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ABSTRACT: A model for the superstructure of fibers has been presented to explain the small-angle X-ray
scattering (SAXS) intensity, in which the three-dimensional paracrystalline theory by Hosemann is combined
with the inclined lamella structure model proposed by Keller and a distribution function is introduced to
describe the cluster orientation about its own axis. By use of this model the SAXS pattern of nylon 6 fiber
has been analyzed, and reasonable results were obtained for the parameters characterizing the superstructure
of the fiber, such as macrolattice dimensions, fluctuations, and orientation distributions.

Introduction

Although qualitative or semiquantitative studies have
been extensively carried out, there have been limited in-
vestigations devoted to the quantitative aspect of the
morphologies of the oriented samples found by the
small-angle X-ray scattering (SAXS) technique. The lim-
ited works done so far include those on linear poly-
ethylene,!}? isotactic polypropylene,®* low-density poly-
ethylene,®® and isotactic polybutene.” Most of these in-
vestigations are based on the paracrystalline theory of
Hosemann et al.%? They proposed a paracrystal model!%!!
based on three-dimensional coherence between crystallites
to interpret the SAXS pattern from oriented samples.
According to the theory, the crystallites interfere with each
other not only longitudinally but also laterally, constituting
a paracrystalline macrolattice (superlattice) in real space.
The frequently occurring lamellar and fibrillar structures
are the special cases of such a superlattice. It acts as a
lamellar structure when the lateral distance between
crystallites is small enough to be neglected (refer to Figure
5, left, in ref 13) and acts as a fibrillar structure if the
crystallites are well aligned longitudinally (refer to Figure
5, right, in ref 13). For a lamellar structure, the lamellar
stack is composed of a number of fibrils that cohere lat-
erally with each other. The inclination of the mean la-
mellar surface depends on the width of the fibril and
relative longitudinal displacement of neighbors. Since the
001 reflections of the superlattice account for the SAXS
pattern, a two-point diagram is realized by an orthorhom-
bic lattice (8 = 90°, see Figure 5 in ref 13) and a four-point
diagram by a monoclinic one (8 = 90°).

On the basis of the paracrystalline model, Wilke et
al.81213 proposed a superstructural model for uniaxially
oriented polymers, in which the orientation distribution
of the crystallites is taken into account. According to the
model, the real sample consists of a large number of
clusters of crystallites, orientation of the cluster axis with
respect to the fiber axis is distributed following a certain
density function, and the cluster orientation about its own
axis follows uniform distribution (cylindrically symmetrical
distribution). This model was used successfully in ana-
lyzing the SAXS patterns from uniaxially oriented low-
density polyethylene.

To explain the four-point SAXS diagram, Keller et
al.'*17 proposed a qualitative model in which the lamellae
are stacked along the fiber axis with the normals to their
surfaces inclined at an angle that is equal to one-half of
the splitting angle between the diffraction lobes. This
model was employed by many other investigators!®20 to
conduct quantitative calculation. But in all of these in-
vestigations, the probable coherence between neighboring
lamellar stacks was not taken into account.
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In a previous paper,? the superstructural model pres-
ented by Wilke et al.#1213 based on the paracrystalline
theory was employed to analyze the two-point SAXS
pattern of oriented nylon 6 at swelling equilibrium, and
several significant results have been obtained. This model
failed, however, to explain the four-point SAXS diagram
of the nylon 6 fiber. We would attribute this inability to
the conflict that may occur between Hosemann and Keller
models in the case of a four-point diagram (i.e., the lamellar
structure of the Hosemann model will not be true if the
lateral distance between the fibrils is not small) and the
limitation of the uniform distribution assumption on the
cluster orientation about its own axis.

In the present work, a new model is proposed in which
the inclined lamella structure model by Keller et al. is
incorporated as well as the paracrystalline theory of Ho-
semann and then a distribution function is introduced to
describe the cluster orientation about its own axis. The
combination of the two models may be expected to make
clear some uncertainties? such as the coherence in the
direction transverse to the axes of lamellae stacks. Our
model is then applied to the nylon 6 fiber, which produces
a SAXS pattern with four-point character,?® to examine
its validity.

