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where Fo is given by eq 9 of the text and 

Fj = (Fj.4, F~B,  Fjc) i = 1, 2, . . . (-41 3) 

with components F ~ A ,  F ~ B ,  and F3c as defined in eq 10. 
More explicitly, eq A12 reads 

G(0) = (1 - a a  f CubG1,B QcG1,c) X 

(1 - Qb + QbGi,A)(1 - Q C  f a ,Gi ,~ )  (A14) 

G ~ , A  = (1 - Qh + QbGj+i,A)(l - (YO + Q&J+I,A) 

G ~ , B  = (1 - Qa + QbGj+l,B acGj+i.c) X 

(1 - aC + Q ~ G ~ + ~ , A )  

G ~ , c  = (1 - Qa + CubGj+i,B + acGj+i,c) X 

(1 - Qb + QbGj+i,A) (A151 

(for i  < n - 1) 

Gn-i,A = (1 - Qb + Qbe)(l - Qc + ace> 

G,-~,B = (1 - + [Qb + Qcie)(i - Q c  + 
Gn-~,c = (1 - Qa + [ a b  + Qcle>(l - Qb + Cube) (A16) 

Again the average number of offspring is obtained by differen- 
tiation at 0 = 1. This yields 

G’(1) = abGi,B’ + &Gi,c’ + (ab -k CYC)GI,A’ (-417) 

The value for G ~ A ‘  results immediately for the first lines of 
(A15) and (A16) 

G ~ , A ’  = (Cub + (Yc)n-’ (A181 

The evaluation of GIB’ and Glc’ is more involved. After some 
rearrangements one obtains 

abGi,n’ + acGi,c’ = (Cub -t %)’ + 
2(n - l)CubCuc(CYb + Qc)’-’ (A19) 

Inserting (A18) and (A19) into (A17) one finds the average 
number of offspring in the n-th generation (N)% 

(N)n  = ?-(ab -t a,)” + 2(n - 1)cYbQb(Qb + (A20) 

Since the number of nodes in the n-th generation equals the 
number of paths of length n from the zero-th generation, the 
normalized path-length distribution is 

where 
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ABSTRACT: Small-angle light scattering of reconstituted collagen films was photographed with Hv, VV, VH, HE, and inter- 
mediate configurations, where H and V refer to the direction of electric vector of the analyzer and the subscript denotes the PO- 
larizer direction. The effects of temperature, swelling, and deformation in the superstructures can be followed by observing 
changes in SALS. Cross- 
linked collagen film appears to contain smaller size scattering elements, which are more susceptible to orientation by swelling 
and temperature changes than those films which have not been irradiated. Films of collagen-poly(viny1 alcohol) copolymer 
gave SALS patterns nearly the same as the collagen homopolymer films. The grafted poly(viny1 alcohol), however, does not 
form new superstructural units, and it tends to plasticize the collagen units. Under high strain the molecules in reconstituted 
collagen film rearrange to form incipient “native” fibrils; the copolymer samples do not do so. When the sample is highly 
oriented, the polarized laser beam passing through it becomes depolarized. Light and phase contrast microscopy were also 
used to verify some of the SALS conclusions. 

A deformation mechanism is presented detailing the various stages of strain-induced orientation. 

t is generally accepted that the basic constituent of col- I lageneous substance is the tropocollagen t$ple-helical 
molecule which is about 3000 A in length and 15 A in diame- 
ter.* They aggregate in a solid state forming quarter stag- 
gered, fibrous long-spacing, 3a or segment l ~ n g - s p a c i n g ~ ~  
crystallites. These in turn are assembled into long parallel 
bundles of fibrils such as those in rattail tendon. They are 
laid down in mutually perpendicular layers in the cornea. 
Therefore, there are several levels of superstructures, all having 
dimensions comparable to the wavelength of light. They 
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should scatter light efficiently as anisotropic rods or disks. 
A theory for the angular dependence of light scattering by a 
random assembly of such entities in two dimensions has been 
formulated by Stein and Rhodes4 This theory has been 
widely used in the interpretation of small-angle light-scattering 
(SALS) patterns. Recently, Kawai, et u / . , ~  reported some 
SALS patterns obtained with films of acid-soluble collagen 
and enzyme-solubilized collagen. The conventional Hv and 
VV configurations were used (the subscript designates that the 
electric vector of the polarizer is vertical, the letters H and V 
indicate the directions of the electric vectors of the analyzer). 
The fourfold symmetrical Hv pattern was found to be the (+) 

(4) R. S. Stein and M. B.  Rhodes,J. Appl.Phys., 31,1873 (1960). 
(5) M. Moritani, N. Hayashi, A.  Utsuo, and H.  Kawai, Polym. J . ,  

