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ABSTRACT

The organic liquid scintillators based on the emissive polymers are reported. A series of conjugated
polymers containing organoboron complexes which show the luminescence in the near infrared (NIR)
region were synthesized. The polymers showed good solubility in common organic solvents. From the
comparison of the luminescent properties of the synthesized polymers between optical and radiation
excitation, similar emission bands were detected. In addition, less significant degradation was observed.
These data propose that the organoboron conjugated polymers are attractive platforms to work as an

organic liquid scintillator with the emission in the NIR region.



Scintillators which present a luminescence by absorbing radiation are versatile materials not only for
quantifying an environmental radiation dose but also for using in the modern medical instruments.
Development of higher-performance scintillators has been still required for advanced radiation monitoring
such as highly-sensitive detection, precise quantification and discrimination of the radiation species.!
Most of conventional scintillators are composed of inorganic crystals, and the preparation for the crystals
with low cost has been radically explored.? Organic polymers are intrinsically cheap, light and flexible.
In particular, polymers have high processability and film-formability which are useful properties for the
preparation of the plastic-type sensors. Moreover, color and other optical properties can be readily tuned
by altering the chemical structures, the introduction of element blocks which are consisted of heteroatom-
containing functional units or groups and the conjugation with various comonomers by employing an
alternating copolymer structure according to the preprogrammed design.® Thus, polymer-based materials
are attractive candidates as a platform for developing new series of scintillators. However, even the
number of all organic scintillators is much fewer than those of inorganic ones. Although polymers have
been used as a matrix in hybrid material-based scintillators or mixture systems, the polymer-based
scintillator with the single chemical component is still very few.*® Especially, the scintillation emissions
were observed in the different wavelength regions from the photoluminescence spectra. This fact means
that it is still difficult to obtain the scintillation emission at the desired emission wavelength. In addition,
there are much room to explore systematic information on the relationships between chemical structure
and scintillation ability. To probe the feasibility of organic materials as a scintillator, fundamental
information on the optical properties should be needed. The comparison study on the luminescence by the
photon excitation and the radiation irradiation should be essential for receiving expected scintillators

based on the molecular design.

Because of the high permeability through air and aqueous media involving vital organs, the NIR is
applied in the sensing technology.® The probes with the NIR emission can present the signal at the

relatively-deeper spot inside bodies comparing to commaodity fluorescence materials. Therefore, the



development of efficient NIR-emissive materials is still a topic with high relevance.” Versatility of
organoboron conjugated polymers have been revealed from a series of the recent works as a typical
example of element blocks.>® Particularly, various NIR-emissive molecules and polymers have been
reported.® For example, it was found that the boron di(iso)indomethene-containing polymers presented
strong emission in the NIR region.!° Especially, the sharp emission bands were observed in the spectra.
These properties are feasible for obtaining vivid color from the display and for improving the sensitivity
in the bioimaging usages. As another instance, the NIR-emissive boron dipyrromethene (BODIPY) was
introduced into the polymer main-chains.>!! Since the resulting polymers also showed high electron-
carrier ability, the application of these polymers to the electroluminescent devices progresses.'! Based on
the flexibility in the molecular design and various functions derived from a variety of chemical structures,
unique characteristics were obtained. Thus, it can be expected that organoboron polymers are a promising

platform for producing a new series of advanced scintillators.

Herein, the NIR-emissive organoboron conjugated polymers were synthesized. Particularly, we aimed
to obtain the similar emission spectra from the polymer solutions with both photo- and X-ray excitations.
To fulfill the purpose of this research, the comparison study of the optical properties of the synthesized
conjugated polymers with the optical and radiation excitation was performed. Emission efficiencies and
the decay times were evaluated. In addition, the stability was also investigated. The structure-property

relationship for the application to organic scintillators is mainly discussed.



