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A small-angle X-ray scattering (SAXS) study has been carried out to show the changes that occur in the
macromolecular structure of poly(y-benzyl-L-glutamate) (PBLG) with degree of polymerization 1460, when
it is subjected to different doses of y-radiation. It has been observed that the SAXS profiles of various
samples undergo drastic changes with increase in dose and their tail regions show a deviation from Porod’s
law, which indicates that they are non-ideal two-phase structures, characterized by continuous variation
of electron density at the phase boundary. The three- and one-dimensional correlation functions have been
computed from the background-corrected SAXS profiles, and various macromolecular parameters have
been evaluated following the theories of Vonk and Ruland for non-ideal two-phase structures.

(Keywords: poly(y-benzyl-L-glutamate); macromolecular structure; gamma irradiation)

INTRODUCTION

The presence of molecular clusters in the polypeptide
poly(y-benzyl-L-glutamate) (PBLG) enables it to be
conveniently handled for its fine-structure investigation
by small-angle X-ray scattering.

Smali-angle X-ray scattering (SAXS) profiles obtained
from ideal two-phase systems with sharp boundaries have
been treated by Porod ', where it was observed that the
product I(6)8° comes out to be a constant at large
scattering angle. Here, 6 is half the scattering angle and
T is the smeared-out intensity. Work on polymers often
exhibits systematic deviations from Porod’s law, where
the above product does not reach a constant value at
large 6, causing enhancement of scattering at high angles
and leading to a positive slope of I(8)8° versus §%, known
as a positive deviation from Porod’s law. This deviation
occurs when the electron density, instead of remaining
constant within the phases, may have long-range
fluctuations from the mean value in either phase or in
both phases. If the size of molecules is very small, SAXS
study cannot be carried out. When there is intrusion of
alow-angle tail on the main wide-angle peak, the intensity
curve reaches a minimum intensity value and then shows
a rising trend. Such a trend is not seen in our case. The
existence of a diffuse phase boundary, on the other hand,
causes a depletion of high-angle scattering, leading to a
negative slope for a similar plot. This effect is referred to
as a negative deviation from Porod’s law* Ruland’
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considered that when the phase change is not sharp but
occurs over a certain range E, known as the width of the
transition layer, this negative deviation occurs. This finite
width of the density transition is due to corrugation (or
roughness) of the surface of the particles, giving rise to
a large surface area. This results in the absence of weak
boundaries, enhancing fracture toughness.

According to Ruland®, for many systems the phase
boundary may not be sharp but characterized by a certain
range E. Later Vonk® developed the practical aspects of
Ruland’s method, and such systems are referred to as
non-ideal two-phase systems. Deviation of Porod’s law
in terms of a model containing two phases having a diffuse
boundary layer in which density varies gradually from
one phase to the other is a linear gradient model.

EXPERIMENTAL

Materials

The polypeptide PBLG was obtained from the
Department of Functional Polymer Science, University
of Shinshu, Japan. The PBLG of degree of polymerization
(DP) 1460 was supplied by Pilot Chemicals Ltd. (Lot No.
G-14]) and was prepared from the N-carboxy-a-amino
acid anhydride of y-benzyl-L-glutamate. It has been
pointed out by lizuka’ that electrically and magnetically
oriented films of polypeptide PBLG have lamellar
textures ranging from a few to several micrometres in
thickness with lamellae perpendicular to the external field
direction. The lamellae are made up of rods or sheets
with a diameter or width of about 0.1 um. The gap regions
between two adjacent lamellae have been detected by
Iizuka’” and these observations appear to be strong
indications of the presence of molecular clusters. Also
Sobajima® has pointed out that the orientation of PBLG



in the isotropic state becomes observable in a magnetic
field. These properties of PBLG enable it to be
conveniently handled for its fine-structure investigation
by the small-angle scattering method. In our present
work, we have taken PBLG with DP 1460 (designated
as PBLG-I), which is further irradiated by 1 and 3 Mrad
of y-radiation and designated as PBLG-II and PBLG-III
respectively.

