Chu, B. 

Phys. Rev. A 1978,18, 2683. 
(28) Saeki, S.; Konno, S.; Kuwahara, N.; Nakata, M.; Kaneko, M. 

Macromolecules 1974, 7, 521. 
(29) Dobashi, T.; Nakata, M.; Kaneko, M. J. Chem. Phys. 1980, 72, 

6685. 
(30) Shinozaki, K.; van Tan, T.; Saito, Y.; Nose, T. Polymer 1982, 

23, 728. 
(31) Chu, B.; Kubota, K. Macromolecules 1981, 14, 1837. 
(32) Gelles, R.; Frank, C. W. Macromolecules 1982, 15, 1486. 
(33) Fox, T. G., Jr.; Flory, P. J. J .  Appl. Phys. 1950, 21, 581. 

A 1960,64A, 73. 

939. 

1803. 

(34) Frank, C. W.; Gashgari, M. A. Macromolecules 1979, 12, 163. 
(35) Torkelson, J. M.; Lipsky, S.; Tirrell, M.; Tirrell, D. A. Macro- 

molecules 1983, 16, 326. 
(36) Torkelson, J. M., unpublished results. 
(37) Nishihara, T.; Kaneko, M. Makromol. Chem. 1969, 124, 84. 
(38) Roots, J.; Nystrom, B. Eur. Polym. J .  1979, 15, 1127. 
(39) Blandamer, M. J.; Fox, M. F.; Powell, E.; Stafford, J. W. 

Makromol. Chem. 1969, 124, 222. 
(40) Blackmore, W. R.; Alexander, W. Can. J .  Chem. 1961,39,1888. 
(41) Flory, P. J. “Principles of Polymer Chemistry”; Cornell Uni- 

versity Press: Ithaca, NY, 1953; p 615. 
(42) Billmeyer, F. W.; Stockmayer, W. H. J .  Polym. Sci. 1950, 5, 

121. 
(43) Altares. T.: Wvman. D. P.: Allen, V. R. J .  Polvm. Scz.. Part A-1 . .  

1966, 2, 4533.” 
(44) Crape. L. H.: Dimitru. T. E.: Simkens. J. E. J .  Am. Chem. SOC. 

1952,’74, 1977. 
(45) Brandrup, J.; Immergut, E. H., Eds. “Polymer Handbook”; 

Wiley: New York, 1975. 
(46) Nierlich, M.; Cotton, J. P.; Farnoux, B. J .  Chem. Phys. 1978, 

69. 1379. 
(47) de’ Gennes, P. G. “Scaling Concepts in Polymer Physics”; 

Cornell University Press: Ithaca, NY, 1979. 
(48) Perzynski, R.; Adam, M.; Delsanti, M. J .  Phys. (Paris) 1982, 

43, 129. 
(49) Sun, S.-T.; Izumi, N.; Swislow, G.; Tanaka, T. J .  Chem. Phys. 

1980, 73, 5971. 
(50) Wieting, R. D.; Fayer, M. D.; Dlott, D. D. J .  Chem. Phys. 1978, 

69, 1996. 
(51) Dlott, D. D.; Fayer, M. D.; Wieting, R. D. J .  Chem. Phys. 1978, 

69, 2752. 
(52) Frank, C. W.; Gashgari, M. A. Ann. N.Y. Acad. Sci. 1981,366, 

387. 
(53) Gelles, R.; Frank, C. W. Macromolecules 1982, 15, 741. 
(54) Fitzgibbon, P. D.; Frank, C. W. Macromolecules 1982, 15, 733. 
(55) Vala, M. T.; Haebig, J.; Rice, S. A. J .  Chem. Phys. 1965, 43, 

886. 
(56) Ghiggino, K. P.; Wright, R. D.; Phillips, D. J .  Polym. Sci., 

Polym. Phys. Ed. 1978, 16, 1499. 
(57) Hirayama, F.; Lipsky, S. J. Chem. Phys. 1969,51, 1939. 
(58) Hirayama, F. J .  Chem. Phys. 1965, 42, 3163. 

Optical Properties of (Hydroxypropy1)cellulose Liquid Crystals. 
Cholesteric Pitch and Polymer Concentration 
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ABSTRACT: Liquid crystalline solutions of (2-hydroxypropyl)cellulose (HPC) in water, acetic acid, and 
methanol were examined by optical microscopy, refractometry, optical rotatory dispersion, and optical diffraction. 
Light transmission through thin and thick layers of the liquid crystalline phase was measured spectropho- 
tometrically. The apparent absorption of light by thick layers and the angular variation in reflected wavelength 
were in accord with a polydomain structure. The cholesteric pitch was determined as a function of HPC 
concentration from measurement of the reflection band wavelength and the average refractive index for 
short-pitch samples and by optical microscopy or laser diffraction for long-pitch samples. The reciprocal pitch 
varied as the third power of the HPC concentration. The data also followed the concentration dependence 
predicted in a recent theory (H. Kimura, M. Hosino, and H. Nakano, J .  Phys. SOC. Jpn.,  51, 1584 (1982)). 

A large number of cellulose derivatives form lyotropic 
and thermotropic liquid crystalline phases.’ The polymeric 
component of these phases consists of a linear chain of 
B-( 1-4)-linked anhydroglucose uni t s  with il wide variety 
of nonmesogenic substituents on the hydroxyl groups. The 
cellulose backbone is optically active and cellulosic me- 
sophases show cholesteric properties. Lyotropic systems 
often reflect visible light,2,3 indicating that the cholesteric 
pitch is of the magni tude  of the wavelength of light, b u t  
much larger pitch values ( P  - 1-10 pm) have  been ob- 
served for some solutions of cellulose derivatives.*s5 Cho- 
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lesteric reflection has also been observed for solvent-free 
thermotropic cellulose derivatives at elevated6 and room 
temperatures.’ 

