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General Introduction
General Introduction

1. Conjugated Organoboron Polymers

T-Conjugated polymers (Figure 1) are versatile adetes for various applications because of
their unique electronic properties, low manufactgrcost and capability for flexible conditions.
Specifically, they are supposed to be suitablefdoelectronic applications such as organic light
emitting diodes, photovoltaic cells, field effecarsistors, eté.The character of conjugated
polymers can be tuned for each application. To ttree character of conjugated polymers,
introduction of hetero atoms is one of the modatatmethods. Therefore, various conjugated
polymers including hetero atoms were developed. é&@mple, polythiophene, polypyrrole,
polyaniline, etc. are well-known hetero atom-camitay conjugated polymers and applied to

organic devices (Figure 2).
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Figure 1. Structures ofrconjugated polymers.
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Figure 2. Hetero atom containingeconjugated polymers.
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Boron was also introduced into conjugated systefi®e conjugated polymers including
tricoordinate boron complexes are promising maltefa@ fabrication of electronic devices as an
n-type semiconductor. Tricoordinate boron complexage vacant p-orbital, and the conjugation
of polymer can expand through via this vacant atBiMoreover, tricoordinate boron have Lewis
acidity and sensitivity to Lewis base. In the presiovork, the conjugated polymer having
tricoordinate boron in the main-chain acted asoapsensors for fluoride anion (Schemé°Ijhe
coordination of fluoride anions to boron atomsiinipt the main-chain conjugation of the polymer,

then the blue emission disappeared.

Scheme 1. Reaction of fluoride anion sensing with organolngpolymer
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Boron can also form tetracoordinate structures ssdboron quinolate, boron diketonete, boron
ketoiminate, boron dipyrromethene (BODIPY) (Figdg They have higher stability than
tricoordinate boron compounds because a vacanbipabof boron atom are filled by a lone pair.
Therefore, it is easy to handle tetracoordinat®@h@ompounds under ambient conditions, and it
is expected to be useful for material applicatidspecially, they are attractive for optoelectronic
materials because they have good absorption arssemiproperties. Examples are shown below.

The conjugated polymer based on boron quinolatevetianot only strong emission but also

high electron mobility. This value was comparable to the value ofsAldpich is the most well-
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General Introduction

known electron-transport and luminescent matewal @LEDs. Boron ketoiminates exhibits
aggregation induced emission (AIEY.he conjugated polymer including boron ketoimisaite
main chain showed emission in filisThese results indicate that the conjugated polymer
including organoboron compounds have possibilittbéoused as optoelectronic materials in

various fields.
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Boron quinolate Boron diketonate Boron ketoiminate BODIPY

Figure 3. Examples of tetracoordinate organoboron compounds.

2. Boron Dipyrromethenes

Boron dipyrromethenes (BODIPYs) are one of the niastous luminescent dyes, and it is
known that they have various advantages such ges édosorption and luminescent abilities in the
narrow wavelength regions, high photo-stability] @mvironment-resistant emissive properfies.
BODIPYs can be modified with their structures gagilmodulate the character, especially optical
properties. Therefore, various BODIPY derivativewédn been developed by modification with
substituents so far (Figure 4). Aza-BODIPYs hateogen atoms at theeso-position and lower
LUMO energy levels than those of common BODIPYsaose of the strong electronegativity of

the nitrogen atom in theneso-position® Therefore, aza-BODIPYs showed absorption and
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emission bands in the longer wavelength region tttemmon BODIPYs. From these properties,
the conjugated polymers based on aza-BODIPYs cak a® a near-infrared (NIR) dyesr
electron-transporting materiagi$BODIPYs usually have two fluorine atoms on theirdn atoms.
These fluorine atoms can be replaced by other sudists. For example, the aryl substituents can
be introduced into the boron center of BODIPYs byamometallic reagent$.By selecting the
organometallic reactions, the number of substiwmentthe boron center in BODIPY can be
modulated. Ring-fused structures are also adoprdd@®DIPYs. The conjugation of BODIPY can
be expanded by a fused ring. The ring-fused BODI&Xbtheir polymers were developed to show
strong emission in the NIR regidhAs stated above, BODIPYs have possibility to beliag in

various applications via tuning properties with nfigdtion of their structures.

(a) (b) (c)
°BZ NN N= ~/ B \=
FF FooF

Figure 4. Examples of modified BODIPYs. (a) Aza-BODIPY, @PDIPY bearing aromatic

groups on boron center, (c) ring-fused BODIPYSs.



General Introduction

3. Survey of thisThesis

This thesis describes the synthesis and charaatienzof novel optically-functional materials
by modified BODIPY's with unique structures. Detaiidl be discussed in the following chapters.

In Chapter 1, solid-emissive BODIPYs are preserBgothe organometallic reactions, single-
or dual-phenyl groups were introduced into the harenter in BODIPY. These substituents were
valid for avoiding the concentration quenchinghie solid state. In the solution state, the dual-
phenyl substituted BODIPY provided broad and redtedh photoluminescence spectrum,
however the emission property was recovered not ionthe solid state but also in the viscous
solvent. It was revealed that the suppressionefitblecular motion should play a crucial role in

the enhancement of the emission properties of tlaé slibstituted BODIPY.
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Chapter 1

In Chapter 2, the synthesis and electronic strestwf the modified BODIPY derivatives

containing the cardo boron are shown. The aryltguksts with electron-donating groups and/or

electron-withdrawing groups were introduced intedmoatoms of BODIPYs. By the optical and

electrochemical measurements, it was clarify thatcardo boron can efficiently isolate the main-

chain conjugation from the electronic interactiothvihe side chains.
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HOMO

Chapter 2

In Chapter 3, the synthesis and optical propertiehe dual-emissive polymer based on the

cardo BODIPYs are presented. From the results ap@n 2, the electronic structure of the main-

chain conjugation in the polymer can be isolatechfiofluence of the side-chains. Therefore, the

conjugated polymer having anthracenes via the cauthstituents was designed to obtain dual

emission. The synthetic polymer showed emissiaedhand blue regions derived from polymer

main-chain and anthracene moieties, respectively.

Chapter 3

In Chapter 4, the thiophene-fused BODIPY derivativare presented. The absorption

wavelength was tuned by substituents. By introdyioaidine groups, the bathochromic shifts of

the peak positions (+15 nm) and the enhancementmolar extinct coefficients. The

trifluoromethyl group also contributed to the lafggthochromic shift (+60 nm). They are useful

for efficient light absorbers because of their apson properties.
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Chapter 4
In Chapter 5, furan-substituted aza-BODIPY witlostr and sharp NIR emission was developed.
Comparing with the well-known aza-BODIPY, the fusubstituted aza-BODIPY showed
emission band in the longer wavelength with thekp&a735 nm, and the quantum yield was

similar value. From these results, the introductodnfuranyl groups into aza-BODIPY is an

effective strategy to realize strong emission iR region.

Near-Infrared region

—Absorption

Absorption

----- Emission
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Chapter 5
In Chapter 6, the strong and deep NIR absorbingugaigd polymer was synthesized based on
thiophene-substituted aza-BODIPY. From the optiteasurement, it was revealed that the
absorption band of the polymer reached to more 8¥nhnm. The cyclic voltammetry analyses

revealed that the polymer had a low-lying LUMO @yelevel which was similar to the LUMO

of monomer aza-BODIPYs.
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Deep NIR AbsorBtIon _
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Chapter 6
In Chapter 7, the organic liquid scintillators béisen the emissive polymers are reported.
BODIPY-based conjugated polymers showed emissidhamNIR region by both photo- and X-
ray excitations, and the emission bands were obdarvsimilar regions regardless of excitation
methods. These data propose that the organobonpugated polymers are attractive platforms to

obtain an organic liquid scintillator with the esi@n in the NIR region.

Light Excitation
NIR

D Emission Scintillation

luminescence

750 800
Wavelength (nm)

Chapter 7
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Chapter 1
Chapter 1
Simpleand Valid Strategy for the Enhancement of

the Solid-Emissive Property of Boron Dipyrromethenes

ABSTRACT: This manuscript presents the strategy for obtgiswmlid-emissive properties from
the BODIPY dyes. It is demonstrated that the emrsgiroperties can be preserved from the
aggregation-caused quenching (ACQ) by introducireggghenyl groups into their boron center.
The author established the synthetic procedurdtéantroduction of single or dual phenyl groups
into the boron center in BODIPYs. The synthesiz€dDBPYs having single and dual-phenyl
groups showed unimodal photoluminescence spectitaibahe solution and solid states with
sufficient quantum yields. The pristine and theygrphenyl substituted BODIPY's showed similar
optical properties in the solution state. In costiréhe dual-phenyl substituted BODIPY provided
broad and red-shifted photoluminescence spectratardstingly, the emission property of the
dual-substituted BODIPY was recovered not onlyhm $olid state but also in the viscous solvent.
It was revealed that the suppression of the madeaulotion should play a crucial role in the
enhancement of the emission properties of the swiadgtituted BODIPY. Furthermore, it is also

presented that the steric hindrance by the phawoyps can inhibit ACQ in the condensed state.

13
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I ntroduction

Boron dipyrromethenes (BODIPYs) are well known apamodity luminescent dye because
of their various advantages such as large absorgti@l luminescent abilities in the narrow
wavelength regions, high photo-stability, and emminent-resistant emissive propertieBased
on these useful characteristics, Chetjal. regarded BODIPY derivatives as an attractive elgme
block which is defined as a functional building dkoincluding heteroatoms for constructing
advanced materiafsindeed, BODIPYs and their derivatives have beerliepmot only for
emissive materials in an organic optical deVimet also for the molecular probes as a biotechnica
tool.* However, optical properties of BODIPYs would bastically changed in the aggregation
staté*P and sometimes spoiled in the condensed statethe@iaggregation-induced quenching
(ACQ) 5% The planarity of the dipyrromethene ligand can beatly enhanced by the
complexation with boron. Subsequently, specifimon-specific intermolecular interactions via
stacking and adhesion readily occur in the condestses, resulting in the undesired changes or
the loss of the bright green-light emissiSfiln particular, since materials are used as aftinm
in the common organic devices, the crucial chamgéise optical properties of BODIPYs in the
solid materials should be still the emerging prabte be solved.

One of the most common strategies for avoiding A€ introduce the bulky substituents into
the molecules. There are the series of successéuhgles based on conjugated molecules for
realizing solid emissions based on this strafeBy. combining the bulky groups or other units

which can hardly influence on the electronic statethe conjugation system, the emission

14
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properties in the diluted solution were maintaiedhe condensed state. Chgo al. recently
reported the validity of the cardo structure inyflolorene for improving the emissive properties
in the film state. The introduction of the dual-phenyl groups inte ftuorene moiety played a
crucial role in the preservation of the emissionsnein the film state. Furthermore, this strategy
was also applied for obtaining the solid-emissi@BPYs?8 The modified BODIPYs with the
bulky substituents at the ligand moiety showedifant emissions even in the solid state in the
previous report§ Although the emission quantum efficiencies wergaapntly maintained in the
solid state in these researches, the shapes efiission spectra were often divergent from that
of the general BODIPY dyes. Therefore, the molecdksign strategy to preserve the optical
properties of BODIPYs is still required for reatigithe highly-efficient emissive solid materials.
Most of BODIPYs have two fluorine atoms on theirdio atoms. In particular, these fluorine
atoms can be replaced by other substituents. Ziessé reported the BODIPYs bearing aryl
substituents at the boron certdatsuiet al. reported the solid-emissive BODIPY by introducing
two phenyl groups at boron atdfhHowever, to the best of the author’s knowledge,rééport on
the solid emission of the modified BODIPY with hretgeneous types of the aryl substituents at
the boron center was still very few although selveyathetic routes for have been establisted.
Herein, the author presents syntheses and optimpépies of the phenyl-substituted BODIPYSs.
Initially, the synthetic procedures were establisfa preparing the BODIPY derivatives having
single or dual phenyl groups at the boron centextNwith the series of optical measurements,

the emissive properties of the synthesized BODI®R¥ge examined. Especially, the influence of

15
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the phenyl groups on the emissive properties irsttie state was evaluated. The mechanisms on

the solid emissive properties were also mentionddis manuscript

Results and Discussion

The modification of the boron in the BODIPYs is lmed in Scheme 1. The author used the
difluorinated compound0 as a starting materi&t. The bright emission was obtained from the
solid state in the Matsui's worR. However, the multi-modal emission bands were oleskrin
this report, it was suggested that the local inhgeneity such as crystal formation could provide
the diverse emission bands. To achieve homogersoosphous state in the solid sample, the
longer alkyl chains were introduced into tineso position. The introduction of the single phenyl
group required the sensitive control of the reactiondition. In the reference 9, the substitution
reaction proceeded at 0 °C in the presence of &fes Grignard reagent. On the other hand, the
reaction hardly occurred at O °C in this case.dditon, the dual substitution was observed by
increasing reaction time. Thus, the author perfarthe reaction with reflux temperature for 1 h.
Finally, the single-substituted BODIPE1 was obtained fronBO with a good yield. To proceed
the substitution reaction for obtaining the dudbstituted BODIPYB2, the lithiation withn-
butyllithium was applied. The products showed gseollbility in the common organic solvents
such as chloroform, THF, and ethanol. The strustafall compounds were confirmed 1y, 'B,

13C NMR spectroscopies and ionization mass measursrifeigures 1 and 2).

16
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Scheme 1. Modifications of the boron atoms for preparing pylesubstituted BODIPY's

1) Mg, THF, r.t. ~ 60 °C, 3 h

)
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Figure 1. (a)H and (b)**C NMR spectra oB1 in dichloromethane.
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Figure 2. (a)H and (b)'*C NMR spectra oB2 in dichloromethane.
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Initially, the UV-vis absorption spectra were comggh to evaluate the influence of the
modification at the boron center on the electr@tétes in the ground state (Figure 3a). The optical
properties are listed in Table 1. From the solugiom chloroform (1.0 10 mol/L), similar
absorption spectra were obtained from all three BY3. Typical spectra to the common
BODIPYs were observed; large molar extinction dogfhts and sharp absorption bands with the
peaks at 500 nm attributable te-5S; (=—n*) transition. These data indicate that the eledtro
structures in the ground state should be hardlyeniced by the substituents.

Figure 3b shows the photoluminescence spectraeomibdified BODIPYs in chloroform (1.0
X 107° mol/L). Interestingly, the emission spectrunB&was different from those &0 andB1.

B0 andB1 showed typical emission properties of BODIPYscdmtrastB2 showed a broad and
red-shifted emission band. The emission coloB®fwas varied from those &0 andB1. The
guantum yield oB2 was crucially lower than those B0 andB1. From the lifetime measurements,
it was confirmed that all BODIPYs showed fluoresmeemission. Significantl¥32 presented the
shorter lifetime than those 80 andB1 (Table 1). From these data, it can be summarizatthe
second phenyl substituent B2 should perturb the electronic structure of BODI&My in the

excited state.
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Table 1. Optical properties of the modified BODIPYs in tha@wions'

Aabd{Nm) e(Mem™®®  Aem(nmY Dp r(nsf
BO 500 92,000 511 0.81 6.35
Bl 500 89,200 511 0.79 6.22
B2 497 88,000 539 0.34 3.36

3ln chloroform (1.0 x 1¥ M). PDetermined at the peak in the longest wavelengtid 5&xcited

at 473 nm (foB0 andB1) and 469 nm (foB2). “Determined as an absolute valtiExcited at 375

nm.
a) 11 b) ]
2
0.8 4 =
£0.8 -
. 0.6 1 c 0.6 —B0
é T —B1
N
0.4 1 5 0.4 4 —B2
E
0.2 1 20.2 -
0 0 T T
250 300 350 400 450 500 550 600 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 3. (a) UV-vis absorption and (b) photoluminescenaxsp of the modified BODIPY in

chloroform (1x10° M).
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To receive the information on the electronic stafiethe synthesized compounds, the computer

calculations were performed. the author optimizeslgeometries of the modified BODIPYs by

the density functional theory (DFT) and calculatedir transitions from &to S by the time-

dependent DFT (TD-DFT). The calculation results slrewn in Figure 4. It was clearly shown

that all highest occupied molecular orbitals (HONI@sd lowest unoccupied molecular orbitals

(LUMOSs) delocalized through the whole dippyromethé&gands in all three BODIPYs. Moreover,

the energy level of HOMO or LUMO and energy bang geere very similar in all three

compounds. These data are corresponded to theirmemeal results obtained from the similar

absorption spectra from all three BODIPYSs.

Next, the author performed the theoretical calemfatising TD-DFT to presume the most stable

structure at the excited state (Figure 5). The pheng at boron oB1 hardly moves from the

original position before and after the transitibncontrast, it is revealed that the one pheny rin

at boron center iB2 should rotate at the excited state. This resggssts that the broadening of

the emission band and the decrease of quantum gféb®? should be derived from molecular

motion at the phenyl group induced by the excitatibhe electron acceptability of the boron in

B1 could be still remained by the strong electrorhaiiwing from the single fluorine substitution.

Therefore, the mobility of the phenyl group on theron should be suppressed via the tight

coordination with the dipyrromethene ligand. Thedmatom inB2 could have slight longer

electron acceptability because of two phenyl stlmstits. Consequently, it is proposed that the

flexibility around boron center could be enhandssla result, the perpendicular phenyl group to
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the dipyrromethene ligand can obtain the mobilityhe excited state. To confirm the structural

alteration in the excited state, the author caroedfurther experiments.
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Figure 4. Structures and molecular orbital diagrams for LUMQ HOMO ofBO-model, B1-

model andB2-modd calculated with DFT (B3LYP/6-31G(d)//B3LYP/6-31G)d
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To understand the mechanism of the differencefieneimission properties according to the

theoretical investigation, the effect of molecufaotion was experimentally examined. Optical

measurements by altering the solvent viscosity Wweréormed. Glycerin-ethanol mixture system

with various proportions of each component was usedmodulating the solvent viscosity.

Similarly in chloroform, the absorption spectra eatmost same in all proportions (Figure 6). In

addition, the photoluminescence spectrd0fandB1 were also almost same in all proportions

(Figures 7a and 7b). In contrast, it was obserlkiatithe emission intensity B2 increased when

the viscosity of solvents increased (Figures 7c Zhd Moreover, the spectrum was similar to

those oBO andB1 in relatively-higher viscosity solvent (80 vol%glf/cerin content). From these

results, it is strongly supported that the broaelctia ofB2 should be caused by the molecular

motion of the one phenyl group induced only in¢lxeited state.
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Figure 6. UV-vis absorption spectra of (BD, (b) B1 and (c)B2 in variable viscosity solutions.
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Finally, the solid-emissive properties were examingth the powder samples of the modified

BODIPYs. Figure 8 shows the photoluminescence spetB0, B1 andB2 in the solid state, and

the optical properties are listed in Table 2. FB®nthe typical behavior was observed: Very weak

emission with quite low quantum yield (= 0.09) was detected. This value was almost 10% of

that in solution. The spectrum BO in the solid state shifted much longer wavelertgém that in

solution. The shape of spectrumB® was broad and multimodal. Because of high playafit

BO, stacking and non-specific aggregation shouldihgadcur in the amorphous state, resulting

in the peak shifts and ACQ of the emission. On abiger hand,B1 and B2 showed bright

photoluminescence in the solid staBd and B2 presented narrow emission bands with good

guantum yields® = 0.25 and 0.30, respectively). It should be nwe@d that the quantum yield

of B2 in the solid state was similar to that in the solustate ¢ = 0.34). Furthermore, narrow

and unimodal emission bands were observed. Frose tii&ta, the introduction of phenyl groups

into the boron center in BODIPY should be valid émhancing the solid-emissive property. It is

proposed that the steric hindrance of the phemygicould play a significant role in the inhibition

of ACQ of BODIPY.
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Figure8. (a) PL spectra d80, B1 andB2 in the solid state. (b) Photographs of the povsdenples

of BO, B1 andB2 under UV irradiation (365 nm).

Table 2. Emission properties of the modified BODIPYs in suodid state

Aem (NMY Dp(° r(nsf
BO 614 0.09 4.46
B1 569 0.25 4.10 (52%) 7.37 (48%)
B2 577 0.30 3.50 (76%) 22.5 (24%)

3Excited at the correspondiigsin their solutions’Determined as an absolute vaf@cited at

375 nm. Parentheses represent the proportion bfedament.
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Conclusion

This manuscript describes the valid strategy fdiaioling the solid-emissive property from

BOIDPYs. By selecting the organometallic reactioii® number of substituents in the boron

center in BODIPY can be modulated. By introducitgempyl groups into the boron atom in the

BODIPY, the planarity of the six-membered ring imtihg boron was lowered. In addition,

because of the molecular motion at the phenyl grthg peak broadening and the decrease of

emission quantum yields were induced in the satutsbate. However, interestingly, these

substituents played a favorable role in improvimg $olid-emissive properties of BODIPY. It was

clearly demonstrated that the introduction of theeryl groups were valid for avoiding the

concentration quenching by inhibiting the internooll@r interaction in the solid state. In addition,

the molecular motion was suppressed in the scdittSAs a result, the solid emission with the

sharp and unimodal peak can be accomplished. Hresetdata, it can be said that the minimum

modification method was accomplished for solid emois based on BODIPY without

modification at the ligand moiety. It is impliedaththe solid emission might be obtained with the

strategy based on the conventional BODIPY derieatiguch as deep red or NIR-emissive

molecules which are useful for the direct applmatnot only to organic opto-electronics devices

but also to the bioimaging probes.
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Experimental Section

General: H (400 MHz),**C (100 MHz) and'B (128 MHz) NMR spectra were recorded on a
JEOL JNM EX400 spectrometétB NMR spectra were referenced externally ta-BE® (sealed
capillary). Analytical thin-layer chromatography (T).was performed with silica gel 60 Merck
F254 plates. Column chromatography was performeall Wlakogel C-300 silica gel. UV-vis
spectra were recorded on a Shimadzu UV-3600 sgdeitometer. Fluorescence emission spectra
were recorded on a HORIBA JOBIN YVON Fluoromax-&spofluorometer, and the absolute
guantum vyield was calculated by integrating sphaethod on the HORIBA JOBIN YVON
Fluoromax-4 spectrofluorometer in chloroform. Fleszence lifetime analysis was carried out on
a HORIBA FluoreCube spectrofluorometer system;tation at 375 nm was carried out using a
UV diode laser (NanoLED-375L).

