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ABSTRACT: A model is developed to explain the increased energy deposition which occurs in certain multiphase
systems having large differences in electron densities after exposure to high-energy electromagnetic radiation. The
composite geometry selected favors the escape of Compton recoil electrons from the high electron density phase into
the low electron density medium. There the more numerous Coulombic interactions increase the chemical changes
for small volume fractions of the high electron density phase, although the production and reabsorption of secondary
electrons remain proportional to the electron densities of each phase. A comparison of G (—units)ieea derived from
the theoretical model agreed with the experimental results obtained previously from cryoscopic measurements. The
limitations and general applicability of the model are discussed.

I. Introduction

In earlier work! electrically conductive cylinders (1.5 cm
diameter X 2 cm high) were formed by compacting particles
of nickel(3-7 um, Ni-123, International Nickel Co.) with, on
the average, much larger particles of nylon—66 (5-100 um,
Zytel 101, du Pont de Nemours Co.) for 10 min at room tem-
perature under 1000 kg/cm?. To attain sufficient mechanical
strength, the “green” compacts were irradiated with Co%? v
rays and post-irradiation heat treated at 525 K. In spite of a
constant irradiation dose, the percent gel was found to in-
crease substantially with additions of nickel, suggesting that
an increased radiation deposition had occurred from the in-
teraction of the nylon with the higher electron density phase.
To substantiate these results, cryoscopic measurements were
made at a programmed heating rae of 20 K/min on a du Pont
Differential Thermal Analyzer (DTA) and the G(—units)
chemically changed were determined by the depression of the
melting point, or

G (—units) = [(1 = X)Na X 10%]/D(6 X 10!9)M

x=e = (%) (777;) J 2

The significance of these expressions has been detailed else-
where.!3 For the case in which the volume fraction of nickel
equalled zero, results showed that the cryoscopic measure-
ments of G(—units) = 7.5-9 were in good agreement with
Zimmerman,* G(—free radicals) = 5.8, Moreover, the value
for G (—unit)ya clearly increased (56-73%) with the addition
of 15% nickel by volume (Figure 1).

To explain this phenomenon, a model is proposed which
utilizes the “segregated” distribution!® described previously
(cf. Figure 2 of ref 5). Here the polymeric material, P, and
metal, M, emit secondary electrons in proportion to their
electron densities. The geometry is such that the probability
of secondary electron escape from the pointlike sources, M,
and into the low density medium is high. There, these addi-
tional recoil electrons create Coulombic interactions in P
above the normal level found. Although the termination of
these recoil electrons is proportional to the electron density,
the increased production of primary free radicals from the
Coulombic interactions increases the G value of the polymer
matrix.

11. Model

(1) Assumptions. Three assumptions must be valid for the
segregated particulate distribution to increase the G value of

in which
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the polymer matrix: (i) the particles of material M must be
sufficiently small, i.e., approximate point sources, so that the
primary Compton scattering events can escape initially into
the lower density medium,; (ii) the resultant energy profile in
P must be homogeneous, that is to say, each electron which
emanates from an M particle must have a high probability of
passing through and providing Coulombic interactions over
many polymeric diameters; and (iii) the emission from indi-
vidual point sources around particles of P is not absorbed by
the cross section of immediate point sources along the cir-
cumference of the same polymeric particle. Consideration of
these assumptions follows for a model with spherical geometry
in a radiation source of cylindrical geometry.

In order for the recoil electrons from M to escape their re-
spective point sources and interact with the lower density
medium, the energy of the recoil electrons must be sufficiently
high so that the probable path is many times longer than the
point source proper. Using v rays from a 9Co source with an
energy of 1.2 MeV, Compton scattering is produced with an
average energy of 0.5 t0 0.6 MeV. From depth dose charts for
0.5 MeV electrons in Ho0, such particles could interact at 1.5
to 2.0 mm.8 In material M with an electron density some six
times greater, this depth would correspond to ca. 250-300 um.
Since the average point source of M has a radius of 2.5 um, a
penetration of 250 um would be more than sufficient.

To substantiate assumption ii, the Compton scattering
which is emanating from the particles of metal must traverse
the second, third, and nth order nearest polymer neighbors,
thereby overlapping n — 1 point sources in all directions ra-
dially. Fr each point source of metal cosidered, the scattering
must cross several diameters of P and M. Again from the
depth dose charts8 for 0.5 MeV electrons in H»O, material P
with essentially the same electron density as H,O can pene-
trate 1500 to 2000 um which corresponds to 1350 um if suc-
cessive diameters of P and M were lined up radially from the
point source of interest. The corresponding domain overlap
of 13 diameters of material P would be more than ade-
quate.

