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Electronic spin-lattice relaxation measurements performed in X and Q bands on € ectrons
irradiated polyethylene, polycarbonate and pol ymethyl methacryl ate have shown thet &t liquid
helium temperatures and higher, up to 12K, the spin-lattice relaxation time of radiation
induced free radicals does not depend on the magnetic field but varies inverse proportionally
with the sguare of absolute temperature and free radicds concentration. These peculiarities
have been well explained by admitting that below 77 K there is a considerable amount of
stable free radicals coupled in pairs that mediate the spin-lattice relaxation process of single
radicals. Consequently, we have proposed an analytical equation that, within this hypothesis,
quantitativel y describes all these particul arities.
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1. Introduction

Polymers are long chain mol ecul es called a so macromol ecules (from Greek makro — long)
that are composed by addition of a great number of simpler units call ed monomers. Polymers are
extremedy wide spread in nature both in organic and inorganic world. Cellulose, lignite, proteins
or nucleic acids are typicd examples of organic polymers while diamond, quartz, fddspar
represent some examples of inorganic polymers. An impressive number of synthetic polymers
such as polyethylene, polyurethane, polycarbonate, ec. should be added to these substances. As
the number and varieties of synthetic polymers continues to grow, their investigation by various
techniques never ceased.

One of these methods frequently used to investigate the polymers structure is Electron
Paramagnetic Resonance (EPR). Due to its capacity to evidence only the paramagnetic centers,
EPR represents an adequate method for such studies. Paramagnetic free radicals are generated by
breaking of the two eectrons chemica bonds of the macromolecules by various factors such as
mechanica grinding, action of various chemical agents or irradiation with ionizing radiation. In
this way, the investigation of free radicals in polymersis very useful in understanding different
processes linked with the breaking of molecul e chains such as aging, action of irradiation or other
chemical agents, etc.

As a rule the free radicals, due to a weak spin-orbit interaction, are characterized by
g-factors closed to free eectron ones. At the same time, frequently, the EPR spectra of free
radials present well resolved hyperfine or superhyperfine splittings that reflect their chemical
structure alowing for a better identification of the investigated radicals [1]. On the other hand,
polymers, even the highly ordered ones, are not typical crystalline solids, but present some
properties similar to glassy state[2].
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EPR investigation can be performed by using continuous wave or pulse techniques. In the
last case, it is possibleto investigate in a more direct manner the d ectronic spin-lattice relaxation,
which could provide significant information concerning pol ymers lattice.

Bowman and Kevan [3] have shown that at low temperatures the spin-lattice rd axation of
the free radicals formed by irradiation in ethanol glasses consists of the modulation of the
Electron Nuclear Dipolar (END) interaction with the units (free radicals), which tunndate
between the minima of a double-wdl asymmetrical potential. Within this mechanism, considered
to be dominant in the glassy material, the spin-lattice rdaxation time T; depends on magnetic
field B and absol ute temperature T by asimple law:

T ~B7T (1)

In order to understand the nature of spin-lattice relaxation mechanism in polymers, we
have determined the experimental dependence of the spin-lattice relaxation time T, on magnetic
field and absolute temperature of the radiation induced free radicals in three different types of
high amorphous polymers, i.e. high pressure polyethylene (PE), polycarbonate (PC) and
poly(methylmethacrylate) (PMMA).

2. Materials and methods

The investigated samples were irradiated at 77 K with 3 MeV and 10 MeV dectrons, at
integral doses ranging between 30 kGy and 3 MGy, respectively at the Linear Accelerator
Irradiation Facilities of the Institute of Atomic Physics, Bucharest. For the same doses, no
significant differences in the ESR spectra of the samples irradiated with 3 MeV and 10 MeV
el ectrons were noticed.

The relaxation measurements were carried-out in the Q and X bands, in the temperature
ranges: (1.2-4.2) K and respectivdy, (2-12) K, using an origind pulsed-saturation method [4].
This method consists of a long microwave pulse that saturates the spins, followed by a train of
short equidistant microwave pul ses, which monitor the recovery of the magneti zation towards the
thermal equilibrium value It must be pointed out that, for all samples, the rdaxation curves have
shown the presence of a cross-rel axation process (biexponential curves). Consequently, in order
to avoid the complications introduced by the cross-relaxation, the most probable between the
singular free radicals and those coupled in pairs, the cdculations of T, from the recovery curves
were done only when the spin systems were close to thermal equilibrium. The concentration of
free radicals has been determined from 77 K EPR spectra by using an organic carbon reference
sample containing 1.6 x 10 centres cm®.
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Fig. 1. Dependence of the electronic spin-lattice relaxation rate on the free radicals
concentretion for irradisted PMMA samples. Smilar dependence has been noticed for the
other two irrediated polymers.
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3. Results and discussion

