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The radiophoto-luminescence (RPL) from p-irradiated hydrocarbon glasses, i.e., 3-methylhexane, methyl-
cyclohexane, and ethylcyclohexane, containing small amounts of various aromatics (1,3,5-trimethylbenzene,

biphenyl, naphthalene, and 1,4-diazine) is investigated at 77 K by infrared-light irradiation.

The spectra of the

RPL consist of the fluorescence and phosphorescence of the guest aromatic molecule, and the ratio of the phos-
phorescence to the fluorescence intensity is larger than that in the photoexcitation, indicating the existence of

another path to the triplet state.
that of NH,.

In the primary process of the radiation chemistry
of hydrocarbons, the mechanism of neutralization is
not quite understood because of the rapidity of the
process. The rigid-solvent method has been used to
slow down the reaction rate and to facilitate the meas-
urements. The radiation energy stored in a rigid
matrix can be liberated by means of several methods;
elevation of temperature’>? (radiothermo-lumines-
cence), irradiation by infrared light3-% (radiophoto-
luminescence, RPL), and application of an electric
field.”-19 The control of the luminescence intensity
is easiest in RPL, and the relaxation time of emission
can be measured from the response time of the lumines-
cence by intermittent irradiation of infrared light, so
the RPL is used in this study. Hamill et al.3% have
measured the RPL from biphenyl in a 3-methylpentane
solution and obtained a rather diffused spectrum of the
phosphorescence of biphenyl by rapid scanning with
an oscilloscope. Magat ¢ al.5® studied the RPL
spectrum of biphenyl and its excitation spectrum in a
methylcyclohexane solution. In their measurement of
the excitation spectrum, a filter was used to pass through
the whole wavelength of the phosphorescence. A more
precise experiment is necessary, however, to obtain
detailed information.

Experimental

Hydrocarbon samples purchased from Merck, Aldrich
Chemical, and the Phillips Co. were passed through an
activated silica gel column and then outgassed by the freeze-
pump method and stored with a sodium mirror. The biphenyl
and naphthalene were purified by the zone-melting method.
The 1,4-diazine and 1,3,5-trimethylbenzene (Merck and
Tokyo Kasei Co.) were used without further purification.
The sample tubes used were made of high-purity quartz or
of molybdenum glass; the dimension of diameters are 5 and
10 mm. After degassing in vacuo, the samples were irradiated
by y-rays from ®Co with total doses of 104—10%r at 77 K in
darkness. The spectra of RPL were measured with a Hitachi
MPF-2A fluorometer, the intensity of emission was stand-
ardized by using the data of emission from p-naphthol in
photoexcitation.!V The sample was irradiated by diffracting
infrared light of the zeroth order through a grating from a
light source of a 150 W Xe-lamp equipped with Toshiba
IR-DIA and VB-46 filters. The average intensity of emis-
sion was used to obtain a spectrum by repeating the forward
and backward scanning, since the intensity of emission de-

The RPL is quenched by the addition of N,O, but it is not much affected by
A possible mechanism for the RPL is considered, and its analysis is given.

creased slowly as the concentration of trapped electrons
decreased.

