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1. Introduection

In the use of fluorescing organic compounds as solutes for liquid
scintillators several factors must be considered. The photon yield of
the scintillators must be high, the spectral matching to the photo-
multiplier sufficient and the fluorescence decay time should be short.
Besides these physical properties also some practical requirements
must be fullfilled. The solubility in the solvent used should be high and
the scintillator should be as little affected by quenching agents as
possible. For convenience in handling and sufficient shelf life of the
solutions, the photochemical degradation of the scintillator must be
negligible.

In this paper the results of systematic investigations on unsub-
stituted and alkyl-substituted benzoxazole, benzoxazolyl-thiophene
and 1,34-oxadiazole derivatives will be presented. The measurements
of the physical and practical properties of some selected compounds
of these serics indicate them to be efficient primary or secondary solutes
for liquid and also for plastic scintillators.

2. Problems coneerning the selubility

The insufficient solubility of many fluorescing organic compounds
is known to be a severe limiting factor in their use as scintillator solutes.
A vast number of potential solutes with high photon yield give solu-
tions that saturate well below the optimum concentration, ¢,. There-
fore, the maximum photon yield cannot be reached under measuring

T Now with Nucleonic Division, Landis & Gyr, Ltd., Zug, Switzerland.
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404 ORGANIC SCINTILLATORS

conditions. For this reason, the solubility limit, c,, of an efficient solute
should lie well above c,.

The solubility of an organic compound in an organic solvent depends
not only on the lattice cnergy in the pure solute, but also on the solvent-
solute interactions. So far no complete theoretical explanation of solu-
bility of organic compounds exists, which would consider, in addition
to the energetics, also the changes in cntropy during the dissolution
process. Howover, there are some ““rules of thumb”, which often enable
one to influence the solubility by structural modifications in a given
class of compounds. The solubility of organic compounds in non-polar
hydrocarbon solvents, for example, can be increased by substituting one
or more alkyl groups in appropriate positions or by branching of the ali-
phatic chains.

The only systematic investigations concerning the solubilization of
organic scintillators have been carried out by Wirth!-3, Wirth could
increase significantly the solubility of the p-oligophenylencs in toluene
by substituting mcthyl, methoxy, and later other straightchain and
branched alkyl and alkoxy groups. A slight improvement of the solu-
bility of POPOP has been accomplished by Walker and Waugh?® and
Vasvari® in a similar manner. However, it must be pointed cut, that
such general rules have many exceptions, as will be outlined.

During our investigations on aromatic and heterocyclic fluorescing
compounds we have directed our attention also to some new benzoxazole,
benzoxazolyl-thiophene and 1,3,4,-oxadiazole derivatives as potential
scintillation solutes.7 In Table la the solubilities and the spectral
properties of various derivatives of thie benzoxazolyl-thiophene series
are summarized. The introduction of two or more methyl groups lowers
the solubility of the basic compound instead of increasing it as it might
be expected from the rulc mentioned before (c¢f. the compounds I, II,
TIT and IV). On the contrary, the solubilities increase sharply by intro-
duction of branched alkyls, such as isopropyl (V) or sec-butyl (VI)
groups. Especially the tert-butyl groups have been found suitable for
the solubilization. Disubstituted benzoxazolyl-thiophene, now known
as the scintillator BBOT (Compound VIII), for example, is about 12
times more soluble in toluene than the unsubstituted compound.

Most of the spectra of the derivatives are similar in shape. Intro-
duction of the alkyl-groups produces the expected bathochromic shifts
in the spectra, as can be seen from the values of 4_,_ .
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In the Table 1b the properties of the dcrivatives of the 2-phenyl-
benzoxazole series are quoted. The behaviour of these compounds
is very similar to these in Table 1a. Here again, the introduction of
methyl groups lowers the solubility (cf. the compounds IX, X, XI or
the two compounds XIV and XII). The solubility increases by introdue-
tion of tert-butyl groups (or other branched alkyl chains). The intro-
duction of phenyl-groups lowers the solubility as expected. Because of
the high solubility of the unsubstituted 2-phenylbenzoxazole, the solu-
bility of the diphenyl-substituted compound still remains well over
4 g/l (Compound XVIII, PBBO). The bathochromatic shift due to the
two phenyl groups is high, and the emission of PBBO matches very
closely with the sensitivity optimum of the new photocathodes.

