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Abstract. The effectiveness of the radiation of the radiation yield is used
in this work to discuss the mechanisms of radiation induced reactions and
the composition of the obtained products. The effect of the irradiation on
the polymer crystalline structure has been estimated by means of the temperature of melting. The appliance of the Flory equation relating the mo!
part of the crystallizable units to the melting point enables the radiation
yield to be compared with the yields of the various eventually running
processes under irradiation. It is established that the calculation of the
radiation yield of crystalline defects by means of the Flory equation has
to be made in terms of crystalline structure parameters.

1. Introduction
The effect of gamma irradiation on the structure of polymers has been studied
many times. On the molecular structure level two main radiation processes are
established: radiation degradation and radiation crosslinking which result correspondingly in lowering of the molecular mass or in formation of a polymer network.
A complete and accordant theory about the effect of gamma irradiation on the
supermolecular structure of the polymers and especially the crystalline ones has
not been found yet. In terms of the radiation chemistry it is assumed that the
radiation degradation of crystalline polymers leads to increasing of their degree of
crystallinity as well as the radiation crosslinking results in decrease of the degree
of crystallinity.
A polymer possessing relatively high degree of crystallinity was used as an
object of the present study. The watersolubility and the biocompatibility of the
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poly(ethylene oxide) (PEO) make the hydrogels of this polymer wide applicable.
Although the radiation gelation of PEO solutions is well known (1, 2, 3], the effect
of gamma irradiation on the supermolecular structure of the crystalline PEO is not
so well studied.
The behaviour of ultrahigh molecular weight PEO gamma irradiated in vacuum
is described by Yang and Silverman [4). As the crosslinked material is tested for
sutureless anastomosis, the swelling in water, the ageing and the melting of irradiated with various doses samples have been discussed in an empirical point of view
but no observations on the crystalline structure of the polymer have been made.
Also, the pure nitrogen is tested as an irradiation atmosphere when the results
are compared with those under irradiation in vacuum (5). It has been found that
the similar tendency of influence of dose on the gel fraction and the gel point is
obtained to be 7 .8 mrad. A mechanism of radiation crosslinking in inert atmosphere
is proposed.
Discussing the free radical mechanism of radiation crosslinking polyethylene glycol some vinyl polymers are gamma irradiated under hydrogen atmosphere and the
gel formation is compared with that under air or vacuum irradiation (6). In all cases
it was found the gel content to increase in hydrogen atmosphere with respect to air
irradiation because the mechanism of hydrogen elimination is favoured.
Although the used PEO is of molecular masses corresponding to crystalline state,
the above works do not discuss its crystalline structure or its morphology neither
before nor after irradiation.
Low-molecular fractions of PEO with various end groups crystallized in extended
chain morphology forms are gamma irradiated aiming to consider the effect of
the end groups on the radiation degradation and crosslinking processes (7). It has
been established that the radiation crosslinking predominates over the radiation
degradation and the associative end groups cause localisation of the links on the
lamellar surfaces.
The crystalline structure and the chain dynamics of high-molecular weight PEO
gamma irradiated in vacuum and in air are studied by 13 C NMR spectroscopy
(8). It is concluded that the crosslinking predominates over the degradation under
vacuum irradiation until the degradation is predominating under air irradiation.
Further investigations of the vacuum irradiated PEO including DSC data show
that the crosslinks are concentrated at the lammelar surfaces (9). A thermal treatment of the irradiated polymer-like heating to the melting point and cooling to
the crystalline state causes random distribution of the radiation crosslinks over the
amorphous phase.
According to previous results [10) the gamma irradiation of PEO in bulk causes
changes mainly in transitional and amorphous areas. Applying doses below 10 mrad
results in the effect of radiation annealing of the crystallites and perfection of the
crystalline structure. Applying doses over 10 mrad results in the effect of radiation
melting of crystallites. The amorphous phase becomes denser and causes packing of
the lamellar aggregates as well as increasing of the porous sizes [11). The radiation
annealing runs on the crystalline surfaces following the conformational mechanism.
The radiation melting runs in the polymer bulk following the configurational mech-

Radiation Changes

1

anism. Also, a partial eel
The different degrees
in the polymer volume:
as a result of the intram
termolecular crosslinkinE
fractions determines the
mer. Possessing different
ma! crystallization and ~
of the macronetwork in
than 100 mrad it causes
structure.