Theory

Basic Scattering Unit. According to the paracrys-
talline theory, the crystallites cohere not only in the
longitudinal direction but also in the lateral one, thus
constituting a paracrystalline macrolattice, which is called
a basic scattering unit. Then, on the basis of Keller’s
model,'*17 the crystallite can be considered to be a lamella
with inclined surface in the case of the four-point SAXS
diagram. Therefore, if incorporating the consideration of
Keller et al., the basic scattering unit can be thought of
as a three-dimensional paracrystalline monoclinic macro-
lattice composed of identical lamellae with inclined sur-
faces as illustrated in Figure 1, where n is parallel to a4
and is called the cluster axis. The real sample can be
pictured as consisting of a large number of such basic
scattering units with various orientations.

Coordinate Systems. The following three coordinate
systems, as shown in Figure 2, are required in order to deal
with various components of orientation of the crystallites
and to calculate various averages over whole space. The
first is necessary for fixing the space, the second for
specifying the orientation of a, of the basic scattering unit
about n, and the third for the convenience to represent
the scattered intensity by such a single unit.

(i) (r, 9, ¢): This is the space-fixing coordinate system,
with the fiber axis f as the polar axis. For the sake of
convenience, the cluster axis n is located at ¢ = 0. So the
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Figure 1. Illustration of the paracrystalline macrolattice com-
posed of lamellae with inclined surfaces: a, parallel to lamellar
surface, a5 lateral to surface or molecular chains, and a, per-
pendicular to paper plane; n is parallel to a; and is called the
cluster axis.

f(fiber axis)

\ general point

Figure 2. Definition of coordinate systems in real space.

direction of n is determined by ¢ = 0 and «, the angle
between n and f (Figure 2).

(ii) (ry, 61, ¢): The polar axis is given by n, and the plane
defined by n and f specifies ¢; = 0 (Figure 3).

(iii) (rq, B9, ¢9): This is the coordinate system defined
within the basic scattering unit, also with n as polar axis,
but ¢, = 0 is now determined by the plane defined by n
and a, (also see Figure 3).

The same origin is chosen for all three coordinate sys-
tems, so that r = r; = ro. The coordinate systems in re-
ciprocal space such as (r*, §*, ¢*) are defined with the same
orientation as in real space.

As shown in Figure 3, the orientation of a basic scat-
tering unit in space is specified by o and 6, the latter being
the angle between the plane defined by n and f (¢, = 0)
and that by n and a, (¢, = 0), and thus determines the
orientation of a; about n in the (ry, 6;, ¢;) system. The
intensity distribution of such a single scattering unit is to
be expressed as i,(r*;, 6%;, ¢*,).

General Intensity Formula. To calculate the SAXS
intensity we introduce several assumptions about the
distribution of the orientation of the basic scattering unit.
(A) The cluster orientation of a; about n is described by
a function Q(6) with its maximum at 6 = 0 (Figure 3). (B)
The distribution of the orientation of n with respect to f
is given by a function D(a). (C) The distribution of n
about f shows rotational symmetry, which is equivalent
to saying that D(a) is a rotationally symmetrical function.

According to assumption A, the averaged intensity I at
a general point in the (r*,, 6*,, ¢*|) system can be obtained
by integrating i,(r*,, 6*,, ¢*;) with respect to § and taking
into account the distribution density @(8):

1%, 0%, %) = f (%, 0%, ¢*)Q(E) d6 (1)
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Figure 3. Schematic representation of the distribution Q(é8) of
the orientation of a; about n with its maximum at § = 0. If the
a3 axis is superimposed on n, § is then visualized as the angle
between the plane defined by f and n and that by n and a,.