Computational Details: The Gaussian 09 program packdgeas used for computation. The
author optimized the structures of BODIPYs in theugd S and excited Sstates with the density
functional theory (DFT) at the B3LYP/6-31G(d)//B3R¥6-31G(d) level and the time-dependent
DFT (TD-DFT) at the B3LYP/6-31+G(d) level, respeelly.

Synthesis of BO: The synthesis and identification®® were performed according to the previous
literature (Vincengt al. Tetrahedron Lett. 2013, 54, 2050). Decanoyl Chloride (5.0 g, 26 mmol)
was added to the solution of 2,4-dimetylpyrroled(§, 53 mmol) in dichloromethane solution at
r.t under argon atmosphere. After the reaction unéxtvas stirred at 50 °C for 2 h, the solvent was

removed by a rotary evaporator. To the residuetalnene (150 mL) and dry dichloromethane
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(50 mL) were added under argon, and then triethiylartl7 mL, 0.12 mol) was added. After the
mixture was stirred at r. t. for 30 min, boronltrdride diethyl etherate (29 mL, 0.44 mmol) was
added. After the mixture solution was stirred at’60for 3 h, water (300 mL) was added to the
reaction mixture to quench the reaction. After mh&ture was stirred for overnight, the product
was extracted with toluene and washed with watdrkaime. After the organic phase was dried
over MgSQ, the solvent was removed by a rotary evaporatwe.product was purified by column
chromatography with hexane/ethyl acetate (9:1). dlnent was recrystallized from methanol to
give desired product as a metallic orange sB0d4.0 g, 40%)H NMR (CDCk): § = 6.04 (2H,

s), 2.95 (2H, tJ = 10.23 Hz), 2.51 (6H, s), 2.41 (6H, s), 1.67-1(B@, m), 1.52-1.42 (2H, m),
1.35-1.28 (10H, m), 0.88 (3H,1,= 6.94 Hz) ppm. Melting point: 84-85 °C.

Synthesis of B1: Bromobenzene (0.67 g, 4.3 mmol) in THF (40 mL) \addled to magnesium
(0.11 g, 4.7 mmol) at r.t. under argon atmosphEne.reaction solution was stirred at 60 °C for 2
h. The resulting solution was cooled to r.t. amoh$ferred via cannula to a solutionBff (0.8 g,
2.1 mmol) in THF. After the mixture solution wagstd at reflux temperature for 1 h, water (100
mL) was added to the reaction mixture to quenchrélaetion. The solution was extracted with
dichloromethane and washed with water and brinerAlfte organic phase was dried over MgSO
the solvent was removed by a rotary evaporator. pheduct was purified by column
chromatography with hexane/dichloromethane (3:t iSolated product was dissolved in a small
amount of dichloromethane, and the product wasgitated from methanol to give puBd as a

metallic orange solid (0.67 g, 53%MH NMR (CD:Clp): 6 = 7.27 (2H, ddJ» = 7.8 Hz,J, = 1.5
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Hz), 7.16-7.07 (3H, m), 6.00 (2H, s), 3.06 (2H, %,8.3 Hz), 2.47 (6H, s), 2.14 (6H, s), 1.73 (2H,
s), 1.59-1.52 (2H, m), 1.41-1.30 (10H, m), 0.90,(8d = 9.1 Hz) ppm*3C NMR (CD:Cl,): 5 =
153.9, 147.8, 139.8, 132.04, 132.02, 131.5, 1228,4, 122.0, 32.6, 32.3, 30.7, 30.0, 29.9, 29.7,
29.0, 23.1, 16.7, 15.3, 15.2, 14.3 pptB.NMR (CDCLk): & = 2.54 (br) ppm. HRMS (ESI): Calcd.
for [M+H] ™", 433.3185; found, m/z 433.3179. Melting point: 83-=C.
Synthesis of B2: n-BuLi (5.5 mL, 1.60 mol/L in hexane) was added tee tsolution of
bromobenzene (1.4 g, 8.8 mmol) in THF (18 mL) && %€ under argon atmosphere. The reaction
mixture was stirred for 1 h. Then, the solutioB6f(1.5 g, 4.0 mmol in 38 mL of THF) was added
to the reaction mixture via cannula. After the teacmixture was stirred for 1h at =78 °C and
subsequently for 10 min at 0 °C, cooled saturatechanium chloride aqueous solution was added.
The solution was extracted with dichloromethane aadhed with water and brine. After the
organic phase was dried over MgS e solvent was removed by a rotary evaporatee.product
was purified by column chromatography with hexaiddromethane (4:1). The isolated product
was dissolved in a small amount of £&Hb, and the product was precipitated from methanol to
give pureB2 as a metallic orange solid (0.45 g, 23%) NMR (CD.Cl2): § = 7.25 (4H, dJ = 6.3
Hz), 7.20-7.10 (6H, m), 6.02 (2H, s), 3.07 (2H, £, 8.4 Hz), 2.48 (6H, s), 1.70 (6H, S),1.67-1.60
(2H, m), 1.48-1.42 (2H, m), 1.28 (10H, br), 0.881(3, J = 6.9 Hz) ppm*3C NMR (CD:Cl»): &
=153.2, 150.5, 148.0, 138.3, 134.0, 132.2, 12728,5, 126.0, 32.7, 32.3, 30.6, 30.0, 29,9, 29.7,
29.1,23.1,17.1, 17.0, 14.3 ppHB NMR (CDCE): § = —0.49 (br) ppm. HRMS (ESI): Calcd. for

[M+H]*, 491.3592; found, m/z 491.3583. Melting point: 100103 °C.
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Chapter 2
Preservation of Main-Chain Conjugation through BODIPY-
Containing Alternating Polymers from Electronic Interactions with

Side-Chain Substituents by Cardo Boron Structures

ABSTRACT: This manuscript describes the synthesis and elactstructures of the modified
boron dipyrromethene derivatives containing theledroron. By the organometallic reagents, the
replacements of fluorine groups to the aryl substits with electron-donating groups and/or
electron-withdrawing groups were accomplished, Iteguin the formation of the cardo boron.
From the theoretical calculations and optical measents, electronic structures in the main-chain
conjugation were evaluated. In summary, it wasrblesnown that the cardo boron can efficiently
isolate the main-chain conjugation from the elattronteraction with the side chains since the
optical properties were highly preserved from titeoduction of the side-chain substituents. These
findings should be fundamentally significant foethpplication of the cardo boron-containing
conjugated polymers as a scaffold to constructnthdti-functional unit by the assembly of

functional units.
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Introduction

By using the cardo structure as a platform for médieg functional units in the conjugated
polymers, multi-functionalities can be introducedséd on the preprogrammed desigfor
example, the series of the conjugated polymers osewp of the modified cardo fluorenes have
been synthesized, and their unique emissive betsaviere revealefl.lt was shown that
significant emission from the main-chain conjugatcan be maintained even in the film state
from the aggregation-caused quenching (ACQ) owanipé substituents connected via the cardo
carbon. Especially, it was found that the main-cltainjugation can be efficiently preserved even
in the presence of the electron-donating and/othewawing units at the end of the side groups
via the cardo carbons. In addition, by placing salvdyes with orthogonal directions of each
transition moment, the energy transfer betweenfltteescent dyes at the side chains and the
main-chain conjugation can be modulatédrinally, by selecting the type of the fluorescepes
at the side chains and the copolymers in the nmta@amg¢not only the light-harvesting materials but
also the multi-emissive polymer films were readilytainec* These results suggest that the
construction of the cardo structure in the conjadamolecules including polymers should be
feasible for realizing the multi-functional matdsias the preprogrammed designs.

The nano-building blocks composed of heteroatomsalted as an “element-blockThe class
of conjugated molecules and polymers containingctional “element-blocks” such as
organoboron complexes and their unique optical gnigs have attracted much attention

particularly to the applications for producing adeed opto-electric devices. For instance,
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commodity emissive dyes readily show ACQ in thaedsslate. On the contrary, it was found that
some kinds of organoboron emissive materials inmgleonjugated polymers presented the strong
emission only in the aggregation stat&hus, versatility of the organoboron conjugation is
vigorously increasing for the emissive materialerdh dipyrromethene (BODIPY) is known to
be one of stable and highly-emissive organoboronptexes’ Since BODIPYs intrinsically have
large light-absorption abilities and emissive prtips, BODIPYs have been applied in wide
variety fields including material chemistrand biomedicdl Although BODIPYs also showed
critical ACQ, several valid strategies to mainttie optical properties have been developed by
the chemical modification®:** Moreover, by replacing from fluorine atoms to athenctional
units such as aryl group$yarious types of optical properties have beenealt such as energy-
transfer donors or acceptétand solid emissidft®>. | focused on the boron atom in BODIPYs as
a scaffold for constructing the cardo structureodrticular, we expected that the interesting @ptic
and electronic characteristics could be obtainechfthe assembly of the emissive functional units
on the cardo boron in the BODIPY-containing conjedgpolymers to obtain useful functions for
organic opto-electronic devicésHowever, to design the functional materials basethe cardo
structure in BODIPYs, it is preliminary essent@kixamine the influence of the substituent effect
on the electronic state of the main-chain conjugatin particular, the degree of perturbation
toward the main-chain conjugation should be evellidiy introducing the electron-donating
(EDG) and/or -withdrawing (EWG) groups into the aalsbron.

Herein, the construction of the cardo boron in BBPDland fundamental properties of the
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modified BODIPYs bearing the EDG and/or EWG to bimeon center are reported to prove the

isolation of the main-chain conjugation in the emgted polymers from the electronic interaction

with the side chains by the cardo boron. The serés modified BODIPYs with

trifluoromethylphenyl groups as an EWG and/or meyiphenyl groups as an EDG at the boron

atom and the alternating polymers of these BODIR¥mg fluorene and bithiophene as a

comonomer unit were prepared. From the optical oreasents, the electronic states of the

BODIPY ligand and the main-chain conjugation thiotize polymers were evaluated by changing

the substituents via the cardo boron. The eneragrdims and orbital shapes from the theoretical

calculation support the discussions on the elersubstituent effect. This is the first example,

to the best of the author’s knowledge, to offer sistematic study from a new standpoint about

the electronic states of BODIPY-containing conjegataterials.

Results and Discussion

To estimate the electronic correlation betweenpiblgmer main-chain and side-chains via the

cardo structure, the quantum calculation was peréar with the models of the polymers using

density-functional theory (DFT). The optimized stures and the electronic transitions were

calculated at the B3LYP/6-31G(d) level by DFT aintet-dependent DFT (TD-DFT), respectively.

The models of the polymers were composed of thggesiepeat unit linked to the BODIPY moiety

at both sides. Figures 1-5 exhibit highest occupmdlecular orbitals (HOMOS), lowest

unoccupied molecular orbitals (LUMOS), the valuégmergy levels and optimized structures of
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the models. It was shown that both of the HOMOsIddMOs in the models were located on the
ligand moiety. The HOMOs and LUMOs of models comitag the cardo structures hardly localize
on their phenyl groups. It should be mentioned tivaielectron orbitals and the energy levels were
slightly influenced by the types of the substitgesitthe cardo boron. From this fact, it is assumed
that the conjugation systems on the BODIPY ligand thhe BODIPY-containing polymers could

be independent from the side-chain substituents.
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Figure 1. Structures and frontier orbitals of the model coommts of (a)PFB2 and (b)PTB2

(B3LYP/6-31G(d)// B3LYP/6-31G(d)).
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BO', PFBO', PTBO'
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DM', DMB2', DMB2'
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Figure 2. Structure of the model compounds for DFT calucatati
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The modified BODIPYs containing the cardo strucsuneith the dual EDGs, bis((4-
methoxy)phenyl)-substituted = BODIPY DM), with the dual EWGs, bis((4-
trifluoromethyl)phenyl)-substituted BODIPYDE), and with the coexisting single EDG and EWG,
(4-trifluoromethyl)phenyl-(4-methoxy)phenyl-substiédd BODIPY MF) were synthesized by
employing the author’s previous reports accordingScheme 1>!7 By treating with the
aryllithium reagents, the modification with EDGdaBWGs were achieved. The introduction of
the heterogeneous types of the substituentdtforwas accomplished by the tandem reactions
with the Grignard reagents. Initially, by replaciingm one of the fluorine groups to the EWG, the
desired product was obtained. Then, the replacemfeanother fluorine group yielded to the
desired moleculdF. The diiode monomer80-I, B2-1, DM-I, DF-I andMF-I were obtained
from the corresponded compounds by treating witloddésuccinimide. All compounds were
characterized byH, °C and 11B NMR spectroscopies and mass measurenbEusmposition
or photo-degradation was hardly observed under emhlionditions. Good solubilities were

observed in common organic solvents owing to tkegl @hains.
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Scheme 1Synthetic routes for the monomers
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#Reagents and conditions: (i) Aryllithium (> 2 eq.), THF or diethyl ether, =78 °C, 1 h; (ii) (4-
(trifluoromethyl)phenyl)magnesium bromide (2.5 eq.JHF, reflux, 1 h; (i) (4-
methoxyphenyl)magnesium bromide (2.5 eq.), THFE,GQ1 h; (iv)N-iodosuccinimide (2.5 eq.),

dichloromethane, r.t., 30 min.
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Fluorene is one of typical comonomers for consingctnain-chain conjugation through the
alternating copolymer and can often present begfission in the polymers. Bithiophene is known
to work as a strong electron-donor. By the comimmatvith electron-accepting units, strong
electron coupling can be formed, leading to thghiremission in the red regions. By introducing
EDGs and EWGsS, the optical properties such as enisslor can be modulated. To examine the
roles of the cardo BODIPY-containing main-chainjogation, the two series of copolymers were
synthesized. The polymerizations with the diiodawmers via the Suzuki-Miyaura coupling in
the presence of Pd catalyst were executed as shovtheme 2. The polymers containing
difluoroboron and diphenyl-substituted polymers eveynthesized for comparing the electronic
structures of the modified BODIPYs. The polymerpmdies determined from the GPC analysis
are shown in Table 1. To remove the metal spediginated from the catalyst thoroughly, the
reprecipitation from methanol was repeated at ldase times. The polymers were obtained as
red or purple solids in good yields (59-97%). Thenber-average molecular weightdnj and
the molecular weight distributiond(/M,) of the polymers, measured by the size-exclusion
chromatography (SEC) in chloroform toward polysiygestandards were from 6,200 to 11,500
with 1.7 to 2.5, respectively. Enough solubilitiecommon organic solvents such as chloroform,
dichloromethane and tetrahydrofuran were obsereedjptical measurements by suppressing
molecular weights of the polymers. The data foucttiral analysis byH, *C and*'B NMR
measurements were corresponded to those of théesmglecular units. Thus, the author

concluded that the polymers possess the desigreadical structures. The synthesized polymers
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hardly showed degradation by air, moisture andolgslight exposure during the synthesis and
optical measurements. Even after the UV (365 nradliation for 30 min, significant changes were
hardly observed iftH NMR spectra (Figure 6). These data represent Bighilities of the

polymers.

Scheme 2Synthetic routes for the polymers
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Table 1.Physical properties of the synthesized polyfers

My, My Muw/Mn n° Yield [%)]°
PFBO 10,200 27,400 2.7 11.7 89
PFB2 6,600 14,300 2.2 6.7 53
PFDM 7,400 14,100 1.9 7.1 59
PFDF 6,000 10,200 1.7 5.3 69
PFMF 8,400 21,000 2.5 7.8 87
PTBO 9,500 16,500 1.7 10.9 97
PTB2 11,500 21,100 1.8 11.6 79
PTDM 7,800 13,300 1.7 7.4 90
PTDF 9,100 17,200 1.9 8.1 90
PTMF 11,400 20,400 1.8 10.4 84

8Estimated from SEC with the polystyrene standardhioroformPAverage number of repeating
units calculated fromM, and molecular weights of repeating uniftsolated yields after

reprecipitation.
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To survey the electronic structures of the polymiettie ground state, the UV-vis absorptions
were measured with the chloroform solutions (FigQré he results from the absorption behaviors
are summarized in Table 2. The characteristic gihieor bands were observed from the modified
BODIPYs with the peaks around 500 nm attributableéhe rert* transition (Figure 7a)® In
addition, the magnitudes of the molar extinct dogfhts were almost same. This result means that
the electronic interaction should hardly influermcethe conjugation in the ligand moiety. From
the absorption spectra of the polymers composddafene, the absorption bands were detected
in the longer wavelength regions with the peaksiado540 nm than those of the corresponded
BODIPYs (Figure 7b). These peak shifts represemtetittension of the conjugation through the
polymer main-chain. Interestingly, the degree adkpshift was independent from the side-chain
substituents via the cardo boron. The peak positadrihe modified polymers with EDGs and/or
EWGs appeared at the same positioRE®2 which has diphenyl substituents at the cardo horon
In addition, the absorption onsets of the polymetsch are often used to define the optical gap
(Eg°), are in the range from 566 nm (2.18 eV) to 568(@r8 eV) (Table 3). In particular, the
differences in the HOMO-LUMO gaps of the polymeasihg EDGs, EWGS, or both groups were
within 0.01 eV. Moreover, the HOMO and LUMO levelsthe compounds were estimated from
the cyclic voltammetry (CV) analyses as well aslibhad gap$E,“Y) (Figures 8 —11, Table 3). It
was shown that all of the aryl substituted BODIPs similar HOMO and LUMO energy levels
regardless of the substituents atphea position on their phenyl groups. TEg" of the polymers

bearing the cardo structures were comparable to tmical band gapsE°™). These data
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significantly indicate that the electronic struesiof the polymer main-chains should be isolated
from the influences from the EDG and the EWG cotetbdo the cardo boron, and the energy

levels of the polymer main-chains were preservetiénground states.
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Figure 7. UV-vis absorption spectra of (80, modified BODIPYs, (b) corresponding fluorene

copolymers and (c) bithiophene copolymers in cHtora (1.0 x 10°M).
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Table 2. Optical properties of the compoufAds

Jabs[NM] e [Mtem P JpL [nm] dp©
BO 500 92,000 514 0.81¢
B2 497 88,000 539 0.34¢
DM 497 88,000 538 0.34¢
DF 496 82,000 537 0.32¢
MF 497 89,300 53% 0.31¢
PFBO 550 96,900 579 0.75°
PFB2 541 102,000 610 0.57¢
PFDM 542 83,800 599 0.49°
PFDF 540 86,200 599 0.50°
PFMF 542 102,000 599 0.51°
PTBO 547 41,600 644 0.05'
PTB2 541 52,900 649 0.07'
PTDM 540 49,000 647 0.06'
PTDF 540 56,700 648 0.05'
PTMF 540 54,100 649 0.05'

aMeasured in chloroform (1.0 x TOM). PMolar absorption coefficients of the absorption
maxima.“Absolute fluorescence quantum yields determinedguisitegrated sphere method.
9B0, B2, DM, DF andMF were excited at 473, 469, 470, 469 and 469 nmpeively.’Excited

at 500 nm'Excited at 510 nm.
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Table 3.Results of the electrochemical and optical measen

Eonset,ox Eonset,red  EHomo ~ ErLumo = Jonset Eg%F

[Vl [Vl [eV] [eV] [eV] [nm] [eV]
BO 0.64 -1.71 -5.44 -3.09 2.35 512 2.42
B2 0.46 -1.98 -5.26 -2.82 2.44 510 2.43
DM 0.46 -1.91 -5.26 -2.89 2.37 510 2.43
DF 0.60 -1.83 -5.40 -2.97 2.43 510 2.43
MF 0.55 -1.88 -5.35 -2.92 243 510 2.43
PFBO 0.54 -1.67 -5.34 -3.13 2.21 576 2.15
PFB2 0.37 -1.92 -5.17 —-2.88 2.29 566 2.19
PFDM 0.36 -1.86 -5.16 -2.94 2.23 567 2.19
PFDF 0.52 -1.76 -5.32 -3.04 2.28 566 2.19
PFMF 0.45 -1.81 -5.25 -2.99 2.26 568 2.18
PTBO 0.43 -1.49 -5.23 -3.31 1.92 600 2.07
PTB2 0.37 -1.78 -5.17 -3.02 2.14 587 2.11
PTDM 0.34 -1.80 -5.14 -3.00 2.14 586 2.12
PTDF 0.42 -1.68 -5.22 -3.12 2.10 589 2.11
PTMF 0.38 -1.71 -5.18 -3.08 2.10 588 211

aThe onset wavelength of the UV-vis spectra in aflanm. POptical band gaps were estimated

from the correspondingnset
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Figure 8. Energy diagrams of (&80, modified BODIPYs, (b) corresponding fluorene clypeers

and (c) bithiophene copolymers calculated fromdd@ of the cyclic voltammetry measurements.
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Figure 9. Cyclic voltammograms of thB0, B2, DM, DF andMF in (a) negative and (b) positive

sweeps in dichloromethane (1.0 x31@) with 0.1 M tetrabutylammonium chloride as supjpuay

electrolyte, Ag/AgCl as reference electrode, glasagoon as working electrode, Pt as counter

electrode, and scan rate at 0.05 V/s under argon.
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Figure 10.Cyclic voltammograms of theFBO, PFB2, PFDM, PFDF andPFMF in (a) negative
and (b) positive sweeps in dichloromethane (1.00% M) with 0.1 M tetrabutylammonium

chloride as supporting electrolyte, Ag/AgCl as refiee electrode, glassy carbon as working

electrode, Pt as counter electrode, and scantr@t®:V/s under argon.
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Figure 11.Cyclic voltammograms of theTBO, PTB2, PTDM, PTDF andPTMF in (a) negative
and (b) positive sweeps in dichloromethane (1.00% M) with 0.1 M tetrabutylammonium
chloride as supporting electrolyte, Ag/AgCl as refiee electrode, glassy carbon as working

electrode, Pt as counter electrode, and scantr@t®®V/s under argon.