In this paper, the relationships between the cholesteric 
pitch and some optical propert ies  are summarized. The 
experimental variation in pitch with solvent concentration 
for (2-hydroxypropy1)cellulose (HPC) is presented. The 
results are compared with those for other cholesteric liquid 
crystalline materials and with theory. 

Discussion of optical properties of cholestericss is based 
on the theory of de V r i e ~ ; ~  the interpretat ion of t h e  fin- 
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gerprint texture of polymeric long-pitch cholesterics is 
based on the work of Robinsonlo and subsequent obser- 
vations" on polypeptide systems. 
Experimental Section 

(Hydroxypropy1)cellulose samples HPC-E, HPC-L, and HPC-J 
were supplied by Hercules Inc. These samples, marketed under 
the trade names Klucel E, L, and J ,  respectively, were reported 
by the makers to  have on average 3.6-3.8 hydroxypropyl sub- 
stituents per anhydroglucose unit.12 A slightly higher molar 
substitution for HPC-E has been reported recently in a careful 
13C NMR study by Lee and Perlin.13 The molar mass of each 
sample was measured by short-column sedimentation equilibrium 
in water with a Beckman Model E analytical ~1tracentrifuge.l~ 
Solutions from 1.7 to  10.5 g/L were centrifuged at 12 000 rpm 
for 4 h. The values for molar mass calculated from an extrapo- 
lation to zero concentration were 60000, 82000, and 100000 for 
HPC-E, HPC-L, and HPC-J, respectively. These values are in 
good agreement with the manufacturer's data and with a value 
of 73 000 measured by sedimentation velocity15 for a dialyzed 
HPC-L sample. (The above molar masses are lower than values 
that we measured by low-angle laser light scattering in water, 
ethanol, and tetrahydrofuran, but difficulties were experienced 
with incomplete solution and time-dependent aggregation in the 
light scattering experiments.14J6 This behavior has been observed 
for other cellulose derivatives.17J8) A sample of (acetoxy- 
propy1)cellulose (APC) was prepared from HPC by esterification 
and characterized as described previously.6 

Liquid crystalline solutions were prepared from HPC and water 
or organic solvents (AnalaR or spectral grades, as received). 
Aqueous samples were prepared by weighing dried polymer into 
15-mL polyethylene-capped glass vials and adding known amounts 
of water. The capped samples were allowed to stand for a t  least 
1 month. The concentration and uniformity of the liquid crys- 
talline solutions that formed above 42% by weight HPC16 were 
checked by gravimetric analyses of the mesophases. Aliquots of 
10-20 mg of each HPC solution were transferred rapidly and 
carefully to preweighed aluminum differential scanning calorim- 
eter pans. The weight was measured on a Cahn gram electro- 
balance. The water was removed by heating at 85 "C for 30 min 
and then a t  105 "C to  constant weight. Each analysis was per- 
formed in triplicate. The concentration in almost all cases was 
within 1 % of the initially prepared composition. Organic me- 
sophases were prepared and analyzed in a similar manner. This 
care was necessary because, as will be shown, the wavelength of 
light reflected from the cholesteric mesophases is very sensitive 
to  the polymer concentration. 

Optical rotatory dispersion (ORD) measurements were made 
with a Jasco ORD/UV5 spectropolarimeter. The ORD spectra 
of dilute isotropic solutions of HPC were measured in a standard 
10-mL ORD sample cell at 21  "c. Aqueous D-glucose solutions 
were used as calibrants. The rotatory dispersion of the viscous 
and highly optically active liquid crystalline phase was measured 
on thin layers of mesophase sealed between two microscope slide 
cover glasses with epoxy resin. The thickness of the mesophase 
and cover glasses was measured with a precision micrometer. 
Some variation in thickness across the samples was evident, so 
for more precise measurements, the mesophase was sealed with 
wax in quartz cells with a 0.01-mm spacing (Hellma Canada). The 
cells were allowed to  stand 24 h before they were mounted in the 
spectropolarimeter. This allowed the initial shear orientation of 
samples to relax and assume a more uniform texture. The samples 
were handled with care to avoid mechanical stress; slight pressure 
caused a striking effect on the optical properties. Measurements 
were made between 700 and 300 nm. Thin samples were necessary 
to keep the measured rotation within the 52' range of the in- 
strument. A sharp, intense reflection band was observed spec- 
trophotometrically as an apparent absorption peak a t  the 
wavelength at  which the sign of the optical rotation reversed. The 
absorption spectra were measured with a Cary Model 17 spec- 
trophotometer; the near-infrared capability of this spectropho- 
tometer allowed us to  measure reflection bands to 1500 nm. The 
angular dependence of the reflection band wavelength was 
measured with a Pye Unicam SP8-150 spectrophotometer 
equipped with a variable-angle specular reflectance accessory. The 
mean refractive index of each mesophase sample was measured 
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Figure 1. Optical rotatory dispersion for dilute solutions of 
(hydroxypropy1)cellulose in water (e), methanol (w), acetic acid 
(01, and Cellosolve (0) at 21 "C. 

with an Abbe refractometer (Carl Zeiss Model 44159). Fingerprint 
line spacings were measured either by photographing the meso- 
phase samples with a Reichert Zetopan microscope and Nikon 
F camera (with an etched scale slide as calibrant) or by photo- 
graphing the diffraction ring produced when light from the he- 
lium-neon laser (Spectra-Physics 145) impinged at right angles 
on a sample of mesophase held between a dished microscope slide 
and cover glass. 