To conduct this integration the coordinates in the (r*,, 6*,,
¢*5) system must be reduced to those in the (r*,, §*,, ¢*;)
system. From the above definitions on the coordinate
systems along with Figure 3, it follows immediately that

r*z = r*1 (2&)
%, = 6+, (2b)
*y = -0 (2¢)

Likewise, before calculating the intensity /., at a general
point in the (r*, 6%, ¢*) system, we have further to trans-
form the coordinates from the (r*,, 6%, ¢*,) to the (r*, 6*,
¢*) system. By means of proper geometrical derivation,
we have

r¥ = r* (3a)

cos 6%, = cos a cos 0* + sin « sin 6* cos ¢* (3h)

cos ¢*; = (-sin «a cos §* + cos « sin 6* cos ¢*) /sin 6%,
(3¢

On the basis of assumption B, I,,(r*, 8%, ¢*) can be written
as follows, taking into account eq 3a—c:

L. (r*, 6%, o*) = j; "T(r*,, 0%, *)D(a) sin a da (4)

Finally, according to assumption C, the experimentally
measurable intensity I(r*, 6*) can be obtained by averaging
1,,(r*, 6%, ©*) against ¢* over the range 0-2r, i.e.

2r_
I(r*, 6%) = fo Tu(r*, 0%, ¢*) de* )

If eq 1 is inserted into eq 4 and then eq 4 into eq 5,
therefore, the final expression of I(r*, §*) becomes

I(r*, 6*) =
2r T pr
j; J; J:Ti1("*2, 0%y, ¢*2)Q(8)D(e) sin a dé der de* =

2r pT pr

where I,(b) = i;(r*,, 8*,, ¢*,) is the scattered intensity by
a single basic scattering unit, b being the scattering vector
in the (r*,, 6*,, ¢*;) system. The resulting I(r*, %) rep-
resents relative intensity.

To carry out numerical calculation of eq 6, I,(b), Q(8),
and D(a) should be replaced by actual numerical functions.
In relation to the distributions of the cluster orientation,
it is a common practice to assume the Gaussians, which
are centered at 6 = 0 for the distribution of a, about n and
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az/n

Figure 4. Lattice fluctuation parameters. The subscript r de-
notes the direction transverse to a;g. The same values are usually
assumed for a, and a, if fiber symmetry exists.

at @ = 0 in the case of highly oriented fiber for that of n
relative to f respectively as

1 1f 5\
0 = G, exp[_ 5(5) ] @

D(a) = 1 _lfa ’ (®)
o) = (21l')1/20,, exp 2 .

where o4 and ¢, are the half-height widths of the two
distributions, respectively.

With the aid of the above assumption on the structure
of the basic scattering unit, I,(b) can be given by®*

Ii(b) = |F(b)|*Z(b) (9)

where F(b) is the scattered amplitude by a single crystallite
constituting the macrolattice. For a lamellar crystallite
with inclined surface, |[F(b)|? can be expressed by

|F(b)|? = exp{-n[L,2(b; sin 8 +
b3 (s 1] 6)2 + L22b22 + L32b32]} Sin2 ﬂ (10)

where by, by, and b; are reciprocal Cartesian coordinates
in the (r*,, 6%,, ©*,) system, L;, L,, and L; are the lengths
of the three edges of the lamella, and 8 is the angle between
lateral and basal (folding) planes of the lamella. Details
of the derivation of eq 10 are given in the Appendix.
On the other hand, Z(b) is the lattice factor of an ideal
three-dimensional paracrystalline macrolattice®? given by

Zo) = 11 LA an
k=11 + |F}|? - 2|F}| cos (27b-ay)
IFy| = |F,(b)| = exp[-272b-T(k)-b] (12)

where T'(k) is the fluctuation tensor, whose principal ele-
ments consist of A;(k),? the fluctuations of the lattice
points (Figure 4).

For uniaxially oriented samples with rotational sym-
metry about the fiber axis, the monoclinic macrolattice®2
is usually utilized to calculate the four-point SAXS pattern.
For such a case, the terms b-T(k):b and b-a, can be ex-
panded as follows:825

b T(1)b = (b,a,g,)? + (b3as8,s)> {(13a)
b T(2)'b = (b,a.g,)? + (byasg,s)? (13b)
bT(3)b = (b,a,g5)% + (bsasg;s)? (13¢)
and
b.a; = (b; + b; cot Ba, (14a)
b-a; = bya, (14b)
b-a; = bya; (14c)
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Figure 5. Sections on the SAXS pattern used in the model fitting:
section A, parallel to the equator and through the intensity
maximum; section B, parallel to the meridian and through the
intensity maximum; section C, through the origin and the intensity
maximum; section D, along the meridian; section E, through the
origin with the azimuth p equal to 35°.

