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General Information

Organic n—conjugated materials are a class of organic molecules or polymers
with a specific electronic structure, in which the internal n-electron system can form a
continuous conjugated structure, allowing m-electrons to move freely within the
molecule. [1] This group of substances is attractive because of its outstanding and
adaptable structural features, a broad spectrum of optical attributes, and the wide
variety of potential uses in which they can be employed. [2-6] Organic n—conjugated
materials can control the energy level at the molecular level. Through reasonable
selection and design of molecular structure, the electronic energy level, band gap and
optical absorption and emission characteristics of the materials can be regulated, to
optimize their performance in specific applications.

The introduction of non-covalent interactions is one of the important strategies
for designing new organic m—conjugated molecular systems, which can regulate the
electronic structure, backbone co-planarity, molecular packing and processability of
materials at the molecular level, thereby impacting the functionality of materials when
utilized in organic optoelectronic devices. The significance of non-covalent
interactions at both inter-and intramolecular levels has been thoroughly examined in
the realms of materials science and various other research domains. Diverse types of

non-covalent bonds have been formulated. (Figure 1)
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Figurel. Picture of different noncovalent bonds formed by elements of the Periodic

Table.
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Non-covalent bonds can be categorized into the following groups based on their
formation mechanisms and the types of interactions involved: Hydrogen bonds are
weak charge-charge interactions between hydrogen atoms and interacting partners
binding molecules, which include conventional hydrogen bonding (X-H:--X, X =F, O,
N) and unconventional hydrogen bonding (Csp?>-H:--O, Csp>-H---N, C-H---m, O-
H---F-C and N-H---F-C). It can regulate the orientation and packing mode of
molecules and affect the optoelectronic properties of materials and their crystal
structure. For example, in the recently reported two model compounds, the
coplanarity of the main chain is induced by the presence of 6-membered hydrogen
bond rings. The absorption/emission spectrum shown a smaller band gap and the
enhancement of thermal stability which provide further evidence supporting the
advantageous impact of hydrogen bonding. (Figure 2) [7] In organic solar cells, the
molecular arrangement of photoelectric conversion materials is optimized by
introducing the intermolecular interaction formed by hydrogen bonds to improve the

efficiency of light absorption and electron transport. [8]

CioH24

CgH17

Figure 2. Schematic diagram of hydrogen bonded compounds.

n—n Stacking is a non-covalent m—electron cloud interaction between n—

conjugated systems, which can regulate the electron energy level and molecule
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packing mode and affect this carrier transport properties. [9] For example, by
modifying the configuration and distance of side chains in m—conjugated molecules,

organic solar cells achieve effective carrier transfer to improve the device

performance. [10] n—n Stacking generally based on London dispersion force, dipole-

dipole interaction and van der Waals attraction. Organic optoelectronic materials often
exhibit numerous aromatic rings and conjugated structures, resulting in the generation
of intermolecular accumulations or aggregations. Such aggregation can have a
substantial influence on the material's charge transport performance, luminous
efficiency, and stability. The molecular arrangement, morphology and photoelectric
properties of materials can be controlled by adjusting the strength and scope of
nonbonding. [11] In organic solar cells, OLEDs and other optoelectronic devices,
noncovalent interactions can affect the formation of interfaces and the regulation of
energy levels. For example, in OLEDs, through the interaction of van der Waals
interactions between the organic light-emitting layer and the electron transport layer,
the carrier injection, transfer and recombination processes can be optimized, thereby
improving the performance and stability of the device. [12] The distinctive
characteristics of noncovalent interactions offer a wide range of possibilities for
utilization in various research fields, facilitating the creation of functional materials
and the advancement of new technologies. It is essential to further expand the scope
of non-covalent interactions. [13]

Introducing elements to construct new m-conjugated systems is an important
research direction in the field of organic electronic materials. Incorporating main
group elements in m-conjugated structure is an advanced method for modifying the
essential traits of the primary conjugated mn-systems, resulting in appealing
optoelectronic features. [14, 15] A successful approach includes incorporating
heteroatoms directly into the m-skeleton, with a focus on those belonging to groups
13-16.

Introduction of boron: The presence of the vacant p orbital in boron facilitates

the introduction of additional electron deficiencies or holes into m-conjugated systems,



thereby modifying the band structure of the material. (Figure 3)
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Figure 3. Schematic diagram of triarylborane and orbital interaction.

Boron (B) is commonly used as heteroatom doping to regulate the electronic
structure and energy level alignment of materials by changing electron density and
delocalizing electrons, improving carrier mobility and device performance. For
example, incorporating a boron bridge into the thiophene-thiazole molecule and
linking it to acceptor groups can lead to A-n-A molecules with the lowered LUMO
energy level and enhanced environmental stability. (Figure 4) By incorporating these
substances into the active layer of organic thin-film transistor devices, there is a

possibility to improve the electrons mobility. [16]
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Figure 4. Structure of boron doped compounds.

Introduction of nitrogen: A nitrogen atom with three coordinated bonds possesses
a single lone pair electron, which naturally complements a boron atom also with three
coordinated bonds (and an empty p orbital). As a result, compounds containing this

structural feature are of high significance. (Figure 5)



Effective m-conjugation

Figure 5. Schematic diagram of triarylamine and orbital interaction.

