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Abstract—The effects of v-irradiation on pure anthracene have been
investigated by optical absorption and electron paramagnetic resonance
(EPR) measurements. It is found that the optical absorption peaks which
are produced by the radiation at 30° C are stable at 3G° C but increase upon
annealing up to 140° C; the most prominent of these being at 6060 A and
5350 A. EPR signals arising from irradiation are stable to 140°C but do
not grow between 30°C and 140°C. Both optical density and EPR signals
decrease upon annealing above 190°C. A model is proposed to explain the
nature of the EPR signals based upon cross-linking of the anthracene
molecules.

Introduction

It is well known that high energy irradiation of organic molecules
can both ionize them and break bonds. Radicals formed in this
way can give rise to EPR signals and optical absorption. Adjacent
radicals in condensed systems are able to cross-link. The present
investigation of y-irradiated anthracene was begun as an initial
study of the above phenomena in highly pure single crystals of the
aromatic hydrocarbons.

+ Work supported by the U.S. Atomic Energy commission and the U.S.
Army Research Office, Durham.
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Material Preparation and Experimental Procedure

The anthracene used in this work came from two sources. The
Harshaw Chemical Company supplied optical quality, single
crystals of scintillator grade anthracene. Most of the EPR measure-
ments were made using these Harshaw crystals. The second source
was K&K Chemicals who supplied technical grade (~ 989, pure)
anthracene powder. This powder was purified by chromatographic
separation, vacuum sublimation, and zone refining.! Single
crystals about 1 ¢cm in diameter were grown from a melt of this
purified material in a Bridgman-type furnace. Plates about 2 mm
thick were cleaved from these crystals for the optical density
measurements; anthracene cleaves parallel to the ab plane. Optical
absorption and electrical measurements (e.g. drift mobility
measurements such as those performed by Hoesterey and Letson?)
indicated that the impurity concentration of these plates was of the
order of a few parts per million.

Samples were irradiated in a Co®® gamma-pool at approximately
30°C; some, irradiated at a higher temperature, were packed in
anthracene powder to reduce surface sublimation. As a control, to
see if any of the effects were due to diffusion into the erystal of
surface products, two additional samples were irradiated in vacuo,
one at ambient temperature and the other at 120° (.

The EPR measurements were made in a conventional manner
using an X-band spectrometer. Optical density measurements were
made with a Cary 14 spectrophotometer having only air in the
reference beam compartment. In order to obtain a baseline for the
radiation induced peaks, each run on the spectrophotometer was
started sufficiently in the infra-red region to allow corrections to
be made for scattering from the crystals.

Annealing of the crystals was carried out isochronally using
steps of 10°C, starting at 40°C, and 45 minute intervals. The
crystals were annealed in air but packed in anthracene powder to
reduce surface sublimation; the crystals irradiated in vacuo at
ambient temperature were also annealed in vacuo. Crystals were
not annealed above 200° C because, even though they were packed
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in anthracene powder, too much light scattering resulted from
surface roughening due to sublimation. Unless stated otherwise,
all measurements were made at room temperature.

Results

After Co®? y-irradiation of 107 to 10® r, anthracene turns a dark,
brown-yellow color. Optical measurements show a broad back-
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Figure 1. Optical density of anthracene erystals as a function of wave length.
The 140° Cand 200° Cindicate annealing temperature following y-irradiation.

ground absorption, overlapping the band edge of anthracene, with
small peaks at 6320 A, 6060 A and 5350 A (15.8x 103 cm™!,
16.5 x 10° em™" and 18.7 x 10 ecm ™!, respectively). Figure 1 shows
a typical spectrum taken at room temperature for a crystal receiv-
ing 1.48 x 10® r at a dose rate 8.36 x 10° r/hr. Within experimental
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error, the optical absorption is independent of dose rate for rates
from 5.60 x 10° r/hr to 8.36 x 10° r/hr and linearly dependent on
dose from 1.23 x 107 r to 1.48 x 108 r.