It has been reported that the tetraphenyl-substituted BODIPY and aza-BODIPY derivatives showed
bright emissions in deep-red and NIR regions due to the narrow band gaps (Scheme 1).%! At the meso
position in the BODIPY derivatives, the lowest unoccupied molecular orbital (LUMO) was often
delocalized.? Thereby, by replacing the CH at the meso position to N, only the energy level of LUMO
can be lowered, leading to the red-shifted emission.®! In this study, we aimed to evaluate the influence
of this modification of chemical structures on the scintillation ability. The sharp emission spectra are
advantageous for a sensing material. Especially, it was presented from the recent paper that these
BODIPYs can have high electron-carrier abilities.! Thus, it is presumed that the side-reactions or the
deactivation of the excitons generated by the higher-energy light irradiation might be suppressed, resulting
in efficient scintillation. However, free BODIPYs would readily form aggregation even in the diluted
solution state. Therefore, the chemical modification to maintain solubility should be needed to keep the
homogeneous solution state. One of solves to improve solubility is the formation of the polymers.
Particularly, by introducing into alternating polymers, the tunability of the electronic states as well as the
enhancement of solubility can be expected. Thus, we designed the BODIPY-containing alternating
polymers with alkyl-substituted fluorene which has a superior property for enhancing solubility and light-

absorption ability.

Scheme 1. Synthetic scheme of the polymers®

R R
R = 2-Ethylhexyl

2Reagents and conditions: (a) [9,9-Bis(2-ethylhexyl)-9H-fluorene-2,7-diyl]bisboronic acid, Pd.(dba)s, S-Phos, cesium

carbonate, toluene, 80 °C, 3 d, (PC: 96%, PN: 85%).



The monomers were prepared according to the previous report.!* The polymerization with
fluorenyldiboronic acid via Suzuki-Miyaura coupling is illustrated in Scheme 1. To maintain the
solubility of the products, the 9-position at the center of the fluorene unit was modified with the alkyl
chains. After the reaction and reprecipitation from methanol to remove the metal species and small
molecules derived from the monomers, the products were obtained. A series of measurements were
performed to characterize the products (Table 1). The number-average molecular weight (M,) and
polydispersity index (Mw/Mn) of the polymer determined from GPC analysis were evaluated, and the
values of degree of polymerization (DP) were calculated from the obtained molecular weights. The
polymer showed moderate solubilities in conventional organic solvents such as chloroform,
dichloromethane, and THF. From the *H and !B NMR spectra, similar signal patterns involving aza-
BODIPY and the fluorene units in the polymer were obtained. We concluded that the polymers should

have the designed structures as we expected.

Table 1. Physical properties of the polymers?

PC PN

Mn 4,300 7,700
Mu/Mn 2.0 2.0
DPb 4.9 8.7
Yield (%)° 85 96

a Estimated by size-exclusion chromatography (SEC) based on polystyrene standards in chloroform. ® Degree of polymerization estimated
by number-average molecular weight. ¢ Isolated yields after precipitation.

The optical properties of the synthesized polymers were investigated. Figure 1 shows the UV-vis
absorption spectra in toluene. The results are summarized in Table 2. The largest absorption bands with
the peaks at 610 nm and 703 nm assigned to the w-rt* transitions at each complex were observed from PC
and PN, respectively. Comparing the peak positions of the absorption bands to those of the monomers
(MC: 579 nm, MN: 664 nm), the polymers provided the absorption in the red-shifted regions.!! These

results indicate that the main-chain conjugation should be expanded in the ground state. In addition, the



similar peak shapes were observed from the solutions. The unexpected inter-chain interaction or
aggregation could be suppressed in the samples. For the measurements with the optical excitation, the

samples were irradiated with the light at the absorption maxima.
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Figure 1. UV-vis absorption spectra of the polymers in toluene (1.0 x 10> M).

Table 2. Photophysical properties of the polymers?