where a, = a; = a; sin 8, b,2 = b;2 + b,%, and g’s are the
relative fluctuations defined by
&r = Arr/ar 83 = A,.3/l13
831 = Ag3/03

where A’s are the absolute statistical fluctuations shown
in Figure 4; for instance, A,; represents the fluctuation of
cell vector a, (or a,) in the direction of a; and so on.

r= A r ar
83 ar/ (15)

Experimental Section

Preparation of SAXS Pattern. The SAXS pattern of nylon
6 fibers in their as-spun form was recorded photographically in
a X-ray film with a SAXS camera with pinhole collimation and
a rotating anode X-ray generator (RIGAKU) operated at 50 kV,
80 mA. The SAXS pattern was digitalized with an optical den-
sitometer, and the intensity profiles along the special sections
(A-E) illustrated in Figure 5 were obtained with the averages taken
over all four quadrants. The intensity profiles thus obtained were
then smoothed with a stepwise cubic least-squares routine to
minimize the statistical error. Standard deviations over all four
quadrants were taken as a measure of the error of the intensity
measurement. The mean error thus estimated was less than 7%.

Two-Dimensional Analysis of SAXS Intensity. The su-
perstructure parameters for the model were obtained by fitting
the calculated intensity based on eq 6 to the observed one using
the least-squares method with a Gauss-Newton algorithm. The
fitting was performed for the five sections specified above. For
highly oriented low-density polyethylene, comparison between
experimental and theoretical SAXS profiles along three special
sections (A, B, C) yields reasonable parameters.® We found in
the case of the nylon 6 fiber, however, that it is insufficient to
carry out fitting only for the three sections because remarkable
deviations would be observed for sections D and E even if good
agreements were obtained for the remaining sections. In addition,
although there are as many as 10 independent superstructure
parameters in the model, as listed in Table I, only 6-10 data points
along each section will be sufficient to determine these parameters
by least-squares fitting. This is justified by the fact that the
intensity profile of each section just affects a special set of pa-
rameters, as discussed in ref 13; section B, for example, affects
dominantly the parameters ag, H, and gg3, and so on.

Results and Discussion

The best fit between the observed and calculated in-
tensities is shown in Figure 6, where the observed inten-
sities were displayed as curves and calculated ones as
discrete points since only a limited number of intensity
data were used in the model fitting. The structure pa-
rameters corresponding to this fit are given in Table I. As
can be seen in Figure 6, good agreement between the ex-
perimental and theoretical SAXS intensities has been



Macromolecules, Vol. 22, No. 11, 1989

Superstructural Model for X-ray Scattering 4365

g Al S B | 8 c
(-] o D.
S 2 S8
_% —a e .
. -
8 > 8 8
.00 0,08 G,1é 0,24 0,320,00 0,16 0.24 0,320,00 0.08 0.16 0.2¢ 0.32
BR =i0" =i0” S =l0°
8 D 8 E
D. O-
7] A 3
=z ~3|
[~] (-
< * e
0.00 0,08 0,16 O0.24 0.320.00 0.08 0,16 0.24
S al0* S =10*

Figure 6. Best fit between the experimental and theoretical SAXS profiles of sections A-E for the nylon 6 fiber (normalized with

the peak intensity, the abscissa in A™).

Table I
Superstructure Parameters of the Nylon 6 Fiber Obtained
by Least-Squares Fitting®

ag A 80.7 ¢ 0.8 & 0.20 £ 0.02
o, A 89.4%29 P 0.25 + 0.005
B,deg 1299 % 0.7 8 0 (fixed)
D,A 85817 0,, deg 184 £ 1.1
HA 338 1.0 og, deg 73.8 £ 3.3
8 0.48 £+ 0.02 paracrystallinity  0.39

% ag, long period; a,, lateral distance between lamellae, equal to a,
and a, sin 8; 8, angle between a, and a; axes; D, lateral dimension
of the lamella, identical with L, and L, sin 8; H, lamella thickness
in fiber direction, identical with Lg; g,3, 8, 833, and gg,, relative
fluctuation parameters defined by eq 15; ¢,, width of the distribu-
tion density D(a); oy, width of the distribution density Q(5).

obtained, and reasonable results for the superstructure
parameters in Table I are found as well.