Nitrogen (N) doping can introduce additional electrons to affect the material's
band structure and charge transport performance. This is often employed to enhance
the electrical conductance and light absorption characteristics of organic
semiconductors, giving them a wider range of potential applications in optoelectronic
devices. For instance, the existence of a nitrogen atom in the m-electron increases by
strategically positioning negative N atom with m-electron. The increases overlap of
molecular orbitals between neighboring molecules, which effectively reduces
molecular movement, resulting in improved atmospheric and structural stability, as
well as enhanced capability for charge transport between the molecules. These n-type
organic semiconductor compounds have made significant progress in advanced

organic-based materials. (Figure 6) [17]
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Figure 6. Examples of nitrogen-dope m-electron frameworks for n-type

semiconductors.
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Despite some commonalities, phosphorus-containing m-conjugated compounds
exhibit distinctive structural and electronic characteristics when compared to nitrogen
counterparts. The m system containing phosphorus typically assumes a fixed bowl or
spiral structure, depending on the arrangement of the three aryl groups. This contrasts
with nitrogen-centered analogues, which contain complete or quasi-planarization
structures. (Figure 7) Due to its local electron lone pair, the phosphorus trivalent atom
has electron donor property. In contrast, the phosphorus pentavalent group exhibits
electron-accepting properties because of its heightened electronegativity, making it a

crucial and practical building block in functional organic materials.

o

E = lone pair, O, S, etc.

Figure 7. Schematic diagram of triphenylphosphine.

The introduction of sulfur and selenium can alter the optoelectronic properties of
the material by forming thioconjugated or selenoconjugated bonds with carbon. For
example, sulfides and selenides can be used to regulate the band structure to improve
carrier mobility and photoelectric conversion efficiency. This presents possibilities for
improving the photovoltaic efficiency of materials containing selenium. In addition,
the substantial selenium atom potentially triggers significant spin-orbit coupling,
facilitating the intersystem crossing from the singlet excited state (S1) to the triplet

states (T1). (Figure 8) [18]
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Figure 8. Schematic diagram of the selenium application.

Doping of other main group elements: The incorporation of light element centers
into the extended m-conjugated compounds has facilitated the development of
structurally new molecules and macromolecules. Doping of m-electron systems with
heavier elements can also regulate the electronic and optical characteristics of
materials for the development of excellent organic semiconductors and optoelectronic

materials. [19]
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Figure 9. Schematic diagram of the other main group elements.

The introduction of non-traditional elements: Boron- and nitrogen--embedded

compounds have special electronic structures and chemical properties, and by
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introducing these non-traditional elements to build new conjugated systems, the

application field and performance characteristics of materials can be expanded.

(Figure 10) [20]
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Figure 10. Schematic diagram of the boron- and nitrogen--embedded

compounds and the application.

Triazoles are aromatic ring systems with a five-membered structure that consists
of three nitrogen atoms in sequence and two double bonds. Apart from their
distinctive structural characteristics, such as high dipole moments and molecular
rigidity, triazoles have exceptional accessibility and ease of modification. Indeed, they
have been extensively employed in creating functional materials for a wide range of

uses. (Figure 11) [21]
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Figure 11. Schematic diagram of triazoles.
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To attain outstanding photovoltaic performance, it is crucial to accurately fine-
tune the inherent properties of conjugated compounds, including their absorption
spectra, molecular energies, hole and electron mobility, and morphologies. Designing
molecular structures and synthesizing Group 14-containing building blocks are
efficient approach for constructing innovative m—conjugated structures. Many
researchers have attempted to synthesize heavier Group 14 element-containing
materials to delve deeper into their aromaticity and seek potentially advantageous
optoelectronic properties. Group 14 metalloles, such as siloles and germoles are
considered valuable components for the construction of functional compounds due to
that the silane moiety interacts with the butadiene moiety to give rise to low-lying
LUMO energies and relatively narrow band gaps. Dithienosilole serves as a typical
silicon-based unit used in the creation of conjugated organic materials. [22, 23]
However, most research efforts have been focused on the symmetrical condensated of
dithienosiloles, with limited exploration into unsymmetrical dithienosiloles. (Figure
12) Wang and coworkers have successfully synthesized unsymmetrical dithienosiloles.
derivatives [24] and utilized them as monomers to prepare conjugated polymers. This
unsymmetrical unit allows for the incorporation of one thiophene ring into the
conjugated oligomer and polymer system, while introducing an additional functional
group (R”) on the other ring to finely adjust the electronic state of the dithienosiloles.

(Figure 12)
S S R
72 A ST ZNS SR N
v vy s Oty
Si Si Si St
R R R R R R R R

Figure 12. Structures of dithienosiloles reported.

In Chapter 1, due to the broad potential applications of extended-conjugated
organic compounds in optoelectronic materials, increasing the flatness of the =-

electron system can significantly raise the level of conjugation. In this scenario,
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intramolecular non-covalent interactions provide a convenient method for enhancing
the molecular planarity of organic semiconductors through conformational locks in
their design. This approach effectively decreases the band gap, as evidenced by
phospho-substituted bisbenzofuran derivatives (BFP) featuring non-covalent P---O
interactions. Additionally, inclusion of bulkier elements may lead to stronger
noncovalent interactions. Consequently, bibenzofurans and bibenzothiophenes
substituted with bismuth, antimony, and arsine have been synthesized by the author.
An X-ray diffraction analysis of a single crystal indicated that Bi---O, Sb---O, and
As---O substances were involved in attractive noncovalent interactions that
contributed to self-planarization and rigidification of the crystal. QTAIM analysis
identified BCPs between Bi---O, Sb---O, and As:--O, corresponding to van der Waals

interactions as revealed by the interaction region indicator. (Figure 13)

Sh Bi Stronger interaction
Smaller bandgap

Figure 13. Schematic diagram of the structures, described in Chapter 1.