Finally, in Table 1c¢ some of the tert-butyl substituted derivatives
of the 1,3,4-oxadiazole series are summarized. Here the principle of
solubilization by the introduction of tert-butyl groups can be applied
to a compound known as one of the best primary solutes, the PBD
(compound XXII). Because of its poor solubility PBD has found only
a very limited application. Butyl-PBD (compound XXIII) is about
8 times more soluble than the unsubstituted PBD. The introduction
of tert-butyl affects the high photon yield of PBD in a negligible manner
as will be shown later. Although a bathochromic shift of 1, is observed
the shape of the emission spectrum of PBD is influenced by the tert-
butyl group in such a manncr, that the mean wavelength of emission
of Butyl-PBD lies somewhat below that of unsubstituted PBD.

3. Scintillation Properties
Photon yield

It has been common practice to use the RPH (relative pulse height,
normalized to unity for 3 g/l PPO in toluene) as an index for the light
yield of a given scintillator. Because of the dependence of RPH on
the spectral effects, the value of RPH fails to give evidence about the
performance of various compounds as sole solutes in assemblies with
different “optics™ (reflectors, vials, photocathode types), or when
used as primary solutes in ternary systems. The proper index for the
comparison of scintillator solutes is the relativ photon yield (RPY)
as defined by Swank®. However, the experimental method for the deter-
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mination of RPY given by Swank is rather troublesome. Therefore,
we have tried to get some estimates for RPY from interrelated measure-
ments on one solute with different photomultipliers and different se-
condary solutes used. The data obtained on RPY are claimed to be
correct within 4 5%.

In Table 2 the RPH values and the RPY estimates of some selected
compounds from the benzoxazolyl-thiophene, phenylbenzoxazole and
oxadiazole series are given. The RPH values were measured in binary
systems with the actual compound as sole solute, and in ternary systems
with Dimethyl-POPOP and PBBO added as wavelength shifters. The
counter used employs an aluminium reflector, a quartz vial and a Philips
photomultiplier 56 AVP, the POPOP/TP ratio of the whole assembly
was 1.30. All solutions were air-saturated.

As can be seen, Butyl-PBD exhibits a relative photon yield lower by
only about 5% than PBD. The RPH of 1.15 for Butyl-PBD, as compared
with the value of 1.30 for unsubstituted PBD, is due to the combination
of slightly lower photon yield and light emission at shorter wavelength
by the former compound. Measurements in assemblies with lower POPOP
/TP ratio (i.e. in counters with modern photomultipliers with photo-

TapLE 2 —Scintillation properties of some selected compounds quoted in Table 1

as primary solute

c d as sole solute at 5 g/l in toluene R(;lg':g:
ompoum at ¢, in toluene with 0.5 g/1 P 1d
secondary added: yie
Dimethyl-
popop TBBO
No. Abbreviation  ¢q {g/1) RPH RPH RPH RPY
p-TP 8s 0.98 1.23 1.33 1.30
PPO 4 1.01 1.03 1.07 1.00
VIII BBOT 6 1.08 — — 1.00 — 1.05
XIIT 6 0.91 1.14 1.21 1.15
XIv 6 0.79 1.02 1.09 1.00
). 4% 7 0.88 1.09 1.14 1.10
XVII 4 0.90 1.15 1.10 1.10
XVIII PBBO 4s 1.25 — — 1.25
XXI Dibutyl-PPD 5 1.03 1.17 1.23 1.20
XXII PBD 10 1.30 1.18 1.23 1.25 — 1.30
XXIII Butyl-PBD 7 1.15 1.24 1.27 1.20 — 1.25
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cathode sensitivity extended to shorter wavelength) yield approximately
the same RPH values for both solutes.t Although unsubstituted PBD
does not yield useful ternary systems with most of the known seconda-
ries, Butyl-PBD does so. This can be of great importance in large volume
applications (e.g. in whole body countiug), where a wavelength shifter
Is necessary because of the selfabsorption of the radiation by the pri-
mary solute, or in plastic scintillators.