The values of the lattice fluctuations g,, = 0.20 and g3,
= (.25 are within the range generally expected for the
distance fluctuation between neighboring crystallites,+ 13
In particular, the gg; value is consistent with the obser-
vation that only one meridional intensity maximum is
present in the SAXS pattern.® The relatively large value
of g3 = 0.48 is compared with 0.50 obtained for hot-
stretched linear polyethylene! and 0.40 for cold-drawn
isotactic polypropylene.® The values as high as g,; obtained
here have also been observed for other fluctuation param-
eters.>57 In the course of least-squares fitting, the min-
imum fluctuation parameter set,% in which the fluctua-
tion components in a, and a, directions are assumed to be
the same (see Figure 4) because of the rotational symmetry
about the fiber axis and g, is set to zero, was utilized. With
regard to gs,, it was confirmed that the same value of g,
= 0 could be obtained likewise, even if it was made inde-
pendent and given a nonzero initial value. Since the
fluctuation can be thought of as the relative displacement
of crystallites (lamellae) within or between lamellar stacks,
the resultant values for the fluctuation parameters, i.e.,
&8s, of zero value, large g5, and usual g;3, indicate that in
the case of the nylon 6 fiber studied, the correlation be-
tween lamellae in different lamellar stacks is weak as
compared with that between those within the same stack®

and hence the sample may presumably assume the so-
called “nematiclike” or fibrillar structure.*

The obtained value of ¢, = 18.4°, which is half-height
width of the Gaussian distribution D(a) of n with respect
to f introduced by Wilke et al.,>!2 is well compared with
that assumed for highly oriented low-density polyethylene,’
for which o, was expected to be in the range 10-20°. Since
the distribution Q(8) of a; about n, the half-height width
o4 of it equal to 73.8°, is newly introduced in this study,
no information about it has ever been obtained. It is
found, however, that setting o4 to infinity (reducing to
Wilke’s model) leads to a serious discrepancy between the
experimental and theoretical intensities of section E as well
as a larger value of 3 required to fit the experimental
pattern, whereas at the other extreme o4 = 0 causes section
A to deviate largely from the experimental intensity, while
leading to a smaller 8 to fit the experimental pattern.
According to Keller’s model, the value of 8 should be re-
sponsible for the splitting angle of the diffraction lobes in
the SAXS pattern. The 3 value (129.9°) obtained in Table
I proves to be so. From the above observation, the re-
sulting o4 value, which gives rise to appropriate fit and
allowable results for relevant parameters, may be consid-
ered to be reasonable.

The macrocrystallinity,® calculated from the dimensions
of the lamella (D and H) and macrolattice (a, and ay), is
0.39, which agrees well with the experimental value, 0.36,
based on the observed density of the fiber. The agreement
becomes better if allowance is made for the existence
(probably a few percent) of voids in the sample, which is
indicated by the diffuse scattering on the equator.?! It has
been confirmed that this scattering can be completely
excluded from the SAXS pattern by swelling the fiber with
a solvent (e.g., benzyl alcohol) having density close to that
of the amorphous part of the fiber. It should be added,
nevertheless, that the SAXS pattern due to the density
fluctuation between the amorphous and crystalline phases
is not affected by the diffuse scattering because it atten-
uated steeply in the meridional direction. Such a scat-
tering has also been observed for other fibers.26:27

While Keller’s model gives the most intuitive but
qualitative explanation of the four-point SAXS diagram,
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Hosemann’s allows quantitative information to be drawn
from the SAXS intensity. In the model proposed here the
consideration of the paracrystalline macrolattice by Ho-
semann is adopted. On this basis, the consideration of
Keller, i.e., lamellar structure with inclined surface, is
incorporated. In the case of the nylon 6 fiber under in-
vestigation, the SAXS pattern was best approached by
such a combination of Hosemann’s model with Keller’s,
giving reasonable superstructure parameters.