X-ray measurements

The small-angle X-ray scattering measurements were
made at the Centre of Advanced Studies (Physics),
University Department of Chemical Technology, Matunga,
Bombay, by means of a compact Kratky camera®. The
entrance slit and the counter slit attached to the Kratky
camera were adjusted at 80 um and 120 um respectively.
X-ray radiations were obtained from a Philips generator
with a copper target operated at 40kV and 20 mA, and
the monochromatization was achieved using a nickel
filter of 10 um thickness. The monochromatic Cu K,
(A=1.54 A) radiation thus obtained is used to irradiate
the samples by inserting them in Mark capillary tubes
of 1 mm diameter. To reduce the scattering of X-rays by
air between the sample and detector, vacuum in the
intervening space was maintained at a pressure of about
0.5 mbar. The distance of the sample to the detector a
was kept at 20 cm.

THEORY

In case the absolute intensities are not available, a
parameter, R (ref. 10), which is very useful for the
characterization of structure, is given by (sce Appendix
for symbols).

(lgrad nf?) f ST ds
R= =6n2 2 (1)
D) .
j si(s)ds
0

In an ideal two-phase structure, the gradient at the
phase boundary is infinite, and consequently R goes to
infinity. On the other hand, if R is finite the electron
density changes from one phase to the other continuously
over a region E. This relation (1) for R has been
transformed to variable x by Misra et al.!° as:

f ) x31(x) dx
—Ojo———— 2
f xI(x) dx

0
The value of R obtained from (2) determines the nature
of the sample, ie. whether it belongs to an ideal or
non-ideal two-phase system.
According to Vonk®, the relation:

{|grad n|*» =(An)*S/EyV (3)

hoids for a pseudo-two-phase structure. According to
Debye et al.'!, S/Vfor a two-phase structure can be found
from the slope of the three-dimensional correlation
function at the origin given by:

2
LG
dr |- av/\n*>
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This relation may also be applied to pseudo-two-phase
structures, provided the slope is taken at a distance of
at least E A away from the origin. Combination of (1),
(3) and (4) then leads to:

__4[dce

To calculate Ey, one has to evaluate the values of C(r),
the three-dimensional correlation function at various
values of r in real space. It has been established by Mering
and Tchoubar!? that C(r) can be calculated from the
expression

'[ ) sI(s)J o(2nrs) ds
=== ©

Jw sI(s)ds

0

The above expression for C(r) can be written in terms of
X as:
J xI(x)J o(2nrx/Aa) dx
Cr)==""—r 0
f xI(x) dx

0

Again the one-dimensional correlation function C,(y)
for a lamellar system given by Mering and Tchoubar'?
when changed to x variable reduces to:

j " T of2)— 24 (2)] dx
Coy=" ®)
j xI(x) dx

0

where z=2nxy/Aa.

It was shown by Vonk® that the position of the first
subsidiary maximum in the one-dimensional correlation
function gives the value of D. The relation

d 2
(S -G)
dy y>E D/\{n*>

derived by Vonk can be used to calculate the value of
(An)?/{n*>. Here the slope is taken at a point where y is
greater than E.

It has been proved by Vonk® that the second
differentials of C(r) and C,(y) at the origin are given by
the relation:

dZC,(y)] B [dZC(r)]
[ dy2 y=0_3 er r=0 (10)

For a layer structure, as shown by VonkS®, the specific
inner surface, S/V, can be written as:

S/V=2/D (1)

For a non-ideal two-phase structure, the following
relation holds®:
A P (12
(An)*>
Assuming the sum of ¢; and ¢, to be unity, the values
of ¢, and ¢, can be determined from relation (12).
According to Mittelbach and Porod'? and Porod?, [,
and [, are given by:

[,=4¢,V/S (13)
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L,=4¢,V/S (14)
with [ as
1L=1/I, +1/1, (15)
As given by the above workers, [, for a specimen is:
l°=2j C(r)dr (16)
0

The method for estimating the value of E has been
given by Ruland'#. The functional relation of I(s) with s
at the tail end of the SAXS pattern, for a non-ideal
two-phase system, is given by:

T(s—»oo)=52c-[s13—2n2(§;)] (17)

For an ideal two-phase structure, E=0, hence the
above equation reduces to Porod’s law. When transformed
to x variable, the above relation becomes:

T(x—o0)x= ne(ia)?

3
x-Z—g(/la)E2 (18)

The value of E can be obtained from the graph of I(x)x
versus x~ 2, commonly known as a Ruland plot.