Results and Discussion 
Dilute Solutions. The cholesteric properties of cellu- 

lose-based liquid crystals result from the presence in the 
anhydroglucose chain of asymmetric carbons which impart 
optical activity to cellulose and cellulose derivatives. The 
variation in optical rotation with wavelength for dilute 
solutions of (hydroxypropy1)cellulose in several solvents 
is shown in Figure 1. The curves show a monotonic in- 
crease in negative rotation with decreasing wavelength; the 
specific rotation varies approximately as the inverse square 
of the wavelength as expected for a plain negative optical 
rotatory dispersion (ORD) curve.1g Molecules with chro- 
mophores in a chiral environment show anomalous ORD 
curves with an inversion of sign in optical rotation at the 
wavelength of absorption of intense chromophores and a 
peak in the corresponding circular dichroism (CD) spectra, 
where one component of circularly polarized light is 
preferentially absorbed by the chrom~phore. '~ (Hydrox- 
ypropyl)cellulose, like cellulose, has no chromophore in the 
visible or near-UV region of the spectra. 

I t  is not yet clear how the chiral properties of the cel- 
lulose chain impart a cholesteric structure to the concen- 
trated mesophase. I t  has been shown that an assemblage 
of long helical rods of a given handedness will produce a 
twisted nematic structure.z0-22 This model seems appro- 
priate far helical polypeptide chains and there is strong 
evidence that the (hydroxypropy1)cellulose chains also 
assume a helical conformation in the solid state,z3 but 
whether a helical chain conformation is a necessary con- 
dition for formation of all cellulosic mesophases is still not 
known. The incorporation of an optically active solventz4 
or comonomerz5 in a stiff-chain mesophase is sufficient to 
generate the cholesteric structure, presumably without 
inducing a helical chain conformation, and cellulose itself 
exists in a planar zigzag conformation in the solid state.26 
Incorporation of cholesteryl ester side chains in a flexible 
silicone-based polymer also results in a cholesteric struc- 
turea2I 

Planar Texture of Cellulosic Cholesterics. Many 
cellulose-based polymers are observed to form anisotropic 
phases at polymer concentrations above about 35% poly- 
mer by weight.l Factors such as chain flexibility, molecular 



1514 Werbowyj and Gray 

t 

Macromolecules, Vol. 17, No. 8, 1984 

I I 1 I I 1 

I 

P/2 
I 

Figure 2. Sketch of a planar helicoidal, cholesteric arrangement 
made up of semiflexible chains. The helicoidal axis is vertical 
and the helicoidal pitch is P. 

weight, and polymer-solvent interactions influence the 
critical c o n ~ e n t r a t i o n . ' ~ ~ ~ ~ ~ ~  The persistence length of a 
chain molecule in the mesophase is assumed to be much 
greater than its contour length (although the direction of 
the chain elements may fluctuate about the preferred 
direction) and the chains tend to be parallel to each other. 
However, the presence of chiral elements causes the chains 
to be displaced a little from parallel. When the array of 
chains is constrained by a flat surface, the supermolecular 
helicoidal structure sketched in Figure 2 may in time de- 
velop. The "planar cholesteric" structure shows a very high 
optical activity when viewed along the helicoidal axis. The 
sign of the optical activity changes sharply at a wavelength, 
X, which is a function of the temperature for thermotropic 
cholesterics and is also a function of concentration for 
lyotropic systems. Furthermore, when the sample is illu- 
minated normally with white light, it reflects one circularly 
polarized component of light in a narrow wavelength band 
around A,. This reflection band if in the visible region of 
the spectrum gives rise to the intense iridescent colors 
characteristic of many cholesteric materials. 

de Vriesg developed a theory to account for the opical 
properties of planar cholesterics that is based on a model 
consisting of a large number of birefringent layers, each 
with its optical axis slightly displaced from its neighbors 
in a helicoidal arrangement. Variables in the theory are 
the helicoidal pitch, the layer birefringence, and the av- 
erage refractive index of the material. According to this 
model, the wavelength X, of normally reflected light in air 
is given by 

X, = ?iP (1) 

where X, is the wavelength of reflected light in air, ii is the 
average refractive index of the mesophase, and P is the 
helicoidal pitch. 

The rotatory power of the liquid crystal at wavelengths 
larger and smaller than that of the reflected light is given 
by 

?r(An)2P o = -  
4X2[1 - (X/X,JZ] 

where 8 is the optical rotation expressed in rad/nm at a 
wavelength X and An is the layer birefringence. 

The rotation induced by planar cholesterics shows an 
inversion of sign at  Xo, which resembles the Cotton effect 
for a chromophoric group in a chiral en~ironment . '~  
However, the physical basis of the effect is quite different 
and the magnitude of the rotation is much larger for planar 
cholesterics than for isotropic solutions of optically active 
components. This is illustrated in Figure 3, where the 
optical rotatory dispersion for thin layers of HPC meso- 
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Figure 3. Examples of optical rotatory dispersion curves for 
planar texture (hydroxypropy1)cellulose mesophases. HPC-L 
sample in water (X, = 475 nm) and methanol (X, = 600 nm). Both 
samples 10 pm thick. 
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Figure 4. Optical rotation as a function of wavelength outside 
the reflection band for a planar aqueous HPC-J solution (thickness 
69 pm, X, = 524 nm, and ii = 1.431). The value of An, measured 
from the slope, is 0.0075. 

phases is plotted in the same units as for the dilute solu- 
tions (Figure 1). 