2,74(1971). 
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type-the intensity maxima are at 0 and 90" to the polarizer 
direction. The Vv pattern was circular in shape. Since Hv 
scattering originates predominantly from fluctuations in 
directional orientation of the optical axis, the observed pat- 
terns imply there is an  angle of 50-70" between the optical 
axis and the cylindrical axis of the rod., Both the above 
fluctuation and density fluctuation contribute t o  the Vv 
pattern. Since density fluctuation is azimuthal independent, 
the observed circular pattern implies that there is a dominant 
contribution by density fluctuation t o  VV scattering. Swelling 
of the sample seemed to bring out some azimuthal-dependent 
Vv scattering, but the published patterns are of rather low 
quality. Deformation of the sample was not reported.5 

Our work, the results of which are reported here, seeks to 
better define the superstructures of collagen, t o  observe the 
effects of stretching, heating, and swelling on this superstruc- 
ture, and to understand the mechanism of deformation on a 
molecular level. An ancillary objective is t o  study how inter- 
molecular cross-links and monomer grafting tend to modify 
themorphology of collagen. 

Experimental Section 
Four synthetic materials, each derived from enzyme-solubilized 

collagen, were examined. They were films casted from the collagen 
(I), the same films with cross-links introduced by ultraviolet irradia- 
tion (E), and both unirradiated (111) and irradiated (IV) films pre- 
pared from collagens with poly(viny1 alcohol) graft. The samples 
were kindly provided by Dr. A. Rubin of the Cornell University 
Medical Center, New York, N. Y., and by Dr. T. Miyata of the 
Japan Leather Co. These same materials have been successfully 
employed by Dr. Rubin for implantation surgery.' The thickness 
of the film ranges from 0.03 to 0.05 mm. All the samples have low 
birefringence values' of about 2 X lo-' in the relaxed state. In 
addition, measurements were made on native rattail tendon and on 
gelatin films (Knox brand). 

Dry collagens films (-5% moisture) generally have 10% exten- 
sibility. It was found that by giving the sample blows of breath 
between successive stretching an ultimate elongation of as much as 
40% can be achieved. About 10 min was allowed to elapse after 
the application of each additional extension prior to photographing 
the SALS pattern. This length of time is apparently sufficient for 

(6)  A. L. Rubin, R. R. Riggro, R. L. Nachman, G.  H. Schwartz, 
T. Miyata, and IC. H. Stenzil, T~ms. Amer. SOC. ArliJ Inl. Organs, 14, 
168(1968). 

(7) J. C. W. Chien and E. P. Chang, Biopolymers, in press. 

emnwuun; 
d = 23 cm. 

the sample to reach an equilibrium state, because no significant 
changes in SALS pattern were observed with longer time intervals. 

The samples having dimensions of 0.2 X 2 cm were stretched at a 
rate of about 5ZImin. Measurements at subambient temperatures 
were made with the sample sandwiched between two copper blocks 
which were in turn enclosed in a rectangular glass container. Cold 
nitrogen gas served to lower the temperature, which was monitored 
by a thermocouple placed near the film. There was always frost 
accumulated on the windows of the glass container. That portion 
of the window in the path of the laser beam was defrosted by two 
preheated microscope cover glasses immediately before exposure. 
For elevated temperatures, a Mettler FP2 hot stage was used; 
temperature increment was set at 0.2"/min. 

The SALS apparatus consisted of a SpettraPhysics continuous- 
wave He-Ne laser (Model 3000, X 6328 A), a polarizer, and an 
analyzer. The scattering envelope was recorded on Polaroid film 
(Type 57) in a Polaroid cassette (Type 500). Most photographs 
were taken with Hv and VV alignments, but HE, Vn, and other opti- 
cal configurations were also occasionally used. The Hv scattering 
intensity was much weaker than the Vv intensity. Consequently, 
0.2-sec exposure time was used to record the Hv pattern as com- 
pared to only 0.01 sec for the corresponding VV scattering. 

Photographs were also taken with Polaroid negative films (Type 
5 3 ,  from which the relative scattering intensity was measured with 
a microdensitometer. 