To evaluate the electronic structures of the maiairc conjugation in the excited states, the
emission properties were investigated in the soiustate (Figure 12, Table 2). The polymers were
dissolved in chloroform, and the photoluminescespextra were obtained with the excitation light
at 500 nm. All polymers composed of fluorene inwadyPFBO andPFB2 showed the emission
bands with the peaks around 570 nm attributabiled&—S; transitions in BODIPYs. Comparing
to the peak positions of the modified BODIPYs, thd-shifted emission bands were obtained.
Similarly to the absorption data, the extensiorthef conjugation in the excited state should be
indicated.PFB2 showed the broader emission band tR&BO. It is known that the molecular
motions at the substituents often induced the catitchanges in the optical properties of

BODIPYs!®®18From the X-ray structural analysis with the anybstituted BODIPY, it was found
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that the position of the boron was out of the pliawelving the dipyrromethene ligarié? In other
words, the planarity of the complex was lowerednbsoducing the aryl group. In addition, it was
demonstrated that the phenyl rings can rotatedresttited state from the TD-DFT calculatiSn.
From these results, it is suggested that the mialecuotions at the phenyl groups should
vigorously occur, leading to the peak broadenintha emission spectra. SignificantBFDM,
PFDF and PFMF presented almost same shapes of spectra and dasotuta emission
efficiencies (Table 2). This result means thatdhleetronic states of the main-chain conjugation
can be preserved from the introduction of the stuesits at the cardo boron. The electronic
interaction should hardly exist via the cardo bordhe emissions should be attributable to
fluorescence of BODIPY. Moreover, as suggested @bitne electronic environments were almost
same in the solution states of the modified BODIRMsl polymers. The emission spectra of
PFDM, PFDF andPFMF were, however, sharper than thatRHB2 although these polymers
provided the similar absorption spectra. These mi&an that the substituent effects were exhibited
only in the excited state. From the TD-DFT caldolaffor estimating the structure and the energy
in the excited state, the rotation of the phemyjivas presented.From this result, it is implied
that the peak sharpening might be caused mainlguippressing the molecular motions by the

substitution at the para positions on the phernyligs of these compounds.
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Figure 12. Photoluminescence spectra of Bf)) modified BODIPYs, (b) corresponding fluorene

copolymers and (c) bithiophene copolymers in cHtora (1.0 x 10°M).
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To estimate the influence of the cardo boron orfaimation of intermolecular interactions, the
emission spectra with variable concentrations wesaitored (Figures 13 and 14). The red-shifted
emission bands were obtained from the concentsatietions oB0 andPFBO. On the other hand,
the peak positions in the modified BODIPYs and pwdys were hardly changed by increasing
concentrations. This result clearly indicates thia# cardo boron should also inhibit the
intermolecular interactions. It is likely that teteric hindrance of the substituents suppress the
accessibility of the molecules. The narrower emisdiands were observed from the solutions
with relatively-higher concentrations. The molecuiambling at the phenyl ring in the cardo
structure induces the broadening of the emissiakgié By inhibiting the molecular motions, the
peak broadening should be inhibited in the higlwercentrations, resulting in the sharp emission
bands with good emission efficiencies.

Similar tendencies were obtained from the bithepmcontaining polymers in the optical
properties. From the alternating polymers, the giigm bands with the peaks around 540 nm
attributable to theert* transition in BODIPY were obtained (Figure 7chelred-shifted spectra
of the polymers compared to those of the correspgnBODIPYs indicate the extension of the
conjugation through the polymer main-chain. Compario the optical and electrochemical
(Figure 8) properties d?TB2, the modified polymers with EDGs and/or EWGs pnéseé the
similar characteristics. These data indicate thatectronic structures can be preserved from the
introduction of the side-chain substituents evewugh the polymer main-chain having strong

electronic coupling in the ground state.
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In the series of the bithiophene copolymers, sinti@haviors were also obtained about the
emission spectra with the polymers composed ofrélne (Figure 12c and 15). The red-shifted
emission bands from the strong electronic coupivege observed from the polymers compared
to those of the corresponded BODIPYs. This remptasents the extension of the conjugation
through the polymer-main chains. Similar shapesaanidsion efficiencies were detected from the
polymers. It should be mentioned that both of theubstituted EDGs and EWGs hardly cause
the change in the intrinsic optical propertiesh&f €mission bands. These data clearly indicate that
the main-chain conjugation can be preserved, aaatdhdo structure at the boron center should

play a significant role in the electronic isolatiohthe main-chain conjugation from EDGs and/or

EWGs in the side chains.
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Figure 14. Photoluminescence spectra of @BO, (b) PFB2, (c) PFDM, (d) PFDF and (e)

PFMF in chloroform with various concentrations.
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Figure 15. Photoluminescence spectra of @)BO, (b) PTB2, (c) PTDM, (d) PTDF and (e)

PTMF in chloroform with various concentrations.
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Conclusion
The series of the alternating polymers composethefaryl-bearing BODIPYs with EDGs

and/or EWGs were synthesized. From optical measem&snthe isolation of the main-chain
conjugation from the modification with EDGs andE&WWGs at the side chains via the cardo boron
was presented in this manuscript. This result sstggbat the BODIPY polymers with the cardo
boron could be potential platforms for assemblhggfunctional units with the suppression of non-
specific interactions and for achieving multi-fuocial nanomaterials with preprogrammed
designs. Advanced optical materials such as molisgive devices with the emissions not only
from the polymer main-chains but also from the situents at the cardo boron can be expected

based on the author’s strategy.

Experimental Sections

General: 'H (400 MHz),*3C (100 MHz), and'B (128 MHz) NMR spectra were recorded on
JEOL JNM-EX400 spectrometers.lid and'*C NMR spectra, tetramethylsilane (TMS) was used
as an internal standard in CRCHB NMR spectra were referenced externally withs BIEL
(sealed capillary). Analytical thin-layer chromataghy (TLC) was performed with silica gel 60
Merck F254 plates. Column chromatography was peraor with a Wakogel C-300 silica gel.
Number-average molecular weigiMd{) and molecular weight distributioM(/Mn) values of all
polymers were estimated by size exclusion chrommapdty (SEC) with a TOSOH 8020 series [a

dual pump system (DP-8020), a column oven (CO-80@@) a degasser (SD-8020)] equipped
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with three consecutive polystyrene gel columns [DBISTSKgel: G2000H, G3000H and
G4000H] and refractive-index (RI-8020) and ultrdstaetectors (UV-8020) at 40 °C. The system
was operated at a flow rate of 1.0 mL/min with CEH&3 an eluent. Polystyrene standards were
employed for calibration. UV-vis spectra were relmat on a SHIMADZU UV-3600
spectrophotometer. Fluorescence emission specteameasured with a HORIBA JOBIN YVON
Fluoromax-4P spectrofluorometer, and the absolutum yield was calculated by integrating
sphere method on a HORIBA JOBIN YVON Fluoromax-P ecmfluorometer.
Photoluminescence (PL) lifetime was measured byoabid FluoreCube spectrofluorometer
system, and excitation was carried out at 375nmgudV diode laser (NanoLED 375 nm). Cyclic
voltammetry (CV) was carried out on a BAS ALS-Etechemical-Analyzer Model 600D with a
glassy carbon (GC) working electrode, a Pt cousiestrode, an Ag/Agreference electrode, and
the ferrocene/ferrocenium external reference atam sate of 50 mVs. Ferrocene (Aldrich
Chemical, Co.) was used as received. All reactvomr® performed under argon atmosphere.
Computational Details: The Gaussian 09 program packdgeas used for computations of the
compounds. The optimized structures was obtaigddRI calculation at the B3LYP/6-31G(d)
level of theory. TD-DFT calculation was carried atthe B3LYP/6-31G(d) level for the electronic
transitions.

Materials: 2,4-Dimethylpyrrole (Tokyo Kasei Kogyo, Co.), daogl chloride (Tokyo Kasei
Kogyo, Co.), 4-bromoanisole (Tokyo Kasei Kogyo, Xcd-bromobenzotrifluoride (Tokyo Kasei

Kogyo, Co.),n-butyllithium (n-BuLi, 1.6 mol/L in hexane, Kanto Chemical, Co.¢.)n boron

63



Chapter 2

trifluoride diethyl etherate (BFOEb, Aldrich Chemical, Co.)N-iodosuccinimide (NIS, Tokyo
Kasei Kogyo, Co.), [9,9-bis(2-dodecyl)-9H-fluoredg~diyl]bisboronic acid (Aldrich Chemical,
Co.), 2-dicyclohexylphosphino-2',6'-dimethoxybipkien(S-Phos, Wako Chemical, Co.),
tris(dibenzylideneacetone dipalladium(0)) ffibay, Wako Chemical, Co.), dichloromethane
(Wako Chemical, Co.) and toluene (Wako Chemical) Gere used as received. Tetrahydrofuran
(THF), diethyl ether and triethylamine were pufiesing a two-column solid-state purification
system (Glasscoutour System, Joerg Meyer, Irvidg, B0Y, B2'> and 2,2'-(3,3'-didodecyl-[2,2'-
bithiophene]-5,5'-diyl)bis(4,4,5,5-tetramethyl-R3jioxaborolanef were prepared according to
the previous reports.

Synthesis of DM:n-BuLi (4.1 mL, 1.55 mol/L in hexane, 6.4 mmol) wadded to the solution of
4-bromoanisole (0.80 mL, 6.4 mmol) in THF (120 naL)-78 °C. The reaction mixture was stirred
for 1 h. Then, the solution &0 (0.60 g, 1.6 mmol, dissolved in 15 mL of THF) veakled to the
mixture via a cannula. After the reaction mixturaswstirred for 30 min at O °C, cooled saturated
agueous solution of ammonium chloride was addede Bblution was extracted with
dichloromethane, and the organic layer was washiddl water and brine. After drying over
MgSQy, the solvent was removed by a rotary evaporatoe. @roduct was purified by silica gel
column chromatography with the mixed solvents ofdme/toluene (1/2) as an eluent. The product
was obtained as an orange powder (0.46 g, 5294)MR (CD.Clz): § = 7.17 (4H, dJ = 7.19 Hz,
Ar-H), 6.76 (4H, d,J = 8.22 Hz, ArH), 5.97 (2H, s, AH), 3.76 (6H, s, -OB3), 3.02 (2H, tJ =

7.80 Hz, Ar-GHy), 2.45 (6H, s, Ar-Elis), 1.80-1.60 (8H, m, Ar-B3, -CH>-), 1.49-1.20 (12H, br, -
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CHa-), 0.89 (3H, t,) = 6.70 Hz, -&l3) ppm.23C NMR (CDCh): 5 = 158.00, 153.02, 147.34, 137.50,
134.87, 132.05, 122.52, 112.85, 55.06, 32.51, 3B03B3, 29.72, 29.70, 29.44, 28.86, 22.81,
17.10, 17.03, 14.21 ppriB NMR (CD.Cly): § = —0.39 ppm. HRMS (ESI) m/z calcd. [M+H]
551.3803, found: 551.3798.

Synthesis of DF:n-BuLi (0.92 mL, 1.55 mol/L in hexane, 6.7 mmol) wadded to the solution of
4-bromobenzotrifluoride (0.92 mL, 6.7 mmol) in digk ether (12.5 mL) at —78 °C. The reaction
mixture was stirred for 1.5 h. Then, the solutiémB6 (1.0 g, 2.7 mmol in 25 mL of diethyl ether)
was added to the mixture via a cannula. After #aetion mixture was stirred for 1.5 h at -78 °C,
methanol was added. The solution was extracteddidtiioromethane, and the organic layer was
washed with water and brine. After drying over MgSe solvent was removed by a rotary
evaporator. The product was purified by silicagglmn chromatography with the mixed solvents
of hexane/ethyl acetate (50/1) as an eluent. Tdlatexd product was dissolved in a small amount
of THF, and the product was reprecipitated frontdaokthanol to give pur®F as a candy-like
orange paste (0.19 g, 11%) NMR (CD,Cly): § = 7.44 (4H, d,J = 7.98 Hz, ArH), 7.35 (4H, br

s, ArH), 6.02 (2H, s, AiH), 3.06 (2H, tJ = 8.22 Hz, Ar-G2-), 2.47 (6H, s, Ar-€l3), 1.70-1.60
(8H, br, Ar-CHs, -CHy-), 1.42 (2H, quint, -Bl2-), 1.36—1.20 (10H, br, 4d,-), 0.88 (3H, tJ = 6.94
Hz, -CHs) ppm.13C NMR (CDCE): & = 152.81, 147.96, 138.40, 133.65, 131.98, 128.38,00,
126.16, 124.02, 123.99, 123.95, 123.91, 122.836331.88, 30.12, 29.56, 29.27, 28.82, 22.67,
17.05, 16.90, 14.06 ppriB NMR (CD:Cly): § = -1.37 ppm. HRMS (APCI) m/z calcd. [M+H]

627.3340, found: 627.3336.

65



Chapter 2

Synthesis of F: 4-Bromobenzotrifluoride (1.48 mL, 10.7 mmol) in F{70 mL) was added to
magnesium (0.38 g, 16 mmol) at r.t. under argoroaphere. The reaction solution was stirred at
60 °C for 30 min. The resulting solution was codledt. and transferred via a cannula to a satutio
of BO (1.0 g, 2.7 mmol) in THF (50 mL). After the mixausolution was stirred at reflux
temperature for 1 h, water was added to the reaatigture to quench the reaction. The solution
was extracted with dichloromethane, and the orgayer was washed with water and brine. After
drying over MgSQ@, the solvent was removed by a rotary evaporatoe.groduct was purified by
column chromatography with hexane/ethyl acetatélj2Zhe isolated product was dissolved in a
small amount of THF, and the product was repreaigd from methanol to give pufeas an
orange powder (0.75 g, 56%H NMR (CD.Cl,): § = 7.41 (4H, br, AH), 6.01 (2H, s, AiH), 3.09
(2H, br, Ar-CH2-), 2.47 (6H, s, Ar-Bl3), 2.12 (6H, s, Ar-El3), 1.74 (2H, br, -E2-), 1.56-1.52
(2H, m, -QHz-), 1.40-1.32 (10H, br, 482-), 0.89 (3H, t,J = 6.94 Hz, -&3) ppm. B NMR
(CD2Clo): 6 = 2.15 ppm. HRMS (ESI) m/z calcd. [M—-H}99.2913, found: 499.2918.

Synthesis of MF: 4-Bromoanisole (0.10 mL, 0.80 mmol) in THF (5.5 mwps added to
magnesium (29 mg, 1.2 mmol) at r.t. under argoroaphere. The reaction solution was stirred at
50 °C for 1.5 h. The resulting solution was codledt. and transferred via a cannula to a solution
of F (0.2 g, 0.4 mmol) in THF (7.6 mL). After the mixeusolution was refluxed for 3 h, water
was added to the reaction mixture to quench thetica The solution was extracted with
dichloromethane, and the organic layer was washigdl water and brine. After drying over

MgSQy, the solvent was removed by a rotary evaporatoe groduct was purified by column
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chromatography with hexane/toluene (3/1). The tedi@roduct was dissolved in a small amount
of THF, and pureViIF was obtained from the reprecipitation with coldtina@ol as a candy-like
orange paste (96 mg, 419%) NMR (CD.Clo): § = 7.41 (2H, d,J = 7.74 Hz, ArH), 7.28 (2H, br,
Ar-H), 7.19 (2H, d,J = 7.80 Hz, ArH), 6.77 (2H, dt] = 8.65, 2.07 Hz, AH), 6.00 (2H, s, A),
3.77 (3H, s, -O€l3), 3.04 (2H, tJ = 8.10 Hz, Ar-GH2-), 2.46 (6H, s, Ar-El3), 1.71-1.54 (8H, m,
CHa, Ar-CHas), 1.49-1.20 (12H, br, 48-), 0.88 (3H, t,J = 6.58 Hz, -&3) ppm. 3C NMR
(CDCls): 6 = 158.21, 152.94, 147.59, 137.91, 134.98, 13313@,36, 132.01, 127.86, 127.54,
126.29, 123.80, 123.77, 123.73, 123.69, 122.6296154.96, 32.37, 31.88, 30.12, 29.56, 29.28,
28.71, 22.67, 17.00, 16.89, 14.05 ppfR NMR (CD:Cly): 5 = —0.98 ppm. HRMS (ESI) m/z
calcd. [M+H]: 589.3572, found: 589.3564.

Synthesis of the lodized Monomers (BO-1, B2-1, DM-IDF-I and MF-I)

General procedure: BO (1.00 g, 2.67 mmol) and-iodosuccinimide (2.40 g, 10.7 mmol) were
dissolved in dichloromethane (120 mL) under argiomogphere. After stirred at r.t. for 0.5 h, the
solvent was removed by a rotary evaporator. Theturexwas purified with flash column
chromatography with dichloromethane as an eluemé. groductB0O-I was dissolved in a small
amount of THF and precipitated from methanol asoeange solid (1.22 g, 73%)H NMR
(CDCl): 6 = 3.00 (2H, tJ = 8.45 Hz, Ar-G2-), 2.61 (6H, s, Ar-Ei3), 2.48 (6H, s, Ar-Ei3), 1.70—
1.42 (4H, br, -El2-), 1.40-1.20 (10H, br, 462-), 0.89 (3H, tJ = 6.83 Hz, -Ei3) ppm.13C NMR
(CDCls): 6 = 155.31, 146.48, 142.24, 131.50, 86.32, 31.84/%8130.33, 29.50, 29.43, 29.23,

22.64, 18.98, 16.11, 14.05 ppAtB NMR (CDCk): & = 0.29 ppm. HRMS (ESI) m/z calcd.
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[M+H] *: 625.0565; found, m/z 625.0566.

B2-1: An orange solid, 86% yieldH NMR (CDCk): § = 7.33—7.12(8H, br, AH), 3.13 (2H, t,
J=8.35 Hz, Ar-G12-), 2.54 (6H, s, Ar-El3), 1.88 (6H, s, Ar-El3), 1.66 (2H, quint) = 7.98 Hz, -
CHa-), 1.46 (2H, quint] = 7.43 Hz, -&»-), 1.39—1.20 (10H, br, 48,-), 0.89 (3H, tJ = 6.70 Hz,
-CH3) ppm.13C NMR (CDCEk): § = 153.78, 146.83, 139.71, 133.64, 131.69, 127.2@,04, 87.79,
32.22, 31.84, 30.10, 29.65, 29.51, 29.25, 22.6%,2198.61, 14.05 ppr*B NMR (CDCh): & =
0.39 ppm. HRMS (ESI) m/z calcd. [M+H]743.1525; found, m/z 743.1518.

DM-I: A red solid, 68% yield'H NMR (CD:Cl,): § = 7.17 (4H, br, AH), 6.77 (4H, dt,) = 8.34
Hz, 2.18 Hz, AH), 3.77 (6H, s, -OB3), 3.12 (2H, tJ = 8.35 Hz, Ar-G2-), 2.54 (6H, s, Ar-Ela),
1.89 (6H, s, Ar-GBi3), 1.66 (2H, quint]) = 7.89 Hz, -E&i2-), 1.46 (2H, quint] = 7.39 Hz, -Ei2-),
1.39-1.22 (10H, br, 48>-), 0.89 (3H, tJ = 6.83 Hz, -&13) ppm.23C NMR (CDCE): & = 158.14,
153.73, 146.67, 139.56, 134.70, 131.63, 112.998A4.94, 32.22, 31.84, 30.11, 29.64, 29.54,
29.26, 22.65, 19.69, 18.57, 14.04 pptB.NMR (CDCh): 5 = 0.88 ppm. HRMS (APCI) m/z calcd.
[M+H]": 803.1736, found: 803.1726.

DF-I: Ared solid, 71% yield*H NMR (CD:Cl): & = 7.47 (4H, d,) = 7.98 Hz, ArH), 7.36 (4H,

br, Ar-H), 3.15 (2H, tJ = 8.26 Hz, Ar-Gi2-), 2.56 (6H, s, Ar-Els), 1.83 (6H, s, Ar-Elz), 1.66
(2H, quint,J = 7.84 Hz, -®l2-), 1.46 (2H, quint]) = 7.25 Hz, -®i2-), 1.39-1.20 (10H, br, 4d-),
0.89 (3H, t,J = 6.55 Hz, -&l3) ppm.*3C NMR (CDCh): 5 = 153.73, 147.44, 140.64, 133.57,
131.73, 128.81, 128.49, 125.99, 124.35, 124.31,2¥24124.24, 123.28, 88.15, 32.25, 31.84,

30.10, 29.71, 29.52, 29.25, 22.66, 19.80, 18.8105.ppm B NMR (CDCk): 5 = —0.59 ppm.
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HRMS (APCI) m/z calcd. [M+H]. 627.3340, found: 627.3336.