The positive rotation on the low-wavelength side of Xo 
shown in Figure 3 indicates that the helicoidal arrangement 
shown in Figure 2 is a right-handed s t r u ~ t u r e . ~  The var- 
iation in rotation with wavelength given by eq 2 is observed 
for cellulosic cholesterics outside the reflection band region 
close to X,.6 It is assumed that the average refractive index 
and the birefringence of the sample remain constant with 
wavelength. Plotting 8 against the appropriate function 
of the wavelength from eq 2 gives a straight line (Figure 
4), from whose slope a value for An, the layer birefringence, 
may be deduced. The magnitude of An governs the in- 
tensity and width of the cholesteric reflection band for very 
thin samples; An may independently be determined from 
the anisotropic refractive indices of the mesophase. The 
measurement and interpretation of the anisotropic re- 
fractive indices will be discussed in a subsequent paper. 

Effect of Incident and Observation Angle on Re- 
flected Wavelength. Light reflected from cholesteric 
materials shows a characteristic iridescence because, unlike 
normal absorption colors, the wavelength of the reflected 
light depends on the angle of viewing. A beam of incident 
light striking a planar structure (Figure 5a) at an angle 4 
(in air) is reflected at  angle 4 as an elliptically polarized 
beam of wavelength Xo (in air) given by3' 

- - iiP sin +B = - AP COS 4' 
m m 0 -  (3) 

where +B is the Bragg angle between the incident beam 
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Figure 5. (a) Sketch of reflection and transmission for light 
incident at angle 4 to planar cholesteric. (b) Sketch of reflection 
and transmission for light incident on a sample with planar 
cholesteric structure inclined at angle /3 to the plane of the sample. 
Broken limes indicate cholesteric structure with pitch P and axis 
n o d  to lines, 4i and are the angles of incidence and reflection 
from the sample in air, and 4B is the angle of incidence and 
reflection from cholesteric structures in the medium. 

and a scattering plane in the mesophase and $'is the angle 
of incidence and reflection inside the mesophase, which 
is related to the external angle 4 by Snell's law 

(4) 

and m is an integer. (For C#I = 0, only the first-order re- 
flection, with m = 1, is found and the reflected light is 
circularly polarized.) The wavelength maximum for the 
reflection band as a function of incident angle can thus 
be found; a more detailed treatment32 is necessary to 
predict the shape of the reflection band. Only light of 
wavelengths close to A,, is reflected; other wavelengths are 
transmitted so, for white incident light, the transmitted 
beam will show the complementary color to the reflected 
beam. 

It  is unusual to find extensive areas of a planar texture 
in cholesteric lyomesophases; examination between crossed 
polars often shows a grainy appearance characteristic of 
polydomain structure where the helicoidal axes are di- 
rected at  all angles within the sample, rather than per- 
pendicular to the sample walls. If $B is the Bragg angle 
between the incident light and a scattering plane in the 
mesophase that is oriented at  an angle 6 to the sample 
surfaces (Figure 5b), then from eq 2 and Snell's law, 
Fergason31 has shown that for samples with low birefrin- 
gence, the wavelength of the component reflected at angle 

6' = sin-' (sin $ /a )  

is related to the angle of incidence $i by 

iiP cos - 1 sin-1 (%) + f sin-1 (7) sin dr Xo = - m 2  ( 5 )  

It is evident from Figure 5b that for a specified wavelength 
and angles of incidence and reflection, only those layers 
of mesophase with a single orientation angle, P, will con- 
tribute to the reflected light. For normal incidence and 
reflection, the color reflected from a polydomain texture 
is of course the same as for a planar texture. However, 

360 
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Figure 6. Angular variation in wavelength of reflected light for 
HPC-L, 64 w t  % in water, measured with spectrophotometer and 
specular reflectance attachment (solid circles). The line is cal- 
culated from eq 5 with 4i = 4, and experimental values for ii and 
P of 1.436 and 336 nm, respectively. 

transmission measurements on polydomain samples will 
also show absorption at wavelengths shorter than A,,, rather 
than the sharp peak close to X, shown by the planar tex- 
ture. This is because the transmitted beam is diminished 
by light reflected at all angles from the randomly oriented 
planar structures. 

Robinson determined the pitch values for solutions of 
poly(y-ethyl L-glutamate) in ethyl acetate from measure- 
ments of the angular variation in wavelength of the scat- 
tered light.33 This method has been applied to solutions 
of cellulose triacetate in trifluoroacetic acid.34 

The angular variation in reflected wavelength for a 
(hydroxypropy1)cellulosewater mesophase was measured 
by means of a spectrophotometer with a specular reflec- 
tance accessory. The angles of incidence and reflection 
were equal for the experimental geometry. The variation 
in the wavelength of peak reflection with angle was in good 
agreement with that predicted by eq 5. Results are shown 
in Figure 6. The color of this sample thus changed from 
green when viewed normally to violet when viewed at lower 
angles. 