2. Materials and M~

Ultrahigh molecular poh
mass of 2.5x10 6 produce
and co-workers is used [
2 mm thick and immedi
are gamma irradiated b
The melting points o~
by differential scanning
rate of 10 °C per minut

3. Results and Disc
The effectiveness of the
discuss the mechanisms
obtained products. It is
the influence of lOOeV
polymer crystalline str~
melting. The appliance
tallizable units to the rr
crystallizable monomer
relation between the eq
irradiated polymer (Tm)

where R is the gas cons
polymer and x is the m
imating that for x-value

Radiation Changes in Ultrahigh Molecular Weight Poly(Etylene Oxide} ...

olymer wide applicable.
nown [1 , 2, 3], the effect
e crystalline PEO is not
a irradiated in vacuum
d material is tested for
d the melting of irradiempirical point of view
mer have been made.
sphere when the results
It has been found that
ion and the gel point is
king in inert atmosphere

3

anism. Also, a partial cell structure formation during the heating may be affirmed.
The different degrees of crosslinking in the different regions form three fractions
in the polymer volume: a sol-fraction as a result of the chain scission, microgels
as a result of the intramolecular crosslinking and a macrogel as a result of the intermolecular crosslinking (12]. The interaction between the mentioned above three
fractions determines the structure and the thermal behaviour of the irradiated polymer. Possessing different crystallization abilities, they separate during the isothermal crystallization and give rise to diffusion controlled crystal growth. The density
of the macronetwork increases with the dose and when it reaches doses higher
than 100 mrad it causes an effect of radiation restoring the pre-melting crystalline
structure.
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Ultrahigh molecular poly(ethylene oxide) (PEO) with viscosity average molecular
mass of 2.5x10 6 produced in Bulgaria by the original technology of Prof. Panayotov
and co-workers is used (13]. It was pressed at 160 °C and 350 atm to obtain plates
2 mm thick and immediately after that sharply cooled to 160 °C. The basic samples
are gamma irradiated by 6 °Co source applying doses from 0.1 up to 200 mrad.
The melting points of the samples irradiated with various doses are determined
by differential scanning calorimetry in the range of -20 °C to 120 °C using heating
rate of 10 °C per minute.

3. Results and Discussion
The effectiveness of the radiation or the radiation yield is used in this work to
discuss the mechanisms of radiation induced reactions and the composition of the
obtained products. It is defined as the number of chemical transformations under
the influence of 100 eV energy of radiation. The effect of the irradiation on the
polymer crystalline structure can be estimated by means of the temperature of
melting. The appliance of the Flory equation relating the mol part of the crystallizable units to the melting point is appropriate. Assuming the mo! part of the
crystallizable monomer units equals to 1 (x = 1) for an ideal PEO crystal , the
relation between the equilibrium melting point (T~) and the melting point of the
irradiated polymer (Tm) is [14] .
1
1
R
---=---lnx
Tm
T/;.
LlH~

where R is the gas constant, LlH~ is the equilibrium enthalpy of melting of the
polymer and x is the mol part of the crystallizable units after irradiation. Approximating that for x-values near 1
lnx = 1- x,
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the radiation yield of units subtracted of the crystal as a result of the 100 eV energy
irradiation can be calculated by the equation:

The effect of the radiat
melting point of chemicall:

1-x
NA
G= ~6M x 10 17
where Mis the molecular mass of the monomer, NA is the Avogadro number and
Dis the adsorbed dose in mrad (15, 16].
The so defined G-factor is a measure for the effectiveness of the radiation in the
decrease of the crystallinity. As the gamma irradiation interacts randomly with the
matter, the radiation yield defined as the number of primary radiation processes
per 100 eV must be a constant over the whole dose range. But the evolution of the
primary radiation defects leads to their transformation in various configurational
and conformational changes of the supermolecular polymer structure. Thus varying
the applied dose different crystalline defects influence on the melting point and the
dependence of the value on the dose is nonlinear.
The influence of the radiation defects on the melting point depends on the type
they are. The most probable configurational changes available under and after irradiation are: chain scission, formation of short branched chains by a graft connection
of two or several short chains and the formation of macronetwork from crosslinked
molecules. The separation of both sol- and micronetworks- phases and the formation
of the macrogel cell structure is a consequence of the above processes. The decrease
of the thickness of the lamellae as well as the increasing of their surface energy
is the main conformational change of the polymer crystalline structure caused by
the irradiation (10, 11, 12]. Literature data about melting of model compounds are
used to simulate each of the upper effects.
The effect of the chain scission on the melting temperature value is presented
by a correlation between the melting points of the sharp PEO fractions and their
molecular mass as follows (14]:

LlH;;.. ( 1
1 )
Tm -T~

-Y-

where XN is the number average polymerization degree. The influence of the molecular mass increase on the melting point is estimated using the above equation and
the experimental data about the melting points of sharp fractionated PEO [17, 18].
The effect of the micronetworks formation is described by the dependence of
the melting temperature of PEO based copolymers on the molar part of noncrystallizable blocks (XA) as [14]

tlH;;_.
R

(_2_ __l )
Tm

T~

_ In

-

1
1- XA

The influence of the micronetworks formation on the melting point is estimated
using the above equation and the experimental data about the melting points of
PEO based copolymers [19].
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The effect of the radiation crosslinking is simulated by the dependence of the
melting point of chemically formed network on the number of crosslinks (c) [14)
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The influence of the radiation crosslinking on the melting point is estimated using
the above equation and the experimental data about the melting points of chemically formed network [20).
The phase separation of the sol-fraction, micronetworks and macronetwork is
considered as melting of the polymer in the presence of a plastificator. The dependence of the melting temperature on the content of the plastificator is used
[14)
D.H::,