BACKGROUND CORRECTION

All the SAXS intensities, in principle, are superimposed
on a continuous sample background sometimes known
as fluctuation scattering or liquid scattering and different
from parasitic scattering. For accurate quantitative
interpretation of the observed SAXS data, it is absolutely
necessary to find out the background scattering for the
whole observed range, and it should be properly treated
and dealt with, since the correlation function at the origin
is very sensitive to any error in the tail end of the scattering
curve®. Therefore, special care must be taken to separate
the SAXS intensity I(x) from the continuous background
scattering Iy (x) (ref. 6).

As reported by Kortleve et al!® the continuous
background in some SAXS patterns shows an upward
trend at large values of x after a minimum is attained in
the SAXS curve, and in such a case, the experimentally
observed data at the tail end region can be fitted to an
equation of the type:

T, pg(X)=a+bx"

where a, b are constants and »n is an even positive integer.
However, it was shown by Konrad and Zachmann®
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Figure 1 Smeared-out scattering profiles for PBLG-I (Q), PBLG-II
(1 Mrad) ([J) and PBLG-III (3 Mrad) (A), magnified from x=0.1 cm.
The extrapolated points are shown by inverted triangles (V)

Figure 2 Curves of the three-dimensional correlation functions C'(r) against r with error bars:
PBLG-I (O), PBLG-II (1 Mrad) (.J) and PBLG-HI (3 Mrad) (A), magnified from r=275A
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that Tbg(x) remains constant in the region where I(x)
contributes appreciably. For both the assumptions
corresponding to background intensities, the value of E,
when calculated following the methods of Vonk and
Ruland, shows only a relatively small difference. So one
is justified in deducting a constant background intensity
corresponding to a minimum intensity value in the SAXS
pattern'® as is done in our case. These background-
corrected SAXS intensities have been used in subsequent
analysis, with 5% statistical error in intensity data as
observed by our experimental study. The effect of this
error has been taken care of in subsequent calculation
of correlation function and error bars have been plotted.
At appropriate places, the limits of errors resulting from
the intensity fluctuation have been incorporated while
evaluating the various parameters. In our work, constant
background intensities marked as I, in Figure I are
deducted.

APPLICATIONS AND RESULTS

Five intensity values near the origin were fitted to the
Gaussian curve'”:

T(x—0)=p exp(—gx?)

by least-squares technique and the values of constant p
obtained are 986.53, 8589.05 and 271191Jm~2%s~!
respectively and of g are 78.70, 191.22 and 134.72m 2
for PBLG-1, PBLG-II and PBLG-III respectively.
Taking these values of p and g, the scattering curves for
the three samples were extrapolated and are shown in
Figure 1. It may be noted here that this extrapolation
has very little effect on the relevant part of the correlation
functions. Neither the position nor the height of the first
subsidiary maximum of the one-dimensional correlation
function is much affected'®.
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Using relation (7), the three-dimensional correlation
function C(r) was computed for various values of r and
are shown in Figure 2 for the three samples with error
bars. As per VonkS®, the relation R= —3[d2C(r)/dr?],-,
is valid for an isotropic sample. In our case the
values of —3[d*C(r)/dr?],-, for the three samples were
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Figure 3 Curves of —(4/R)dC(r)/dr against r values: PBLG-I (O),
PBLG-II (OJ) and PBLG-III (A)
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Figure 4 Curves of the one-dimensional correlation functions C,(y) against y values with error
bars: PBLG-I (O), PBLG-II ((1) and PBLG-III (A), magnified from y=180 A
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Table 1

Parameters PBLG-I PBLG-II PBLG-III

I, A) 330.63+2.51 721.7746.61 647.0+6.96

LA 101.37+2.51 102.23 +6.61 111.01+6.96

L&) 77.58 +1.06 89.55+2.18 94.75+2.46

L&) 124.0+092 177.0+1.05 167.0+1.05

S/VA™Y 9.26x 1073 485x1073 528x 1073

D (A) 216 412 379

b12 0.179+0.004 0.108 +0.003 0.125+0.003

b, (%) 76.5+0.6 87.6+0.8 85.310.9

&3 (%) 235406 1244038 14609

R(A7?) (2.65+0.19)x 1073 (2.35+0.16)x 103 (1.99+40.14)x 103

Eg (A) 18.44+0.02 17.36 +0.01 18.53+0.01

Ey (A) 19.6+1.16 18.94+1.36 2040+ 1.5
t-or Eq-18.50 A The values of C,(y) versus y values with error bars are
ool o ro.13 4 shown in Figure 4 for the three samples. The values of

