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After irradiation, the fraction of particles below
70 µm was selected.

The thermal properties of modified bentonite
were tested using a differential scanning calori-
meter MDSC2920CE in standard mode.

We used differential scanning calorimetry (DSC)
measurements to determine the type of binding of
maleic anhydride to bentonite. In Figure 1, are pre-
sented thermographs for: bentonite “Specjal” (a),
maleic anhydride (b), physical mixture of bentonite
“Specjal” with maleic anhydride (c) and sample of
bentonite after absorption of maleic anhydride from
acetone solution (d).

The thermograph (a) of unmodified bentonite
does not confirm any exo- or endothermic process
between 20 and 160oC. The diagram (b) indicates
the melting point of maleic anhydride at 55oC and,
additionally, at about 110oC peak belonging to the
melting transition of maleic acid that could be
present as an impurity. The physical mixture of
bentonite with maleic anhydride shows the super-

position of components, however the melting point
of maleic anhydride is shifted slightly towards lower
temperatures. The lowest thermograph (d) record-
ed for bentonite with the absorbed layer of anhy-
dride reveals a different relationship. Lack of the
signal at 55oC strongly suggest that the chemical
reaction between maleic anhydride and active

be used as scaffolds for tissue engineering [1-3].
The elastomeric polyurethanes are known to be
radiation stable materials in sterilizing dose. Never-
theless, if additional components appear in the sys-
tem, e.g. segments of polyesters, then the influence

Copolymers of polyurethanes and polyesters were
found unsuitable for long-term implants because
of fast hydrolysis of the ester soft segments. On
the other hand, such properties make them valu-
able, gradually degradable biomaterial that might

groups of bentonite takes place, leading to salt-type
compounds that are responsible for the broad endo-
therm of minimum above 100oC. Additionally, it
was confirmed that analogous DSC curves were ob-
tained in the case of modification of bentonite with
succinic or phthalic anhydrides (data not shown).

Figure 2 shows the DSC results obtained for
bentonite “Specjal” modified with maleic anhydride
(MMT/MA) after ionizing radiation with the dif-
ferent doses. In comparison with previous results
shown in Fig.1 new endothermic peaks appear
what suggests that during irradiation a new phase
of transition in the range 120-140oC is formed. The
signal is strongly dose-dependent, the higher dose
the greater is the shift towards lower temperatures.
Futhermore, for doses above 50 kGy, a second low
intensity peak is formed. It was also found that
bentonites modified with succinic or phthalic an-
hydride upon irradiation do not reveal these addi-
tional DSC signals. The investigations indicate that
the changes induced in the MMT/MA system by
electron beam involve probably coupling between
both components utilizing double bond of maleic
anhydride.

Conclusion:
- Modification of the domestic bentonite “Specjal”

by absorption of maleic anhydride, followed by
irradiation with electron beam to the overall
dose in the range 26-104 kGy, shows that the
particles obtained in this process can be good
fillers for the production of composites.

- Maleic anhydride reacts via anhydride group
with active ionic sites of bentonite, forming a
salt-like compound. Irradiation with electron
beam leads to the breakage of double bond in
maleic anhydride and to the production of new
organic phases.
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Fig.2. DSC thermographs for montmorillonite modified by
maleic anhydride upon irradiation with electron beam
with different doses.
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Spectrum measured upon annealing to 250 K,
showing two weak asymmetric external lines, must
arise from the interaction between nitrogen and
unpaired spin. The character of spectrum is com-
parable to simulated pattern of nitroxyl radical that
was computed using the following parameters:
A(N)||=3.0 mT, A(N)⊥ =0.5 mT and ∆g=0.005,
thus the spectrum represent an oxidized form of
radical whose spin interacts with nitrogen atom.

Spectrum detected at 77 K directly upon irra-
diation of poly(ε-caprolactane)diol (PCL) is a su-
perposition of two components – triplet and wide
signal comprising weak peaks both the sides of
main absorption. The spectral range is comparable
to that obtained for OHCH2

• radical found in EG.
Therefore, we interpret the triplet as the spectrum
corresponding to species formed upon scission of
C-C bond in the main chain. Hyperfine splitting,
smaller than in typical alkyl radicals, indicates that
the functional groups containing oxygen are in-

volved, thus triplet might be assigned either to
OHCH2

• or -OCH2
• radicals. The unambiguous in-

terpretation of the singlet is not possible on the
basis of obtained results, but we suggest that the
peak represents radicals formed upon scission of
the main chain, -CH2C(O)• and •OCH2-. They are
precursors of radicals situated in α-position to
ether groups -CH2CH•OC(O)-, whose fraction is
already formed during irradiation at 77 K. To con-
firm unambiguously the above interpretation, a
spectrum of high molecular weight PCL (80 kDa)
measured at ambient temperature is shown in
Fig.1C (dotted line). The signal corresponds to the
radical characterized by the following EPR para-
meters: A(Hα)iso=2.07 mT, A(Hβ1)iso=3.54 mT,
A(2Hβ2)iso=2.60 mT.