Transmission through Thick Samples. For P = 0, 
normally incident light transmitted by the sample is de- 
pleted at A,, = iiP by light reflected from the sample. For 
finite values of /3, the transmitted light is depleted at 
shorter wavelengths. Thus for a sufficiently thick poly- 
domain (nonplanar) sample, wehre the helicoidal axes are 
not oriented by wall or external field effects, all values of 
/3 are encountered as the light traverses the sample, and 
depletion will be observed for all X less than or equal to 
iiP. Thus, in addition to losses to the transmitted beam 
from scattering from the birefringent fluid, reflectance 
from the randomly oriented cholesteric structures causes 
an apparent absorption for all wavelengths shorter than 
iiP. 

The apparent spectrophotometric absorbance for a series 
of solutions of APC in acetone is shown in Figure 7. The 
absorbance of the solutions in 12-mm-diameter glass sam- 
ple vials was measured in a double-beam instrument with 
a 50.0 wt % isotropic solution in the reference beam. 
Curve 3 of Figure 7 shows several distant features. This 
sample, which reflected a red color in white light, shows 
an increasing apparent absorbance with decreasing wave- 
length from 850 to about 720 nm. This is presumably due 
to scattering of light from the turbid birefringent fluid. 
The absorbance increases steeply in the 720-630-nm range, 
due to reflection from cholesteric structures with helicoidal 
axes approximately parallel to the beam directions. 
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Figure 7. Apparent absorbance for thick (12-mm diameter) 
samples of (acetoxypropy1)cellulose in acetone. Concentrations 
in weight percent polymer: (1) 74.0; (2) 80.0; (3) 82.0; (4) 83.9; 
(5) 85.0; (6) 85.9; (7) 87.7; (8) 90.0. 

However, the transmitted intensity does not drop again 
at  higher wavelengths to give the apparent absorption 
peaks observed for thin samples but remains on a plateau, 
presumably because of reflections from cholesteric struc- 
tures with axes at finite angles to the beam direction. As 
expected from the behavior of thin samples, increasing the 
concentration of polymer moves the steeply increasing 
portion of the absorption curves to shorter wavelengths 
(curves 4-8). The intensity of the apparent absorption 
seems to be somewhat greater for the higher concentra- 
tions. Curve 2 resembles curves 3-8, but the steep increase 
in apparent absorption is moving into the near-infrared 
region. A still lower concentration of polymer gives curve 
1, which shows no steep portion because the reflection 
band is now at  a wavelength beyond the range of the 
spectrophotometer. Solutions containing less than 30% 
APC are isotropic and show no significant absorption in 
this wavelength range. Solutions of cellulose triacetate in 
trifluoroacetic acid gave somewhat similar spectrophoto- 
metric results, but over a much more restricted wavelength 
range.% Thus the spectrophotometric method can give an 
indication of the cholesteric pitch of polymeric liquid 
crystals. However, a quantitative theory to account for 
the shape of the apparent absorption curves for thick 
turbid samples with multiple reflection is not yet available, 
and more precise results for Xo are available from ORD, 
CD, or spectrophotometric measurements on thin samples. 
Spectrophotometric results for thin layers of APC in 
acetone were reported previouslya6 

Long-Pitch Cholesteric Samples. The iridescent 
colors reflected from cholesteric liquid crystals with pitch 
values of the order of visible light are accounted for by de 
Vries' theory for planar cholesterics. However, the first 
reported polymeric mesophases (poly(y-benzyl glutamate) 
in dioxane or methylene chloride) showed cholesteric 
structures with much larger pitch values. The structure 
of these liquid crystalline phases, which show a charac- 
teristic fingerprint-like pattern under the microscope, was 
first elucidated by Robinson.lo He deduced that the 
pattern resulted from viewing a cholesteric structure at 
right angles to the cholesteric axis; the spacing of the al- 
ternating light and dark lines corresponded to half the 
pitch of the supermolecular helicoidal arrangement. 
Robinson noted the correspondence between a sample of 
mesophase showing this fingerprint texture and a dif- 
fraction grating. For a grating with a spacing of P/2  
(Figure 8a), the diffraction condition in the medium is 

(6) 
AP 

Xo = -(sin 2m + sin &') 

U n 

Qi J 

Figure 8. (a) Sketch for diffraction from a long-pitch cholesteric 
structure with helicoidal axis parallel to the surfaces of the sam- 
ples. The distance P/2  between the dots represents the periodicity 
in refractive index of the fluid. (b) Alternative reflection model 
for scattering from long-pitch cholesteric structure. Compare with 
Figure 5b. 

where Xo is the incident wavelength in air, ii is the re- 
fractive index of the medium, and m is an integer. Neg- 
lecting again the difference in refractive index between 
glass and liquid crystalline medium, the beam directions 
in air and in the mesophase are related by Snell's law (eq 
4), and eq 6 becomes 

(7) X, = -(sin q$ + sin @J 

This equation holds for a grating of periodicity P / 2  for 
reflection and transmission, as well as for a grating covered 
by a medium of any refractive index whose surfaces are 
parallel to the mean grating surface.35 (There is some 
confusion between diffraction and Bragg scattering con- 
ditions in the literature on fingerprint patterns.) For 
normal incidence where $i = 0, eq 7 reduces to the equation 
employed by Robinson.1o It  is of course a simplification 
to regard the fingerprint texture as a two-dimensional 
phase grating; the lines actually correspond to planes of 
continuously varying refractive index oriented normally 
to the glass surfaces. Nevertheless the line spacings ob- 
served by light microscopy are very regular, leading to 
grating-like behavior. This has been observed in many 
concentrated polypeptide solutionslOJ1 and has also been 
observed for solutions of some cellulose d e r i v a t i v e ~ ~ ~ ~ ~ , ~ ~  
and for the polysaccharide schizophyllan in water.3s Fin- 
gerprint patterns randomly oriented in the plane of the 
sample when illuminated normally with monochromatic 
light produce a diffraction ring on a screen placed behind 
the sample and perpendicular to the beam. Although 
higher diffraction rings have been reported for polypeptide 
solutions,'O only a single ring has been observed for poly- 
s a c c h a r i d e ~ ~ ~  and cellulose derivatives. 