Model calculations?® show that when the inclined la-
mellae are replaced by the “rectangular” ones for a
monoclinic lattice, as in Wilke’s model,® the intensity on
the meridian increases appreciably because the Fourier
transform of the lamella is redistributed from being pop-
ulated in a direction deviating from n to being populated
on it. With relation to the effect of o, on the fiber average
intensity, it is shown that apart from the detailed intensity
profiles of the 001 reflection, conspicuous change is ob-
served for higher order reflections, which become weak or
even disappear as o, increases, since the order of the su-
perstructure decreases with increasing o4, Model calcu-
lations also reveal that the lateral dimension of crystallites
(D) influences in an opposite manner the sensitivity of the
intensity distribution to the inclination of the lamella
surface and to the cluster distribution density Q(5); a
smaller lateral dimension, hence a broader Fourier
transform, makes the intensity distribution less sensitive
to the inclination but more sensitive to the density @Q(5)
and vice versa. Besides, it can easily be imagined that the
effect of the distribution function Q(8) increases as the
distribution function D(«) becomes broader.

It is a general consideration® that the lateral surfaces
are parallel to the axes of molecular chains. So, by in-
troducing Keller’s model, the physical meanings of the
distribution density D(a) and angle 8 become more clear:
D(a) may also be considered to be the distribution of
orientation of the molecular chains in the crystalline phase,
and @ is the angle between the chain axis and the lamellar
surface. In addition, by choosing the a; axis of the ma-
crolattice parallel to the lamella surface and the a; axis
parallel to the direction of the molecular chains, as de-
picted in Figure 1, the choice of a monoclinic lattice for
interpretation of the four-point reflection effect would
become more convincing.

As has been mentioned above, if the half-height width
a4 of the distribution function §(8) (eq 7) approaches in-
finity, our model will reduce to Wilke’s®1213 except for the
structure of the crystallite, i.e., cylinder or lamella with
inclination, though the final expressions for the experi-
mentally accessible intensity I(r*, 6*) differ largely from
each other. As compared with Wilke’s,!? our derivation
procedure for I(r*, 6*) is intuitive and the form of the final
expression is relatively suitable to numerical calculation.
Moreover, our model is still capable of producing a four-
point diagram?® for 8 = 90°, even if the distribution
density D(«) is not centered at oy = 0 but at a relatively
large o, where Wilke’s model has no longer been capable.

Using the model presented here, the quantitative study
on the superstructure of nylon 6 fibers that suffered heat
treatment at different temperatures and swelling in solvent
mixtures of different concentrations is in progress in our
laboratory and will be reported elsewhere.

Appendix

Scattered Amplitude by Lamellae with Inclined
Surfaces. The coordinate system (x, y, z) in real space
is defined such that the center of the lamella is located at
the origin, the y axis is parallel to L,, and the z axis is
parallel to Lg, as shown in Figure 7. The reciprocal system
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Figure 7. Lamella with inclined surfaces. The y axis is per-
pendicular to the paper plane.

(X, Y, Z) is defined in the same orientation. The lamella
can then be described by the following parallelpiped:

—?lsinBSxS—élsinﬂ (A-1a)
L D A-1b
g SY=5 (A-1b)

Ly Ly
-—2—+xcot/3525—2—+xcot6 (A-1¢)

Assuming a constant density of unity within the lamella
and zero outside, therefore, the Fourier transform F(S) of
such an entity can be written as

F(S) = F(XYZ) =
f(L3/2)+xcotﬁ fL,/Z (L'/z)smﬁeZwi(xX+yY+z D dx dy dz
~(Lg/2)+xcotg &/ =Ly/2 «/ ~(L,/2)sinf
(A-2)

Before calculating the integral, several fundamental
equations have to be worked out. First, the following
equation holds:?