Among the benzoxazole derivatives there are some highly soluble
potential scintillator solutes with RPY values of up to 15% higher than
that of the standard PPO. The most useful compound of this series is
PBBO, which can be used as a very efficient wavelength shifter. With
the exception of compound XVII, in all the measured ternary systems
we obtained higher RPII values with PBBO than with the standard
secondary solute Dimethyl-POPOP.

Up to date there are no exact measurements on the ﬁuorescence decay
times of the quoted new solutes. Preliminary observations with the aid
of the ultrafast RCA photomultiplier C 70045 A and a sampling oscillo-
scope indicate the decay times to be slightly below or in the order of
1 nsec. Accurate data will be published later.

Photochemical degradation

It is well known that many fluorescing compounds undergo rapid
photochemical degradation when irradiated by ultraviolet and visible
light. We have found the solutions of the compounds of the benzoxazole,
benzoxazolyl-thiophene and of the 1,3,4-oxadiazole series to be of re-
markable stability to light exposure.

In Fig. 1 the results of investigations on photochemical stability
of the standard compounds PPO, POPOP and Dimethyl- POPOP and
the new solutes BBOT, PBBO and Butyl-PBD are plotted. Toluene
solutions of these compounds, at a concentration of 0.5 g/1, were irra-
diated by a Xenon lamp at an intensity of about 180,000 lux. The ab-
sorbance of the solution at the maximum of the ultraviolet absorption
was measured periodically. The reduction of absorbance has been taken
as a measure for the degree of the radiation damage. As it can be seen
from Fig. 1, PPO, POPOP and Dimethyl-POPOP arc quite sensitive
to light exposure in toluene solution, whereas BBOT, PBBO and Butyl-

T More detailed data to be published®.
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PBD remain almost unaltered by the irradiation. Due to its high photo-
chemical stability, and some other special features, BBOT has been
chosen by Berlman!® as the standard scintillator in his recent studies
on the fluorescence spectra of aromatic compounds.

The photochemical stability of PBBO and Butyl-PBD is so high that
the solutions of these compounds could be used by Siegenthaler and
Weber"! for shifting the intense light for optical pumping of lasers to
proper wavelength regions.

Effects of quenching agents

The counting efficiency of # emitting isotopes in liquid scintillators
Is known ' to be approximately an exponential function of the concen-
tration of an added chemical quenching agent. In Fig. 2 the (14 counting
efficiencies in various scintillators for different concentrations of a
representative quenching agent (CCl,) are plotted. A half-value coneen-

ol

20
S
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Figurc 2. Dependence of (™ counting efficiency on the concentration of cay,.
The actual concentrations of the solutes in toluene are quoted in brackets. ¢j/zdenotes
the so called half-value concentration for which the initial counting efficiency is
diminished by a factor of 2.
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tration ¢, can be defined for which the initial counting efficiency is
diminished by a factor of 2. The ¢,,-values for each scintillator in Fig. 2
are quoted in brackets.

Similar to PBD, Butyl-PBD at the optimum concentration (7 gfl)
exhibits very good resistance to quenching effects, as indicated by the
high value of ¢,,. A high insensitivity of Butyl-PBD to chemical, as well
as to the color quenching, has been recently reported by Scales.’®

4, Conclusions

The results presented can be summarized as follows: By the introduc-
tion of branched alkyl groups, especially of the tet-butyl group, the
solubilities of the benzoxazolyl-thiophene, phenylbenzoxazole and 1,3.4-
oxadiazole derivatives in toluene can be increased. Among the new com-
pounds there are some highly efficient scintillation solutes, especially
with regard to the practical aspects.
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+ BBOT, Butyl-PBD and PBBO are now commercially available.