In Chapter 2, to develop a new building block of group 14 metalloles, A
triazologermole ring condensed with a benzene or thiophene ring was synthesized.
The thienotriazologermole was subjected to bromination to produce the corresponding
bromide, which was then transformed using the palladium-catalyzed Stille coupling
reaction to yield thienotriazolegermole substituted with triphenylamine, resulting in
an enhanced extension of conjugation. A combination of optical measurements,
electrochemical calculations, and density functional theory are used to examine the
electronic states of these triazologermole derivatives. In photoluminescence

measurements, thienotriazolegermole substituted with triphenylamine demonstrated
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clear solvatochromic properties. This indicates intramolecular charge transfer. This
underscores the utility of the triazologermole unit as an acceptor in donor—acceptor
compounds. Furthermore, the author explored potential applications of
thienotriazolegermole substituted with triphenylamine as a sensing material. (Figure

14)

Hexane
Toluene
CH2C12
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MeCN

’/ P N PL Spectra

Figure 14. Schematic diagram of the structures, described in Chapter 2.

In Chapter 3, dithieno[3,2-b:4,5-c’]germole was prepared as a new
unsymmetrically condensed germole. Benzo[4,5]thieno[2,3-c]germole was also
prepared as the benzene-condensed analogue. The optical and electrochemical
measurements were employed to analyze the electronic states and properties of these
germoles, which are unsymmetrically condensed. This analysis was further supported
by quantum chemical calculations on simplified model compounds. Stille cross
coupling reactions of bromodithieno[3,2-b:4,5-c’]germole with di(stannylthienyl)-
and di(stannylthiazolyl)benzothiadiazole provided conjugated donor-acceptor
oligomers, which exhibited clear solvatochromic behaviors with respect to the
photoluminescence spectra, indicating potential applications of the dithieno[3,2-b:4,5-

c’]germole unit as an electron donor of donor-acceptor systems.
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Chapter 1 Group 15 Element (As, Sb, Bi)-substituted Bibenzofurans with
Noncovalent Conformational Locks for Enhanced Planarity

Introduction

Organic compounds with extended m-conjugation are of current importance
owing to their potential applications as optoelectronic materials. [1] The extent of
conjugation is readily enhanced by increasing the planarity of the m-electron system.
However, the high planarity of m-conjugated compounds often causes solubility
problems. Intramolecular noncovalent interactions have been widely studied as
fluxional conformational locks that can improve molecular planarity in the solid state
while providing sufficient solubility for the processing of compounds, given moderate
molecular flexibility in solution. For example, several organic semiconductors
containing various intramolecular noncovalent interactions, such as S---O, [2] S--*N,
[3] and X:--S [4] (X = halogen) interactions, have been designed for applications in
the areas of organic field-effect transistors, [5] organic light-emitting diodes, [6] and
organic solar cells, [7] showing excellent carrier mobility and good photovoltaic
performance. In addition to the intramolecular interactions that enhance molecular
planarity, intermolecular noncovalent interactions may also be formed, which improve
molecular packing in the solid state through n—m interactions and provide

semiconductors with excellent charge transport properties. Noncovalent interactions

M-
Ph
Py’

BFP (X=0,M=P) BTP(X=S,M=P)
BFBi (X=0,M=Bi) BTBi (X=S,M = Bi)
BFSb (X =0, M =Sb) BTSb(X=S5, M = Sb)
BFAs (X =0, M = As)

Chart 1.1. Structures of Group 15 element-substituted bibenzofurans and

bibenzothiophenes
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are also expected to introduce planar conjugated units without additional synthetic
ring-bridging or fusion processes. In this context, the author envisioned that the
proper incorporation of weak interactions with appropriate choice of elements will
lead to a new design of conjugated optoelectronic materials.

Interactions between electropositive thiophene sulfur and electronegative
carbonyl oxygen atoms, or other heteroatoms, have been reported. Zhang and
coworkers recently reported the preparation of bis(diphenylphosphino)bibenzofuran
(BFP: Chart 1.1), which exhibited noncovalent P---O interactions in the solid
(crystalline) state. [8] However, no P---S interaction was observed in the bithiophene
congener BTP, suggesting that tuning of electronic states and interactions is possible
when the conjugated system is switched from thiophene to furan. In this Chapter, to
explore further the scope of Group 15 substituents for the introduction of noncovalent
interactions, the author prepared bibenzofurans and bibenzothiophenes bearing
bismuth and antimony, i.e., heavier Group 15 substituents. Bismuth is the heaviest
abundant stable element with low toxicity. The heavy-atom effects of bismuth and
antimony are expected to endow the compounds with phosphorescence properties by
enhancing intersystem crossing. [9-12] Their crystal structures were determined by X-
ray diffraction studies, revealing the formation of noncovalent Bi---O and Sb---O
interactions. The observed optical and electrochemical properties were also in
agreement with the enhanced conjugation arising from the noncovalent interactions.
Arsine-substituted bibenzofuran was also found to show noncovalent interactions.
These interactions were evaluated by DFT calculations and topological analysis of the

electron density distribution (QTAIM analysis).

Result and discussion
Synthesis

Bismuth- and antimony-substituted bibenzofurans and bibenzothiophenes (BFBI,
BTBi, BFSb, and BTSb) were prepared, as shown in Scheme 1.1. The low yields of
these compounds are due to difficult purification by column chromatography and

slow decomposition during column chromatography. Indeed, unsubstituted
15



bibenzofuran and bibenzothiophene were found to be formed together with many
unidentified compounds in the case of BFSb and BTSb. Arsenic-substituted

bibenzofuran BFAs was also synthesized in a similar fashion.