Results 

Effect of Deformation of SALS. The SALS patterns for 
sample 11 at various degrees of strain are given in Figures 1 
and 2. The patterns for sample I closely resemble those for 
sample 11. In the undeformed state, the Hv scattering is a 
(+)-type pattern designated as Hv-1 (Figure la). The maxi- 
mum intensity is found along the direction of the transmitted 
ray, i.e., at zero scattering angle (8). The intensity decreases 
monotonically with the increase of this angle (Figure 3). The 
variation is less steep for sample I1 than it is for sample I. 
The fourfold symmetry of the Hv-1 pattern is retained'up to 
5 % elongation (Figure lb) ;  it is lost at  12 elongation (Figure 
IC). The two lobes parallel to the stretching direction spread 
to include larger arcs of azimuthal angle Q, where Q cor- 
responds to the angle in the yz plane measured from the y 
axis (z  is the stretching direction). These lobes also are 
somewhat drawn in; the scattered intensity extends to smaller 
values of 8 than that of the horizontal pair. At 25% elonga- 
tion (Figure Id) the vertical lobes are clearly "split" into two 
pairs whose pattern is referred to as Hv-2. Additional strain 
causes further division of the horizontal lobes (Figure le). 
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5 MNaCI. d = 21.5cm. 

striking resemblance to the corresponaing ny-4 parrern (corn- 
pare Figure If with 20. 

A similar SALS strain dependence study was made on 
8 10 12 14 16 collagen-poly(viny1 alcohol) films (samples 111 and IV). In 

general, the trend in the change of scattering pattern is 
: Hv Scattering intensity with the analogous to those described above for collagen samples I and 

OIOLL*.I.Is sY...y.u in the relaxed state: (0) sample I, 11. There is, however, one principal difference-at 40% 
(a) sample 11, (A) calculated dependence3 using the parameters elongation the vertical lobes remain distinct for the copolymer 
Llh = 40, wo = 50, and RIL = 0, where L and R are the length and samples, whereas they coalesce in the case of samples I and I t .  

In addition to the HV and Vv scatterings, VEX and HE 
measurements were also taken. The patterns for sample I1 

0.1 - 

&degree 

Figure 3. Variation of relative 

diameter of the asymmetric rod and wo is the polarization angle. 

Figure 5. Sample I1 swollen with NaCI: Hv (a) 0.03 M NaCI, 
, * ~ ~  * . ,..~ -* ,~\  . ,..~ ̂* ., , .\ ,,* . , . I ~  .̂ , > - 1 I.. Î ,.? 

This pattern is &d Hv-3. Finally, the two vertical pairs of 
lobes merged into one intense pair when the strain is 40% 
(Figure If). This pattern, which is referred to as Hv-4, is 
markedly more intense than the other Hv patterns. These 
data were obtained with the same exposure time and sample 
to film distance (4. 

In the unrelaxed state the VV scattering is a circular Vv-1 
pattern (Figure 2a). There is superimposed on it an extremely 
faint (X)-type pattern which has maximum intensity at 45" to 
the polarizer direction. The latter, designated as Vv-2, 
is clearly discernible for sample I1 at 8% strain (Figure 2b); 
it becomes evident only at 12% strain for sample I. At 12% 
elongation, the Vv pattern has its maximum intensity inclined 
ahout 32' from the polarizer direction, indicating some degree 
of perpendicular orientation. Additional strain causes the 
emergence of two new pairs of lobes along the horizontal 
direction (Figure 2e, strain about 25 %). This eight-lobe 
pattern is referred to as VV-3. At 40% elongation we obtain 
a Vv-4 pattern. It is very interesting that this Vv pattern bears 

where D is the draw direction and P and A denote the electric 
vectors for the polarizer and the analyzer, respectively. Com- 
parison of Figures 1,2, and 4 establishes that the correspond- 
ine vatterns of Hv us. VH and Vv us. HTT at comvarable de- 

~~ .. -. 
formation are the same aside from an expected 90" rotation. 

Effect of Salt Concentration on SALS. Samples I and I1 
were swollen in saline solutions for 24 hr. The NaCl con- 
centration ranged from 0 to 5 M. The sample thicknesses 
for the two types of film were comparable at a given salt con- 
centration, with the unirradiated samples (I) having a slightly 
higher degree of swelling. The SALS patterns were photo- 
graphed under undeformed conditions, keeping the duration 
of swelling, exposure time, and d identical for each pair of 
samples (Figure 5). 

The HV scatterings are all of the Hv-1 type. At low salt 
concentrations. the scatterinr vatterns are essentially the - .  
same as those of the dry samples (Figure la). The scattering 
intensities become increasingly weaker with the increase in 
NaCl concentration (Figures Sa-5c). Samples I and I1 
respond similarly to  swelling by saline solution of a given 
concentration. 