The resulting elastomers contain components
of the following molar ratios HMDI:PCL:EG=4:1:3
for poly(ester urethanes)-1 (PEU1) and 2:1:1 for
poly(ester urethanes)-2 (PEU2). PCL oligomers
have various molecular weights – 1250 Da in PEU1
and 530 Da in PEU2. Free radical processes in-

of irradiation is poorly recognized. Contrary to
polyurethanes, polyesters are characterized by high
oxidizability thus in their copolymers the oxida-
tive processes are supposed to be at least partly
limited.

The EPR spectrum of ethylene glycol (EG) at
77 K consists of dominant, asymmetric singlet and
two low intensity peaks on both the sides of the
central signal (Fig.1A). Upon gradual warming to
160-180 K, external lines grow and the sharp peak
between them is revealed instead of diminishing
broad singlet. We suggest that the alkoxyl radical
formed in EG is a precursor of α-hydroxyl carbon-
-centered radical that exhibits usually slightly
smaller hydrogen coupling than typical alkyl rad-
icals. Therefore, detected triplet of A(2H)iso=1.93
mT was attributed to OHCH2

• radical. The inter-
mediate subsequently undergoes oxidation since
the newly-formed peak at g=2.0345, characteris-
tic of peroxyl radicals, appears at elevated tempera-

tures. The presence of other carbon-centered rad-
ical, OHCH2CH•OH, was not confirmed since the
overall width of spectrum, 4.25 mT, is too small to
cover hyperfine splitting (hfs) of one α- and two
β-protons.

Free radicals generated in the irradiated 4,4’-me-
thylenebis(cyclohexyl isocyanate) (HMDI) show
spectra collected in Fig.1B. Unresolved peak of
∆Hpp=1.19 mT seems to correspond to radical
formed upon abstraction of hydrogen at carbon
atom bond to the isocyanate group. The strong
influence of the substituent can prevent the inter-
action of unpaired spin with β-protons. Other pos-
sible intermediates would show typical of alkyl
radicals hyperfine splittings. Moreover, in the
range of temperatures 150-170 K, the product con-
verts to peroxyl radical, a typical successor of car-
bon-centered radicals. Taking into account the
above implications, we suggest that the most prob-
able candidate for primary radical is >C(NCO)•.
Quartet of proportion 1:2:2:1, selected at 220 K
corresponds probably to >CNH• radical.

Fig.1. EPR spectra of PEU substrates irradiated at 77 K to a dose of 6 kGy upon annealing to indicated temperatures:
(A) EG, (B) HMDI and (C) PCL.
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duced by ionizing irradiation might proceed in the
entirely different way than in their substrates due
to occurrence of totally different conditions for the
dissipation of absorbed energy, for transfer of ex-
citations and charges along macromolecules, and
for localization of unpaired spin at newly formed
functional groups, e.g. at urethane linkages. The
unambiguous interpretation of PEUs spectra pre-
sented in Fig.2 is difficult as the primary species

already above 170-180 K convert to peroxyl rad-
icals of typical large, nearly axial g-anisotropy. At
lower temperatures, two components could be dis-
tinguished. Except wide singlet that dominates at
160 K, the spectra measured directly upon irra-
diation and after annealing to temperatures be-
low 160 K consist of six lines; two central peaks
are of high intensity. The spectral distances among
lines are consistent with alkyl radical that unpaired
electron interacts with five equal hydrogen atoms
A(Hα)= A(4Hβ)=2.23 mT. The intensity of two
central peaks is too high for 1:5:10:10:5:1 ratio, thus
sextet has to be overlapped by doublet of compa-
rable hfs. Hence, contrary to radicals identified in
components used for PEUs synthesis, radical cen-
ters in copolymers are localized also in hydrocar-
bon sequences, not only at α-position to hetero-
atom.

They combine inducing cross-linking or, upon
oxidation, are precursors of polar groups in poly-
meric material. It was found that more than 70%
of radicals detected directly upon irradiation con-
vert at elevated temperatures to peroxyl radical.

Polar groups formed as stable products of oxi-
dative degradation, i.e. hydroxyl, carbonyl and car-
boxyl groups, suppose to increase contact angle vs.
water. Surprisingly, its value slightly increases upon
irradiation from 84 to 95oC. It seems that ionizing
radiation induces solid state reorganization of the
segmented domains, leading to migration of soft
segments towards the surface and to grow of hy-
drophobic properties.

Results confirmed that the urethane segments
were more resistant towards ionizing irradiation
and the presence of ester units facilitated genera-
tion of free radicals. It was also found that in PCL
segments ionizing radiation induces radicals that
are able to introduce cross-linking in macromol-
ecules, and consequently reduce ability to biodeg-
radation. Oxidation is a competitive reaction that
refers to almost 70% of all initially generated rad-
icals. The increased contact angle in water suggests
that the surface of the irradiated materials might
become more hydrophobic.

This work was supported by the State Com-
mittee for Scientific Research (KBN) – grant No.
05/PBZ-KBN-082/T08/2002/06.
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Fig.2. EPR spectra of PEU1 (A) and PEU2 (B) irradiated at 77 K to a dose of 6 kGy upon annealing to indicated tem-
peratures.