BFBi
X Y n-BuLi(2.0eq.)  RBTR;
B ——
y/ Ph,MCl (2.0 eq.) BFSb
X M-Bi/Sb/as ~ BTSb
BFAs
Br
BBFBr (X = 0)
BBTBr (X =9)

Scheme 1.1. Synthesis of BFBi, BFSb, BTBi, BTSb, and BFAs.

Single-crystal X-ray diffraction study
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Figure 1.1. ORTEP of (a) BFBI, (b) BFSb, (c) BTBi, (d) BTSb, and (e) BFAs with
thermal ellipsoids at 50% probability level. Hydrogen atoms are omitted for clarity.

Single crystals of BFBi, BTBi, BFSb, BTSb, and BFAs were obtained with good
quality suitable for X-ray diffraction analysis were grown in a dichloromethane/ether
mixed solvent at room temperature. ORTEP and crystallographic data are presented in
Figure 1.1 and Table 1.10, respectively. The crystal structures confirmed the presence
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of pyramidal Bi(Ill), Sb(Ill), and As(IIl) centers. In BFBi, the bibenzofuran core
adopted a highly coplanar structure with an anti-configuration with respect to the
central furan—furan C—C bond (torsion angle (O1-C—C-02) = 180.0 (2)°), with the
benzofuran groups oriented in such a way that the oxygen atoms were directed toward
the bismuth atoms (Figure 1.1a). BFSb and BFAs showed similar planarity, as shown
in Figures 1.1b and 1.le. These observations were consistent with BFBi and the
previously reported structure of BFP. [8] In marked contrast, the benzothiophene
planes were twisted with torsion angles of 52.88(2)° and 52.56(2)° in BTBi and BTSb,
respectively (Figures 1.1c and 1.1d), similar to BTP (torsion angle: 106°). [8] The
intramolecular Bi---O, Sb---O, and As---O distances were 3.190(2) A, 3.104(1) A, and
3.003(8) A, in BFBi, BFSb, and BFAs, respectively, which were shorter than the sums
of the van der Waals radii of the respective atoms (Bi---O: 3.59 A, Sb---O: 3.58 A,
As--O: 3.37 A) by approximately 11%, 13%, and 11%, respectively, [13-14]
suggesting that these noncovalent interactions contribute to the planarization and
rigidification of the m-conjugated systems. BFP has also been reported to show a
P---O distance that is shorter than the sum of the van der Waals radii of phosphorus
and oxygen atoms by 9%. The central C—C bond distances (1.437(6) A in BFBi and
1.440(4) A in BFSb) were very close to that of BFP (1.434 A), reported previously. [8]
These C—C bond distances were shorter than those of BTBi (1.464(3) A) and BTSb
(1.473(3) A), possibly owing to the noncovalent Bi---O and Sb---O interactions. BFAs
showed a similar central C—C bond distance (1.454(2) A) to those of BFBi and BFSb.
However, the central C-C bonds of the substituted bibenzofurans (M = Bi, Sb, and As)
are slightly longer than that of unsubstituted bibenzofuran (1.434 A), reported
previously. [15] This may be due to the steric repulsion concerning the sterically large
Group 15 substituents, offsetting the M---O noncovalent interactions. The molecular
packing of BFBI indicates intermolecular short contacts between the furan ring and
the bismuth atom with Bi---C and Bi---O distances of 3.573(3) A, 3.662(3) A, and
3.339(2) A, which are slightly shorter than the corresponding sums of the van der
Waals radii (Figure 1.2).

17



Figure 1.2. ORTEP drawing of BFBi with the thermal ellipsoids at 50% probability

level. View of the crystallographic structure of BFBi packing structure.

Optoelectronic characterization

Table 1.1. Optical and electrochemical properties of BFBi, BFSb, BTBi, BTSb, BFAs,

and Bibenzofuran.

uv abs. )Lmaxa/nm PL }Lmaxa’b/nm (‘Df)
Phos. HOMO® LUMO¢
Compound (¢/
in CH2Cl as solid hmax®/nm €V eV
L/(mol cm))
407, 432,

290, 328, 344, 559,
BFBi 372,392,415 (-)¢ 573, 629 -5.55 -2.22

363 (47800) 610

0.1)

280, 334, 346, 561,
BFSb 377, 398, 424 (-)° 460 (-)° -5.52 -2.25

364 (33700) 610

280, 296, 306
BTBi 362, 382, 408 (-)° -¢ 441 -5.74 -2.05

(32300)

280, 298, 306
BTSb 359, 381, 402 (-)° -¢ 442 -5.58 -2.08

(18600)
BFAs 333 (12927) 384, 405 (-)° 414,438 (-2 -© -5.71 -2.48
Bibenzofuran 323, 340 (55600) 362,383 (-)f 408,429 (-)f -5.74 -2.17

@ In CH2Clz at room temperature. ° Excited at the absorption maximum. ¢ Derived

from CV anodic onset potential. ¢ E (LUMO) = E (HOMO) + Eg ¢ Not observed or ®¢

too low to determine. f Not measured.
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The electrochemical properties of BFBi, BFSb, BTBi, BTSb, and BFAs were
evaluated by cyclic voltammetry (CV) in acetonitrile, as shown in Table 1.1 and
Figure 1.3. From the onset potentials, HOMO energy levels were estimated to be
—5.55 eV for BFBIi, —5.52 eV for BFSb, —5.74 eV for BTBi1 and —5.58 eV for BTSb,
which were higher than those of unsubstituted bibenzofuran (—5.74 eV) and
bibenzothiophene (—6.15 eV). This was probably due to the electron donating
character of antimony and bismuth as well as enhanced conjugation, which raised the
HOMO energy levels. BFAs exhibited the HOMO energy level (—5.71 eV) deeper

than BFBi and BFSb, but shallower than unsubstituted bibenzofuran.
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Figure 1.3 Cyclic voltammograms of (a) BFBi, (b) BFSb, (c) BTBi, (d) BTSb, (e)
BFAs.