To analyze assumption iii, a geometric construction is
necessary. Such analysis (Appendix I) shows that the maxi-
mum distance which a recoil electron could travel within the
immediate high electron density medium is ~30 um. By re-
calling from assumption i that the penetration of secondary
electrons in material M was 250 um, the problem of nearest
neighbor absorption can be neglected. Note that the contri-
bution of 26 is unimportant, since by inspection 26 < BC «
250 pum.

(2) Derivation. The total value for chemical damage of a
two-phase composite will equal the sum of its parts, or

G (~units)iotal = (Gp—~p) + (Gp—m) + (Gm—m) + (GMm—p)
= (Gp-p) + (GMm-p) (1)
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Figure 1. Influence of volume fraction of nickel on (G — value)iota
for nylon-86/nickel-123 composites: (O) run 1; (®) runs 2 and 3. Dose
= 64 Mrad.

where Gp—.p represents the G value of P due to scattering
which initially emanates from P particles, Gp_.\ represents
the Gvalue of M due to scattering which initially emanates
from P particles, and so forth. The G value of material P as
a result of self-absorption can be found readily from standard
chemical analysis or from the depression of the melting point.
The G values for terms 2 and 3 can be considered zero since
the metallic phase does not undergo any permanent chemical
change at these energy levels. The fourth term, the G value
attributed to material P from the Coulombic interactions of
metallic electrons, is the only unknown.

To find (G — value)ota], the parameters ¢p, ¢u, fp, and Oy
are introduced. These are the volume fractions and the elec-
tron densities of P and M, respectively. For a composite, the
total amount of electrons present equals

Brotal = PP + dMbMm (2a)
recalling the identity ¢p + ¢ = 1
Brotal = (1 — om)0p + oMM (2b)

Material P through the addition of M becomes enriched with
an increased number of secondary electrons (assumptions
i-iii) equal to the final electron density divided by the initial
electron density or,

final electron density of the composite _ fiotal

(3)

initial electron density of polymer fp

The increase in the apparent electron density of P suggests
a dose:electron density equivalence for the case of a segregated

distribution,
[ G (_units)total] — <6total> (4)
(Gp—p) bp

Thus it follows that eq 4 expresses the (G — value);sia Of 2
composite made up of a segregated distribution of material
P and M.

To understand the contribution of Gp_.p and Gy—p, sub-
stitution of eq 2 into eq 4 and subsequent rearrangement is
necessary.

G (~units)owas = (Gp—p) + [¢>M (%f -1) (Gpﬂ)] 5)

when 61 = 6p

By inspection of eq 5 with eq 1,

Gm—p = [¢M <Z—f - 1) GPaP] (6)

Note that when the electron densities are equivalent,
G(—units)iota = (Gp—p).
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Figure 2. Comparison of (G — value);yta derived from theoretical
considerations (e.g., eq 7) vs. experimental results (cf., Figure 1): (O)
run 1; (@) runs 2 and 3. Dose = 64 Mrad.

In the present case, eq 5 can be solved for the low volume
fraction of metal (¢m < 0.15). In previous work the G(~units)
of nylon-66 determined by DTA equalled 9.0, 7.5, and 7.5 re-
spectively for three successive runs.!:3 Substitution for Gp_.p
and for the theoretical electron densities of nylon (3.98 X 1023
electrons/cm3) and nickel (25.7 X 1023 electrons/cm3)
yields,

G (—unitsiotal = 9(1 + 5.46¢n1) (7
(forrun 1)

Similar equations can be derived for successive runs.

II1. Results

The results obtained when the theoretical (G — value)iotal
(e.g., eq 7) is plotted against the experimental (G — value)otal
(Figure 1) are illustrated in Figure 2. The solid line shows the
1:1 correlation while the dashed lines show the scatter enve-
lope. The minimum (G — value);,ia corresponds to the un-
modified nylon material. Considering the problems associated
with making representative segregated composites and the
errors present in the measurement of the melting transition
which affects the subsequent (G — value)..ta) calculation, the
experimental data and the theoretical model show good cor-
relation.

IV. Discussion

(1) Limitations and General Applicability. In the
present work, a segregated distribution of nickel in ny-
lon (rp/ryy = 5) is used to compare the experimental
G(~value)iia vs. the theoretical G(—value)igia. If the as-
sumptions are satisfied, the model may also apply to other
geometries, material combinations, or multiple phases. For
example, if a random distribution (rp/ry ~ 1) of a high and
low electron density material is formed so that there is a high
probability that secondary electrons can escape from high
electron density medium and provide ionization and excita-
tion to many particles of the low electron density material
(assumption iii does not apply in this particular case), then
the model would apply. In fact, the electron densities of the
respective phases are unimportant save that in a two-phase
system the higher electron density medium is designated 8y,
while the lower is designated 6p. For a few light metals then,
fp could represent a metallic phase and 6 a polymer. This is
to say nothing of the possibility of n-phase systems in which
contributions from n? G terms must be resolved to obtain
G(_units)total-