An EPR signal, such as that shown in Fig. 2 can be seen for doses
greater than ~5x 10° r. This signal grows in strength approxi-
mately linearly with dose up to 10? r, the heaviest irradiation dose

ANTHRACENE

25
GAUSS

Figure 2. Typical EPR absorption derivative as a function of external
magnetic field of y-irradiated anthracene.

used. No saturation in the growth rate of the signal with dose was
found. The spectrum of Fig. 2 can be described accurately as four
equally spaced Gaussian lines with an intensity ratio of 1:3:3:1.
Both the width and spacing of the lines vary as the crystal orienta-
tion is changed relative to the external magnetic field. In Fig. 3
the splitting is plotted against angle for rotations about the a-axis
and in Fig. 4 for rotations about the b-axis (see inset in Fig. 3 for
a model of the anthracene lattice). These data are fitted by a
Hamiltonian of axial symmetry for the hyperfine interaction
containing an isotropic and anisotropic dipole-dipole term. This
Hamiltonian is

HHFS = a+b(3 00829— ].)
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where o =14.8+ 1.0 gauss, 6=1.8+ 1.0 gauss and @ is the angle
between the external magnetic field, H,, and an axis of symmetry
lying along the c-axis of the lattice.
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Figure 3. Hyperfine splitting vs angle for y-irradiated anthracene. Rotation
about a-axis.

Both the optical absorption and EPR spectra are stable at room
temperature. When the crystal is annealed isochronally two
changes take place in the optical spectrum. The first is a reduction
of the radiation induced background and the second is the growth

of the peaks at 6060 A and 5350 A; see Fig. 1. These data are
18
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reproducible within the size of the points. Asthe annealing process
reaches 140° C the peak at 6320 A disappears and a peak appears
at 4950 A. At this temperature the peaks at 6060 A and 5350 A
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Figure 4. Hyperfine splitting »s angle for y-irradiated anthracene. Rotation
about b-axis.

have reached a maximum in intensity and the EPR signal has not
changed (Fig. 5). The EPR data of Fig. 5 can be in error by10-159,
because the sample is removed from the cavity for annealing.
Further annealing reduces the magnitude of both the optical
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absorption peaks and the EPR signal. After the 170° C step of the
annealing process the peak at 6060 A has nearly vanished while the
peak at 5350 A has decreased to about one-half of its maximum
height. As a result the crystal appears bright orange. Annealing
to 200°C causes a decrease in both the radiation-induced back-
ground and the peaks, and the crystal becomes light yellow in
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Figure 5. Optical density of 5350 A and 6060 A absorption peaks (left scale)
and EPR signal (right scale) during 45 min isochronal annealing.

color. After the annealing step at 180°C an unresolved peak
appears at 4530 A (not shown). Also the peak at 4950 A has shifted
to shorter wavelength following the 200° C annealing, as seen in
Fig. 1. The peaks at 6060 A and 5350 A (Fig. 5) seem to grow
similarly with increasing temperature, although this is difficult to
assess accurately since the 5350 A peak was obscured to some
extent by the background at the lower annealing temperatures.
The 5350 A line of Fig. 5 is therefore not necessarily an accurate
description of the growth and decay of this peak. The maximum
intensity of the peak at 6060 A occurs between 130°C and 140°C
18%*
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and has, at 140°C, an extinction coefficient of 9.2 em™! and a full
width at half maximum of 410 em™? (0.05 V). Nothing more can
be said about the absorption intensities because of the overlap
with radiation-induced background and the band edge of anthra-
cene. The optical absorption was measured at 10°K in a crystal
that had been annealed through the 140° C step but no narrowing
of the peaks with temperature was observed.

In the crystals which were irradiated and annealed in vacuo, the
optical and EPR spectra were identical to the spectra of the
crystals irradiated in air for the same stages of annealing.

No differences between the high purity and the Harshaw crystals
were observed in any of the measurements.

Discussion

Crystals irradiated and annealed in vacuo behaved the same as
all others which indicates that a surface impurity or reaction
product has not diffused into the crystals to cause the absorption
peaks. Gas chromatographic analysis of dissolved crystals both
as-irradiated and those which had been annealed to 200° C showed
no trace of any impurity. Much higher doses are probably necessary
to measure radiation products by this method.