All the Vv scatterings are superpositions of an intense Vv-1 
pattern and a (X)-type Vv-2 pattern (Figures 5d-5f). For 
sample I, the Vv-2 pattern is already distinct after being swol- 
len with H,O; it takes 24 hr of swelling with 0.1 M NaCl to 
reach the same stage for sample 11. The pattern for sample I 
becomes increasingly diffuse with increasing concentrations of 
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NaCI; it becomes almost undiscernible at NaCl concentration 
of 3 M o r  higher. .The corresponding pattern for sample I1 
is best developed at 0.3 MNaCI; it is still visible at 5 MNaCI, 
though only barely. 

In addition to swelling by saline solutions, the effect of 
glycerine was also investigated. The Vv pattern is almost 
circular; the Hv-1 scatteringis quite weak. 

Strain Dependence of SALS in the Presence of Salt Solution. 
Samples I and I1 were swollen in 1 M NaCl for about 48 hr. 
The SALS patterns for sample I1 photographed with various 
degrees of strain are shown in Figure 6. The. responses to 
strain as reflected by SASS are very similar for the two types 
of films. However, the swollen sample of I1 is quite brittle 
and breaks beyond 30% extension. 

The undeformed Hv patterns (Figure 4a) are basically simi- 
lar for the swollen and the dry samples (Figure la), except that 
the former is much more diffuse (Figure 6a). However, the 
VV scattering (Figure 7d),contains a distinct VV-2 component. 
It is recalled (Figure 2a) that the corresponding Vv scattering 
for the dry samples gave only Vv-1 patterns. 

Upon stretching, both the Hv and Vv patterns lose their 
fourfold symmetry. Deformation causes the lobes of the Vv 
pattern to move closer to the equator. The initial effect of 
strain on the HV pattern is to increase the relative scattering 
intensity of the vertical lobes. At high strain, the Hv pattern 
closely resembles the VV pattern (Figures 6c and 6f). The 
more complicated patterns observed with collagen films de- 
formed in the dry state are conspicuously absent in this series 
of experiments. 

The variation of Hv scattering intensity with the scattering 
angle was measured with a microdensitometer. By com- 
parison, the scattering intensity falls off more rapidly with the 
scattering angle for the unirradiated sample (I) than for the 
irradiated sample (11). The scattering intensity of the Vv 
pattern was also measured in  the direction perpendicular to 
the polarizer direction at a distance of 0.76 cm below the 
center of the incident beam. It is now sample I1 which shows 
the steeper decrease of scattering intensity with 0. 

An experiment was performed with collagen film stretched 
30%, which gave the characteristic Hv-3 and Vv-3 patterns. 
The sample was then briefly soaked in saline solution while 
still under tension. The SASS photograph was taken again. 
In both instances, the scatterings returned to,Hv-1 and Vv-2 
patterns (Figures 7a,b,e,f). Parallel experiments were per- 

formed for 40% stretched films (Figures 7c,d,g,h) with similar 
results. 

Effect of Temperature on SALS. In our recent study' of 
the dynamic-mechanical dispersion of collagen films, it has 
been noted that the Row region occurs at about 220". There 
was no distinct transition at about 145" corresponding to  
that extrapolated from dilatometric data by. previous 

A major mechanical loss peak was however, 
seen at -80" for all collagen related samples. The effect of 
temperature was investigated to find whether similar structural 
alteration is manifested in SASS. 

Because of experimental difficulties, measurement below 
-80" was not possible. The Hv-1 pattern diminishes in 
intensity with the lbwering of temperature. This pattern 
disappeared almost completely for sample I at -80". How- 
ever, it was still very apparent for sample I1 at -67", though 
with a significant reduction in intensity (Figure 8a). As the 
temperature is raised, the Hv-1 pattern becomes more promi- 
nent, further developed, and better resolved. It disappeared 
at 195" for sample I, hut persisted to  216.5" for sample I1 
(Figure 8h) until 217O, which is the flow temperature. It is 
interesting to note that the temperature at which HV scatter- 
ing of collagen-poly(viny1 alcohol) copolymer film vanishes is 
210". 

The Vv scattering for sample I was not taken because of 
complications caused by density fluctuation. The cor- 
responding scattering for sample I1 was collected, although the 
quality of the pattern was not too good. Nevertheless, it  
does show the development of a very weak Vv-2 pattern with 
heating, indicating that there is slight degree of thermally 
induced orientation which appears to  reach a maximum be- 
tween 100 and 120". The scattering intensity diminishes with 
further lieating. At the Row region, the VV pattern becomes 
intense and circular. 