To maintain a balanced perspective, it is important to
consider factors which might restrict or limit the usefulness
of a theory. One such parameter is the bulk geometry of the
composite. In the nylon-nickel mixture tested, all specimens
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were large (1.5 cm diameter X 2 cm high) so that escape of
secondary electrons at the free surface which results in a de-
creased number of Coulombic interactions was negligible.
However, if the composite surface to volume ratio were in-
creased, then the decreased interaction from secondary elec-
trons could become more important. For sheets in which the
thickness approaches the secondary electron range, surface
effects would predominate.

As expressed in assumptions i-iii and eq 3, the purposee of
the higher electron density medium is to provide additional
secondary electrons to create more radiation damage in P. In
the present segregated composites, each M particle is such an
efficient secondary electron emitter that the electron density
of P may be approximated by the total electron density. While
the present analysis is limited to a ideal case, an accurate value
of Gy—p might be possible when departures from ideality
occur, if the total effective electron density or the overall
secondary electron efficiency could be determined.

Whether or not an interaction may occur between phases
is another concern. While eq 5 shows that G (—units)ysta =
(Gp_.p) for the case in which fy = 6p, more often than not
interactions occur resulting in some form of deactivation or
sensitization.?10 In fact, phase interactions have been claimed
for the case in which 8y > 8p, an indication that both a redis-
tribution of absorbed energy and some form of deactivation
or sensitization reaction is possible.!! More data are needed
to substantiate these findings, however.

Last, the model is only valid for a limited volume fraction
of high electron density material, since an increase in M be-
yond a critical value yields no further benefits. This is the
result of significant self-absorption of secondary electron
ionization in M (a violation of assumption i) and/or significant
absorption by an excessive number of neighboring M particles
(a violation of assumptions ii and iii). In the present case
studied, the limit might be inferred by the apparent deviation
of Figure 1 at 15% loading of nickel by volume.

(2) Comparison with Previous Work. The present the-
oretical model and experimental data confirm and extend the
previous work reported on polymeric systems in which an
absence of electronic equilibrium exists.11-17 Several par-
allels may be drawn from the irradiation of a polymer sheet
in contact with a metal sheet which are common with the
current theory. Moreover, a few cases have been documented
which corroborate the present observatios that finely dis-
persed metals can increase the energy deposition in a lower
electron density medium.

To a first approximation the absorbed energy near the
surface of a thick polymer sheet which is in close proximity
to a metal plate is analogous to the situation which exists
throughout the segregated nylon-nickel composite. Sub-
stantiation of that statement is found from experimental data
of Dutreix!? which indicates that a 50~100% increase in energy
absorption occurs near the partition boundary of carbon and
metal ranging from Z = 26 to 82. The data indicated that a
50% increase in absorbed dose occurs for iron (Z = 26) or
copper (Z = 29) vs. ca 65% in the present work for a high vol-
ume fraction of nickel (¢ = 0.15, Z = 28) in nylon. As the
thickness of the polymer sheet between the metallic sheets
decreases (from 5000 to 500 um), Makhlis showed that su-
perposition of the electron flux from opposite metallic screens
tended to equalize the absorbed dose across the polymer
thickness (cf. Figure 28, ref 11). This two-dimensional ge-
ometry is effectively extended to three dimensions in the
present segregated composite design, since the small polymer
particles (ca. 50 um) are surrounded by a discontinuous en-
velope of metal. The result is a composite which exhibits
distortion of electron equilibrium independent of thickness
(providing the radiation can penetrate the bulk).

As eq 6 shows, the contribution to the G (—units)iota) from
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the metallic phase on the polymeric phase, i.e., a high electron
density phase on a low electron density phase, is dependent
upon the ratio (#y/0p). Verkhgradskii et al.13 substantiated
that the absorbed dose in a thin polymer film (cellulose) may
be increased if contacted with a material of higher Z. Using
polymethyl methacrylate as a control contact material, gold
(p = 19.3 g/ecm3) increased the film’s absorbed dose by 100%
compared to glass (p = 2.4 g/cm?®) which increased the poly-
mer’s absorbed dose by 10%. If lead, iron, and aluminum
screens are compared, the mean absorbed energy in a thin
polymer layer (<5000 um) increases with Z, i.e., Pb > Fe >
Al!l Finally, Spiers!* found that soft tissue received more
radiation damage at the bone—tissue interface than at a dis-
tance more remote. Presumably, the ratio of electron densities
contributed to the increased ionization received by the soft
tissue which was in close proximity to the bone. Similarly, the
effect was seen in the soft tissues which are contained in the
Haversian systems of the bone. Dependent upon cavity ge-
ometry and radiation wavelength, the energy deposition in-
creased by a factor of 3. This latter case is an excellent example
of a biological three-dimensional mixture of finely divided
phases having different electron densities in which interac-
tions predominate.