It is estimated from the signal size that for a dose of ~ 107 r the
number of spins contributing to the EPR signal is 107 per cm?.
Since no saturation of signal growth was observed to a dose of 10°r
(approximately 101? spins per em?) it is concluded that the effects
are due to a radiation-induced defect or chemical reaction rather
than a radiation activated impurity, because impurities of such
a high concentration would have been detected by other techniques.
Also, the similarity of the results in scintillator grade anthracene
and highly purified anthracene points away from an impurity
dependent effect.

Attempts were made to determine the nature of the EPR center
by comparison with related molecules. Naphthalene and anthra-
cene were irradiated with 50 keV X-rays; these have sufficient
energy to ionize the molecules and create paramagnetic radicals.
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No coloration or EPR signals were observed which indicates that
the damage produced by y-rays is more than simply the formation
of radicals. Positive and negative ion radicals of many aromatic
hydrocarbons have been formed by others, and their EPR spectra
studied.® It is generally found that the unpaired electron spin
density is spread throughout the molecule, giving rise to a spectrum
consisting of many narrow lines around g=2 with an overall
extension in field of between 20 and 30 gauss. The total width of
the EPR spectrum in the y-irradiated anthracene described here
(Fig. 2) is roughly three to four times as great as the overall width
observed in both positive and negative anthracene radicals in
solution.® It is not expected that the disparity in the hyperfine
structure between anthracene radicals in solution and in solid
would be a result of the medium itself because both theory and
experiments indicate that the wave functions are tightly bound to
the molecule, and therefore interactions would be small.* No
radicals of possible degradation preducts of anthracene which have
been studied,® e.g., naphthalene, have exhibited a spectrum
approximate to that observed in y-irradiated anthracene. It seems
unlikely that a radical of anthracene or any simple degradation
product is the source of the EPR signal.

The spectrum found in y-irradiated anthracene is that expected
from three equivalent spin 1/2 nuclei coupling with an unpaired
electron. An attractive concept for this pattern is a methyl radical
since other measurements show the intensity ratios and hyperfine
splittings for the methyl radical to be approximately the same as
y-irradiated anthracene.® As a test of the hypothesis that methyl
radicals are formed and become attached to anthracene molecules
during y-irradiation, 2-methyl anthracene and 9-methyl anthracene
were given sufficient X-radiation to produce paramagnetic centers,
but no EPR spectra were detected. Pure anthracene was also sub-
jected to X-radiation but no EPR signal was found. Powders of
anthracene, 2-methyl anthracene and 9-methyl anthracene were
y-irradiated and their EPR spectra are shown in Fig. 6. The
similarity in the observed spectra tends to rule out the possibility
of the defects being directly connected to the anthracene rings since
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the addition of a methy! group would be expected to perturb
the EPR spectrum strongly. It is gratifying that the methyl
radical must be rejected since investigations have shown that it
cannot be retained in other crystals above liquid nitrogen
temperatures.®

Other similar aromatic hydrocarbons were y-irradiated and their
EPR spectra observed. Figure 7 shows the spectra for powders of

i s
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2-METHYL ANTHRACENE

9-METHYL ANTHRACENE 25 |

Figure 6. EPR absorption derivatives for powders of y-irradiation materials.

chrysene, tetracene, naphthalene and single crystal phenanthrene.
Our phenanthrene results are in disagreement with previously
reported spectra.®

It is well known that heavy y-irradiation eventually causes
polymerization of hydrocarbons.” In view of this and the results
described above it seems appropriate to suggest that the observed
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center, rather than being a radical of an anthracene molecule, or a
fragment of it, is formed by a cross-linking of two anthracene
molecules. Figure 8 shows a possible model for such cross-linking.
This model fits the geometry of the anthracene lattice exactly and

-

CHRYSENE

PHENANTHRENE

NAPHTHALENE

Figure 7. EPR absorption derivatives for powders of y-irradiation materials.

is consistent with the resonance spectra. The four-line spectrum
would arise from the hyperfine interaction of the unpaired electron
with protons on the carbon atoms which form the linear cross-link
chain, while the width of each line is attributed to interaction with
the two remaining rings on each side.
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CARBON BONDS [.4A

Figure 8. Proposed cross-linking of anthracene molecules. Black dot is
unpaired electron.
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