MF-I: A red solid, 66% yield*H NMR (CD,Cl,): § =7.45 (2H, d,) = 7.74 Hz, ArH), 7.38-7.23
(2H, br, ArH), 7.18 (2H, br, AH), 6.79 (2H, dtJ = 8.65, 2.17 Hz, AH), 3.78 (3H, s, -Ofl3),
3.13 (2H, t,J = 7.55 Hz, Ar-Gi2-), 2.55 (6H, s, Ar-Els), 1.87 (6H, s, Ar-Els), 1.64 (2H, br, -
CHa-), 1.53-1.20 (12H, br, 462-), 0.89 (3H, tJ = 6.73 Hz, -&l3) ppm.*3C NMR (CDCh): & =
158.36, 153.73, 147.05, 140.08, 134.84, 133.40,5831128.25, 127.91, 126.05, 124.06, 124.03,
123.99, 123.95, 123.35, 113.17, 87.96, 54.95, 32831383, 30.10, 29.63, 29.50, 29.25, 22.65,
19.74, 18.67, 14.06 pprB NMR (CD:Cl2): & = —0.29 ppm. HRMS (ESI) m/z calcd. [M=H]
839.1359, found: 839.1372.

Synthesis of the Polymers:

Synthesis of PFBOWater (2.0 mL) was added to the solutiorB6f! (0.15 g, 0.24 mmol), [9,9-
bis(dodecyl)-9H-fluorene-2,7-diyl]bisboronic aci,{4 g, 0.24 mmol), B(dba} (2.2 mg, 2.4
umol), S-Phos (3.9 mg, 9/6no0l) and cesium carbonate (0.78 g, 2.4 mmol) ineoé (2.0 mL).
The reaction mixture was stirred at 80 °C for TPRBO0, PFB2 or 48 h PFDM, PFDF, PFMF)
under argon atmosphere, and poured into a largeistnod methanol to collect the polymer by
filtration. The precipitate was dissolved in a dmaahount of THF, and then the product was
reprecipitated from ethanol. The polymer colledigdiltration was dried in vacuum to give=B0

as a red solid (0.19 g, 899, = 10,200Mw/Mn = 2.7.*H NMR (CDCh): & = 7.90-7.60 (2H, br,
Ar-H), 7.40-7.10 (4H, br, AH), 3.14 (2H, Ar-G2-), 2.66-2.30 (12H, Ar-83), 2.01 (4H,

>C(CHy-)2), 1.77 (2H, -®l2-), 1.47-0.95 (52H, -6H12- and —~GoH2o-), 0.93-0.51 (9H, -83) ppm.
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13C NMR (CDCE): § = 152.71, 151.10, 146.88, 139.89, 136.25, 134132,64, 131.63, 129.21,
125.12, 119.64, 55.22, 40.38, 31.94, 31.88, 3(BaM8, 29.66, 29.58, 29.52, 29.39, 29.36, 29.28
ppm.*B NMR (CDCk): = 8.14 ppm.

PFB2: A red solid, 53% yieldM, = 6,200, Mw/M;, = 2.2.'H NMR (CDCk): § = 7.90-7.00 (14H,

br, Ar-H), 3.24 (2H, Ar-G12-), 2.44 (6H, Ar-GH3), 2.01-1.64 (12H, >C(82-)2, -CHz-, and Ar-
CHa), 1.59-0.78 (55H, -@15 and -GoHzo-), 0.61 (6H, br, -Els) ppm.3C NMR (CDCh): & =
151.93, 150.79, 147.30, 140.97, 139.58, 134.79,0B3433.42, 132.08, 129.55, 127.31, 127.21,
125.62,125.22, 119.19, 55.15, 55.10, 40.33, 33194, 31.90, 30.30, 29.99, 29.63, 29.53, 29.35,
29.31, 23.92, 22.70, 22.67, 15.75, 15.06, 14.108gpm B NMR (CDCk): § = —2.25 ppm.
PFDM: A red solid, 59% yieldM, = 7,400 Mw/M,, = 1.9.'H NMR (CDCk): § = 7.66 (2H, m, Ar-

H), 7.51-7.20 (4H, br, AH), 7.08 (4H, m, AH), 6.83 (4H, m, AH), 3.80 (6H, -OEl3), 3.24
(2H, Ar-CHz-), 2.44 (6H, Ar-GH3), 2.90-1.64 (12H, >C(82-)2, -CH2-, and Ar-CHs), 1.62—-0.78
(55H, -GHis and -GoHzo-), 0.62 (6H, br, -Els) ppm.*3C NMR (CDCh): & = 157.77, 151.85,
150.73, 147.14, 139.52, 135.06, 134.66, 133.41,243331.94, 129.53, 125.18, 119.15, 112.68,
55.13, 54.91, 40.36, 32.47, 31.94, 31.90, 30.3831B®9.62, 29.53, 29.36, 29.32, 23.93, 22.70,
22.67, 15.73, 15.04, 14.12, 14.10 pptB.NMR (CDCh): 5 = 0.88 ppm.

PFDF: A red solid, 89% yieldM, = 6,000 Mw/Mn = 1.7.1H NMR (CDCk): § = 7.79 (2H, m, Ar-

H), 7.62—7.39 (6H, br, AH), 7.32 (2H, m, AH), 7.07 (4H, m, AH), 3.26 (2H, Ar-G1,-), 2.45
(6H, Ar-CHs), 2.13-1.60 (12H, >C(82-)2, -CH2-, and Ar-CHs3), 1.58-0.78 (55H, -@15 and -

CioH20-), 0.62 (6H, br, -El3) ppm.23C NMR (CDCE): 5 = 150.94, 150.82, 147.93, 139.75, 135.19,
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134.34, 133.86, 132.98, 132.09, 129.52, 126.12,0029.24.03, 123.42, 119.15, 55.22, 40.24,
32.46, 31.90, 31.85, 30.22, 29.97, 29.92, 29.56®P9.47, 29.44, 29.31, 29.27, 23.82, 22.65,
15.58, 15.06, 14.06 pprHB NMR (CDCh): & = —3.03 ppm.

PFMF: Ared solid, 87% yieldMn = 8,400 Mw/Mn = 2.5.H NMR (CDCk): § = 7.68 (2H, m, Ar-
H), 7.59-7.42 (4H, br, AH), 7.41-7.27 (2H, m, AH), 7.08 (4H, m, AH), 6.84 (2H, m, ArH),
3.80 (6H, -OG®13), 3.24 (2H, Ar-G2-), 2.44 (6H, Ar-Gi3), 2.12-1.59 (12H, >C(82-)2, -CH2-,
and Ar-CHz), 1.58-0.76 (55H, -@15 and -GoHzo-), 0.62 (6H, br, -€l3) ppm.*3C NMR (CDCB):

o = 158.07, 151.83, 150.82, 147.51, 139.64, 135184,92, 133.80, 133.20, 132.02, 129.54,
126.25, 125.11, 123.80, 123.55, 119.30, 112.91,/5%4.93, 40.32, 33.95, 32.47, 31.93, 31.88,
30.27, 29.96, 29.60, 29.51, 29.34, 29.30, 23.95822.66, 15.80, 15.06, 14.10, 14.08 pp'B.
NMR (CDCL): & = 5.30 ppm.

PTBO: A metallic purple solid, 97% yieldn = 9,500 Mw/Mn = 1.7.*H NMR (CDCk): 6 = 6.79
(2H, br, ArH), 3.11 (2H, Ar-G,-), 2.74-2.36 (16H, Ar-B3, Ar-CHy-), 1.81-0.96 (54H, @14
and —GoHzo-), 0.93-0.71 (9H, -83) ppm.23C NMR (CDCb): § = 153.71, 147.49, 142.42, 137.84,
134.20, 131.61, 129.87, 129.41, 126.53, 31.94,43138.78, 30.42, 29.72, 29.69, 29.68, 29.64,
29.55, 29.49, 29.37, 29.25, 29.08, 28.94, 22.6%4824.67, 14.08, 14.05, 13.49 pphR NMR
(CDCl3): 6 = 0.59 ppm.

PTB2: A metallic purple solid, 79% yield, = 11,500 Mw/M, = 1.8.1H NMR (CDCk): § = 7.45—
7.07 (10H, br, AH), 6.64 (2H, br, AH), 3.20 (2H, Ar-G,-), 2.60—-2.32 (10H, Ar-83, Ar-CHy-),

1.93-0.93 (54H, -@14- and —GoHao-), 0.92—0.73 (9H, -B3) ppm.23C NMR (CDCh): § = 152.79,
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147.89, 142.19, 141.98, 135.14, 135.06, 133.85,063229.76, 129.10, 128.71, 128.61, 127.23,
126.62, 125.70, 32.37, 31.94, 31.87, 30.70, 3@2%9, 29.65, 29.60, 29.58, 29.44, 29.38, 29.30,
28.98, 22.71, 22.67, 15.90, 15.20, 14.12, 14.10.pBrNMR (CDCh): & = 5.20 ppm.

PTDM: A metallic purple solid, 90% yielddn = 7,800 Mw/M, = 1.7.1H NMR (CDCk): § = 7.45—
7.10 (4H, br, AH), 6.86-6.71 (4H, br, AH), 6.64 (2H, br, AH), 3.78 (6H, -Oi3), 3.20 (2H,
Ar-CHy-), 2.72-2.30 (10H, Ar-83, Ar-CHz-), 1.99-1.00 (54H, -@14- and —GoHao-), 0.98-0.74
(9H, -CH3) ppm.*3C NMR (CDCE): & = 157.89, 152.78, 147.67, 141.96, 135.17, 133.84,87,
132.03,129.73, 129.11, 128.76, 128.61, 126.58112312.77, 54.88, 32.39, 31.93, 31.86, 30.68,
30.25, 29.67, 29.64, 29.59, 29.44, 29.36, 29.29RP2.69, 22.65, 15.85, 15.17, 14.09, 14.06
ppm.'B NMR (CDCk): § = —2.44 ppm.

PTDF: A metallic purple solid, 90% yield/n = 9,100 Mw/Mn = 1.9.1H NMR (CDCh): § = 7.56—
7.30 (8H, br, AH), 6.66 (2H, br, AH), 3.22 (2H, Ar-Gz-), 2.72—2.22 (10H, Ar-83, Ar-CHy-),
1.93-0.95 (54H, -@H14- and —GoHao-), 0.93-0.75 (9H, -83) ppm.23C NMR (CDCh): § = 152.61,
148.53, 142.22, 136.03, 134.56, 133.74, 132.05,982929.27, 128.75, 128.41, 128.10, 127.07,
126.04, 124.09, 123.33, 32.39, 31.91, 31.84, 3@64.9, 29.64, 29.63, 29.57, 29.54, 29.42, 29.40,
29.34, 29.26, 29.14, 28.97, 22.68, 22.65, 16.0®@1134.07, 14.06 ppm'B NMR (CDCh): & =
—2.44 ppm.

PTMF: A metallic purple solid, 84% yieldM, = 11,400 Mw/Mn = 1.8.'H NMR (CDCk): § =
7.55-7.17 (6H, br, AH), 6.87—6.75 (2H, br, AH), 6.65 (2H, br, AH), 3.79 (3H, -OGls), 3.21

(2H, Ar-CHz-), 2.76-2.29 (10H, Ar-8i3, Ar-CHy-), 2.02—-1.01 (54H, -@14- and —GoHzo-), 0.98—
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0.78 (9H, -@G3) ppm.13C NMR (CDCE): § = 158.16, 152.75, 148.15, 142.27, 142.21, 142.09,
135.53, 134.87, 133.54, 132.08, 129.84, 129.19,622827.97, 127.65, 126.82, 126.17, 125.18,
123.86, 123.47,112.99, 54.92, 32.38, 31.92, 3B@4,/, 30.20, 29.66, 29.64, 29.58, 29.42, 29.35,

29.27, 28.98, 22.68, 22.65, 15.93, 15.19, 14.086lgpm 'B NMR (CDCE): § = —2.25 ppm.

References

1. (a) Bolognesi, A.; Betti, P.; Botta, C.; Destri, Giovanella, U.; Moreau, J.; Pasini, M.; Porzio,
W. Macromolecules 2009 42, 1107-1113. (b) Xiong, M. J.; Li, Z. H.; Wong, 8. Aust. J.
Chem. 2007, 60, 608-614. (c) Giovanella, U.; Betti, P.; Botta;, Bestri, S.; Moreau, J.; Pasini,
M.; Porzio, W.; Vercelli, B.; Bolognesi, AChem. Mater. 2011, 23, 810-816. (d) Wu, F.-1,;
Shih, P.-l.; Shu, C.-MMacromolecules 2005 38, 9028—9036. (e¢) Matsumoto, N.; Miyazaki,
T.; Nishiyama, M.; Adachi, CJ. Phys. Chem. C 2009 113, 6261-6266. (f) Li, Z. H.; Wong,
M. S. Org. Lett. 2006 8, 1499-1502. (g) McFarlane, S. L.; Piercey, D. Goumont, L. S.;
Tucker, R. T.; Fleischauer, M. D.; Brett, M. J.;ink&t, J. G. CMacromolecules 2009 42,
591-598. (h) Wu, F.-I.; Reddy, D. S.; Shu, CGRem. Mater. 2003 15, 269-274. (i) Bian,
C.; Jiang, G.; Tong, H.; Cheng, Y.; Xie, Z.; Wahg, Jing, X.; Wang, FJ. Polym. Sci. Part
A: Polym. Chem. 2011, 49, 3911-3919. (j) Zhang, B.; Chen, Y.; Liu, G.; Xu, L.-Q.; Chen, J.;
Zhu, C.-X.; Neoh, K.-G.; Kang, E.-T. Polym. i. Part A: Polym. Chem. 2012 50, 378—-387.
(k) Concilio, S.; Pfister, P. M.; Tirelli, N.; Kodn, C.; Suter, U. WMacromolecules 2001, 34,

3607-3614. (1) Tonzola, C. J.; Alam, M. M.; Jenckhe, S. A. Macromol. Chem. Phys. 2005

73



Chapter 2

206, 1271-1279.

2. (@) Yeo, H.; Tanaka, K.; Chujo, ¥. Polym. i. Part A: Polym. Chem. 2012 50, 4433-4442.

(b) Yeo, H.; Tanaka, K.; Chujo, Wlacromolecules 2013 46, 2599-2605.

3. Yeo, H.; Tanaka, K.; Chujo, Yolymer 2015 60, 228-233.

4. Yeo, H.; Tanaka, K.; Chujo, Y. Polym. Sci. A: Polym. Chem. 2015 53, 2026-2035.

5. Chuijo, Y.; Tanaka, KBull. Chem. Soc. Jpn, 2015 88, 633-643.

6. (a) Tanaka, K.; Yanagida, T.; Hirose, A.; Yamane,¥oshii, R.; Chujo, YRSC Adv. 2015 5,

96653—-96659. (b) A. Hirose, A.; Tanaka, K.; Yoshii, R.; Chujo, Y. Polym. Chem. 2015 6,

5590-5595. (c) Yoshii, R.; Suenaga, K.; Tanaka, ®hujo, Y. Chem. Eur. J. 2015 21,

7231-7237. (d) Suenaga, K.; Yoshii, R.; Tanaka, K.; Chujo, Y. Macromol. Chem. Phys. 2016

217, 414-421. (e) Yoshii, R.; Hirose, A.; Tanaka, €hujo, Y.J. Am. Chem. Soc. 2014 136,

18131-18139. (f) Yoshii, R.; Nagai, A.; Tanaka, K.; Chujo, Y. Macromol. Rapid Commun.

2014 35, 1315-1319. (g) Yoshii, R.; Tanaka, K.; Chujo, Macromolecules 2014 47,

2268-2278. (hYanaka, K.; Chujo, WPG Asia Mater. 2015 7, €223. (i) Hirose, A.; Tanaka,

K.; Tamashima, K.; Chujo, Yletrahedron Lett. 2014 55, 6477-6481. (j) Yoshii, R.; Hirose,

A.; Tanaka, K.; Chujo, YChem. Eur. J. 2014 20, 8320—8324. (k) Yoshii, R.; Nagai, A.;

Tanaka, K.; Chujo, YChem. Eur. J. 2013 19, 4506-4512.

7. (a) Ulrich, G.; Ziessel, R.; Harriman, Angew. Chem. Int. Ed. 2008 47, 1184-1201. (b)

Ziessel, R.; Ulrich, G.; Harriman, Alew J. Chem. 2007, 31, 496-501. (c) Bones, N.; Leen,

V.; Dehaen, WChem. Soc. Rev. 2012 41, 1130-1172.

74



8.

10.

Chapter 2
(@ Yoshii, R.; Yamane, H.; Nagai, A.; Tanaka, Kaka, H.; Kita, H.; Chujo, Y.
Macromolecules 2014 47, 2316—-2323. (b) Kajiwara, Y.; Nagai, A.; Tanaka, €hujo, Y.J.
Mater. Chem. C 2013 1, 4437-4444. (c) Tanaka, K.; Yanagida, T.; Yamane Hitose, A.;
Yoshii, R.; Chujo, YBioorg. Med. Chem. Lett. 2015 25, 5331-5334. (d) Tanaka, K.; Yamane,
H.; Yoshii, R.; Chujo, YBioorg. Med. Chem. 2013 21, 2715-2719. (e) Ni, Y.; Lee, S.; Son,
M.; Aratani, N.; Ishida, M.; Yamada, H.; Furuta,, Kim, D.; Wu, J.Angew. Chem. Int. Ed.
2016 55, 2815-2819. (f) Shimizu, S.; Murayama, A.; Harugam; lino, T.; Mori, S.; Furuta,
H.; Kobayashi, N.Chem. Eur. J. 2015 21, 12996-13003. (g) Saikawa, M.; Daicho, M.;
Nakamura, T.; Uchida, J.; Yamamura, M.; Nabeshim&heém. Commun. 2016 52, 4014—
4017. (h) Ooyama, Y.; Hagiwara, Y.; Oda, Y.; FukapK.; Ohshita, JRSC Adv. 2014 4,
1163-1167.
(a) Kobayashi, T.; Komatsu, T.; Kamiya, M.; Camp@s, Gonzalez-Gaitan, M.; Terai, T.;
Hanaoka, K.; Nagano, T.; Urano,YAm. Chem. Soc. 2012 134, 11153-11160. (b) Komatsu,
T.; Oushiki, D.; Takeda, A.; Miyamura, M.; Ueno, Terai, T.; Hanaoka, K.; Urano, Y.;
Mineno, T.; Nagano, TThem. Commun. 2011, 47, 10055-10057. (c) Komatsu, T.; Urano, Y.;
Fujikawa, Y.; Kobayashi, T.; Kojima, H.; Terai, Hanaoka, K.; Nagano, Them. Commun.
2009 7015-7017.
(a) Spies, C.; Huynh, A.-M.; Huch, V.; Jung, &Phys. Chem. C 2013 117, 18163-18169.
(b) Bergstrém, F.; Mikhalyov, |.; Hagglof, P.; Worann, R.; Ny, T.; Johansson, L. B.-&.

Am. Chem. Soc. 2002 124, 196—204. (c) Kajiwara, Y.; Nagai, A.; Chujo, Y. Bull. Chem. Soc.

75



Chapter 2

Jpn 2011, 84, 471—-481. (d) Kajiwara, Y.; Nagai, A.; Chujo, Y. J. Mater. Chem. 201Q 20,

2985-2992.

11. (a) Zhang, D.; Wen, Y.; Xiao, Y.; Yu, G.; Liu, YQian, X. Chem. Commun. 2008 44,

4777-4779. (b) Ozdemir, T.; Atilgan, S.; Kutuk, L.; Yildirim, L. T.; Tulek, A.; Bayindir, M.;

Akkaya, E. UOrg. Lett. 2009 11, 2105-2107. (¢) Gai, L.; Lu, H.; Zou, B.; Lai, G.; Shen, Z;

Li, Z. RSC Adv. 2012 2, 8840—8846. (d) Lu, H.; Wang, Q.; Gai, L.; Li, Z.; Deng, Y.; Xiao, X.;

Lai, G.; Shen, ZChem. Eur. J. 2012 18, 7852-7861. (e) Liu, C.-L.; Chen, Y.; Shelar, D. P

Li, C.; Cheng, G.; Fu, W.-B. Mater. Chem. C 2014 2, 5471-5478.

12. (a) Hundnall, T. W.; Lin, T.-P.; Gabbai, F.JPFluor. Chem. 201Q 131, 1182-1186. (b) Li, Z.;

Lin, T.-P.; Liu, S.; Huang, C.-W.; Hundnall, T. Vabbali, F. P.; Conti, P. Shem. Commun.

2011 47, 9324-9326. (c) Haefele, A.; Zedde, C.; Retailleau, P.; Ulrich, G.; Ziessel, ROrg.

Lett. 201Q 12, 1672—1675. (d) Bonnier, C.; Piers, W. E.; Ali, A. A.-S.; Thompson, A.; Parvez,

M. Organometallics 2009 28, 4845—4851. (e) Ulrich, G.; Goze, C.; Goeb, S.; Retailleau, P.;

Ziessel, RNew J. Chem. 2006 30, 982—986. (f) Landrum, M.; Smertenko, A.; Edwards, R.;

Hussey, P. J.; Steel, P. Hant J. 201Q 62, 529-538.