Bire- 
fringence of samples I and I11 was measured as a function of 
strain. The data are summarized in Figure 9. Both ma- 
terials are characterized by three strain-optical regions: an 
initial region of large strain-optical coefficient at low elonga- 
tion, followed by an intermediate region where the hirefrin- 

(8) P. 1. Flory and R .  R. Garrett, .I. Arne?. Chem. Soc., 80, 4836 

(9) L. P. Witnauerand J. G. Fee. J . P o b w ~  Sci., 26,141 (1957). 

Strain-Dependent Birefringence of Collagen Films. 

(1958). 
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Figure 9. Variation of birefringence with strain for samples I (-J 
and I11 (- - -). 

gence remains relatively constant, and a final region of rapid 
increase of birefringence with the increases of strain. 

SALS on Rattail Tendon and Gelatin. In the undeformed 
state, collagen fibril of rattail tendon gives a random and 
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fiber which was not confined to a flat plane. Upon stretch- 
ing, a horizontal periodic streak appeared which is the familiar 
fiber pattern. There are also a number of concentric rings 
due to diffraction caused by the pinhole. At fracture there is 
no distinct VV scattering, but there is a weak Hv scattering 
where the lobes are inclined at 55' to the stretching directions. 

SALS at Large Film-Sample Distance. SALS was mea- 
sured a t  large film-sample distances with two objectives in 
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tion, the fiber pattern is clearly seen in all these photographs. 
Therefore, highly stretched reconstifufed collagen film and raf- 
tail tendon have very similarfber structures. 

There are other significant observations. The SALS 
pattern is now clearly seen to be comprised of discrete spots, 
separated by distances much greater than the grain size of the 
photographic emulsion. They are different from the diffuse 
patterns normally observed with synthetic polymers. 
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ermore, it would also be possible to detect small in- 
/ differences between the individual lobes in a scattering 
n. 
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fully appreciated upon studying the patterns recorded with the 
following 45 optical configuratio 5 
Y V G  SLYU U I ~ L  C V U ~ ~ U S  LLIC: 45" patterns in Figures 12a-d 
with the Hv patterns of Figures la,d,e,f, respectively, all 
photographed a t  d - 23 cm. While the first two pairs are 
distinctly different, the second two pairs of photographs are 
virtually identical. When we compare the scattering pat- 
terns obtained at d = 101 cm, we find that at low strain, the 
4 5 O  patterns (Figures 12e,f) differ from the corresponding Hv 
patterns (Figures lOa,b) by a 45" rotation. On the other 
hand, the 45" patterns at high strain (Figures 12g,h) are 
obviously the same as the respective HT patterns (Figures 
10d,e). In fact, at 40% elongation, SALS patterns taken with 
any angle between P and A are identical. The similarity of 
SALS patterns for 45", Hv, and Vv arrangements implies that 
any effect due to birefringence will be small; the effect should 
be largest for 45' and smallest for HV configuration. 
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A phase contrast microscope was also used to study the 
orientation phenomenon. When the polarizer is parallel to 
the stretching direction, the refractive index fluctuation is quite 
random for the undeformed sample. At 10 and 2 0 x  elonga- 
tion there are distinct orientation features which seem to in- 
dicate the preferred direction of orientation at some angle to 
the stretching direction. At 30 and 40% extension the re- 
fractive index variation is quite periodic parallel to the draw 
diiection. 

With the polarizer and stretching directions perpendicular 
to each other, thephotographs tell the same story, except that 
the variation of refractive index between observed is along the 
transverse direction. At high elongation, there is closely 
spaced transverse order as expected. 

Figure 12. Variation of 45" patterns with strain for sample I: 
d = 22.5 cm, (a) a%, (b) ZO%,(c) 30%, (d) 40%; d = 101 cm, (e) 
0 Z,  (f) 20 %, (9) 30 %, (h) 40 %). 

The above observations may residt either from depolariza- 
tion or circular polarization of the light ray by the collagen 
film. To differentiate these, a mica quarter-wave plate was 
inserted between the sample and the analyzer both parallel and 
perpendicular to the stretching direction. No change in 
SALS was observed as the analyzer was rotated. In fact, the 
pattern is unaltered regardless of whether the quarter-wave 
plate is present or not. Therefore, the light ray has been 
depolarized by the collagen film. 

The depolarization is, however, not total, as can be easily 
established by rotating the analyzer while observing SALS. 
Even though its azimuthal dependence remains unchanged, 
the absolute scattering intensity is sensitive to the orientation 
of the analyzer. There should be no intensity variations if the 
light is comp/ete/y depolarized. 

A further proof that SALS of highly orientated collagen 
film is independent of the analyzer is the fact that the same 
pattern is obtained with or without the analyzer. In these 
experiments, the photographic film records primarily the VV 
scattering because of its greater relative intensity. Thus, in 
the absence of an analyzer and by rotating the polarizer, the 
SALS pattern is unchanged other than some slight variation in 
intensity. 