The optical properties of BFBi, BFSb, BTBi, BTSb, BFAs, and bibenzofuran are
summarized in Table 1.1 The maximum absorptions (Amax) of substituted
bibenzofurans were red-shifted than that of unsubstituted bibenzofuran. Those of
BFBi and BTSb in CH>Cl, were observed at 344 and 346 nm, respectively, which
were red-shifted by approximately 25 nm relative to the Amax of BFP (319 nm)
reported previously, [8] indicating that the effective conjugation is extended in

solution when P is replaced by Bi or Sb. The absorption band of BFAs at 333 nm was

19



slightly red-shifted relative to that of BFP. On the other hand, BTBi and BTSb
exhibited absorption bands with maxima at 290 and 280 nm, respectively (Figure 1.4).
These observations are likely attributed to the enhanced noncovalent interactions
serving as conformational locks to extend the lengths of effective conjugation with
increasing planarity in the order of Bi---S/Sb---S < P---O < As---O < Bi---O/Sb---O.
The absorption bands of BFAs, BTBi, and BTSb were broad, in contrast to those of
BFBi and BFSb that showed vibrational splitting. It seems likely that this indicates
the higher fluxionality, and hence, the weaker noncovalent interactions, in BFAs,

BTBI, and BTSb.

BFB
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BTB
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06 ——BFAs
BF
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Figure 1.4. UV—vis absorption spectra of BFBi-, BFSb, BTBi, BTSb, BFAs, and BF

(bibenzofuran) in dichloromethane at a concentration of 10 pM.

Although some other factors such as intramolecular donor-acceptor (D-A)
interactions may also affect the absorption band broadening the shapes, these
compounds showed no significant changes of the absorption and PL spectra
depending on the solvent polarity (Figure 1.5). This indicates the lack of strong D-A
interactions in these compounds. Bismuth-containing bibenzofuran BFBi can form a
clear thin solid film on a quartz plate by spin-coating, whose absorption maxima were
red-shifted from those in solution by 5-7 nm, indicating some intermolecular

interactions in the film state (Figure 1.6).
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Figure 1.5. UV-vis absorption spectra and Normalized fluorescence spectra of
(a)(c) for BFBi and (b)(d) for BTBIi in various solvents at a concentration of 10 uM.
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Figure 1.6. (a). UV-vis absorption spectra of the BFBi film after spin coating at
1000 rpm for 45s. (b). PL spectra of BFBi-, BFSb, BTBi, BTSb, BFAs, and BF

(bibenzofuran) in dichloromethane at a concentration of 10 pM.

The bismuth-, antimony-, and arsenic-substituted compounds examined in the

present study exhibited photoluminescence (PL) bands centered at 400425 nm in
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solution (Figure 1.6b), which were comparable or slightly red-shifted relative to the
PL Amax of BFP (408 nm). [8] BFBi and BFSb, but not BTBi and BTSb, in the solid
states emitted PL when excited at the absorption maximum (Figures 1.7). BTBi
showed PL from the solid likely due to phosphorescence when irradiated at 365 nm.
Although some thiophene derivatives are known to show low fluorescence quantum
yields, possibly because of the sulfur heavy atom effects, [16] the reason for non-
emissive properties of BTBi and BTSb in the solid state are not clearly understood yet.

Similarly, BTP emitted no PL in solution or in the solid state. [§]
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Figure 1.7. PL spectra of BFB1, BFSb, and BFAs as solid (left), and Photos of BFBi
and BTBi solid in air at room temperature: (a)under room light, (b)under UV at

365nm (right).

As shown in Figure 1.8, BFBi, BFSb, BTBi and BTSb showed phosphorescence
in CH2Cl,. The sharp, largely red-shifted phosphorescence bands of BFBi and BFSb
are likely due to the noncovalent Bi---O and Sb---O interactions serving as
conformational locks to enhance both conjugation and molecular rigidity in these
molecules. Interestingly, BFSDb in the solid state showed a broad PL band centered at
442 nm (Figure 1.7), which was similar to the phosphorescence bands of BTBi and
BTSb in solution (Figure 1.8). However, this peak was too weak to investigate its

origin in detail. BFAs did not exhibit phosphorescence.
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Figure 1.8. Phosphorescence spectra of BFBi, BFSb, BTBi and BTSb in

dichloromethane at a concentration of 10 uM.

DFT calculations

The crystallographic data supported the formation of intramolecular noncovalent
Bi---O, Sb---0, and As---O interactions in the crystal structures, as described above.
To evaluate these weak interactions, DFT calculations were performed. Gas phase
geometries were optimized using Gaussian 16 program packing based on the BP86
[17-18] functional in conjunction with cc-pVTZ-PP pseudopotential (Bi, Sb, and
As)"2 and 6-31G(d) (other elements) basis sets. The Multiwfn 3.8 [24] program was
used for the topological analysis of the electron density with QTAIM, [25] the
electron localized function (ELF), [26-27] and the interaction region indicator (IRI).
[28] Visualization of chemical structures for the IRI results was done with the VMD
program. [29] The QTAIM analysis of model structures revealed the presence of bond
critical points (3, -1) for intermolecular weak interactions in BFBi, as shown in Figure
1.9a and Table 1.2. The low magnitude of the electron density p(r), the positive
values of the Laplacian of the electron density V2p(r), and the close to zero energy
density Hj, in these BCPs are typical of weak interactions in the range suggested for

H-bonds. [30-31]
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Figure 1.9. (a) Bond critical points (BCPs) (b) and sign(A2) p-mapped IRI isosurface
for BFBI, indicating bonding (covalent) interactions in blue, weak noncovalent van

der Waals interactions in green, and repulsive interactions in orange.