An alternative to the diffraction approach is to consider 
Bragg-like reflection from those cholesteric planes in a 
polydomain structure which are oriented almost perpen- 
dicularly to the glass plates (Figure 8b). In this case, it 

P 
2m 
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Fiyre  9. Fingerprint lines for 43 w t  % HPC-L solution in acetic 
acid. 

Figure 10. Light diffraction pattern for -39 wt % HPC-L 
solution in acetic acid with a He-Ne laser light source. Sam- 
ple-to-film distance was 6.6 cm. 

can be readily shown by analogy with Fergason's method 
that the wavelength of the light passing through the sample 
and emerging at angle 4, is related to the angle of incidence 

For normal incidence (4; = O), this equation is equivalent 
to the refraction-corrected Bragg scattering condition for 
a fingerprint pattern given by Van, Norisuye, and Tera- 
mota.% These authors also describe a simple method to 
account for the thickness of the sample and for refraction 
at the glass surfaces enclosing the sample?8 For small 
values of 4, where 6 - sin 4, eq 8 reduces to eq I. 

Cellulose derivatives show long-pitch cholesteric struc- 
tures in solvents that allow mesophase formation at rela- 
tively low volume fractions of polymer. A typical finger- 
print pattern is shown in Figure 9. The fingerprint line 
spacings decrease with increasing polymer concentration 
until they are no longer resolvable in the optical micro- 
scope. Figure 10 shows an example of the diffraction ring 
produced by a HPC-L-acetic acid mesophase illuminated 
normally with a helium-neon laser. The diffraction rings 
are rather broad, leading to some uncertainty in the pitch 
values. Figure 11 shows the variation in pitch with con- 
centration for HPC-L in acetic acid. (The pitch values 
calculated from the radius of the diffraction ring and eq 
7 differ slightly from the microscopically observed pitch 
values because of sample and glass thickness and distortion 

(Hydrorypropy1)cellulose Liquid Crystals 1517 - 
VOLUME FRACTION HPC-C 

Figure 11. Variation in helicoidal pitch with volume fraction 
of HPC-L in acetic acid. Open circles from light microscopy. 
Closed circlea with error bars from h e r  diffraction measurements 
(see text). 

caused by the curved surface of the dished microscope 
slides used to  hold the samples.) 

The colors resulting from cholesteric reflection (eq 5) 
and from the diffraction grating effect (eq 7) are readily 
distinguished. Cholesteric colors are best viewed in re- 
flection against a black background and the wavelength 
varies only slight with the viewing angle. The diffraction 
colors from cholesteric samples with values of P larger than 
the wavelength of visible light are most readily observed 
with sample between light source and viewer, and the 
colors are very sensitive to viewing angle. The dependence 
of wavelength on viewing angle may be calculated from eq 
5, 7, and 8. For example, with 4i = 0, fi = 1.4, and m = 
1, cholesteric reflection from a sample with a pitch of 400 
nm ranges from a peak wavelength of 560 nm when viewed 
normally (& = 0) to 529 nm when viewed at 6, = 60". 
However, the wavelength of the firsborder diffraction color 
from a sample with a pitch of 2000 nm increases a c r m  the 
visible spectrum from 400 to 700 nm as the angle of viewing 
increases from $r = 23" to  & = 42O. In contrast to the 
reflection colors (Figure S), the diffraction colors were too 
faint to measure accurately with the spectrophotometer 
and reflectance attachment but the variation in color with 
angle was observed qualitatively. 

Cholesteric Pitch and  Polymer Concentration. In 
his pioneering study of polypeptide liquid crystalline so- 
lutions, observed that the pitch of the helicoidal 
structure varied inversely as the square of the polymer 
concentration 

1/P = 42 (9) 

where 4 is the volume fraction of polymer Subsequent 
work by Robinson" and  other^^^.^^ has shown that the 
magnitude of the pitch and even the sense of the helicoidal 
arrangement for a given polypeptide may be a function of 
solvent, temperature, and molecular weight and that these 
factors affect the relationship between pitch and poly- 
peptide concentration. In general, experimental results 
for single-stranded polypeptides may be fitted to the re- 
lationship 

1/P 0: += (10) 

where x has a value between 1 and 2.% Iizuka found x to 
be 1.1 for double- and triple-stranded polyribonucleotide 
liquid crystals."" 