Results and Discussion

The RPL spectra of 3-methylhexane, methylcyclo-
hexane, and ethylcyclohexane (3-MHX, MCHX, and
ECHX) showed a weak and broad spectrum with a
maximum at about 420 nm; the response time of the
emission by the infrared light was several seconds, so
it is likely that the emission is due to the transition
of a different spin multiplicity. Such a diffuse emission
spectrum was also observed in the RTL and RPL of
3-methylpentane.’?'®) The low-lying electronic states
of saturated hydrocarbons have been observed by
Hamill in a solid matrix with the energy-loss spec-
trum!® of electrons and with the emission spectrum
upon electron impact.®19 When small amounts of
aromatic hydrocarbons (10—100 ppm) were added to
these solvents, distinct fluorescence and phosphorescence
of aromatic hydrocarbons were observed. Figure 1
shows the relaxation of the phosphorescence at 465 nm
from biphenyl in 3-MHX due to the intermittent
irradiation of infrared light. The relaxation time is
determined by the lifetime of the phosphorescence, and
the intensity of the emission decreases slowly as the
concentration of trapped electrons in the matrix de-
creases. Figures 2—4 show the emission (solid curves)
of fluorescence and phosphorescence with reference to
those (dotted curves) of the photoexcitation in the
ultraviolet region. In these figures the maximum
values of the intensities of the fluorescence for both
cases were standardized as unity. No appreciable
difference in the spectrum was observed with the change
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Fig. 1. Response of the emission at 465 nm from biphenyl
in 3-MHX at 77 K by the intermittent irradiation of
infrared light. The interval between “on” and “off ”
is 30s in the time scale.
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500 400 300 250 am the addition of an electron scavenger such as N,O, as
T r ' was observed in the emission due to a recombination
process after photoionization,1®-%1) but it was not much
affected by the addition of NHj, which was used as
2 - a positive-charge scavenger in the liquid phase.
The emission process must be followed by the excita-
tion of aromatic compounds. The production of the
L i excited states of aromatic compounds is expressed by
the following scheme:
hv
€~ — €y (1)
20 20 kK RH* + e,~ — RH* (2)
Fig. 2. RPL (full curve) and photoexcited emission RH* + RH — RH + RH* (3)
(dotted curve) from 1,3,5-trimethylbenzene in 3-MHX RH* —» RH + v (4)
at 77 K. RH* + A — RH + A% (5)
600 500 400 300 nm where e,~ and e ~ are the trapped and mobilized
T T T T T T T T T T
electrons and where RH and A refer to the hydro-
carbon and aromatic molecules. By the absorption
of infrared light, the trapped electrons are mobilized
W 4 by means of Reaction (1).
RH* + A~ — RH + A% (6)
A"+ A" — A+ A (7)
ke ! AT T —— A¥ 8
15 2 25’ 3 35 kK + Cm ®)
A¥ — A 4+ b 9)

Fig. 3. RPL (full curve) and photoexcited emission
(dotted curve) from naphthalene in 3-MHX at 77 K.
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Fig. 4. RPL (full curve) and photoexcited emission
(dotted curve) from the one-to-one mixture of 1,4-dia-
zine and biphenyl in 3-MHX at 77 K.

in the solvents (3-MHX, MCHX, and ECHX). The
ratio of the intensity of the phosphorescence to the
fluorescence was larger in the case of RPL than in
that of photoexcitation as observed by a number of
authors.1%1%:18)  The ratio of the phosphorescence and
fluorescence depends on the sample. A very large
relative intensity of phosphorescence was observed in
a naphthalene solution, as is shown in Fig. 3. The
proportion of phosphorescence in the total emission
gradually changed upon prolonged irradiation by
infrared light. The dilute solution of a one-to-one
mixture of two aromatic compounds generally showed
the phosphorescence of each component with a certain
ratio of intensity; e.g., the ratio of the intensity of the
phosphorescence of a one-to-one mixture of 1,4-diazine
and biphenyl in 3-MHX was about 1:4 (Fig. 4).
The ratio of the intensities of the component fluores-
cences from such a solution depended on the concen-
tration, since the ratio was much perturbed by the
energy-transfer process. The RPL was quenched by

The geminate and random recombination can pro-
duce RH* by means of Reaction (2), and the energy
migration may take place in solid hydrocarbon, as is
expressed by Reaction (3). In the absence of an
aromatic compound, a weak emission at 420 nm was
detectable; this may be attributed to Reaction (4).
In the presence of aromatic additives, the excited
states of the aromatic molecule, A*, can be produced
by the energy-transfer reaction (5), the ionic neutraliza-
tions (6) and (7), and the recombination of A+ with
an electron by means of Reaction (8).