Table 1.2. Values of the density of all electrons p(r), Laplacian of the electron density
V2p(r), energy density Hj, potential energy V (r), and Lagrangian kinetic energy G (r)

(in a.u.) at the bond critical points (3, -1) in BFBI.

BCP p(r) VZp(r) Hy, V(r) G(r)

A (Bi150...036) 0.01289 0.0360 0.000297 -0.008409  0.008706
B (Bil...049) 0.01289 0.0360 0.000297 -0.008410  0.008707
C (H6...C14) 0.00847 0.0280 0.001408 -0.001408 0.005467
D (H24...C25) 0.00714 0.0244 0.001351 -0.001351 0.004748
E (H35...C3) 0.00730 0.0241 0.001291 -0.001291 0.004739
F (H41...C51) 0.00847 0.0280 0.001408 -0.001408 0.005468
G (H61...C62) 0.00714 0.0244 0.001351 -0.001351 0.004748

H (H72...C38) 0.00730 0.0241 0.001291 -0.001291 0.004740
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Figure 1.10. Contour line diagram of the Laplacian of the electron density
distribution V? p(r), the bond paths, and the selected zero-flux surfaces (top);
visualization of ELF (center); and IRI map (bottom) referring to noncovalent
interactions in BFBi. Bond critical points (3, —1) are shown in blue, nuclear critical
points (3, —3) in pale brown, and ring critical points (3, +1) in orange. Bond paths are
shown as pale brown lines. Length is given in A, and color scales for the ELF and IRI

map are given in a.u.

The balance between the Lagrangian kinetic energy G(r) and the potential
energy density V(r) at the BCPs (3, -1) reveals the nature of these interactions: the
bonding is purely noncovalent if —G(r)/V(r) >1; if it is <1, some covalent character is
involved. [22], [32-33] On the basis of these criteria, the author concluded that the
points labeled A—H in Figure 1.9a (listed in Table 1.2) are akin to the range proposed
in the criteria for the characterization of weak interactions, with points A and B being
stronger than the others. [30-32] The IRI provides a qualitative picture of areas where
weak interactions and chemical bonds are identified by different colors. The sign(A>)
p-mapped IRI isosurface shown in Figure 1.9b revealed covalent and noncovalent
interactions in one chemical system. The contour line diagram of the Laplacian of the
electron density distribution V2p(r), the bond paths, and the selected zero-flux
surfaces; the visualization of ELF; and a color-filled map of the IRI for Bi---O in
BFBi are shown in Figure 1.10. The noncovalent Sb---O, As:--O, and P---O
interactions in BFSb, BFAs, and BFP, respectively, were also evaluated in a similar

manner, as shown in Figures 1.11 to 1.13, 1.16 and Tables 1.3 to 1.5. Weak
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interactions in BTBi1 and BTSb were investigated by BCP analysis, and sign(A2) p-

mapped IRI isosurfaces are shown in Figures 1.14 to 1.16 and Tables 1.6 and 1.7.

oosao [T I 0 .05 a.u|

Figure 1.11. Bond critical points (BCPs) in BFSb; Sign(A>) p-mapped IRI isosurface
for BFSb.

Table 1.3. Values of the Density of All Electrons p(r), Laplacian of Electron Density
V2p(r), Energy Density Hj,, Potential Energy V(r), and Lagrangian Kinetic Energy
G(r) (in a.u.) at the bond critical (3, -1), corresponding to Sb---O and other weak

interaction in BFSb.

BCP p(r) V2p(r) Hy v(r) G(r)
A (Sb50...02) 0.01272 0.0342 0.000208  -0.008136  0.008345
B (Sb1...037) 0.01272 0.0342 0.000208  -0.008136  0.008344
C (H7...C15)  0.00909 0.0302 0.001514  -0.004511  0.006025

D (H42...C51) 0.00909 0.0302 0.001514 -0.004511 0.006025
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Figure 1.12. Bond critical points (BCPs) in BFAs; Sign(A>) p-mapped IRI isosurface

for BFAs.

Table 1.4. Values of the Density of All Electrons p(r), Laplacian of Electron Density
V2p(r), Energy Density Hj,, Potential Energy V(r), and Lagrangian Kinetic Energy

G(r) (in a.u.) at the bond critical (3, -1), corresponding to As---O and other weak

interaction in BFAs.

T o 05 a.u.

BCP p(r) 72p(r) H, V(r) G(r)

A (As37...02) 0.01221 0.0339 0.000371  -0.007722  0.008093
B (As1...038) 0.01221 0.0339 0.000371  -0.007721  0.008092
C (H72...C47) 0.00869 0.0294 0.001564  -0.004213  0.005776
D (H36...C11) 0.00869 0.0294 0.001564  -0.004216  0.005781
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Figure 1.13. Bond critical points (BCPs) in BFP; Sign(12) p-mapped IRI isosurface
for BFP.

Table 1.5. Values of the Density of All Electrons p(r), Laplacian of Electron Density
V2p(r), Energy Density Hj,, Potential Energy V(r), and Lagrangian Kinetic Energy
G(r) (in a.u.) at the bond critical (3, -1), corresponding to P---O and other weak

interaction in BFP.