Eq-i17.6 4

| 1 !
3.0 3.5 4.0

2 in cm 2 ——n

Figure 5 Ruland plot of f(x)x versus x~% PBLG-I (O), PBLG-II ()
and PBLG-III (A)

found to be (2.66+0.30)x 1073, (2.36+0.29)x 103
and (1.9940.12) x 102 A~2 for PBLG-I, PBLG-II and
PBLG-III respectively, which are in good agreement with
the R values, indicating that the samples are isotropic.
The slope of C(r) of each sample at different points was
computed by numerical differentiation, applying the
five-point central difference formula with a regular
interval of 1 A. The values of —(4/R) (dC(r)/dr) versus r for
each sample are plotted in Figure 3. The values referred
to as Ey, for the three samples, are also shown in the
figure.

As shown by lizuka’, PBLG has a layer structure, and
therefore the one-dimensional correlation function C,(y)
applicable for a layer structure was calculated for each
sample using relation (8) for various values of y.
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D were found by noting the position of the first subsidiary
maximum in each curve in Figure 4. The 5% fluctuation
in the intensity data in case of a sample produces no
change in the position of the first subsidiary maximum
as verified by the computation of C,(y).

The plots of I(x)x versus x~2 of each of the samples
are shown in Figure 5. The plots give straight lines at
the limiting region of the scattering curves. The values
of standard deviation of intensities a(I)!/? at the tail end
of the SAXS pattern were found to be 0.02, 0.002 and
0.01 for PBLG-I, PBLG-II and PBLG-III respectively,
which are well within the permissible limits. The
coeflicient of the line of regression, y, for the three samples
was computed as 091, 0.87 and 0.86 for PBLG-I,
PBLG-II and PBLG-III respectively, which were close
to unity, suggesting more or less the correctness of the
data.

Other calculations were made on the above theories
and the results obtained are displayed in Table 1.

DISCUSSION AND CONCLUSION

Correctness of data

The values of standard deviation of intensities ¢(I)!/? at
the tail end of the SAXS pattern of each sample were
found to be much less than 0.5, indicating the correctness
of data'®. Further, the coefficient of the line of regression,
y, was also close to unity for each sample, suggesting
more or less the statistical correctness of the data!®.

Also the approximately equal values of Ey, due to
Vonk, and Eg, due to Ruland, confirm the correctness of
the data collection and the method of analysis.

PBLG belongs to a non-ideal two-phase structure

It has been mentioned earlier that for an ideal
two-phase structure, the intercept of the Ruland plot
vanishes, leading to application of Porod’s law. When
this intercept is negative, as in our case, the system is
considered to be a non-ideal two-phase system. So PBLG
comes under non-ideal two-phase systems.

The value of C(r) initially remains positive and comes
to zero for a dilute system at large values of r (ref. 20).
But in the case of a non-ideal two-phase system, the C(r)
function oscillates at large values of r as shown in Figure 2.



Effect of y-radiation

When PBLG-I is exposed to 1 Mrad of y-radiation,
the D value increases as compared to PBLG-I. This may
be due to the crosslinking of PBLG, as a result of which
the interlayer transverse periodicity increases and the
matter phase becomes thicker. But when PBLG-I is
subjected to 3 Mrad of y-radiation, the D value decreases,
leading to the increase of specific inner surface, S/V. This
may be due to the breakdown of molecules, i.e.
degradation?!.
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APPENDIX
Glossary of symbols
c proportionality constant
D average periodicity transverse to the layer
E width of transition layer

Egx width of transition layer as determined by
Ruland’s method®

Ey  width of transition layer as determined by Vonk’s
method®

Jo(z) Bessel function of zero order of the first kind for
argument z

Ji(z) Bessel function of first order of the first kind for

argument z

transverse length in the matter region

transverse length in the void region

coherence length

range of inhomogeneity

a constant in the characterization of structure

total surface area of the matter phase

coordinate in Fourier space (s =26/1)

total volume of the irradiated sample

position coordinate of the scattered intensity from

the centre of the primary beam

n deviation of electron density from the mean value

An  electron density difference of the two phases

¢, volume fraction of matter phase

b, volume fraction of void phase

0 half the scattering angle (20 = x/a)

A wavelength

Ll L |
—

[ 8]

XLy~
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