13. (a) Goze, C.; Ulrich, G.; Mallon, L. J.; Allen, B.; Harriman, A.; Ziessel, R. Am. Chem.

Soc. 2006 128, 10231-10239. (b) Yamamura, M.; Yazaki, S.; Skkj,Matsui, Y.; Ikeda, H.;

Nabeshima, T.Qrg. Biomol. Chem. 2015 13, 2574-2581.

14. Kubota, Y.; Uehara, J.; Funabiki, K.; Ebihara, Matsui, M. Tetrahedron Lett. 201Q 51,

6195-6198.

76



Chapter 2

15. Yamane, H.; Tanaka, K.; Chujo, ¥etrahedron Lett. 2015 56, 6786—-6790.

16. (a) Yoshii, R.; Yamane, H.; Tanaka, K.; ChujoMacromolecules 2014 47, 3755-3760. (b)

Yoshii, R.; Nagai, A.; Tanaka, K.; Chujo, ¥. Polym. i. Part A: Polym. Chem. 2013 51,

1726-1733. (c) Alemdaroglu, F. E.; Alexander, S, &.. D.; Prusty, D. K.; Boersch, M.;

Herrmann, AMacromolecules 2009 42, 6529-6536. (d) Cortizo-Lacalle, D.; Howells, C. T

Gambino, S.; Vilela, F.; Vobecka, Z.; Findlay, N.laigo, A. R.; Thomson, S. A. J.; Skabara,

P. J.; Samuel, I. D. Wl. Mater. Chem. 2012 22, 14119-14126. (e) Economopoulos, S. P.;

Chochos, C. L.; loannidou, H. A.; Neophytou, M.;a@laou, C.; Zissimou, G. A.; Frost, J.

M.; Sachetan, T.; Shahid, M.; Nelson, J.; HeeneyBvhadley, D. D. C.; ltskos, G.; Koutentis,

P. A.; Choulis, S. ARSC Adv. 2013 3, 10221-10229. (f) Ma, X.; Azeem, E. A.; Liu, X,;

Cheng, Y.; Zhu, CJ. Mater. Chem. C 2014 2, 1076—1084. (g) Ma, X.; Jiang, X.; Zhang, S.;

Huang, X.; Cheng, Y.; Zhu, ®@olym. Chem. 2013 4, 4396—4404. (h) Ma, X.; Mao, X.; Zhang,

S.; Huang, X.; Cheng, Y.; Zhu, €olym. Chem. 2013 4, 520—527. (i) Maeda H.; Nishimura,

Y.; Hiroto, S.; Shinokubo, HDalton Trans. 2013 42, 15885—15888. (j) Meng, G.;

Velayudham, S.; Smith, A.; Luck, R.; Liu, Hlacromolecules 2009 42, 1995-2001. (k)

Nepomnyashchii, A. B.; Broering, M.; Ahrens, J.r&aA. J.J. Am. Chem. Soc. 2011, 133,

8633—8645. (1) Popere, B. C.; Della Pelle, A. M.; Poe, A.; Balaji, G.; Thayumanavan, S. Chem.

. 2012 3, 3093-3102. (m) Popere, B. C.; Della Pelle, A. M.; Thayumanavan, S.

Macromolecules 2011, 44, 4767—4776. (n) Rong, Y.; Wu, C. F.; Yu, J. B.; Zhang, X. J.; Ye, F.

M.; Zeigler, M.; Gallina, M. E.; Wu, I. C.; Zhany,; Chan, Y. H.; Sun, W.; Uvdal, K.; Chiu,

77



Chapter 2

D. T.ACSNano 2013 7, 376—384. (o) Sen, C. P.; Shrestha, R. G.; Shrestha, L. K.; Ariga, K.;

Valiyaveettil, SChem. Eur. J. 2015 21, 17344—17354. (p) Squeo, B. M.; Gasparini, N.; Ameri,

T.; Palma-Cando, A.; Allard, S.; Gregoriou, V. Brabec, C. J.; Scherf, U.; Chochos, CJL.

Mater. Chem. A 2015 3, 16279-16286. (q) Thivierge, C.; Loudet, A.; BwsgeK.;

Macromolecules 2011, 44, 4012—4015. (r) Usta, H.; Yilmaz, M. D.; Avestro, A.-J.; Boudinet,

D.; Denti, M.; Zhao, W.; Stoddart, J. F.; Facch&tiAdv. Mater. 2013 25, 4327-4334.

17. Vincent, M.; Beabout, E.; Benett, R.; Hewavithag@aP. Tetrahedron Lett. 2013 54,

2050-2054.

18. (a) Qin, W.; Baruah, M.; Van der Auweraer, M.; Deh8ver, F. C.; Boens, N. Phys. Chem.

A 2005 109, 7371-7384. (b) Qin, W.; Rohand, T.; Baruah, M.; Stefan, A.; Van der Auweraer,

M.; Dehaen, W.; Boens, NChem. Phys. Lett. 2006 420, 562—568. (¢) Qin, W.; Baruah, M.;

Stefan, A.; Van der Auweraer, M.; Boens,ChemPhysChem 2005 6, 2343-2351.

19. Gaussian 09, Revision A.1, Frisch, M. J.; Trucks V&, Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; BarsneMennucci, B.; Petersson, G. A.;

Nakatsuiji, H.; Caricato, M.; Li, X.; Hratchian, R.; Izmaylov, A. F.; Bloino, J.; Zheng, G.;

Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, Mikuda, R.; Hasegawa, J.; Ishida, M.;

Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Ve, T.; Montgomery, Jr., J. A.; Peralta, J.

E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; BrotheE.; Kudin, K. N.; Staroverov, V. N.;

Kobayashi, R.; Normand, J.; Raghavachari, K.; Rknde Burant, J. C.; lyengar, S. S.;

Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Ké& M.; Knox, J. E.; Cross, J. B.; Bakken,

78



Chapter 2

V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratma. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;ovbkuma, K.; Zakrzewski, V. G.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; DapprichD8niels, A. D.; Farkas, O.; Foresman, J. B.;
Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussikt,, Wallingford CT,2009

20. Yoshii, R.; Tanaka, K.; Chujo, ¥lacromolecules 2014 47, 2268-2278.

79



Chapter 2

80



Chapter 3

Chapter 3
The Dual-Emissive Polymer Based on BODIPY Homopolymer

Bearing Anthracene on Cardo Boron

ABSTRACT: The dual-emissive polymer based on cardo BODIP4s synthesized. Cardo
BODIPY having anthracene as a cardo unit was cocteil via organometallic reagents and
polymerized by oxidative coupling for obtaining hopolymer. The synthetic polymer showed

various emission color derived from the polymermzhain and anthracene moieties.
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I ntroduction

Dual-emissive polymers show the two different caarissions from a single polymer chain,
and they are expected to be versatile matekiBitge colors of emission materials, especially white
are composed of the combination of multiple colorgplving red, green and blue. When different
color emitters are connected, energy transfer ofieaurs between dyes. Therefore, it is
challenging to obtain dual emission and to tuneetinéssion color.

Chujo et al. reported dual-emissive conjugated polymers basedando fluorene$.These
polymers had emissive dyes on the cardo carborselthges were isolated from the polymer main
chain, and energy transfer between the cardo mesietnd the polymer chain was suppressed.
Therefore, the cardo fluorene polymers showed domesgsion.

Cardo structures can be also constructed on a chetewym, such as boron. Boron
dippyromethenes (BODIPYs) were used as a scaftolddnstructing the cardo structure by the
introduction of aromatic groups to boron atomsHapter 2, the author reported that the electronic
states of polymer main chain were preserved frordification with electron-withdrawing and/or
donating groups on thgara-position of phenyl groups tethered to the cardmbs of BODIPYS
From these results, it is proposed that when kghitting dyes are substituted on the phenyl groups
in the cardo BODIPYs instead of electron-withdragvamd/or donating groups, the main chain of
polymers and dyes on cardo side chain can indiMidahow their intrinsic emissions. Therefore,
dual-color emission can be expected to be obsereoedd single polymer.

Herein, the author designed the cardo BODIPY bgaid0-diphenylanthracene on the cardo
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boron. Anthracene was chosen for a blue color emiit contrast, the polymer main chain was
supposed to show different emission color from etbne because expanded conjugation should
show emission in longer wavelength region. Anthmacéearing cardo BODIPB2A, was
synthesized via organometallic reagents and a Bdyzad coupling reaction. Then, several
homopolymers composed of cardo BODIPYs were syigbdsFrom the optical measurements
of synthetic products, it was revealed that the B®Dhomopolymer showed dual emission

properties originated from both the polymer mainictzend anthracene moieties.
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Resultsand Discussion

To obtain the dual emission, anthracene was chiosehe blue emitteiB2A was designed as
the anthracene bearing cardo BODIPY and synthesizedrding to scheme 1. The author used
the difluorinated compounBO as a starting materialTo synthesizeéB2Br which has bromine
atom at thgpara-position of cardo boron, 1-bromo-4-iodobenzenetnassformed to the Grignard
reagent and introduced into boron atom insteatliofihe atom. Next, the anthracene moiety was
introduced via the Suzuki—Miyaura coupling in thegence of Pd catalyst. TheB2Br was
converted tdB2A. The products showed good solubility in the comrogranic solvents such as
chloroform, THF, and ethanol. The structures ofcalinpounds were confirmed B, 1B, 13C
NMR spectroscopies and ionization mass measurements

Next, the cardo BODIPYB@ andB2A) andBO were used as a monomB0 andB2 were
prepared according to the previous repb3he polymerization was accomplished by oxidative
coupling with the BODIPY monomers in the presenédhbis(trifluoroacetoxy)iodolbenzene
(PIFA) and BR OEbk in CHCl> (Scheme 2). The products showed good solubilitgammon
organic solvents such as chloroform, THF, and DMfe polymer properties determined from the

GPC analysis are shown in Table 1.
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Scheme 1. Synthetic routes for the cardo BODIPYs

1) n-BulLi, Et,0, -78°C ~r.t., 1h

0. .0
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C82003
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CH,Cls
78°C

BO, PB, PB2 FaC0-1-04-CFs  pBO(81%), PB2(45%), PB2A(27%)
o] @ o]
PIFA
BO,PBO:R=F

B2,PB2:R = *‘@

v ({0

85



Chapter 3

Table 1. Physical properties of the synthesized polyfers

reaction time [h] Mn Muw/Mn n° Yield [%]°
PBO 1 14,000 4.1 36.2 81
PB2 20 11,000 2.6 22.4 45
PB2A 6 6,600 2.5 6.04 27

3Estimated from SEC with the polystyrene standarashloroform PAverage number of repeating

units calculated fromM, and molecular weights of repeating uniftsolated yields after

reprecipitation.
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The UV-vis absorption spectra of the products (mtmomers and polymers) were measured
to discuss about the electronic states in the gretmte (Figure 1). All monomers showed strong
and sharp absorption bands around 500 nm. As tieabproperties oBO andB2 were clarified
in the previous repott those absorption peaks can be attributedoto & (11— 1) transition.
Moreover, B2A showed other absorption bands below 450nm derfveoh the anthracene
moieties.

Polymers also showed strong and sharp absorptiotgsbsimilarly to those of the monomers.
PB0 andPB2 showed §- S (11— 1) transition bands around 590 nm. On the othedhBB2A
based on anthracene-bearing cardo BODIPY showeghth&; (11— 1) transition band with the
peak at 560 nmPB2A showed the absorption band attributable to andmacsimilarly to its
monomerB2A.

Figure 2 shows the photoluminescence spectra omtir@omers and polymers in chloroform
(1.0 x10° mol/L). As the author mentioned in the previoysor®, B2 which has a cardo structure
on its boron atom showed the broad and red-shéteigsion band with a smaller quantum yield
compared td30. This difference in emission was derived frommi@ecular motion at the phenyl
group.B2A showed almost same emission propertieB2o0From this results, the anthracene
moiety should rotate in the solution like as thempfl groups irB2.

The emission properties of polymers ware differéom those of their monomers. The
difluorinated compoundB0 showed a sharp and strong emission band, and iiheipies are

typical for BODIPYs.PBO synthesized b0 as a monomer also showed sharp emission band
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similarly to the monomer. On the other hand, thession properties oPB2 and PB2A were
different from their monomers. Although cardo BONIRonomers showed the broad emission
spectra, their polymer$’B2 and PB2A) showed sharp emission spectra Il0. From these
results, the author suggests that these sharpiemssectra should be derived from suppression
of molecular motion at polymers.

Figure 3 shows thé”B2A photoluminescence spectra which were excited #erent
wavelength in chloroform (1.0 x10mol/L). WhenPB2A was excited at the absorption region of
the main-chain (500 nm), the emission band wasrebdearound 600 nm. This emission was
could be derived from the polymer main chain. Oa tther hand, when the excitation was
performed at the absorption region of the anthracmoieties (377 nm)PB2A showed dual
emission. The emission band in the region from @@0to 500 nm was also observed with the
main-chain emission band. This blue emission shbeldlerived from the anthracene moieties.
From these data, it is supposed that energy tnafiefa the anthracene units to the polymer main
chain should be suppressed via the cardo struckdidtionally, emission colors were varied by

excitation wavelength, then coordination of ClIEgiamn changed (Figure 4).
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Figure 1. UV—vis—NIR absorption spectra of the products Gz (1x10° M).
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Figure 2. Photoluminescence spectra of the products in efdon (1.0 x 10°M).
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Figure 3. Photoluminescence spectraRB2A in chloroform (1.0 x 10 M) excited at 500 nm

(red line) and 377 nm (blue line).

Table 2. Optical properties of the compoufds

Aabs(Nm) e(M et b ApL(NM) ®p°
BO 500 92,000 51¢ 0.81¢
B2 497 88,000 539 0.34°
B2A 497 74,000 540 0.29°
PBO 591 96,000 605 0.35'
PB2 589 96,000 606 0.38'
PB2A 560 43,000 588 0.439

@Measured in chloroform (1.0 x 10M). PMolar absorption coefficients of the absorption ima.
‘Absolute fluorescence quantum vyields determinedgusitegrated sphere methdxcited at

473 nmfExcited at 469 nnExcited at 550 nnPExcited at 500 nm.

90



Chapter 3

(@) oo (b)

00 0l 2 03 04 05 06 07 08
X

Figure 4. CIE diagram oPB2A excited at (a) 500 nm, (b) 377 nm.

Conclusion

The dual-emissive materials based on a cardo steuatere presented in this chapter. BODIPYs
can be used as a scaffold for constructing candwtstres on their boron atoms. As the author
reported that the electronic states of the polymain chain composed of cardo BODIPYs were
preserved from the cardo unit in the chapter 2¢ctimgugated polymers based on cardo BODIPYs
can show emission from main chain without influeméeside chains. Actually, the BODIPY
conjugated polymer bearing anthracene as the aartichowed two distinct emissions derived
from both polymer main chains and side chains. Frioese results, the homopolymer based on

cardo BODIPYs should be a promising structure &ize multi-color emissions.
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Experimental Section

General: H (400 MHz),**C (100 MHz) and'B (128 MHz) NMR spectra were recorded on a
JEOL JNM EX400 spectrometétB NMR spectra were referenced externally ta-BE® (sealed
capillary). Analytical thin-layer chromatography (T).was performed with silica gel 60 Merck
F254 plates. Column chromatography was performeall Wlakogel C-300 silica gel. UV-vis
spectra were recorded on a Shimadzu UV-3600 sgdeitometer. Fluorescence emission spectra
were recorded on a HORIBA JOBIN YVON Fluoromax-&spofluorometer, and the absolute
guantum vyield was calculated by integrating sphaethod on the HORIBA JOBIN YVON
Fluoromax-4 spectrofluorometer in chloroform.

Synthesisof B2Br: n-BuLi (5.2 mL, 1.63 mol/L in hexane) was addedte solution of 1-bromo-
4-iodobenzene (2.4 g, 8.5 mmol) in diethyl ethér ifiL) at —78 °C under argon atmosphere. The
reaction mixture was stirred for 0.5 h at —78 °@ d&or 0.5 h at room temperature. Then, the
solution ofB0* (0.8 g, 2.1 mmol in 18 mL of diethyl ether) was addo the reaction mixture via
cannula at =78 °C. After the reaction mixture wirsesd for 0.5 h at =78 °C, methanol was added.
The solution was extracted with dichloromethane aadhed with water and brine. After the
organic phase was dried over MgS@e solvent was removed by a rotary evaporatoe. Silica

gel column chromatography with hexane/dichlorome¢h@:1) gav®2Br as a orange solid (0.41
g, 0.63 mmol, 30 %)H NMR (CDCk): & = 7.31 (4H, d,J = 8.3 Hz), 7.08 (4H, br), 6.00 (2H, s),
3.03 (2H, d,J = 8.3 Hz), 2.45 (6H, s), 1.70 (6H, s), 1.67-1.881,(m), 1.42-1.39 (2H, m),

1.30-1.27 (10H, m), 0.88 (3H,1,= 6.8 Hz)*C NMR (CDCl): § = 152.7, 147.7, 138.0, 135.3,
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131.9, 130.3, 122.7, 122.6, 120.2, 32.3, 31,9,,3M15, 29.3, 28.6, 22.6, 17.1, 16.9, 16.9, 14.1
ppm.*B NMR (CDCk): § = -0.98 (br) ppm. HRMS (ESI): Calcd. for [M+H]647.1802; found,
m/z 647.1786.

Synthesis of B2A: Water (8.0 mL) was added to the solutiorB@B2 (0.50 g, 0.77 mmol), 10-
phenyl-9-anthraceneboronic acid (1.9 g, 3.5 mmal)(d®»a} (14 mg, 15umol), S-Phos (56 mg,
0.14 mmol) and cesium carbonate (5.0 g, 15 mmadblirene (8.0 mL). The reaction mixture was
stirred at 80 °C for 24 h under argon atmosphehe. Jolution was extracted with toluene and
washed with water and brine. After the organic phass dried over MgSQthe solvent was
removed by a rotary evaporator. The product wasfipdrioy column chromatography with
hexane/dichloromethane (4:1). The isolated produas dissolved in a small amount of &CHp,
and the product was precipitated from methanolwe gureB2A as a orange solid (0.49 g, 64%).
IH NMR (CDCk): & = 7.81 (4H, dd)) = 7.2, 3.1 Hz), 7.69-7.48 (18H, m), 7.37 (4HJd; 7.8
Hz), 7.32-7.31 (8H, m), 6.18 (2H, s), 3.19 (2H),£,8.3 Hz), 2.59 (6H, s), 2.15 (6H, s), 1.79-1.77
(2H, m), 1.54-1.51 (2H, m), 1.36-1.28 (10H, m),O@H, t,J = 6.96 Hz) ppm*3C NMR
(CDCls): 6 = 158.1, 149.2, 147.7, 139.4, 138.4, 137.8, 13635,0, 133.7, 132.2, 131.4, 130.2,
130.0, 130.0, 128.4, 127.4, 127.3, 126.8, 124.9,6222.6, 32.4, 31.8, 30.8, 30.3, 29.6, 29.3,
28.8, 22.6, 17.4, 17.0, 14.0 ppHB NMR (CDCh): 5 = -0.20 (br) ppm. HRMS (APCI): Calcd.
for [M+H]™", 995.5470; found, m/z 995.5465.

Synthesis of PBO: BF-OEt® (0.33 mL, 0.38 g, 2.7 mmol) was added to a satutibB0 (0.10 g,

0.27 mmol) and PIFA (0.23 g, 0.53 mmol) in £&Hp (2.0 mL) at —=78 °C, and the solution was
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stirred at =78 °C for 1 h. The solution was pourgd MeOH (25 mL) and triethylamine (3 mL)
to collect desired polymer by filtration. The prgtate was dissolved in a small amount of THF,
and further reprecipitated from a large excesst@tHEtwice to givePB0O as a metallic red solid
(81 mg, 81%)Mn = 14,000 Mu/M; = 4.1.*H NMR (CDCk): § = 3.68-1.06 (28H, m), 0.96-0.82
(3H, m) ppm B NMR (CDCk): § = 0.59 (br) ppm.

Synthesis of PB2: BF-OEt® (0.35 mL, 0.41 g, 2.9 mmol) was added to a satutibB2 (0.14 g,
0.29 mmol) and PIFA (0.25 g, 0.57 mmol) in £&Hb (2.1 mL) at —-78 °C, and the solution was
stirred at =78 °C for 20 h. The solution was pouréd MeOH (30 mL) and triethylamine (3 mL)
to collect desired polymer by filtration. The prgtate was dissolved in a small amount of THF,
and further reprecipitated from a large excesst@fHEtwice to givePB2 as a purplish red solid
(62 mg, 45%)Mn = 11,000Mw/M, = 2.6."H NMR (CDCA): § = 7.48-6.92 (10H, m), 3.35-0.95
(28H, m), 0.93-0.79 (3H, m) ppftB NMR (CDCh): 6 = -1.17 (br) ppm.