BCP p(r) 72p(r) Hy V(r) G(r)

A (P2...037) 0.01254 0.0361 0.000349  -0.008333 0.008682
B (P38...01) 0.01254 0.0361 0.000349  -0.008333 0.008682
C (H43...C62) 0.00896 0.0303 0.001552  -0.004467 0.006019

D (H7...C26) 0.00896 0.0303 0.001552  -0.004467 0.006019
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Figure 1.14. Bond critical points (BCPs) in BTBi; Sign(A2) p-mapped IRI isosurface
for BTBI.

Table 1.6. Values of the Density of All Electrons p(r), Laplacian of Electron Density
V2p(r), Energy Density Hj,, Potential Energy V(r), and Lagrangian Kinetic Energy

G(r) (in a.u.) at the bond critical (3, -1), corresponding to some weak interaction in

BTBi.

BCP p(r) 72p(r) Hy, V(r) G(r)
A (Bi...C) 0.00318 0.0074 0.000379 -0.001095 0.001473
B (Bi...C) 0.00318 0.0074 0.000379 -0.001095 0.001474
C(H...C) 0.00693 0.0219 0.001187 -0.003096  0.004283
D (H...O) 0.00663 0.0211 0.001204 -0.002890  0.004093
EH...O) 0.00663 0.0211 0.001204 -0.002890  0.004093

F(H...C) 0.00693 0.0219 0.001187 -0.003096 0.004282
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Figure 1.15. Bond critical points (BCPs) in BTSb; Sign(A2) p-mapped IRI isosurface
for BTSb.

Table 1.7. Values of the Density of All Electrons p(r), Laplacian of Electron Density
V2p(r), Energy Density Hj,, Potential Energy V(r), and Lagrangian Kinetic Energy

G(r) (in a.u.) at the bond critical (3, -1), corresponding to some weak interaction in

BTSb.

BCP p(r) 72p(r) Hy V(r) G(r)
A (Sb...C) 0.00267 0.0062 0.000344 -0.000884  0.001228
B (Sb...C) 0.00240 0.0063 0.000359 -0.000861 0.001219
C(H...C) 0.00779 0.0248 0.001331 -0.003532 0.004684
D (H...O) 0.00673 0.0218 0.001237 -0.002977 0.004215
EH...O) 0.00673 0.0218 0.001238 -0.002890  0.004216

F(H...C) 0.00779 0.0248 0.001332 -0.003533 0.004864
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(a)

(b)

(©)

Figure 1.16. Contour line diagram of the Laplacian of electron density distribution V2
p(r), bond paths and selected zero-flux surfaces (left), visualization of ELF (middle),
and IRI maps (right) referring to (a) Sb---O, (b) As:--O, (c) P--O noncovalent
interactions in BFSb. Bond critical points (3, —1) are shown in blue, nuclear critical
points (3, —3) in pale brown, and ring critical points (3, +1) in orange. Bond paths are
shown as pale brown lines. Length is given in A and the color scales for the ELF and

IRI maps are in a.u.

NBO theory is valuable for understanding molecular conformation from the
viewpoint of local orbital interaction. In the case of BFBi, the Bi-:-O noncovalent
interactions can be attributed to the electron delocalization from the filled LP (lone
pair) of 0O49/036 ‘electron donor’ into unfilled antibonding o* orbital of Bil-
C14/Bi50-C51 ‘electron acceptor’ (D-A interaction). This transition showed the
stabilization energy of 2.97 kcal/mol. Similarly, LP — ¢*(Sb-C) and LP —c*(As-C)
showed stabilization energies of 2.35 and 1.65 kcal/mol, respectively (Table 1.8),

corresponding to the weaker D-A interactions than LP — o*(Bi-C). It is interesting to
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note that the obtained results at the NBO basics are in complete agreement with the

results obtained from AIM (vide supra).

Table 1.8. NBO analysis of donor-acceptor interactions in BFBi, BFSb and BFAs (LP

t0 0pi/sp/as-c) calculated at the BP86/6-31¢g(d) level for other elements; cc-PVTZ-PP

level for B1/Sb/As.
Comp NBO  Donor NBO  Acceptor E,(2) EMEQ) F(,))
ound (a.u.) (a.u.)

BFBi 6l LP(1)Bil 173  o*(C3-C4) 094 087  0.026
61 LP(1)Bil 190  o*(Cl14-C23) 0.82 094  0.025
61 LP(1)Bil 203  o*(C25-C34) 0.74 094  0.024
62 LP(1)036 169  ¢*(C2-C3) 321 099 0.5
62 LP(1)036 172  o*C2-C37)  0.65 093  0.05
62 LP(1)036 175  o*C4-C13) 325 095 0.5
62 LP(1)036 235  o*(Bi50-C51) 297 052  0.035

64 LP(1)049 167  o*Bil-Cl4) 297 052  0.035

BFSb 62 LP(1)02 235  o*(Sb50-C51) 235 055  0.032

64 LP(1)037 167  o*Sbl-C15) 235 055  0.032

BFAs 62 LP(1)02 217  o*(As37-C47) 1.65 058  0.027

65 LP(1)038 167  o*Asl-Cll) 1.65 058  0.027

E2 is the energy of hyperconjugative interaction (stabilization energy in kcal mol-1);
E()E(i) is the energy difference between donor and acceptor i and j NBO orbitals;

F(i;j) is the Fock matrix element between i and j NBO orbitals.

The HOMO and LUMO levels of BFBi, BFSb, BFAs, and BFP were similar,
resulting in similar HOMO-LUMO energy gaps (Table 1.9). As different basic sets
are used for P and Bi/Sb/As, the exact different of the energies are difficult, but rough

comparisons seem possible. This clearly indicates that the lower energy absorption
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bands of BFBi, BFSb, and BFAs, as compared with that of BFP, are not due to
differences in the electronic state, but rather can be explained by the enhanced
planarity owing to the stronger noncovalent Bi---O, Sb---O, and As---O interactions

than the P---O interaction.