R

(-1
__l ) -_Vi (l _EV~)
Tm
R Tm
T~

VM

where VM is the molar volume of a monomer unit, Vi is the molar volume of
the plastificator, v1 is the volume content of the plastificator, B is the density of
the phase interaction energy and V is the volume of the system. The influence of
the phase separation of the sol-fraction, micronetworks and macronetwork on the
melting point is estimated using the above equation and the experimental data
about the melting points of evtectical mixtures PEO/H 2 0 [21).
The radiation changes of the conformational parameters like lamellae thickness
(or the long period), degree of crystallinity and surface energy of the lamellae are
described by the equation (14)
D.H::, ( 1
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where a is the degree of crystallinity, L is the long period of the thickness of
the lamellae and u is the surface energy of the crystallites. The influence of the
conformational changes on the melting point is estimated using the above equation
and the experimental data about the melting points of PEO crystal possessing
various lamellar morphology [18 , 22).
The chemical yields calculated from literature data by means of the above equations simulating the effect of the most significant radiation processes on the melting
point are listed in Table 1.
The radiation yield of primary radiation processes is usually considered as a
simple sum of the yields of each process that has run under the irradiation [16).
It is worth noting that the radiation yield has no constant value for different dose
ranges. Consequently the effect of gamma irradiation cannot be identified with one
and only of the enumerated processes, but in the different dose ranges different
combinations predominate.
Based on our experimental data the calculation of the radiation yield of crystalline defects in terms of crystalline structure parameters like surface energy, long
period and degree of crystallinity was found as the most suitable one (Fig. 1). The
dose range is separated by this approximation in two parts corresponding to the
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Table 1. List of the models used to simulate the effect of different radiation changes on
the melting point
Simulating of the radiation processes
Model process

Corresponding
radiation process

Melting of PEO
fractions

chain scission

Melting of PEO
block copolymers

branching
of the chains

Chemical yield

Variable
103 < M
103 < M

2.93
4.65

< 3 x 103
< 1.5 x 105

content of PEO
blocks

-0.2
-0.23
-0.34

density of the
network

phase separation
of sol-fraction and
microgels from the
macro gel

2.02
2.81
2.54

MPEO

conformational
changes under
irradiation

2.78
2.0
2.0

radiation
crosslinking

Melting of
evtectical
mixtures
PEO/H20
Melting of PEO
crystallized in
different lamellar
morphology

60
tll
.....,

2.4x10- 2
l.9x10- 2
0.8x10- 2

Melting of
chemically
crosslinked PEO
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Fig. 1. Ap
Table 2. Comparison between radiation yields of crystalline defects calculated through the
Flory equation about different cases of irradiation of solid PEO
Radiation yields under irradiation of crystalline PEO
Irradiation
conditions
Vacuum, powderlike samples

Molecular mass

{mrad)
2X10 5

Air, pressed
samples

Radiation yield
(100 eV)

Data of

0-2
2-30
0-8
8-30

1.96
0.54
1.24
0.09

Yang,
Silverman,
1985

1X10 5

0-90

0.81

Sch.illing, Tonelli,
Cholli, 1992

2.5x10 6

0-10
10-200

1.2
0.19

Nedkov, Tsvetkova,
1994

5x10 6

Vacuum, powderlike samples

Adsorbed dose
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The comparison between the listed cases shows that the values of radiation yield
of crystalline defects under air irradiation are close to those under irradiation in
vacuum. Thus the effect of the crystalline structure on the type and distribution of
the radiation defects can be noticed as very important.

Variable
103 < M < 3 x 103
103 < M < 1.5 x 10 5
content of PEO
blocks

....,
"'

density of the
network

60

200

·a;::l

·a

.0
...

.ci

2

;::l

...

ell

ell

50

3
MPEO = 10
4
MPEO
2 X 10
MPEO
1.8 X 10 6

100

=

=

3300

< MPEO < 10 3

MPEO
MPEO

= 6000

4

= 10000

6

D (mrad)

D (mrad)

Fig. 1. Approximation to calculate the radiation yield
cts calculated through the

4. Conclusions
e

PEO

ield

Data of

Yang,
Silverman,
1985

Schilling, Tonelli,
Cholli, 1992
Nedkov, Tsvetkova,
1994

The experimental results lead to the conclusion: calculating the crystalline defects
radiation yield through the Flory equation has to be made in terms of the conformational parameters including the degree of crystallinity, the long period and
the surface energy. So melting is first and foremost a conformational change; it is
reasonable to assume that the influence of most of the configurational radiation
changes on the melting point is realized by the corresponding conformational ones.
Thus the effect of the irradiation on the crystalline structure of the polymer can
be estimated by the radiation yield of the crystalline defects. Its calculation by
means of the Flory equation has to be made in terms of the crystalline structure
parameters.
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