Synthesis of PB2A: BF-OEbL (0.20 mL, 0.23 g, 1.6 mmol) was added to a sautfB2A (0.16

g, 0.16 mmol) and PIFA (0.14 g, 0.32 mmol) in &1 (1.2 mL) at —78 °C, and the solution was
stirred at =78 °C for 6 h. The solution was poured MeOH (20 ml) and triethylamine (2 mL)
to collect desired polymer by filtration. The prgtate was dissolved in a small amount of THF,
and the polymeric products were reprecipitated large excess of EtOH. To remove monomer
and dimers, this procedure was repeated severas tiamd the®B2A was collected as a purplish
red solid (43 mg, 27%M, = 6,000,Mw/Mn = 2.5.'H NMR (CDCh): & = 7.97-6.60 (34H, m),

3.44-0.36 (31H, m) ppn!B NMR (CDCh): § = -3.13 (br) ppm.
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Chapter 4
Efficient Light Absorbers Based on Thiophene-Fused Boron

Dipyrromethene (BODIPY) Dyes

ABSTRACT: The author presents the development of the thiopifigsed boron dipyrromethene
derivatives as efficient light absorbers. The tivategies for the evolution of the optical propesti
such as the peak positions of absorption wavelsngiid molar extinct coefficients were
established by the substituent effects: By intraaiyieodine groups, the bathochromic shifts of the
peak positions (+15 nm) and the enhancement ofmeatanct coefficients were simultaneously
received owing to the heavy atom effect. Next, @swound that the modification with the
trifluoromethyl group contributed to the large b@athromic shift (+60 nm) because of the lowering
effect on the lowest unoccupied molecular orbitahe dye by the substituent. Finally, the author
obtained the dyes with large molar extinct coefits (184,140 M cntt at 592 nm, 72,180 M

cnit at 623 nm), sharp absorption bands, and low eamissi
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I ntroduction

Efficient light-absorbers are useful for the apglions as a wide variety of optical materials in
biochemistry and biology. For example, for the ¢nrdion of artificial photosynthesis systems,
the light-absorbing molecules which have a largéamextinct coefficient are a key material as an
energy receiver to improve conversion efficienonirlight energy to the driving force of chemical
reactionst As another instance, the light-absorbing abiliithwhe specific wavelength region is
feasible for the regulation of photosynthesiss lkmown as the Emerson enhancement effect that
the photosynthesis in several types of algae caentanced by the light irradiation in the
wavelength range around 650 Afin contrast, the light over 690 nm can suppresfficiency.
These phenomena were observed in other ptafitss fact suggests the scenario that by loading
the efficient light absorbers to the light arouri6im on the wall of green houses, the sunlight
can be transformed to the light which has the seggion effect on weed growths. Thus, the lights
with the specific wavelength region around 650 nmower 690 nm are a valid tool for precisely
controlling the plant growth.

Boron dipyrromethene (BODIPY) is well known as aofiophore for biochemical and
biotechnological usagésBecause of strong emission intensity, low envirental dependency of
optical properties and high stability to photo-cgatation, BODIPY can be used as a conventional
fluorophore for a marker or a labeling reagent un@eious situations. Nagano and Urat@l.
reported the bioprobes based on the photochenuétBODIPYS By regulating energy transfer

involving the BODIPYSs, they can monitor the bioréags with the changes of emission intensity
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from the probe with high sensitivity and specifjcioreover, hetero ring-fused BODIPYs have
been synthesized? In particular, thiophene-fused BODIPYs (Figure vi¢re reported as a
photosensitizer to generate singlet oxyeBy the modification with sulfur or iodine elements
for receiving the heavy atom effect, the intersysterossing after photo-excitation to these
BODIPYs can be readily induced. Accordingly, theléat-excited states of the BODIPYs
efficiently generate the singlet oxygen via a s&zisg reaction. The superior ability of light
absorbing contributes to enhancing the sensitigifigiency. It should be mentioned that these
BODIPYs have sharp spectra of light-absorption amdssion from the red-light to the near-
infrared region. Based on these optical propediethiophene-fused BODIPYs, the author was
inspired to develop an efficient light absorberhwiit emission. In particular, the author aimed to
develop new series of thiophene-fused BODIPYs tprave the light-absorption ability in the
red-light region.

Herein, the author reports the synthesis and fimeztt light-absorbing ability of the new series
of thiophene-fused BODIPYs. The substituent effemtswo distinct groups on the optical
properties were examined to improve molar extioefiicients and the peak position of absorption
wavelengths. By employing the heavy atom effedbdine, the evolution of the optical properties
such as the position of absorption bands, the edmaent of absorption ability, and the
suppression of the emission can be simultaneowsiie@ed. Next, according to the data of the
molecular orbital of the dye calculated by compuwenulation, the author was inspired the

introduction of the trifluoromethyl group into thieiophene-fused BODIPY. Finally, the selective
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light absorption in the red-light region was accdisiyed.

TB: R;=R,=Rs=H
TB-I: R;=I, Ry=Rs=H

TB-12: R,=R,=I, Ry=H
TB-F: R1 =R2=H, R3=CF3

Figure 1. Chemical structures of the thiophene-fused BODIBYed in this study.

Scheme 1. Synthetic outlines for thiophene-fused BODIPY's

O
CﬁCH a S CHs b S CHs c s CHs
VA Bl W — - m
O O
2 3

1 4
HaC CHs HsC CH, HaC CH
d = = e = = = ==
i 4 . 2 2
STN\=N._N_# S STN=N._N_# S and 5\ _N. N/ S
~ F’B\F — =~ F/B\F — ~ FfB\F —
| | |
5, TB 6, TB-I 7, TB-12

Hic  CFs  cH,
f,g / = —

STN=N._ N/ S
-~ FIB\F —

8, TB-F

#Reagents and conditions: (a) Ethyl cyanoacetate,@C03, DMSO, 50 °C, 4 h, 61%; (b)
NaOH, B0, ethanol, reflux, 1 h, 95%; (c) i) trifluoroaaetcid, 50 °C, 20 min, ii) CH(OEt)
50 °C, 30 min, 70%; (d) i) POgldichloromethane, r.t., 3 d, ii) triethylamine, BEtO, r.t., 2 d,
10%; (e)N-iodosuccinimide, acetic acid, chloroform, r.t.,12432% forT B-1, 23% forTB-I2;
(f i) trifluoroacetic acid, 40 °C, 40 min, ii) fhuoroacetic anhydride, 80 °C, 1 h; (g) BEtO,

triethylamine, toluene, 80 °C, 2 h, 0.7% (in 2 skep

100



Chapter 4

Results and Discussion

The author designed the thiophene-fused BODIPYshawn in Figure 1. The synthesisTdd
derivatives is outlined in Scheme 1. Until the pmgpion of the precursors before the ligand
formation, all reactions proceeded in good yieRBEcause of the instability of the aldehytland
the ligand moiety before the introduction of bortre reaction yields in the formation of boron
complexes were relatively low. From the charactgitmn with'H and''B NMR spectroscopies
and mass measurements, the products have the edaictures. The dyes were obtained as
colored solids with the solubility in conventior@ganic solvents such as chloroform and THF.
During the measurements, the decomposition andpdegradation were subtly observed.

The optical properties of B were investigated. The absorption band was obdenith the
peak at 562 nm from UV-vis absorption measurenteigue 2). The molar extinct coefficient
exceeded TOM™! cni! (Table 1). These data mean tieB possesses the sharp and large
absorption in the visible region. From the photalescence spectrum, although the emission
band was obtained with the peak at 571 nm, thetqoayield of TB can be efficiently suppressed
(®==0.04). The low emission intensity B should be originated from the fact that the desfay
the excited state of B should proceed via the triplet-excited state. énjenew emission bands
with long lifetimes at the similar peak positiondaim the longer wavelength region than that of
the emission at room temperature at 77 K assignedialayed fluorescence and phosphorescence,
respectively. These data clearly indicate th&t is a promising seed compound for realizing

expected optical properties such as sharp speeirge molar extinct coefficients and low
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emissions.
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Figure 2. UV—-vis absorption (1@M) and photoluminescence spectrgdd) of TB in THF. The

wavelength of the excitation light was at 530 nm.

Table 1. Optical properties of thiophene-fused BODIPYs

Amax,abs[Nm] e[M~len s =2
B 562 127,000 0.04
TB-I 577 170,000 <0.01
TB-12 592 184,000 <0.01
TB-F 623 72,200 <0.01

8Determined as an absolute value.
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Next, for tuning the optical properties DB, an iodide group was introduced via the heavy atom
effect. To maximize the expression of the heavynag¢dfect, iodide groups were directly attached
to the thiophene rings.Figure 3 clearly represents that the absorptioni®afT B-ls showed the
bathochromic shifts than that ®B. By introducing a single iodide group, the peakipons were
moved by 15 nm to the red-light region. These databe supported by the results from computer
calculations. The gap widths of the energy levelsvieen the frontier orbitals were narrowed by
increasing the number of the iodine substituentgufE 4). Moreover, the molar extinct
coefficients were enhanced by increasing the nurabiedide groups. According to the previous
report on the photophysical properties of iodind&DIPY derivatives, these changes could be
owing to the heavy atom effettindeed, the iodinate@iB derivatives hardly showed emissions
(&x < 0.01). The heavy atom effect of iodine could tobate to inhibiting the fluorescence
emission. In summary, the introduction of iodineoiBODIPYs is valid for regulating the peak

positions of absorption.
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2
e TB-
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Figure 3. Absorption changes OFB by introducing iodine groups. The spectra wereaioled

from the solutions containing the dyes (@) in THF.
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Figure 4. The changes in energy levels and shapes of frootieitals by introducing a

trifluoromethyl group into theneso-position inTB. The DFT calculations were performed with a

B3LYP/SVP method.
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To explore another method for the modulation offieak position of absorption wavelength,
initially | carried out the density functional thgo(DFT) calculation off B with a B3LYP/SVP
method. According to the computer modeling on thepe of the lowest unoccupied molecular
orbital (LUMO) of TB, the localization of the orbital was found at theso-position (Figure 4).
Based on this result, the author designed the ny@wId-F, having a trifluoromethyl group. The
strong ability of electron withdrawing can loweetanergy level of LUMO and decrease the gap
width of the energy level between the frontier talsi. Thus, it can be expected that drastic
bathochromic shift of the absorption band shouldcsseived. The synthesis BB-F was executed
with similar procedures as othEB derivatives. Because of low stability of the imtediate before
boron complexation, the reaction yield in the fotiora of the BODIPY ring was low. The desired
compound was obtained as a solid, and it was coafirthatTB-F has enough solubility in
conventional organic solvents such as chloroforoh BdF for the optical measurements. During
the measurements, less decomposition and photaatgyn were also observed witB-F.

Figure 5 presents the absorption spectrumBiF-. As the author expectedB-F showed the
large absorption band at longer wavelength regipr@0 nm than that of B (Amax = 623 nm).
Similarly asTB, the emission band was mainly obtained betweenrbCand 650 nm. This
absorption wavelength is adequate for generatiadight which can inhibit the photosynthe3is.
Furthermore, the emission was subtly obtained fidnF (& < 0.01). These data suggest that
the efficient light absorbers for the red light che prepared based on the thiophene-fused

BODIPYs. In addition, these optical properties gig@nother possibility for using the thiophene-
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fused BODIPYs as a quencher. Comparing to the cuiorel efficient absorbers called as QSY
(&max = 90,000 cm'M—H)® and BHQ &max = 35,600 cmtM )16, the thiophene-fused BODIPYs
have several advantages as a quencher besides iatrihsic merits of BODIPY dyes. It should
be emphasized that the molar extinct coefficiehte@thiophene-fused BODIPYs are two or three
times larger than those of the conventional absef8é* Thus, it can be said that the thiophene-

fused BODIPYs are promised to be an efficient ghenon the biotechnological assadys.

15

Abs.

0.5

0 —at
250 350 450 550 650 750

Wavelength (nm)

Figure 5. Absorption changes dfiB by introducing a trifluoromethyl group. The spectrere

obtained from the solutions containing the dyes/ ) in THF.
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Conclusion

The author demonstrates the validity of B skeleton for the design of an efficient light

absorber. The author established two manners folvieg the optical properties ofB: By

employing the heavy atom effect, the peak positicanrs be shifted to the red-light region. The

enhancement of molar extinct coefficients was als@ined. It was found that the introduction of

the strong electron-withdrawing group at theso-position in the BODIPY skeleton was

responsible for the drastic bathochromic shift e fbsorption spectrum. Finally, the author

obtained the series of efficient light absorberstfe red light. These compounds have suitable

optical properties for generating the light to cohphotosynthesis and plant growth. Furthermore,

thiophene-fused BODIPY's with the efficient lightsalobing ability are promised to be applicable

for efficient sensitizers. These materials and dhalhmodification methods for modulating the

optical properties presented here could be veestatildeveloping efficient photo-responsive bio-

related materials to control the biological actestand efficient quenchers on the biotechnological

assays with labelled biomolecules.
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Experimental Section

General: 'H (400 MHz),*3C (100 MHz), and'B (128 MHz) NMR spectra were recorded on
JEOL JNM-EX400 spectrometers. In tHél NMR and *C NMR spectra was used
tetramethylsilane (TMS) as an internal standar@Cl;, and*'B NMR spectra were referenced
externally to Bk OEb (sealed capillary). UV—vis absorption spectra weeeorded on a
SHIMADZU UV-3600 spectrophotometer. Fluorescencéssion spectra and absolute quantum
yields were recorded on a HORIBA JOBIN YVON Fluomx®4P spectrofluorometer equipped
with the integrating sphere. 2-Acetyl-3-bromothiephk () was purchased from Aldrich and used
without further purification. Computations were foemed using the Gaussian 03 suite of
programs-

Synthesis of 2: The synthesis was performed according to the pusvieport”: To the mixture
containingl (8.62 g, 42.0 mmol), Cul (0.80 g, 4.20 mmol )da@sCQ (34.2 g, 105 mmol) in
DMSO (42 mL), ethyl isocyanoacetate (5.23 g, 46.&hal) was added dropwise at room
temperature. After stirring at 50 °C for 4 h, thegucts were extracted with dichloromethane. The
organic layer was washed with brine twice, driegroMgSQ and filtrated. The filtrate was
condensed with evaporation, and the silica gelrnaleghromatography with hexane as a mixture
eluent (hexane : ethyl acetate = 7 : 1) g&was a pale yellow solid (5.35 g, 25.6 mmol, 61 ¥).
NMR (CDCb) &: 8.88 (1H, s), 7.30 (1H, d,= 10.51 Hz), 6.91 (1H, d,= 10.02 Hz), 4.37 (2H, q,
J=28.10 Hz), 2.53 (3H, s), 1.40 (3HJt= 24.19 Hz)}3C NMR (CDCEh) 5: 162.3, 139.6, 129.1,

126.6, 123.2, 120.3, 111.42, 60.5, 14.7, 12.3. HRES) m/z calcd. [M+H]: 210.0583, found:
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210.0582.

Synthesis of 3: The mixture containing (6.00 g, 28.7 mmol) and NaCig. (17.2 g, 430 mmol

in 120 mL) in 225 mL of ethanol was refluxed foh1After cooling to room temperature, conc.
HCI (10%) was added dropwise to acidify. The pragdueere extracted with dichloromethane, and
the organic layer was washed with brine, dried &8O, and filtrated. Evaporation of the filtrate
yielded3 as a dark purple solid (4.96 g, 27.3 mmol, 95 )NMR (DMSO-e) &: 12.44 (1H, s),
11.51 (1H, s), 7.46 (1H, d, = 10.72 Hz), 6.92 (1H, d] = 11.21 Hz), 2.40 (3H, s$3C NMR
(DMSO-d3) 6: 162.8, 139.8, 128.5, 124.6, 123.1, 118.0, 1121®B. HRMS (ESI) m/z calcd [M—
H]~: 180.0125, found: 180.0118.

Synthesis of 4: The solution o3 (11.1 g, 61.2 mmol) dissolved in trifluoroacetmda (200 mL)
was stirred at 50 °C for 20 min, and then trietbgthoformate (36.3 g, 245 mmol) was added.
After stirring at 50 °C for 30 min, excess amouritgyxlopentyl methyl ether (CPME) and sat.
NaHCQag. were poured into the reaction solution. The oigéyer was washed with brine and
water, dried over MgSH) filtrated and condensed by evaporation. The asiliel column
chromatography with the mixture eluent (hexandéyledcetate = 2 : 1) affordetas a brown solid
(7.11 g, 43.0 mmol, 70 %). Because of low stahitie compound was used for the next step
immediately after checking the spectruntdfNMR. *H NMR (CDCE) §: 9.75 (1H, s), 9.10 (1H,
s), 7.44 (1H, dJ = 12.43 Hz), 6.94 (1H, d = 11.70 Hz), 2.54 (3H, s). HRMS (El+) m/z calcd.
[M] *: 165.0248, found: 165.0244.

Synthesisof 5 (TB): To the solution oft (7.11g, 43.0 mmol) in dichloromethane (215 mL) @O
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(7.92 g, 51.7 mmol) was added dropwise at 0 °GerAdtirring at room temperature for 3 days in
the dark, triethylamine (30.0 mL, 215 mmol) was edidropwise at 0 °C. After stirring at 0 °C
for 15 min, BR-E2O (38 mL, 308 mmol) was added dropwise, and themilxture was stirred

at room temperature for 2 days. The reaction wancjuied by adding 100 mL of water, and the
products were extracted with dichloromethane. Tigamc layer was washed with water twice
and brine, dried over MgSQfiltrated, and condensed by evaporation. Thedussiwas passed
through the silica gel column with the mixture elighexane : ethyl acetate = 3 : 1). The resulting
product was dissolved in THF, aBdvas obtained as a red purple solid (0.684 g, 218i0l, 10%)
from the reprecipitation in methandd NMR (CDCEk) &: 7.64 (2H, dJ = 10.26 Hz), 7.40 (1H,
s), 7.11 (2H, dJ = 9.53 Hz), 2.47 (6H, s33C NMR (CDCb) : 158.5, 140.9, 139.9, 132.1, 131.8,
123.6, 114.0, 11.0B NMR (CDCk) &: 0.39. HRMS (El+) m/z calcd. [M] 332.0425, found:
332.0425.

Synthesis of 6(TB-1) and 7(TB-I): The mixture containin® (0.312 g, 0.934 mmol) anN-
iodosuccinimide (0.210 g, 0.934 mmol) in chlorofo(@®0 mL) and acetic acid (14 mL) was
stirred at room temperature for 24 h in the darttenrAr atomosphere. Then, the reaction solution
was washed with NaCOdd). (2.5 M, 200 mL) twice, water, and brine, driedebpWigSQ, and
filtrated. After evaporation, the products werepmrgded onto silica gel.B-1 (0.137 g, 32%) and
TB-12 (0.129 g, 23%) were purified with the silica geltan chromatography with toluene as an
eluent as a green silver and a black powder, réspgc Because of poor solubility afB-I in

conventional organic solvents, the clear spectréi®fi®NMR was not obtained.B-I: *H NMR
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(CDCl) &: 7.68 (1H, d,J = 12.70 Hz), 7.42 (1H, s), 7.40 (1H, s), 7.09 (tiH] = 14.16 Hz), 2.43
(3H, s), 2.41 (3H, s}!B NMR (CDCk) &: 0.293. HRMS (El+) m/z calcd. [M} 457.9391, found:
457.9404TB-12: 'H NMR (THF-dg) 3: 7.85 (1H, s), 7.39 (2H, s), 2.42 (6H,SC NMR (CDCb)
§: 157.3, 139.7, 135.6, 130.7, 125.6, 123.6, 954,88 NMR (CDCk) &: 0.195. HRMS (ESI)
m/z calcd [M—HY: 582.8285, found: 582.8292.
Synthesis of 8(TB-F): The mixture of3 (1.0 g, 5.52 mmol) in trifluoroacetic acid (50 mupas
stirred at 40 °C for 40 min under Ar atomosphere] tnen trifluoroacetic anhydride (2.29 mL,
16.6 mmol) was added dropwise to the reaction mwluAfter stirring at 80 °C for 1 h and cooling
to room temperature, the deep blue solution wasgubinto the mixture with water (100 mL)
and toluene (100 mL). After neutralization by adddMaHCQ, the products were extracted with
toluene. The organic layer was washed with sat.Gladdq., water, and brine, dried over MggO
and filtrated. After evaporartion, the crude pradwontaining the aldehyde were used for the next
step without further purification because of lowtslity. The residue was dissolved in 50 mL of
toluene, and triethylamine (1.54 mL, 22.07 mmol)svemided dropwise to the solution. After
stirring at room temperature for 15 min, BExO (2.72 mL, 22.1 mmol) was added dropwise.
After stirring at room temperature for 10 min, thexture was heated at 80 °C and stirred for 2 h.
After quenching the reaction by adding water, traglpct was extracted with toluene. The organic
layer was washed with brine twice, dried over MgSsnd filtrated. After evaporation, the silica
gel column chromatography with the mixture eluéoiugne : ethyl acetate = 9 : 1) was performed.

The resulting solid was dissolved in THF, ahB-F was obtained from the precipitation in
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methanol as a glossy green solid (7.2 mg, 0.7BbNMR (CDCE) &: 7.67 (2H, dJ = 16.57 Hz),
7.05 (2H, dJ = 16.32 Hz):*C NMR (CDCE) &: 159.1, 143.8, 138.1, 136.5, 133.4, 128.6, 122.3
(9,J = 275 Hz), 114.5, 15.4'B NMR (CDCk) &: 0.195. HRMS (El+) m/z calcd. [M] 400.0299,

found: 400.0282.
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Chapter 5
Synthesis of Furan-Substituted Aza-BODIPY's

Having Strong Near-Infrared Emission

ABSTRACT: Near-infrared (NIR) emissive aza-boron dipyrroneeth (aza-BODIPY) was

synthesized. To realize strong NIR emission, thrarfyl groups were introduced into the aza-
BODIPY structure. The synthesized compound showedemission band with the peak at 735
nm. Comparing to the well-known aza-BODIPY, the ssion band was found in the longer
wavelength region by 70 nm. The quantum yield ef phoduct was similar to the conventional

aza-BODIPY.
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I ntroduction

NIR-emissive materials asdtractive for various applications such as telemmmication, laser,
organic light emitting diodes, biological systenas¢! Thereforethe development of highly
emissive NIR materials have been strongly required.