Cellulose-based liquid crystals display a somewhat 
steeper inverse dependence of pitch on concentration. 
Values of x equal to 3 have been reported for (hydroxy- 
propy1)ceUulose in waterd1 and (acetoxypropy1)cellulme in 
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Figure 12. Variation in helicoidal pitch, P, with weight fraction 
of HPC-E (+), HPC-L (a), and HPC-J (m) in aqueous solution. 
Values of P derived from ORD or spectrophotometric data. 
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Figure 13. Helicoidal pitch, P, measured spectrophotometrically 
as a function of HPC-E volume fraction in water. 

acetone.6 Further data on (hydroxypropy1)cellulose are 
presented here. Long-pitch samples of HPC in acetic acid 
display fingerprint lines whose spacings follow the inverse 
third power relationship with volume fraction (Figure 11). 
Samples were reflection bands in the visible range also 
follow this relationship. Figure 12 shows data for several 
HPC samples in water. In this case, the concentration is 
given as the weight fraction of polymer in water. The 
reflection band wavelength, A,,, was found from ORD or 
spectrophotometric measurements and the mean meso- 
phase refractive index at  the concentration in question was 
measured with an Abb6 refractometer. The scatter in the 
points is not surprising in view of the different samples 
and methods used. Figure 13 shows spectrophotometric 
results for aqueous solutions of HPC-E; these results are 
more precise. However, care must be exercised in assigning 
any functional dependence of pitch to concentration be- 
cause of the relatively small changes in concentration in- 
volved. (Replotting the data from Figure 13 as P 1 I 2  
against volume fraction still gives a plausible straight line 
but with a slightly lower correlation coefficient.) To avoid 
ambiguity, measurements are required over as large a 
concentration range as possible. 

To achieve this, we sought a single polymer-solvent 
system that would give cholesteric mesophases with pitch 
values ranging from those measurable in an optical mi- 
croscope (fingerprint patterns) to those of the magnitude 
of the wavelength of visible light (reflection colors). 
(Hydroxypropy1)cellulose in acetic acid gave both long- 
pitch samples and cholesteric colors but, a t  the high con- 
centrations needed to form colors, the material was stiff 
and difficult to handle. However, the same polymer in 
methanol gave the required results, with pitch values 

O o 7  tl , l 3500 

0 3  0 4  0.5 0.6 0.7 
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Figure 14. Plot of P1I3 against volume fraction of HPC-L in 
methanol. Open triangles are results for long-pitch samples 
measured by optical microscopy or laser diffraction. Closed 
triangles are from reflection wavelengths measured by ORD or 
spectrophotometrically. 

ranging from 300 to over 2000 nm as the concentration of 
polymer decreased. Again, a reasonable straight line re- 
sulted when an inverse third power relationship was as- 
sumed (Figure 14). Thus, the cellulose-based mesophases 
examined to date show an inverse third power dependence 
of pitch on concentration. This is a markedly greater 
sensitivity of pitch to changes in concentration than that 
shown by polypeptide systems. Recently, Fried, Gilli, and 
S ~ X O U ~ ~  also found a solvent-dependent exponent greater 
than 3 for HPC in several organic solvents. 

A higher concentration of cellulose-based chains is re- 
quired to form a liquid crystalline phase16s28,30 than is the 
case for the stiffer polypeptide chains.43 Thus a cholesteric 
phase of a semiflexible polymer generally contains more 
polymer than an equivalent phase of a stiff-chain polymer. 
The exponent x in eq 10 for different systems does appear 
to be larger for more flexible polymers and therefore for 
higher polymer concentrations. In this context, the low 
exponent value of - 1.9 for the stiff carbohydrate schizo- 
p h ~ l l a n ~ ~  indicates that variations in x are not simply due 
to some intrinsic difference between carbohydrate-based 
and polypeptide-based systems. 

Equation 10 is a purely empirical relationship. In a 
recent paper, Kimura and co-workersZ2 presented a sta- 
tistical theory for the ordering of an assembly of helical 
rodlike molecules. According to this theory, the cholesteric 
pitch is given as a function of temperature and concen- 
tration by 

1 1 2  AA - 
P x2 LD 

where 

f (4 )  = [1 - (4/3)1/[1 - @ I 2  (12) 
and d, is the bolume fraction of rods of length L and di- 
ameter D, A and A are factors that characterize the helical 
shape of the molecules, T i s  the temperature of measure- 
ment, and TN is the temperature a t  which the twist dis- 
appears (P  - m). Thus, for a given polymer, solvent, and 
temperature, the reciprocal pitch 1/P varies as d,f(+) and 
not as in eq 10 with a concentration-independent exponent, 

The reciprocal pitch for three carbohydrate-based me- 
sophases is plotted against d,f($) in Figure 15. Curve 1, 
for a (hydroxypropy1)cellulose mesophase in water, was 
determined from our spectrophotometric measurements. 
Curve 2 was calculated from the results tabulated by Van 
et  al.38 for diffraction measurements on aqueous schizo- 

X .  
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Figure 15. Plot of reciprocal pitch against d ( l  - #/3)/(1- I$)? 
line 1 (triangles), spectrophotometric data for HPC-L in water; 
line 2 (squares), laser diffraction data for schizophyllan in water, 
calculated from data in ref 38; line 3, HPC-L in methanol (open 
circles are microscopic data, and closed circles are spectropho- 
tometric data). 

phyllan mesophases; the concentration is in weight rather 
than volume fractions, and a constant value for the re- 
fractive index was assumed. Curve 3 is the data for (hy- 
droxypropy1)cellulose in methanol previously plotted in 
Figure 14. The data give reasonably linear plots that pass 
close to the origin. Thus, the concentration dependence 
of the cholesteric pitch is in fairly good agreement with 
the theory of Kimura et Interpretation of the slope 
of the lines (Figure 15) in molecular terms requires 
quantitative measurements of pitch as a function of tem- 
perature and chain length. 