PC PN

/1Abs,max (nm) 610 703
£(Mlem ™) 52,000 42,000

APL max (nm)b 654 750
2T 0.47 0.028

lX-ray,max (nm) 662 752

L (ns)? 1.64 (0.04), 4.23 (0.96) 1.92

x-ray (NS) 0.46 (0.90), 2.91 (0.10)  0.36 (0.88), 2.22 (0.12)
2 Measured in toluene (1.0 x 107> M). b Measured with the excitation light at the maximum peak wavelength of absorption. ¢ Absolute
quantum yield. ¢ Measured with the excitation light at 375 nm. Parentheses mean the proportions of each element in the decay curves.

Photoluminescence (PL) spectra were gathered with the solutions containing the synthesized polymers
in toluene (Figure 2). The optical properties are summarized in Table 2. Typical spectra were obtained
from the measurements. Emission bands with the peaks at 654 nm and 750 nm attributable to the So—S1

(m-mt*) transition were obtained from PC and PN, respectively. These data mean that the polymers should



be NIR-emissive materials. The peak shifts to the longer wavelength regions than those in each monomer
were also observed (MC: 613 nm, MN: 694 nm).1! These data indicate the elongation of the conjugation
system through the polymer main-chains in the excited state. The emission lifetimes were measured
(Table 2). The kinetics of the emission were evaluated from the time-resolved luminescent spectra. The

lifetimes were calculated from the fitting curves to the emission decay. It was confirmed that the emissions

of the synthesized polymers should be assigned as fluorescence.
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Figure 2. Emission spectra of the polymers in toluene (1.0 X 107> M) with the excitation light at the
wavelength of the absorption maxima (dot line) and X-ray (solid line).

Scintillation emission spectrum under X-ray irradiation is shown in Figure 2. X-ray induced
radioluminescence spectra of the polymers were evaluated by using our original setup.'®* " The details
are described in the Supporting Information. All samples containing 107° M in toluene (10 mL) were
sealed into a glass columnar bottle (height: 4.5 cm, bottom diameter 1.5 cm), and X-ray was irradiated

from the bottom. The emission bands were observed in the deep red and NIR regions. These data represent



that the synthesized polymers should have the scintillation ability in the solution states. In particular, the
emission peaks were obtained at 662 nm and 752 nm from PC and PN, respectively. It is noteworthy that
the similar spectra were obtained with the PL spectra. The scintillation decay time profile of the
synthesized polymers was measured. The time profiles were well reproduced by a double exponential
assumption. Deduced decay times are listed in Table 2 and showed good correlations to those from the
PL data. These results strongly support that the scintillation from the synthesized polymers should
originate from the So—S: (n-n*) transition. In other words, the scintillation properties can be estimated by
the PL spectra. In addition, to evaluate the durability against the X-ray irradiation, we measured the PL
spectra again, and similar spectra were obtained from each polymer solution. This result means that the
degradation in both polymer samples hardly occurred after the radiation irradiation (360 Gy). It is implied
that the synthesized polymers could have stability enough for the application as a scintillator. So far, there
are very few scintillators involving inorganic materials with the emission in the NIR regions. Thereby, it
is difficult to directly compare and quantitatively evaluate the scintillation ability to the previous materials
at this stage. It is implied that our materials can be used as a standard for evaluating the scintillation ability

in the NIR region.

In conclusion, the conjugated polymers with the similar emission spectra via both photo- and X-ray
excitations were demonstrated in this study. The fundamental information on the scintillation abilities of
the organoboron NIR-emissive polymers is also presented. It is shown that the organoboron-containing
conjugated polymers can work as a liquid scintillator in the organic solvent. It should be emphasized that
the scintillation properties showed good correlation to the luminescence by the optical excitation. These
facts represent that an expected scintillation ability could be obtained according to the preprogrammed
design. Furthermore, organoboron materials involving polymers are paid attention as a neutron-selective
scintillator due to the intrinsic reactivity of boron to neutron. Therefore, our findings described here might
be useful not only for developing organic-based advanced functional scintillators but also for constructing

neutron-selective sensors.
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