Boron dipyromethenes (BODIPYs) are well known toone of beneficial light-emitting dyes
because they have various advantages such asalasgeption and luminescent abilities in the
narrow wavelength regions, high photo-stabilityd @mvironment-resistant emissive properies.
It is easy to modify BODIPYs by the introductionsafbstituents to its core structure. The emission
color of BODIPYs can be tuned by modification. lasvreported that aza-BODIPYs having
nitrogen atoms on theeso-position instead of methylene bridge showed emis$n longer
wavelength region than common BODIPYs becausewflying LUMO energy level® One of
the most famous aza-BODIPYs is tetraphenyl aza-BOOM PAB) which show emission in the
red region with high quantum yield (Figure 1). Rebe thiophene-subsituted aza-BODIPYs were
reported (Figure 1) These BODIPYs showed emission in much longer vemgth regions than
TPAB. These results could be derived from less sténdrance and electron-donating properties.
However, the quantum yields of these thiophenetgubed aza-BODIPYs were low. These results
were supposed to be derived from heavy atom edfestlfur atoms.

Herein, the author designed the new aza-BODIPYbtaio NIR emission with high quantum
yields. To avoid heavy atom effect, furan was chaaethe substituents instead of the thiophene

or phenyl groups. Furan has five-membered ringveortts as a donor unit. Therefore, introducing
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of furan should be effective to realize strong NiRission. For this purpose, two furanyl groups

having aza-BODIPY5 (Figure 2) was synthesized.

Tetraphenyl Aza-BODIPY (TPAB) Diphenyldithienyl Aza-BODIPY (DPDTAB) Tetrathienyl Aza-BODIPY (TTAB)

Figure 1. Structures of tetraphenyl Aza-BODIPY, diphenyldtiyl Aza-BODIPY and

tetrathienyl Aza-BODIPY.

Aza-BODIPY 5

Figure 2. Structure of Aza-BODIPY%
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Resultsand Discussion

The synthetic route of furan-substituted aza-BODIBYutlined in Scheme 1. The products
showed good solubility in the common organic solsesuch as chloroform, THF, and ethanol.
The structures of all compounds were confirmeétbgnd'B NMR spectroscopies and ionization

mass measurements (Figures 3 and 4).

Scheme 1. Synthetic routes fob

o)
9 NaOH o
(0] + H —_— O =
MeOH |
\/ rt, 12 h \
89% 1
1) NaOMe, MeOH/THF, r.t., 1h
o NO, 2) H,SO,, MeOH, r.t., Th
CH3NO,, K,CO3 ° 3) NH,OAc, AcOH, 100 °C, 2 h ~
—_— -
EtOH N | 149% \NH
reflux, 12 h

ACOH, Ac,0, NaNO, BF3*Et,0, Et;N

CH.Cl,
rt,2h
1% (two steps)

EtOH
rt,1h
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aromatic

\

«——— CHCl,

& / ppm

Figure 3. *H NMR spectrum o6 in CDCk.

56 S50 45 40 35 30 25 20 15 10 5 0 -5 -0 -15 -20 -25 -30 -35 -40 -45 -50 -55

Figure 4. 1B NMR spectrum ob in CDCb.
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To receive information on the electronic stateshef synthesized compounds, the computer
calculations were performed (Figure 5). The autpiimized the geometries of aza-BODIPY's by
the density functional theory (DFT). Compared #AB which has four phenyl groups on its aza-
BODIPY core, the steric hindrance was reducel which has two furanyl groups at the lower
side of aza-BODIPY core. Accordingly, the expansiérconjugation with the decrease of band
gap energy was proposed. Theref@reyas expected to show absorption and emission bands

longer wavelength regions thairAB.
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A

AE =197 eV
AE=219eV

v HOMO -5.00 eV
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Figure 5. Structures and molecular orbital diagrams for LUMG@J HOMO of5 and TPAB

calculated with DFT (B3LYP/6-31G(d)//B3LYP/6-31G)d)
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The UV-vis absorption and photoluminescence (Pbperties ofc andTPAB are presented
in Table 1. Figure 6 shows the absorption spedtaza-BODIPYs in chloroform solution (1.0
x107° mol/L). 5 showed sharp absorption band with the peak atnfi22and molar extinction
coefficient was very larges(= 130,000 M~'cntl). The absorption d was in the NIR region. On
the ohter hand, the absorption band BAB was obsereved in shorter wavelength region &han
These data indicate that more effective expansi@omugation can occur i6thanTPAB. It is
inplied that the furanyl groups could have lessicteindrance compared with 6-membered rings
such for phenyl groups. Therefore, the bandgapogradib decreased froriPAB, and red-shifted
absorption band was obsereved.

Figure 7 shows the emission spectr® ahdTPAB in chloroform solution (1.0 xI8 mol/L).

5 showed red-shifted emission band compared WRAB. Although the emission band 5PAB
was still in the visible region, the emission baf8 was observed in the NIR region with the peak
at 735 nm. Moreover, the quantum yields of both B@®IPYS were similar value. In the
previous reports thiophene-substituted aza-BODIPYs have much logeemtum yields than
TPAB because sulfur atoms of thiophene caused heavy aftent. Furan-substituted aza-
BODIPY 5 is composed without heavy atoms. Therefore, thentyum yield of5 should be

maintained.
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Figure 6. UV—vis—NIR absorption spectra 6fandTPAB in CHCk (1x10° M).
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Figure 7. Photoluminescence spectrasoindTPAB in CHCL (1x10° M).
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Table 1. UV—-vis—NIR absorption and photoluminescence dat® tBmdTPAB in CHCk.

Aabs.(N m)a £ ( M‘lcm‘l) ApL(NM) b, ¢ CDpLd
5 722 130,000 735 0.87
TPAB 649 86,000 676 0.77

& Measured in CHGI(1.0X10°M). P Measured in CHGI(1.0X10°M). ¢ 5 and TPAB were

excited at 659 nm, 600 nm, respectivélReportedl PAB (®p. =0.77, in ortho-xylene) was used

as a standardl.

Conclusion

Furan-substituted aza-BODIPY with strong and st emission was developed. Compound
5 showed strong emission band in near-infrared regiih the peak at 735 nm and similar
guantum yield withTPAB. These results were derived from introducing fyfragroups which
have a heavy-atom free structure and less stemdrdmce. From these results, introduction of
furanyl groups could be an effective strategy ttawbstrong emission in the NIR region with aza-

BODIPYs.
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Experimental Section
General: H (400 MHz) and'B (128 MHz) NMR spectra were recorded on a JEOL JEXA400
spectrometertH NMR used tetramethylsilane (TMS) as an intertahdard in CDGJ, and''B
NMR spectra were referenced externally tosBPEL (sealed capillary). Analytical thin-layer
chromatography (TLC) was performed with silica ¢g#) Merck F254 plates. Column
chromatography was performed with Wakogel C-30@asidel. UV—vis—NIR absorption spectra
were recorded on a SHIMADZU UV-3600 spectrophot@nédluorescence emission spectra were
measured on a HORIBA JOBIN YVON Fluoromax-4P spetiorometer.
Computational Details: The Gaussian 09 program packKagas used for computations of the
compounds. The optimized structures was obtaineDmB¥ calculation at the B3LYP/6-31G(d)
level of theory.
Synthesisof 1: 1was prepared according to the previous repdficetylfuran (4.6 mL, 45 mmol)
was dissolved in methanol (300 mL). To the solytimenzaldehyde (4.6 mL, 45 mmol) followed
by 5% aqueous NaOH solution (45 mL) was added. rEéaetion mixture was kept in stirred
condition at room temperature for 12 h. Water (800 was poured into the reaction mixture and
the precipitated solid was filtered and washed wigtter (200 mL) to yield a white solid (7.8 g,
89%).'H NMR (CDCk) : 7.89 (1H, dJ = 15.9 Hz), 7.67—7.64 (3H, m), 7.48—7.40 (4H, m36%
7.31 (1H, m), 6.60 (1H, dd,= 3.7, 1.72 Hz).
Synthesis of 2: A mixture of1 (1 g, 5 mmol) nitromethane (14 mL, 25 mmol), and®0Os (14

mg, 1.1 mmol) in ethanol (10 mL) was heated tawefor 12 h. After cooling to room temperature,
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the solvent was removed by a rotary evaporatortla@aily residue was dissolved in €&, and
washed with water. The combined organic layers wexghed with brine, dried over magnesium
sulfate and concentrated to give the target comgimas a dark brown oily residue (1.3 g, 96%).
The obtaine® was used for the next reaction without purificatitd NMR (CDCk) : 7.57—7.55
(1H, m), 7.34-7.24 (5H, m), 7.18 (1H, dbk 3.6, 0.7 Hz), 6.52 (1H, m), 4.80 (1H, dds 13.0,
6.6 Hz), 4.69 (1H, dd] = 13.0, 8.0 Hz), 4.22-4.14 (1H, m), 3.38-3.24 (&,

Synthesisof 3: 2 (1.3 g, 4.9 mmoljvas dissolved in THF (25 mL) and methanol (50 ntlfpam
temperature, and NaOMe (1.3 g, 24 mmol) was addedhe mixture. After 1 h the mixture was
added dropwise to a solution 03%04 (15 mL) in methanol (50 mL) at 0 °C, following teelution
was allowed to warm to room temperature and stifoedurther 1 h. The resulting mixture was
poured into water and ice (350 mL), and the sofuti@s neutralized with aqueous 4 M NaOH.
Then, the products were extracted with2CH. The combined extracts were washed with water
and brine and dried over magnesium sulfate. Theeablwas removed by a rotary evaporator to
provide acetal compound as an oil, which was useta next stage without further purification.
The oil was treated with acetic acid (24 mL) andsQHc (0.96 g, 12 mmol), and the resulting
solution was heated at 100 °C for 2 h. The reaatidtiure was cooled to room temperature and
poured into water and ice (100 mL) and carefullytredized with aqueous 4 M NaOH. The
resulting precipitate was collected by filtratiomdavas dissolved in THF again. After drying over
magnesium sulfate, the solvent was removed byay@vaporator to provide black solid. The

residue was purified by column chromatogaraphyilicasvith hexane/CkHLCl, (2/3) as an eluent
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(138 mg, 14%)*H NMR (CDCk) : 8.54 (1H, bs), 7.55 (2H, m), 7.38-7.33 (1H, MR1-7.18
(1H, m), 7.10-7.09 (1H, m), 6.74-6.73 (1H, m), 68@4 (1H, m), 6.41-6.40 (1H, m) HRMS
(APCI) calcd. for G4H11NO [M+H] : 210.0913, found 210.0910.
Synthesis of 4: 3 (0.53 g, 2.53 mmol) was dissolved in ethanol (818, acetic acid (0.96 mL)
and acetic anhydride (0.39 mL). Nab@7 mg, 1.3 mmol) dissolved in,8 (0.4 mL) was added
into the mixture. The solution was stirred for TThe resulting solution was extracted with LT
and washed with water. After drying over magnessutiate, the solution was concentrated to
give the target compounds as a dark blue solid. rHsedue was purified by flash column
chromatogaraphy on silica with GEl> (103 mg, 19%)*H NMR (CDCk) : 8.04 (2H, dJ= 7.3
Hz), 7.67 (1H, dJ = 1.4 Hz), 7.42-7.35 (3H, m), 7.09 (1H, s), 7.08,(#l, J = 3.4 Hz), 6.64 (1H,
dd,J = 3.5, 1.8 Hz). HRMS (APCI) calcd. for6H20NsO2 [M +H] : 430.1550, found 430.1539.
Synthesisof 5: 4 (0.43 g, 1 mmol) was dissolved in dry & (35 mL). Triethylamine (1.5 mL)
was added to the reaction mixture, and the reguftirxture was stirred under nitrogen atmosphere
at room temperature for 15 min. ThensBBE® (1.9 mL) was added, and the mixture was stirred
under nitrogen atmosphere at room temperature forTAe resulting solution was extracted with
CH.Cl, and washed with water. After drying over magnesigoifate, the solution was
concentrated to give the target compounds as agilaeh solidThe solid was purified by column
chromatogaraphy on silica with hexane#Cii (1/3) as an eluent and dissolved in small amount
of THF, and the product was reprecipitated fromhaebl to give puré as a brown solid (32 mg,

6.7%).2H NMR (CDCk) : 8.08-8.05 (2H, m), 7.86 (1H, d= 3.6 Hz), 7.71 (1H, d] = 1.7 Hz),
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7.48-7.38 (3H, m), 7.34 (1H, s), 6.72 (1H, dd= 3.7, 1.7 Hz). HRMS (APCI) calcd. for

C2gH19BF2N302 [M +H]: 478.1533, found 478.1531.
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Chapter 6
Synthesis of the Near-Infrared Light-Absorbing Polymer
Based On Thiophene-substituted Aza-BODIPY

ABSTRACT: The strong near-infrared (NIR) light-absorbing jogated polymer was
synthesized based on thiophene-substituted aza-B@Brom the optical measurements, it was
revealed that the polymer showed the strong alisarpaind in the deep NIR region with the peak
at 864 nm. The cyclic voltammetry (CV) analyses evperformed to obtain information on
HOMO and LUMO energy levels. The polymer had degMIO level (-4.01 eV), and this LUMO

level was similar to the monomer.
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I ntroduction

Near-infrared (NIR) light absorbing materials argeful for various application such as
photovoltaics, biological systems, and so'@&za-BODIPYs which have nitrogen atom on their
meso-position in the BODIPY structure are candidateNdR dyes because they have absorption
and emission in the long wavelength regidRecently, thiophene-subsituted aza-BODIPYs were
reported, and they showed NIR absorption and eamssiThe author also reported furan-
substituted aza-BODIPY which showed strong NIR sroisin chapter 5.

To achieve deep NIR absorption by aza-BODIPYs,etkitension ofreconjugation should be
the effective method. Chup al. reported the conjugated polymers containing az&BQJS in
their main chain, and those polymers showed desglyshifted absorption and emission bands
from their monomer$.In this repor®® it was revealed that conjugation can be expamdec:
effectively by introducing comonomers at the bottphenyl group. Moreover, several groups
reported the conjugated oligomers in which thioghsuabstituted aza-BODIPYs were connected
to Teconjugated unit by the Pd-catalyzed coupling reacti

In this chapter, the conjugated polymer includinigphene-substituted aza-BODIPY as main-
chain unit was designed and synthesized. The azalB®monomer for this polymer had four
thiophenes on aza-BODIPY core and two brominest@bin thiophenes. The polymerization was
performed via the Pd-catalyzed Suzuki—Miyaura cogpieaction. The polymer showed the much
red-shifted absorption band compared to that ofitbeomer. The peak in the absorption spectrum

was at 864 nm in the THF solution, and the absomptange reached to more than 1000 nm.
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Resultsand Discussion

The synthetic route of the thiophene-substituted-B@DIPY monomer Br2>-TTAB) is
outlined in Scheme 1L and2 were produced quantitatively. However, during taction for3,
bromine atoms were removed easily. Since it véigult to isolate3, purification was performed
after complexation of boron to obtain the dibrommlenomeBr2-TTAB.

The polymerization of the dibromo monom@&r£-TTAB) with the fluorene copolymer was
accomplished by the Pd-catalyzed Suzuki—Miyaurgpliog reaction (Scheme 2). The polymer
properties were determined from the GPC analysistd polystyrene standards in THH« =

1,500,Mw/Mn = 3.4).
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Scheme 1. Synthetic routes for the BODIPYs dibromide aza-BPD

NO,
CH3NO,, KoCO4 9
S s
\M M EtOH/H,0 m EtOH Br—( | | )

r.t., overnight reflux, overnight
96% 89%

NH,OAc BF4°Et,0, Et;N
EtOH CH5ClI, 24 h
reflux, 24 h 0.81%
(2 step)

Bro-TTAB

Scheme 2. Synthetic route for the aza-BODIPY polymer

RO OR
B-Ar-B
RO OR
S-Phos, Pd,(dba)s, Cs,CO;

Toluene, H,O
80°C,48h
92%

Br,-TTAB
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The optical properties of the synthesized polymense investigated. Tetrathienyl aza-BODIPY
(TTAB, Figure 1a) and the monom@&re-TTAB) were also analyzed for the comparisbmAB
was prepared according to the previous repdfigure 1b shows the UV—vis absorption spectra
in THF (1.0 X10°° mol/L). Both TTAB andBr>-TTAB showed strong and sharp absorption
bands around 750 nm derived from—£5; (n—n*) transition. The absorption of polymer
p(TTAB-FL) was observed at longer wavelength region tha®B and Br2>-TTAB. Strong
S— S (n—n*) transition was observed in the NIR region witle tpeak at 864 nm. The peak
wavelength was shifted over 100 nm compared todhtte monomer. This result indicates that
conjugation should be expanded by the introduabicthe fluorene copolymer.

Next, the photoluminescence (PL) properties of pot&l were measured. Howevp(T TAB-
FL) showed almost no emissioRTAB andBr2-TTAB showed PL spectra with low quantum

yields. These results should be induced by heawy affect according to the previous report.
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@ ®) 12 ; — Br,-TTAB

14 T1TAB —
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Figure 1. (a) Structure of Aza-BODIPYTTAB; (b) UV—vis—NIR absorption spectra of the

products in THF (1x16 M).

Table 1. Optical properties of the compoufds

Aaps(nm) (M~ enrh) b

TTAB 741 100,000
Bro-TTAB 756 120,000
p(TTAB-FL) 864 48,000

aMeasured in chloroform (1.0 x 10M). "Molar absorption coefficients of the absorption imae
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To investigate the electronic states, the cyclitarometry (CV) analyses were performed.
Figure 2 shows cyclic voltammograms of the synthgtoducts. All three compounds showed two
reduction peaks. These results indicate that tB@d2IPY compounds can easily receive electron.
Next, the LUMO energy levels were estimated from ¢imsets of the first reduction waves by
empirical formula® Their HOMO energy levels were calculated withithVIO energy levels and
optical energy band gapEg*) of the corresponding compounds (Table 2). The IQUbhergy
level of the polymer was very similar to the monomedT TAB. However E P of polymer was
smaller than that of the monomer. Therefore, theMdDenergy level was elevated by the

expansion of conjugation after polymerization.

137



Chapter 6

Table 2. UV-vis absorption and electrochemical propertiethe products.

optical band gap

Aabs (NMY (EPY/e\? Erea/VS?  HOMO/eV® LUMO/eV!

TTAB 741 1.61 -0.76 —5.65 —4.04
Br2TTAB 756 1.58 ~0.69 —5.69 —4.11
p(TTAB-FL) 864 1.27 -0.79 -5.28 —4.01

aUV-vis spectra off TAB, Br2-TTAB, andp(TTAB-FL) were measured in THF solutioo £

1.0 x10° mol/L). ® The optical band gap estimated from the onset veagth of the UV—vis
spectra in THF CV was carried out in dichloromethane with 0.1 MsBBFs as supporting
electrolyte. 9 Erq is the onset potential of first reduction wa%eCalculated from LUMO and
optical band gapE°) of the synthesized compounds, HOMO = LUMG," (eV). Calculated

from the empirical formula, LUMO = Ereq— 4.80 (eV)
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Figure 2. Cyclic voltammograms of (af TAB, (b)Bro-TTAB, and (v) p(TTAB-FL) in
dichloromethaned = 1x10° M) with 0.1 M BuNPFs as supporting electrolyte, AgCI/Ag as

reference electrode, glassy carbon as workingrel@et Pt as counter electrode, and scan rate at

100 mV/s.
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To receive more information about the electronetest of the synthesized compounds, the

computer calculations were performed by the derfsitgtional theory (DFT)TTAB andFL-

TTAB-FL which is model op(TTAB-FL) were calculated (Figure 3). It was clearly shohatt t

all HOMOs and LUMOs delocalized throu@i AB moieties. The HOMO dfL-TTAB-FL was

spread to the fluorene units, however LUMO was apreithin theT TAB section. These results

should be derived from electron-donating charasteéhe fluorene units. Therefore, the HOMO

energy level of the polymer model was higher theat bf TTAB. On the other hand, the LUMO

energy level was similar. These results are coarspd to the results of CV.
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Figure 3. Structures and molecular orbital diagrams for LUMQ HOMO ofTTAB andFL-

TTAB-FL calculated with DFT (B3LYP/6-31G(d)/B3LYP/6-31G)d
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Conclusion

The deep NIR absorbing polymer was developed. i ¢hapter, thiophene-substituted aza-
BODIPY was chosen as a polymer unit to expand gatjan by introducing the-conjugated
unit via Suzuki—Miyaura coupling polymerization. élhsynthetic polymer showed strong
absorption band in the region with the peak at ®®4 Furthermore, the LUMO energy level of
the polymer was revealed from CV measurements.|@lidying LUMO energy of thiophene-
substituted aza-BODIPY was maintained after polyma¢ion. From these results, this NIR

absorbing polymer could have potential for variopgli@ations.
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Experimental Section

General: H (400 MHz) and'B (128 MHz) NMR spectra were recorded on a JEOL JEXA00
spectrometer}B NMR spectra were referenced externally tozBEL (sealed capillary).
Analytical thin-layer chromatography (TLC) was merhed with silica gel 60 Merck F254 plates.
Column chromatography was performed with Wakogeél0O-silica gel. UV-vis spectra were
recorded on a Shimadzu UV-3600 spectrophotometieloréscence emission spectra were
recorded on a HORIBA JOBIN YVON Fluoromax-4 spefiftrorometer, and the absolute
guantum vyield was calculated by integrating sphaethod on the HORIBA JOBIN YVON
Fluoromax-4 spectrofluorometer in chloroform.