H{2 . sin tHX
2xix X - -
j: H/ze dx X (A-3)

In the light of eq A-3, we have, setting y = x - H/2
H | H/2 .
2xizX dy = 2riG+H/ DX do =
j; e dx ‘[H/ze dy

emiHX f H12 oniyx dy = efiﬂxw (A-4)
-H/2 T

and, setting y = x — H, followed by H = H, - H,
Hy _ . Hr-H, _
f o2mizX qy = f 2 +HIX dy =
H, 0

2wl X f H”'H‘erin dy = e2riH1Xe1riHXM
0 X

In order to conduct the foregoing integration (eq A-2),
we rewrite it as

Ly/2 |
F(XYZ) = sz//2e2ﬂyY dy X
“dsg

J‘ Lo/ mnﬁezzixx j‘ La/ 2)+x°°we2mz dz dx =

(A-5)

(Ly/2)sing (Lg/2)+xcotf
(L,/2)sing .
A Be?*=X dx (A-6
‘I:(Lx/ 2)sing (4-6)
where
Ly/2 .
A= 2xiyY -
j: L dy (A-T)
and
(Lg/2)+xcot8 |
B= f ’ e2*i:Z dz (A-8)
—(Lg/2)+xcotf
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In terms of eq A-3 and A-5, eq A-7 and A-8 become

A sin #L,Y Ao
- Y (A-9)
and
B = o2rit-(Ly/2+zcotdZ il 3Zsin wLyZ _ 2nisoo wsin wL,Z
7I'Z 7l'Z
(A-10)

rgspectively. Finally, inserting (A-9) and (A-10) into (A-6)
gives

F(XYZ) = sin wL,Y sin wLgsZ (L‘/Z)Si"ﬂezfix(chotp) dx
Y A ~(L,/2)sing
_ sin [wL, sin 8(X + Z cot B8)] sin 7L,Y sin wLyZ N
- (X + Z cot B) Y Z
sin [7Ly(X sin 8 + Z cos 8)] sin zL,Y sin wLyZ
(X sin B + Z cos B) Y az  Snb
(A-11)

Further, by taking the approximation in terms of the
Gaussian function!?

sin? (7X)
(X)?
the final expression for the amplitude F(S), eq A-11, can
be rewritten as (relative unit)
|F(S)]? = exp{~=[L,%(X sin 8 +
Z cos B)? + L,2Y? + L2722} sin? 8 (A-13)

where S = (X% + Y2 + Z?)/2 ig the scattering vector in
reciprocal space.

= exp(-7X?) (A-12)
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ABSTRACT: A sequential polypeptide having a repeating unit of [Lys(Z)-Lys(Z)-9-antAla] was synthesized
[Lys(Z) = ‘N-(benzyloxycarbonyl)-L-lysine; 9-antAla = L-9-anthrylalanine]. Circular dichroism of the polypeptide
in solution showed a typical pattern of right-handed a-helix at the amide absorption region. A very strong
exciton splitting (Aeggg = ~217; Aegg; = +525) was observed at the !Bb absorption band of the anthryl group.
The conformational energy calculation and the theoretical CD calculation indicated a one-dimensional array
of the anthryl chromophores along the a-helical main chain. The interchromophore center-to-center distance
was predicted to be 7.2 A. No strong ground-state interaction, such as dimer formation, was detected in the
absorption and the fluorescence excitation spectra. Fluorescence spectra showed monomer and excimer
fluorescence. It is suggested that very fast energy migration leads to efficient excimer formation.

Helical polypeptide chains have been used as the mo-
lecular framework along which a variety of chromophores
can be arranged in a specific order and with specific spatial
configurations.? Sequential polypeptides of the form I,
containing L-1-naphthylalanine (napAla) [p(L,N)]3 or L-
1-pyrenylalanine (pyrAla) [p(L,P)],* have been synthes-
ized. The polypeptides were found to take o-helical

tPart of this work has been carried out at the Research Center for
Medical Polymers and Biomaterials, Kyoto University.

—H{(NHCHCO),-NHCHCO 3~
(? H2)4 CHzAr
NH

|
COZCH2—©

I

main-chain conformations® and the side-chain chromo-
phores were shown to be arranged regularly along the helix.
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