When additional lobes appear in SALS as the result of 
deformation, a question may be asked whether this is the 
splitting of lobes in the undeformed pattern or whether a new 
pattern is emerging. The latter would be the case if one can 
observe changes in the, undeformed pattern while the addi- 
tional lobe is only beginning to emerge. We now return to 
inspect Figure 10, where frames b, c, and d clearly demonstrate 
this to be so. These HV photographs establish without 
ambiguity that the Hv-1 pattern responds to deformation 
before the pattern becomes the Hv-2 type. Therefore, 
Hv-2, Hv-3, and V,-3 are scatterings by two different entities. 
Furthermore, neither the stretching nor the transverse direction 
is a iwofodsymmetry axis (Figures lob-d). 

Optical Microsenpic Study of Collagen Films. Observa- 
tions described above indicate scattering entities which might 
be discernible by optical microscopy. A polarizing micro- 
scope was used to take a series of photographs of collagen 
films at various extensions with polarizer and analyzer per- 
pendicular to each other. At lOOX magnification, only 
fibrils can be resolved. The results show that they are highly 
oriented at 30 and 40 %extension along the draw direction. 

Discussion of Results 

Stein and Rhodes4 have formulated a theory for light 
scattering by a random assembly of anisotropic rods in two 
dimensions. This theory has been used to interpret the re- 
sults obtained with polytetrafluoroethylene,' native cell~lose, '~ 
collagen,6 amylose," hydroxypropy1ycellulose,'2 copolymers 
of chlorotrifluroethylene and poly(viny1idene fluoride),Ia and 
block copolymers of styrene and ethylene oxide.14 Recently, 
the theory has been extended to rods with finite thickness6 
and to three dimensions. Our swelling studies' showed 
that collagen film has a planar orientation. Therefore, the 
two-dimensional theory4 is valid and will be used as the basis 
to  interpret our results. 

The intensity of SALS for a random assembly of.anisotropic 
rods, according to Stein and Rhodes,' should decrease 
monotonically with 0. Its azimuthal dependence is deter- 
mined by an angle w which is the direction of maximum 
polarizability for the rod as measured from the long axis of 
the rod. For w = 45", the HV pattern should be of the (+) 
type with intensity maxima at 0,90,180, and 270" with respect 
to the polarizer direction. The VV pattern, on the other 
hand, should be of the (X) type with intensity maxima at 45, 
135, 225, and 315" with respect to the polarizer direction. 
The Hv-1 and Vv-2 patterns of collagen films display just such 
characteristics. Therefore, these materials are made of super- 
structures which scatter light as thin rods with 45" optical 
anisotropy. 

SALS of the spherulite or anisotropic disk has its maximum 
at a certain scattering angle which is determined by the 
dimensions of the superstructure. It is relatively easy to 
calculate the radius from SALS data. Similar estimates for 
the anisotropic rod cannot be found readily. However, it is 
possible to use the length of the rod, L, as a parameter and 
find the best fit between the calculated and observed variation 
of scattering intensity with 0. Use is made of the equations 
given by Stein and Rhodes4 for the HV and VV scattering in- 
tensities. 
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The definitions of all the parameters can be found in the 
reference4 and will not be repeated here. The calculated re- 
sults for LIX = 40 and a polarization angle of 45 ” are given in 
Figure 3. Comparison with microdensitometric readings 
gives an estimated rod length of 5-6 p, 

The most interesting finding of this study is the change of 
SALS with deformation. At strain in excess of lo%, the 
overall SALS pattern is a superposition of two patterns. The 
possibility that this doubling effect is a manifestation of strain 
birefringence can be discounted. This kind of scattering 
should be the weakest in the Hv configuration and the most 
intense in the 45” configuration. This dependence is not 
observed experimentally 

Let us interpret the data by assuming that the sample con- 
sists of two kinds of scattering entities. One of these is almost 
certainly an assembly of tropocollagen molecules which will be 
referred to as type-A rods. SALS of these rods, randomly 
distributed, gives those patterns observed with the unde- 
formed sample. Upon stretching, these rods become oriented 
along the direction of applied strain. If the new pattern 
which now emerges is attributed to scattering by type-B rods, 
according to the photographs they must be oriented in the 
perpendicular direction. 

We have considered two possible origins for rod B. The 
first is that B and A are the same kind of superstructural 
entities differing only in their orientations. For some un- 
known reason deformation orients A rods along the stretching 
direction and B rods perpendicular to it. 