Three types of direct excitations of aromatic mole-
cule are considered, namely, the excitation by the
reaction between At and an electron (8), that by A-
and RH+ (6), and that by A+ and A~ (7). From the
experimental results that the mobilities of A—, A+, and
RH* are not large and that the excitation spectrum of
the RPL is similar to the absorption spectrum of a
trapped electron,® the process involving the transport
of these species (A-, A*, and RH*) can be ignored.
The neutralization between A+ and an electron is not
important under the present condition of a low con-
centration (10—100 ppm) of A, because A* can be
detected only at high concentrations of aromatic addi-
tives in hydrocarbon matrices. Therefore, the indirect
excitation by the energy transfer from RH* produced
by the neutralization between RH* and electron is
most probable in forming A*. Such an energy transfer
from the excited states of paraffins to additives was
observed by the measurement of the emission'® and
by the method of product analysis?2:23) in the vacuum
ultraviolet photolysis of liquid paraffins. This ex-
planation is consistent with the experimental result
that the RPL is quenched by the addition of an electron
scavenger and not much affected by the addition of a
positive-charge scavenger.
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Apart from the detailed mechanism of the excita-
tion, the aromatic molecule can be excited to the
singlet- or triplet-excited state by the liberation of a
trapped electron. The process can be symbolically
written by Reactions (10) and (11). Therefore, the
emission process from the transition of these excited
states is described by the following reactions:

A > A¥*¥(singlet) kg (10)
A > A¥*(triplet) k, (11)
A*(singlet) —— A + hy, ke 9
A¥(triplet) — A + Ay, k, (9
A*(singlet) —— A¥*(triplet) ki (12)
A*(singlet) —— A or products Sk, (13)
A¥*(triplet) —— A or products Sk, (14)

where kg, ki, ki, Ky, Kise, 2lky, and 3k, are the rate
constants for the production of the singlet state and
for the triplet state, for the emission of fluorescence
and of phosphorescence for the intersystem crossing, for
reactions from the singlet state and for reactions from
the triplet state respectively.

From Reactions (9"), (9"), (10)—(14), the intensity
ratio between the fluorescence and the phosphorescence
(F[P value) in the electron-recombination process can
be evaluated by:

ke (ky+>Tky)
(kskisc + ktkf + kt.kisc + knzkx)kp

In the photoexcitation by the first singlet-excited state,
the F/P value is given by:

o, = (FIP), = 1]

ke (ky +30ky)

on = (F/P)y= L
isc’*p

(2]

The ratio of the initial distribution of the singlet state
to the triplet state of the aromatic molecule is given by:

o.e':,hkp/(’l‘:p + Eky) + Oe + o'ezkx/kisc
Oh — O

Under the conditions of 3l,=0 and },=0, the F/P

values, o, and oy, are reduced to:

ky(ks/k,)

(3]

p = (kf/k) =

= 4
% = Fonllk) oot t
and:
On = Kefkige [5]
Then, the singlet-triplet ratio is expressed by:
p= ks/kn = (ch°e+ce)/(°'h_ce) [6]

In Eq. [3] the increase in Y}k, may cause the increase
in p, but the increase in Yk, may cause the decrease
in p. If both the values 31, and 3}k, increase from
zero in Eq. [3], the value of p will not change much
from the value of p given by Eq. [6]. Thus, Eq. [6]
is still a plausible approximation for the small values
of 3, and 3%;. For example, the values of p cal-
culated from the spectra (Figs. 2 and 3) and assuming
Eq. [6] are 0.93 and 1.0 for 1,3,5-trimethylbenzene and
naphthalene respectively in 3-MHX. These results
indicate that the values of k; and £, are almost equal.
However, the value of %, would be expected to be
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three times larger than that of k¢ if the triplet and
singlet states are produced by random recombination
with the spin conservation. The departure from
the statistical value in the p value may be another
evidence of indirect excitation. Recently Tsubomura
et al.® found that the F/P value was 0.7—0.8 for the
photothermoluminescence of N,N,N’,N’-tetramethyl-p-
phenylene diamine in various matrices and that the
F|P value was approximately equal to the ratio of the
production of singlet and triplet states, therefore,
the simple spin conservation rule does not hold in
their case, either.

The authors wish to thank Professor Hiroshi Tsubo-
mura, Drs. Naoto Yamamoto and Yoshihiro Nakato
of Osaka University for reading the preliminary manus-
cript of this paper and for their helpfull discussions.
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