In contrast to the irradiation of polymer films in contact
with metal sheets, relatively little is known of the effects of
radiation on polymer-metal mixtures. Gas evolution!? and
cross-linking!® have been shown to increase with additions of
powdered metals or metal compounds, the increased damage
being attributed to . . . an increase in the absorbed energy in
the polymeric component because of [the ionizations of] sec-
ondary electrons generated by v-irradiation in the metal”.11
It was not until Popova and Breger (1968)!7 that the geometric
parameters (number, size, shape) and absorbing capabilities
of the powders were considered. The current experiments
agree with the observations of these earlier investigators.
Recognizing the assumptions and limitations of the model
developed, the concepts described may provide further insight
into these little-known composites.

V. Conclusions

From earlier gel and melting point measurements, evidence
was presented which suggested that an increased absorption
of energy resulted from the irradiation of nylon particles in
a segregated distribution of nickel. In this paper, a modet was
presented to predict the effects which a higher electron density
medium might have on a lower electron density medium nder
circumstances in which certain geometrical constraints were
met. The theoretical (G — value)iota) computed from this
model agreed with the experimental (G — value),otq evaluated
from the melting point data and Flory’s equation. By an ap-
parent increase in the total electron density of the nylon, an-
increase in the G — value resulted. Clearly, a more efficient
utilization of radiation energy could prove useful in a number
of diverse applications.
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Appendix I

Consider the structure of an ideal spherical composite. A
particle of material P is drawn with particles of M aligned with
their centers on the circumference of the P particle (cf. Figure
3). A geometrical construction is now made to determine the
longest chord that can be inscribed within the torus which the
metal particles sweep out. By inspection, the longest possible
chord will deviate at its midpoint by the radius of the M par-
ticles. The error, 5, where the electron emerges from the
imaginary torus when the particle has originated in the center



794 Scheraga et al.

Figure 3. Schematic illustration of the geometry of high electron
density particles along the circumference of a low electron density
particle within a segregated network (rp/ry = 5).

of one of the immediate M particles, or the error, 25, when the
particle has originated in the center of some neighboring nth
particle not contained in the circumference of interest, will
be much smaller than the chord length itself. Consequently,
& will be ignored in the first approximation. By defining the
radiu of material M, rp;, equal to 2.5 um and the radius of
material P, rp, equal to 50 um, the longest chord that can be
inscribed, BC, equals,

BC = 2rp(sin %a) (i)
From the Pythagorean theorem,
b02 = 0D2 + BD? (ii)

Since BD = % BC, substitution of eq i into eq ii yields,
rp? = (rp — rm)? + [rp(sin %a)]? (iii)

Making numerical substitution for rp and ry gives o = 0.635
rad Solving eq i for chord length, BC, yields 31 um.

Macromolecules
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ABSTRACT: The synthesis and characterization of water-soluble random copolymers containing L-lysine with N5-
(4-hydroxybutyl)-L-glutamine, and the thermally induced helix—coil transitions of these copolymers in water, are
described. The incorporation of L-lysine was found to decrease the helix content of the polymers at neutral pH. The
Zimm-Bragg parameters ¢ and s for the helix—coil transition in poly(L-lysine) in water were deduced from an analy-
sis of the melting curves in the manner described in earlier papers. The computed values of s indicate that, in the
temperature range of 0-60 °C, lysine has a tendency to destabilize helical sequences, this tendency being minimal

at ~25 °C and increasing at lower and higher temperatures.

Poly(L-lysine) has been studied extensively both in water
and in aqueous salt solutions, and has been shown to exhibit
the characteristics of random coil, « helix, or 8 structure de-
pending on conditions of pH and temperature.3-° The value
of the standard free energy change, AG°, for conversion of an
uncharged residue in the random coil state to an uncharged
residue at the end of a preexisting a-helical region has been
determined previously by application of the theory of Zimm
and Ricel® to the analysis of titration data.1l-13 The temper-

ature dependence of this quantity, in turn, has provided a
measure of AH® and AS® for this process. An independent
measure of AH® obtained calorimetrically has verified these
results.!* However, it has been assumed in these investigations
that the helix-forming ability of an ionizable residue is inde-
pendent of its state of ionization except for electrostatic re-
pulsions between side chains when the residues are charged.
Thus, the Zimm-Bragg helix stability constants,'® ¢ and s,
obtained from these studies for an uncharged lysine residue