Computational Details: The Gaussian 09 program packages used for computation. The
author optimized the structures of BODIPYs in theugpd S and excited Sstates with the density
functional theory (DFT) at the B3LYP/6-31G(d)//B3R¥6-31G(d) level.

Synthesis of 1. 2-Acetyl-5-bromothioophene (5 g, 24 mmol) and Dinenecarbaldehyde (2.7
mL, 3.3 g, 29 mmol) was dissolved in methanol (8Q9. To the solution, aqueous KOH solution
(200 mL, 2.5 M) was added dropwise at 0 °C. Thectiea mixture was kept under stirred
condition at room temperature overnight. After aogldown to 0 °C, the reaction mixture was
filtered, and the precipitated solid washed withexat first and then hexane to yield a pale yellow
solid (7.0 g, 96%). The obtainddvas used for the next reaction without furtherifiation. *H
NMR (CDCk): 7.95 (1H, dJ = 15.1 Hz), 7.57 (1H, d = 3.9 Hz), 7.44 (1H, d] = 5.1 Hz), 7.37

(1H, d,J = 3.4 Hz), 7.14 (1H, d] = 4.1 Hz), 7.13-7.06 (2H, m) ppm. HRMS (ESI): Calfmt
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[M+H] ™", 298.9194; found, m/z 298.9188.

Synthesisof 2: A mixture ofl (10 g, 33 mmol)nitromethane (10 g, 9.0 mL, 0.17 mol), angCiKs

(92 mg, 0.67 mmol) were dissolved in ethanol (200 and was heated to reflux for overnight.
After cooling to room temperature, the solvent wermoved by a rotary evaporator, and the oily
residue was dissolved in GEl> and washed with water. The combined organic layerse
washed with brine, dried over magnesium sulfate amtentrated to give the target compounds
as a dark brown oily residue (11 g, 89%). The olehihwas used for the next reaction without
further purification.*H NMR (CDCh): 7.45 (1H, dJ = 3.9 Hz), 7.21 (1H, dd] = 4.5, 1.8 Hz),
7.10 (1H, dJ = 4.2 Hz), 6.94-6.93 (2H, m), 4.76 (2H, dog 46.9, 6.5 Hz), 4.52—4.45 (1H, m),
3.36 (2H, ddd, =22.8, 15.8, 5.7 Hz) ppm. HRMS (ESI): Calcd. for{NRr]",381.9178; found,
m/z 381.9172.

Synthesis of Br2-TTAB: A solution of2 (11 g, 0.07 mol) and ammonium acetate (83 g, ol m
in ethanol (300 mL) was stirred at reflux temperatior 24 h. After cooling to room temperature,
the solvent was concentrated to a half of its nagivolume by a rotary evaporator, and the
suspension was filtered. The isolated solid waswessvith ethanol to yield the crude intermediate
as a dark blue solid. The crude solid (1.9 g) wasalved in dry dichloromethane (260 mL).
Triethylamine (3.1 g, 4.2 mL, 30 mmol) was thenexdltb the solution, and the resulting mixture
was stirred under argon atmosphere at room temyverédr 20 min. After stirring for 20 min,
BFs-OE® (6.4 g, 5.6 mL, 45 mol) was added and stirred umdigogen atmosphere at room

temperature for 16 h. The mixture was purified witash column chromatography with
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dichloromethane as an eluent. The silica gel colunahromatography with
hexane/dichloromethane (1:1) gaBe>-TTAB as a dark blue solid (84 mg, 0.81%)L NMR
(CDCl): 8.00 (2H, dJ = 4.2 Hz), 7.91 (2H, dd] = 3.7, 1.0 Hz), 7.57 (2H, dd,= 5.1, 1.0 Hz),
7.21-7.19 (4H, m), 6.96 (2H, s) ppB NMR (CDCk): & = 0.93 (t,J = 31.3 Hz) ppm. HRMS
(ESI): Calcd. for [M+HJ, 677.8415; found, m/z 677.8416.

Synthesisof p(TTAB-FL): Water (1.4 mL) was added to the solutiorBot-TTAB (0.10 g, 0.15
mmol), [9,9-bis(dodecyl)-9H-fluorene-2,7-diyl]bistmmic acid (87 mg, 0.15 mmol), Rdba}
(2.3 mg, 1.5umol), S-Phos (2.4 mg, 5/8nol) and cesium carbonate (0.48 g, 1.5 mmol) ineoé
(1.4 mL). The reaction mixture was stirred at 80f6€48 h under argon atmosphere and poured
into a large amount of methanol to collect the pwdy by filtration. The precipitate was dissolved
in a small amount of THF, and then the product veasecipitated from ethanol (twice). The
polymer collected by filtration was dried in vacutongivep(T TAB-FL) as a black solid (0.14 g,
92%).Mn = 1,500,Mu/Mn = 3.4.*H NMR (CDCh): 6 = 8.53-7.00 (18H, m), 2.31-1.82 (4H, m),

1.43-0.50 (46H, m) ppm*B NMR (CDCh): & = 1.22 (tJ = 31.3 Hz) ppm.
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Chapter 7
Liquid Scintillatorswith Near Infrared Emission

Based on Organoboron Conjugated Polymers

ABSTRACT: The organic liquid scintillators based on the emesgolymers are reported. A
series of conjugated polymers containing organabamnplexes which show the luminescence
in the near infrared (NIR) region were synthesiZz€de polymers showed good solubility in
common organic solvents. From the comparison ofuthenescent properties of the synthesized
polymers between optical and radiation excitatisimilar emission bands were detected. In
addition, less significant degradation was observdwse data propose that the organoboron
conjugated polymers are attractive platforms tokwas an organic liquid scintillator with the

emission in the NIR region.
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I ntroduction

Scintillators which present a luminescence by diiegrradiation are versatile materials not
only for quantifying an environmental radiation ddsut also for using in the modern medical
instruments. Development of higher-performancet#iators has been still required for advanced
radiation monitoring such as highly-sensitive deter precise quantification and discrimination
of the radiation speciésMost of conventional scintillators are composednoirganic crystals,
and the preparation for the crystals with low duss$ been radically explorédrganic polymers
are intrinsically cheap, light and flexible. In paunlar, polymers have high processability and film
formability which are useful properties for the jpaeation of the plastic-type sensors. Moreover,
color and other optical properties can be readilyet by altering the chemical structures, the
introduction of element blocks which are consistétheteroatom-containing functional units or
groups and the conjugation with various comononbgr&€mploying an alternating copolymer
structure according to the preprogrammed deifinus, polymer-based materials are attractive
candidates as a platform for developing new s@fesintillators. However, even the number of
all organic scintillators is much fewer than the$énorganic ones. Although polymers have been
used as a matrix in hybrid material-based scindita or mixture systems, the polymer-based
scintillator with the single chemical componentstdl very few*® Especially, the scintillation
emissions were observed in the different wavelerggions from the photoluminescence spectra.
This fact means that it is still difficult to obtathe scintillation emission at the desired emigsio

wavelength. In addition, there are much room tolanep systematic information on the
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relationships between chemical structure and #eaitdin ability. To probe the feasibility of
organic materials as a scintillator, fundament&brimation on the optical properties should be
needed. The comparison study on the luminescendbébphoton excitation and the radiation
irradiation should be essential for receiving expéccintillators based on the molecular design.
Because of the high permeability through air angeags media involving vital organs, the NIR
is applied in the sensing technoldghe probes with the NIR emission can presentitheasat
the relatively-deeper spot inside bodies compartiogcommodity fluorescence materials.
Therefore, the development of efficient NIR-emissivaterials is still a topic with high relevarice.
Versatility of organoboron conjugated polymers haeen revealed from a series of the recent
works as a typical example of element blotk®articularly, various NIR-emissive molecules and
polymers have been reportedror example, it was found that the boron di(isddimethene-
containing polymers presented strong emissiondrNiR regiont® Especially, the sharp emission
bands were observed in the spectra. These prapargefeasible for obtaining vivid color from
the display and for improving the sensitivity irethioimaging usages. As another instance, the
NIR-emissive boron dipyrromethene (BODIPY) wasadticed into the polymer main-chaits.
Since the resulting polymers also showed high edaetarrier ability, the application of these
polymers to the electroluminescent devices progef$8ased on the flexibility in the molecular
design and various functions derived from a varagdtghemical structures, unique characteristics
were obtained. Thus, it can be expected that olgaoa polymers are a promising platform for

producing a new series of advanced scintillators.
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Herein, the NIR-emissive organoboron conjugategmpets were synthesized. Particularly, the
author aimed to obtain the similar emission spefttna the polymer solutions with both photo-
and X-ray excitations. To fulfill the purpose ofghiesearch, the comparison study of the optical
properties of the synthesized conjugated polymetis the optical and radiation excitation was
performed. Emission efficiencies and the decaygimere evaluated. In addition, the stability was
also investigated. The structure-property relatigmé$or the application to organic scintillators is

mainly discussed.

Resultsand Discussion

It has been reported that the tetraphenyl-substtiBODIPY and aza-BODIPY derivatives
showed bright emissions in deep-red and NIR regiresto the narrow band gaps (Schemeti).
At the meso-position in the BODIPY derivatives, the lowest aoopied molecular orbital
(LUMO) was often delocalizetf. Thereby, by replacing the CH at theso-position to N, only
the energy level of LUMO can be lowered, leadingh® red-shifted emissioh? In this study,
the author aimed to evaluate the influence of thadification of chemical structures on the
scintillation ability. The sharp emission spectr@aadvantageous for a sensing material. Especially,
it was presented from the recent paper that the@®IBYs can have high electron-carrier
abilities!* Thus, it is presumed that the side-reactions@d#activation of the excitons generated
by the higher-energy light irradiation might be prgssed, resulting in efficient scintillation.

However, free BODIPYs would readily form aggregatieven in the diluted solution state.
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Therefore, the chemical modification to maintairiubdity should be needed to keep the
homogeneous solution state. One of solves to ingpsolbility is the formation of the polymers.
Particularly, by introducing into alternating polgns, the tunability of the electronic states ad wel
as the enhancement of solubility can be expectéds,Tthe author designed the BODIPY-
containing alternating polymers with alkyl-subgtd fluorene which has a superior property for
enhancing solubility and light-absorption ability.

The monomers were prepared according to the previeport! The polymerization with
fluorenyldiboronic acid via Suzuki—Miyaura couplifgyillustrated in Scheme 1. To maintain the
solubility of the products, the 9-position at thenter of the fluorene unit was modified with the
alkyl chains. After the reaction and reprecipitatioom methanol to remove the metal species and
small molecules derived from the monomers, the yctsd were obtained. A series of
measurements were performed to characterize theugi® (Table 1). The number-average
molecular weightl») and polydispersity indexMw/Mn) of the polymer determined from GPC
analysis were evaluated, and the values of dedne&ymerization (DP) were calculated from the
obtained molecular weights. The polymer showed maidesolubilities in conventional organic
solvents such as chloroform, dichloromethane, aH#&. TFrom the'H and'B NMR spectra,
similar signal patterns involving aza-BODIPY and fluorene units in the polymer were obtained.

The author concluded that the polymers should tiardesigned structures as the author expected.
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Scheme 1. Synthetic scheme of the polymers

Reagents and conditions: (a) [9,9-Bis(2-ethylhe@y)}fluorene-2,7-diyllbisboronic acid,

Pa(dba), S-Phos, cesium carbonate, toluene, 80 °C, B, 6%, PN: 85%).

Table 1. Physical properties of the polymérs

PC PN
Mn 4,300 7,700
Muw/Mn 2.0 2.0
DP° 4.9 8.7
Yield (%)° 85 96

a Estimated by size-exclusion chromatography (SE@3ell on polystyrene standards in
chloroform.P Degree of polymerization estimated by number-ayeraolecular weight.Isolated

yields after precipitation.
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The optical properties of the synthesized polymesse investigated. Figure 1 shows the UV—
vis absorption spectra in toluene. The resultssaremarized in Table 2. The largest absorption
bands with the peaks at 610 nm and 703 nm asstgrtbdre1t* transitions at each complex were
observed fronPC andPN, respectively. Comparing the peak positions ofabsorption bands to
those of the monomerM(C: 579 nmMN: 664 nm), the polymers provided the absorptiothen
red-shifted region&: These results indicate that the main-chain conjogahould be expanded
in the ground state. In addition, the similar psakpes were observed from the solutions. The
unexpected inter-chain interaction or aggregationld be suppressed in the samples. For the
measurements with the optical excitation, the samplere irradiated with the light at the
absorption maxima.

Photoluminescence (PL) spectra were gathered Wwélsolutions containing the synthesized
polymers in toluene (Figure 2). The optical prosrare summarized in Table 2. Typical spectra
were obtained from the measurements. Emission baittsthe peaks at 654 nm and 750 nm
attributable to the&S, (Te1*) transition were obtained frofdC andPN, respectively. These data
mean that the polymers should be NIR-emissive nadderThe peak shifts to the longer
wavelength regions than those in each monomer walee observedM C: 613 nm,MN: 694
nm)! These data indicate the elongation of the conjogatystem through the polymer main-
chains in the excited state. The emission lifetinvese measured (Table 2). The kinetics of the
emission were evaluated from the time-resolved m@scent spectra. The lifetimes were

calculated from the fitting curves to the emisgil@cay. It was confirmed that the emissions of the

155



Chapter 7

synthesized polymers should be assigned as fluemesc

Scintillation emission spectrum under X-ray irrddia is shown in Figure 2. X-ray induced
radioluminescence spectra of the polymers wereuated by using the original settij!’ All
samples containing 104M in toluene (10 mL) were sealed into a glass colanbottle (height:
4.5 cm, bottom diameter 1.5 cm), and X-ray wagdliated from the bottom. The emission bands
were observed in the deep red and NIR regions.€ltigs represent that the synthesized polymers
should have the scintillation ability in the sobtutistates. In particular, the emission peaks were
obtained at 662 nm and 752 nm fré#@ andPN, respectively. It is noteworthy that the similar
spectra were obtained with the PL spectra. Thdilation decay time profile of the synthesized
polymers was measured. The time profiles were wegkraduced by a double exponential
assumption. Deduced decay times are listed in Tahled showed good correlations to those from
the PL data. These results strongly support thatstintillation from the synthesized polymers
should originate from theoSS; (Te1t*) transition. In other words, the scintillationgperties can
be estimated by the PL spectra. In addition, tduata the durability against the X-ray irradiation,
the author measured the PL spectra again, andasispectra were obtained from each polymer
solution. This result means that the degradatidsoih polymer samples hardly occurred after the
radiation irradiation (360 Gy). It is implied thdte synthesized polymers could have stability
enough for the application as a scintillator. Sn there are very few scintillators involving
inorganic materials with the emission in the NIBioas. Thereby, it is difficult to directly compare

and quantitatively evaluate the scintillation apilio the previous materials at this stage. It is
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implied that these materials can be used as aat@dhor evaluating the scintillation ability in the

NIR region.

Table 2. Photophysical properties of the polyniers

PC PN
Anbs,max(Nm) 610 703
(M em™) 52,000 42,000
ApL max (nm) 654 750
@b © 0.47 0.028
Ax-ray,max(nNm) 662 752
1oL (NSY 1.64 (0.04), 4.23 (0.96) 1.92
Tx-ray (NS) 0.46 (0.90), 2.91 (0.10) 0.36 (0.88), 2.227)

2 Measured in toluene (1:010°° M). ® Measured with the excitation light at the maximpeak
wavelength of absorptiofi.Absolute quantum yield. Measured with the excitation light at 375

nm. Parentheses mean the proportions of each elemie decay curves.
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Figure 1. UV-vis absorption spectra of the polymers in toluen@ & 10° M).
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Figure 2. Emission spectra of the polymers in toluene (X010° M) with the excitation light

at the wavelength of the absorption maxima (d&)lemd X-ray (solid line).
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Conclusion

The conjugated polymers with the similar emissigecsra via both photo- and X-ray
excitations were demonstrated in this study. Thed&mental information on the scintillation
abilities of the organoboron NIR-emissive polymé&salso presented. It is shown that the
organoboron-containing conjugated polymers can wawka liquid scintillator in the organic
solvent. It should be emphasized that the scitibitaproperties showed good correlation to the
luminescence by the optical excitation. These fegpsesent that an expected scintillation ability
could be obtained according to the preprogrammedydeFurthermore, organoboron materials
involving polymers are paid attention as a neuselective scintillator due to the intrinsic
reactivity of boron to neutron. Therefore, the firgk described here might be useful not only for
developing organic-based advanced functional $latadrs but also for constructing neutron-

selective sensors.

Experimental section

General: H (400 MHz),*3C (100 MHz), and'B (128 MHz) NMR spectra were recorded on a
JEOL JNM-EX400 spectrometer (JEOL Ltd., Tokyo, Jgp#n thetH NMR spectra and th&€C
NMR spectra, tetramethylsilane (TMS) was used am@mnal standard in CDgand CDRCly,
respectively. In th&'B NMR spectra, B OEb (sealed capillary) was used as an external stendar

MASS spectra were obtained on a JEOL JIMS—-SX1028y&able preparative high-performance
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liquid chromatography (HPLC) was carried out orapah Analytical Industry Model LC918R
(JAIGEL-1H and 2H columns) using chloroform as arest (Japan Analytical Industry Co., Ltd.,
Tokyo, Japan). The number-average molecular wéMktand the molecular weight distribution
[weight-average molecular weight/number-averageemwbar weight ¥Mw/Mn)] values of all
polymers were estimated by size-exclusion chromafiy (SEC), performed on a TOSOH
G3000HXI system equipped with three consecutiveygigiene gel columns [TOSOH gels:
0—4000,0-3000, andx—2500] and an ultraviolet detector at 40 °C (TOSQC, Tokyo, Japan).
The system was operated at a flow rate of 1.0 miwmih CHCE as an eluent. The system was
calibrated with polystyrene standards. UV-Vis speetere recorded on a Shimadzu +3600
spectrophotometer (Shimadzu Corp., Kyoto, Japdadpréscence emission spectra were recorded
on a HORIBA JOBIN YVON Fluoromaxd spectrofluorometer, and the absolute quantund yiel
was calculated with the integrating sphere on tH@eRHBA JOBIN YVON Fluoromax4
spectrofluorometer in chloroform (HORIBA, Ltd., Kynp Japan). Photoluminescence (PL)
lifetime was measured by a Horiba FluoreCube spfgtrometer system and excitation was
carried out at 375nm using UV diode laser (Nanol3E&B nm). Elemental analysis was performed

at the Microanalytical Center of Kyoto University.

X-ray induced radioluminescence spectrurPGfwas evaluated by using the original settif.
The excitation source was an X-ray generator sagpliith 80 kV bias voltage and 2.5 mA tube
current. Scintillation photons were fed into a momomater (SR163, Andor) via optical fiber and

into CCD (DU-420-BU2, Andor). Radioluminescence wasluated by a transmission-type
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measurement assuming actual applications. Themjletion spectrum oPN was evaluated by
using pulse X-ray equipped streak camera systesciotillation characterization which was also
developed by us and became a product of Hamanatslhe mean and maximum end point
energy of X-ray were 20 and 30 keV, respectivelthdugh the system was developed to evaluate
timing property, we used it to observe scintillatigpectrum since the wavelength sensitivity of
the CCD for radioluminescence observation was up0® nm. By using pulse X-ray equipped
afterglow characterization systéfnwe evaluated scintillation decay time profilesl gamples
containing 10° zM in toluene (10 mL) were sealed into a glass colanbottle (height: 4.5 cm,

bottom diameter 1.5 cm), and X-ray was irradiatednfthe bottom.

Synthesis of PC: Water (2.2 mL) was added to the mixture contaili@*! (0.17 g, 23Qumol),
[9,9-bis(2-ethylhexyl)-9H-fluorene-2,7-diyl]bisbari acid (0.11 g, 23pmol), Pa(dba} (2.1 mg,
2.3 umol), S-Phos (3.7 mg, 9/4mol), and cesium carbonate (0.75 g, 2.3 mmol) inetoe (2.2
mL). The mixture was stirred at 80 °C for 3 dayslemnitrogen atmosphere. After the reaction,
the mixture was poured into an excess amount dianel to collect the polymer as a precipitation
by filtration. The precipitate was dissolved agaira small amount of THF, and then the product
was reprecipitated from ethanol. After this reppéetion procedure was carried out twice, the
polymer was collected by filtration and driedvacuo to give PC as a dark blue solid (0.17 g,
85%). Mn = 4,300,Mw/Mn = 2.0.'H NMR (CDCk): & = 8.11 (4H, br) 7.87-7.32 (21H, m) 6.83
(2H, br) 2.08 (4H, br) 1.00-0.33 (30H, m) ppiB NMR (CDCh): § = 1.81 (t,J = 31.30 Hz) ppm.

Synthesis of PN: PN was prepared froviN*! (0.62 g, 0.84 mmol) in 96% vyield (0.71 g, black
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solid) according to the same method RE. M, = 7,700,Mw/M, = 2.0.'H NMR (CDCk): § =
8.59-7.27 (24H, m) 6.99 (2H, br) 1.85 (4H, br) 0828 (30H, m) ppm:!B NMR (CDCh): & =

0.91 (t,J = 31.50 Hz) ppm.
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