A second possibility is that as more tropocollagen molecules 
are packed together with strain, there appears a transverse 
order which resembles thin anisotropic rods. There are 
reasons to favor this interpretation. The tropocollagen 
molecule is a dimorphic material consisting of alternating 
regions rich in polar and nonpolar residues, respectively. 
These segments are revealed in electron  microphotograph^^^-^^ 
as “bands” which are receptive to staining agents, and “inter- 
bands” which are not. It is now commonly accepted that the 
bands correspond to the polar regions and interbands to the 
nonpolar :egions. There are approximately 12 or 13 bands 
per 700-A period in “native” collagen. Furthermore, the 
bands and interbands of the constituent tropocollagen mole- 
cules in native as well as SLS and FLS crystallites are in 
register. To a laser beam, these bands and interbands must 
appear to be anisotropic rods with diameters of about 20 and 
40 A, respectively. The actual dimensions, of course, vary 
with extension, particularly that of the polar region. The 
polar region is believed to be initially more disordered and, as 
a result, more deformable. It is plausible to identify B with 
these transverse rodlike superstructures. The axes of A and 
B rods should naturally be 90” when the bands and inter- 
bands are in register; the angle may be less than 90” if they 
are somewhat out of phase in a regular way. 

The two possibilities can be differentiated experimentally. 
If the two anisotropic rods are the same, differing only in their 
orientations, then they should respond in a similar way to mild 
swelling treatment. In contradistinction, the transverse 
superstructures in the second case are held together by weak 
intermolecular forces. Consequently, scattering by B rods 
should be preferentially disrupted by swelling. The experi- 
mental results given in Figure 7 showed that the portion of 

(17) F. 0. Schmitt, C .  E. Hall, and M. A. Jakus, J .  Cell. Comp. 

(18) F. 0. Schmitt and J .  Gross, J.  Amer. Leather Chem. Ass. ,  43, 

(19) A. J. Hodge in “Treatise on College,” Vol. 1, G. N. Ramachan- 

Physiol., 20 , l l  (1942); J .  Appl. Phys. ,  16,263 (1945). 
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dran, Ed., Academic Press, New York, N. Y., 1967, Chapter 4. 

SALS due to perpendicularly oriented B is indeed eliminated 
by the swelling of prestretched sample with 1 M NaCl solu- 
tion. However, the pattern attributed to A is largely unaf- 
fected. Similarly, Figure 6 showed that no new pattern is de- 
veloped by deformation of a swollen film. It is clear that rods 
A and B respond differently to this treatment. More severe 
conditions would, however, affect SALS of A. With 5 M 
NaCl, the scattering intensity becomes exceedingly weak. 
Under these conditions, the tropocollagen molecules become 
highly disordered20 and begin to lose their optical anisotropy. 
These observations are consistent with the second proposed 
superstructures for light scattering. 

Beginning at 30% elongation and certainly at 40% in all 
experiments, the SALS pattern is independent of the analyzer 
direction. The light, after passing through these highly 
oriented samples, is depolarized. Because different compo- 
nents of the scattered light are mixed, and since the vertical 
component has the greatest intensity, a large increase in in- 
tensity would be expected for photographs taken with the HV 
configuration. In other words, the HV pattern in reality is a 
VV pattern under these conditions. 

Depolarization of the light by oriented collagen molecules is 
a direct consequence of the high optical rotatory property of 
collagen. The value of [~1]~8~0 is -360°.21 Light passing 
through the sample is rotated by an angle p, given by deVries22 

xA2Px 
P = -  4x2 

where P is  the distance for one helicoidal rotation of the optical 
axis, x is the distance traversed by light, X is the wavelength, 
and A is the birefringence of the region. The tropocollagen 
molecules in the sample are likely to be packed in different 
ways. They may be in register and parallel (SLS packing), 
in register but not necessarily parallel (FLS packing), or 
quarter staggered (native packing). Furthermore, these may 
differ in degree of overlap. Therefore, light traversing the 
sample should experience random rotations and counter- 
rotations and emerge depolarized. 

The consequences of irradiation of collagen under a nitro- 
gen atmosphere are decreases in optical rotation, some in- 
crease in average molecular length, and a significant increase in 
intrinsic viscosity. These changes were observed for the same 
enzyme-solubilized collagen with y radiation. z 3  Whereas 
the related experiments have not been performed with uv 
radiation, the nature of the molecular modification is probably 
similar. The SALS results on sample I1 appear to be con- 
sistent with materials containing intermolecular cross-links. 
For example, sample I1 seems to respond to smaller deforma- 
tion than sample I. Cross-links should help to transmit 
forces exerted on the molecules. 