The behavior of the currently known cellulosic cho- 
lesterics seems simpler than that of conventional choles- 
teryl esters and polypeptide-based systems. The ORD 
results reported here and in previous work276J4* for a range 
of cellulosics and solvents are all compatible with a 
right-handed helicoidal arrangement.u Furthermore, the 
pitch for cellulose-based systems increases with increasing 
t empera t~ re .~p~JJ~ i~  Thus the reversal of handedness with 
solvent composition and temperature that has been ob- 
served for polypeptide’l and low molar mass@ cholesterics 
has not yet been observed for cellulosics. According to 
Kimura et a12’ a thermally induced reversal should occur 
at temperatures above TN (eq 11); TN for the cellulose- 
based systems examined to date is apparently outaide the 
accessible range of temperatures between the glass tran- 
sition temperature and the clearing temperature. A sol- 
vent-induced reversal of cholesteric pitch is predicted to 
occur for a system of helical rods when the dielectric 
constant of the medium t, changes from E, 5 z, to t, 2 
zC, where z, is the geometric mean of the two principal 
dielectric constants of the rod normal to the rod axis.20 
The right-handed twist for HPC mesophases indicates that 
if the molecules do in fact behave as helical rods (e.g., as 
the left-handed 32 helix proposed for crystalline HPC23), 
then the critical dielectric constant has not been attained. 
HPC has been examined in solvents ranging from water 
( E  = 80) to dioxane (t = 2.2) without finding any evidence 
to date for reversal of twist. 
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ABSTRACT: The determination of polymer/polymer interaction parameters ( x )  from melting point data 
is critically reviewed with emphasis on two major areas. The first concerns variations of morphology with 
blend composition which can restrict attempts to calculate x if nonequilibrium melting points are used. An 
equation is presented that relates the experimentally observed melting point change upon blending to the 
thermodynamic melting point depression and a morphological term that accounts for changes in lamellar 
thickness. Other morphological factors such as crystalline perfection and size are discussed. The second area 
of interest involves processes such as lamellar thickening during thermal analysis that can seriously impair 
determination of “true” crystalliie melting points. Finally, methods for directly determining blend equilibrium 
melting points are discussed. 

1. Introduction 
In the past decade, blending or alloying polymers has 

been shown to be an excellent way of developing new 
materials exhibiting combinations of properties that cannot 
be obtained from any one polymer. Of special interest are 
those blends in which the component polymers are be- 
lieved to be mixed on the molecular level. A large number 
of these “compatible” blends are composed of macro- 
molecules that are chemically dissimilar. It is believed that 
specific interactions between unlike moieties are the 
driving force for miscibility in these systems. Chemically 
similar polymers can also exhibit compatibility. However, 
since the change in entropy upon mixing is small for two 
high molecular weight materials, the enthalpy of mixing 
cannot exceed a small critical value without phase sepa- 
ration occurring. It is for this reason that the rule of “like 
dissolves like” does not always apply to polymeric alloys. 

There is a great deal of interest in compatible systems 
that contain a t  least one crystallizable component (crys- 
talline/compatible blends). This is at least partially due 
to the fact that roughly one-half to two-thirds of all com- 
mercially significant polymers are crystalline or crystal- 
lizable. In these systems, the crystalline regions are phase 
separated from a miscible amorphous matrix. 

Research on compatible blends, as well as polymer alloys 
in general, has expanded in the past 5-10 years as evi- 
denced by the publication of a number of texts and review 
arti~les. l-~ However, many questions remain unresolved. 
One of the most intriguing of these is the nature and extent 
of polymer/ polymer compatibility. The most widely used 
technique for determining the magnitude of compatibili- 
ty-inducing interactions in crystalline/compatible blends 
is melting point depression. The purpose of this article 
is to critically review this approach. 

2. Background 
Thermodynamic considerations predict that the chem- 

ical potential of a polymer will be decreased by the ad- 
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dition of a miscible diluent. If the polymer is crystallizable, 
this decrease in chemical potential will result in a decreased 
equilibrium melting point. Using the thermodynamic 
considerations of Scott: Nishi and Wang7 derived a rela- 
tionship describing the melting point depression of a 
crystalline polymer due to the presence of a miscible di- 
luent: 

- - - -  - 1 1 
T,”’ T,” 

-R vc 
Mc Ma 

- - - -  - 1 1 
T,”’ T,” 

-R vc 
Mc Ma 

(1) 

where V is the molar volume of the polymer repeat unit, 
V the volume fraction of the component in the blend, AH? 
the perfect crystal heat of fusion of the crystallizable 
polymer, M the degree of polymerization, R the universal 
gas constant, T,” the equilibrium melting point of the pure 
crystallizable component, Tmo’ the equilibrium melting 
point of the crystalline material in the blend, and x the 
polymer/polymer interaction parameter. The subscripts 
a and c denote the amorphous and crystalline components, 
respectively. The first term on the right-hand side of eq 
1 reflects the entropy of mixing contribution to the 
equilibrium melting point depression while the second 
term reflects the enthalpy of mixing contribution. 

In the case where the miscible diluent is polymeric, the 
entropy of mixing becomes negligible and the melting point 
depression will be largely enthalpic in nature. Equation 
1 then reduces to 

The parameters of major interest in the preceding rela- 
tionship are x and V,. Notice that for x’s less than zero, 
polymer/polymer interactions result in an equilibrium 
melting point depression. The smaller the value of x, the 
greater the polymer/polymer interactions and the greater 
the melting point depression. Also note that Tmo‘ would 
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