By analyzing all experimental data concerning the dependence of the free radical spin-
| attice rdlaxation times T, by temperature, as well as radicad concentration for all samples, we
have found the following particul arities:
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Fig. 2. Temperature dependence of T, spin-lattice rel axation timefor irradisted PMMA,
Andogous tendencies were observed for the other two polymers,

i. - in the region where there is a positive corrdation between free radica concentration
and irradiation time, the experimental data exhibit a linear dependence of the relaxation rate on
the radical concentration: T, ~c (Figure 1). As for each kind of polymers the experimental
points corresponding both to X and Q bands are disposed on the same ling, it results that T, is
magneti c-fiel d independent, too.

ii. - the temperature dependence of the reciproca of relaxation time T,™ obeys to a power
typelaw: T, ~ T2*°2 (Figure 2).

All these data allow us to state the existence of the same relaxation mechanism for the all

free radicas, regardiess of host lattice. Accordingly, the following expression of the T,™ better
describes the experimentally observed peculiarities:

Tl—l ~c BO T 2+0.2 (2)

compledy different of eq. (1), what excludes the relaxation mechanism proposed by Bowman
and Kevan. Here the term B (i.e. B at power “zero”) has been introduced to emphases the fact

that the T,™ does not depends on magnetic field.

On the other hand, it must be pointed out that the free radicals formed in al investigated
polymers differ by the number of CH; groups. In PMMA all free radicals contain CH; groups, in
PC their number is much lower, while in PE are practically absent. The CH; groups exhibit
rotational motion by tunneling even at liquid helium temperatures, which can modulate the END-
interaction (or another interaction) generating rdaxation transitions [5]. Considering such a
mechanism as a dominant one, the rel axation rate values of the three types of polymers under study
would be very different, in contrast with experimental results. At liquid hdium temperatures, the
eectron spin-lattice redaxation times in all three polymers have the order of magnitude of about one
second.

By supposing that the spin-lattice rd axation process can take place also via paired radicals

found on the triplet state, it results that between the relaxation rate Tl_1 of the single radica's and
that of the paired radicals Tlp_1 thereisthefollowing reation [6]:
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T~ —pT1p 3

wherec and ¢, represent the concentration of single and, respectively, paired radicals.

This affirmation is well sustained by the existence of a significant cross-rd axation process
between single and paired radicals resulting from a substantial overlapping of the EPR resonance
lines of both categories of radicals (Fig. 3).

At the same time, the relaxation of the paired radicd s is determined, the most probable, by
an “inverse” Orbach-Aminov process [7]. By taking into account the fact that the structure of the
polymer macromolecules is linear, and thus, by considering a one- dimension lattice, it follows
that [8]:

T '~ J[expi —1j_ )

where J stands for the exchange integral.

The exchange integral J covers a wide range of values, as the inter-radical distance is not
precisely defined (r;; varies between 5 and 10 A). In this case, for a uniform distribution of J-the
exchangeinteraction within apair, the re axation rate of the paired radicals becomes:

k@ -1
T, ~ | J(exp% —1) P(J)dJ = B°T? ®)

0

where 8 represents the Debye temperature; aso, the B® factor was introduced to emphasize that
the Orbach-Aminov process is magneti c-fiel d independent.

As the pairs are formed by the random overlapping single radicas, it follows that
between pair-radica s concentration ¢, and single radicals concentration ¢ there is the relation [6]:

cp ~ C? (6)
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Fig. 3. The experimentad EPR spectra of eectron irradiated PMMA. The central lineis

due to single free radicd s while the lateral ones are due to radicd pairs (AMg = 1). The

inset shows the low field (AMg = 2) EPR line of radical pairs. Free radicals concentration

was of 1.3 x 10" centers cm®. Measurements were performed a 77 K in X band

(9.209 GHz) for 10 mW microwave power. Similar spectra have been observed for the
other irradiated polymers.
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Finally, by combining equations (3-6) it results:
T, ~cBT? @)

in excellent agreement with the experimental data.

4. Concluding remarks

The e ectronic spin-lattice relaxati on time has been measured at liquid helium temperatures
and higher, up to 12 K, both in X and Q bands on dectrons irradiated polyethylene
polycarbonate and polymethyl methacrylate. The experimentaly dependencies on temperature,
concentration as well magnetic field have shown that the spin-lattice relaxati on times of radiation
generated free radicals in these materials vary inverse proportionally with the square of absolute
temperature and free radicals concentration but does not depend on the magnetic fidd. All these
peculiarities could be very well explained by taking into account that below 77 K there is a
cons derable amount of stable paired radicals that mediate the spin-lattice relaxation process of
the single radicas. Accordingly, an andytical equation that quantitatively describes all these
particularities has been deduced by following this modd. It must be pointed up that similar

results concerning the temperature dependence of T, were reported in some vitreous samples

for which it was assumed the existence of a coupling between single and paired paramagnetic
centres[9,10].
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