The SALS patterns of collageh-poly(viny1 alcohol) CO- 
polymer are basically the same as the collagen homopolymer 
film, as is, also, their behavior under strain. There is no in- 
dication that the scattering elements in samples I11 and IV are 
not due solely to collagen. There are, however, two signifi- 
cant differences between the copolymer and homopolymer 
samples. At intermediate strain, the degree of orientation 
obtainable for the copolymer film is higher than for the 
homopolymer, Yet at high strain the SALS pattern was not 
transformed into one with intense perpendicular orientation 

(20) P. H. vonHippel and I<.-Y. Wong, Biochemistry, 1,664 (1962). 
(21) P. H.  vonHippe1 and I<.-Y. Wong, ibid., 2,1399 (1963). 
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(i,e., Hv-4 and Vv-4), nor was there a fiber component in the 
photograph. Apparently, the grafted PVA functions as a 
plasticizer which enables the collagen backbones to respond 
more readily to deformation and yet, at the same time, sup- 
presses the packing of molecules into fibrils. 

It was observed that swelling of relaxed collagen film with 
dilute saline solution brought out the Vv-2 pattern even with- 
out stretching. It is 
foundz4 that the X-ray pattern (both low angle and high angle) 
shows disorientation when collagen fiber is dry and that the 
orientation improves markedly when the fiber is wetted. This 
has been interpreted to mean that there has been a stabiliza- 
tion of the helical structure. The polar kinks, which have 
slightly larger diameters than the nonpolar regions, are 
straightened out in the wet state. Our result indicates further 
that wetting also reduces density fluctuation, implying align- 
ment of rods under strain-free condition. 

There is a general trend of increasing scattering intensity 
with the increase of temperature. The thickening of sample 

This is in agreement with X-ray results. 

(24) M. A. Rongvie and R .  S. Bear, J.  Amer. Leather Chem. Ass., 
48,735 (1953). 

may be responsible for this change. Heating also has a slight 
orientation effect, as evidenced by the appearance of a faint 
Vv-2 pattern. As the sample was heated past 145 O, there was 
no significant and sudden alteration of SALS pattern. There- 
fore, the crystalline melting point reported by some workers*,9 
for collagen-ethylene glycol must be a characteristic of that 
particular system. SALS disappears completely only when 
the actual flow temperature is reached. 

In conclusion, this work has demonstrated that SALS is a 
powerful technique to study the morphology of collagen at 
both the protofibril and fibril levels and of their changes as 
induced by deformation, swelling, and heating. The results 
indicate that longitudinal as well as lateral alignment of col- 
lagen molecules can be revealed by the light-scattering pat- 
terns. 
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Stereospecific and Asymmetric Inclusion Polymerization. 111. 
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ABSTRACT: fruris-2-Methyl-l,3-pentadiene, rmris-3-methyl-l.3-pentadiene, 4-methyl-l,3-pentadiene, cis.cis- and cis,traizs- 
2,4-hexadienes were polymerized by irradiation of their perhydrotriphenylene inclusion compounds. Polymers have head-to- 
tail trans 1,4 structures and in some cases show crystallinity and stereoregularity. rra~s,frans-2,4-Hexadiene and 2,Sdimethyl- 
2,4-hexadiene do not polymerize under the same conditions. By an  analysis of the stoichiometry of the adducts. we attributed 
the behavior of said monomers to intermolecular steric factors, related to the different length of the included molecules and to 
the geometric constraints existing inside the channels. In t$e case of polymerizable monomers, the distance between unsatu- 
rated atoms of two successive molecules is shorter than 5 . 5  A. This value represents the critical reaction distance for this type 
of polymerization and is considerably higher than that founa in other cases. 

he leading interest of our research presently concerns the T inclusion polymerization of dienic monomers in the 
presence of the equatorial isomer of perhydrotriphenylene 
(PHTP) as host component. In the last years we published 
several papers on the synthesis 2-6 and the structural 
of perhydrotriphenylene and gave some preliminary informa- 
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tion on the radiation polymerization of several PHTP-in- 
cluded monomers.lO-lz In more recent papers, we described 
the stereospecific polymerization of cis- and trans-pentadiene 
and studied the effect of both pressure and temperature on 
such polymerization.1 In their turn, Allegra and Colombo, 
of this Institute, accomplished an X-ray analysis of the 
structure of a monocrystal of the PHTP-butadiene inclusion 
compound during polymerization. 1 

In this paper, we describe the results obtained using, as 
monomers, several substituted butadienes containing methyl 
groups in position 1 ,2 ,  3, and/or 4. The aims of this research 
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