Table 1.9. LUMO and HOMO energy levels of BFBi, BFSb, BFAs, BFP,
bibenzofuran (BF) and bibenzothiophene (BT) derived from DFT calculations at the
BP86/6-31G(d) level with cc-pVTZ-PP basis set for Bi/Sb/As.

Compound LUMO/eV HOMO/eV Eg/eV Dihedral Center C-C d[O...X]J/A
Angle/deg bond length/ (X=Bi, Sb,

A P, H)
BFBi 2.19 -4.74 255 -179.99 14413  3.133
BFSb 2.24 -4.73 249 17999 14403  3.103
BFAs 231 -4.81 250 -180 1.4436  3.071
BTBi -1.99 -5.18 320 6595 1.4698 -
BTSb -1.98 -5.20 323 7276 1.4721 -
BFP -2.38 -4.71 233 179.99  1.4431 3.045
BF -2.20 -4.88 2.68 180 1.4366 -
BT -2.39 -4.98 2.60 180 1.4478 -

The HOMO-LUMO energy gap of BFBi is slightly larger than that of BFSb,
which is in line with the optical data. These calculations indicate that BFBi, BFSb,
and BFAs show planar or nearly planar conformations with the Bi---O, Sb---O, and
As---O distances being 3.133 A, 3.103 A, and 3.071 A, respectively, which are much
shorter than the sums of the van der Waals radii of the respective atoms, as observed
in the crystal structures (Table 1.9 and Figure 1.17). The central C—C bond distances
of BFBi and BFSb (1.4413 A and 1.4403 A) are shorter than those of BTBi and BTSb
(1.4698 A and 1.4721 A), but slightly longer that of bibenzofuran (1.4366 A) by

0.0047 A and 0.0037 A, respectively, reproducing well the crystal structures. The
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central C-C bond of planar BFBi is much shorter than that of the twisted BFBi with
the torsion angle of 90 ° (1.4689 A), despite that the twisted conformation should have
smaller steric repulsion, clearly indicating that the Bi---O noncovalent interaction
shortens the central C—C bond of planar BFBi. It was also found that the bismuth,
antimony, arsine, and phosphorous atoms contributed to the HOMO to elevate the

energy levels, agreeing with the results of CVs (Figure 1.17).

BFBI LUMO: -2.19 eV HOMO: -4.74 eV

e

BFSb LUMO: -2.24 eV HOMO: -4.73 eV

BTBi

BTSb LUMO: -1.98 eV HOMO: -5.20 eV
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Figure 1.17. Optimized structure, LUMO and HOMO profiles of (a) BFBi, (b) BFSb,
(c) BTBi, (d) BTSb, (e) BFAs, (f) BFP, (g) bibenzofuran (BF) and (h)
bibenzothiophene (BT).

On the other hand, the optimized geometries of BTBi and BTSb showed twisted
structures with torsion angles of 65.95° and 72.76°, respectively, similarly to the
crystal structures. The higher degree of twisting in the gas phase than in the crystal
phase is possibly due to the packing force and/or intermolecular noncovalent

interactions. BFBi and BTBi were computed with different inter-ring torsion angles to
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estimate the rotation barrier of the central C—C bonds. In these calculations, the
torsion angles were changed by 10°, and other structural parameters were optimized,
as shown in Figures 1.18 and 1.19. The data of fully optimized structures are also
provided in Figures 1.18 and 1.19. BTBi showed a higher rotation barrier than BFBi.
Two types of stable structures (twisted and planar) with torsion angles of £50° and
+180° were obtained for BFBi, with the planar structure being much more stable than
the twisted structure. Meanwhile, BTBi showed an energy minimum at +60° and
+120°, which agrees with the experimental observation. The rotation barrier of
unsubstituted bibenzofuran was also calculated to be 7.0 kcal/mol (Figure 1.18),
which was higher than that between twisted and planar stable structures of BFBi (5.7
kcal/mol). In BFBI, the steric repulsion with respect to the sterically large bismuth
substituents offsets the influence of noncovalent Bi---O interactions to an extent to

reduce the rotation barrier.
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Figure 1.18. Torsional potential for BFBi and bibenzofuran (BF) calculated at
BP86/6-31G(d); cc-pVTZ-PP for Bi. Rotatable bond highlighted in red, where the -

1807 conformer is shown.
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Figure 1.19. Torsional potential for BTBi calculated at BP86/6-31G(d); cc-pVTZ-PP

for Bi. Rotatable bond highlighted in red, where the -180° conformer is shown.

Conclusion

In summary, the author synthesized bismuth-, antimony-, and arsenic-substituted
bibenzofurans and bibenzothiophenes. The single crystal X-ray diffraction study
revealed the presence of attractive intramolecular noncovalent Bi---O, Sb---O, and
As---O interactions, which enhanced the self-planarization and rigidification of the -
conjugated systems. According to theoretical calculations including QTAIM analysis,
BCPs were found between Bi---O, Sb---O, and As---O, corresponding to the van der
Waals interactions as revealed by IRI. Visual examination of weak interactions was
performed using the Multiwfn program. The experimental data and the DFT
calculations revealed that the HOMO and LUMO energy levels of bismuth- and
antimony-substituted bibenzofurans and bibenzothiophenes were lower than those
reported previously for BFP, [8] reflecting the stronger noncovalent interactions. In
addition, the absorption spectra were red-shifted as a result of enhanced conjugation
due to the higher planarity owing to these interactions. It is noteworthy that bismuth,

antimony, and arsenic atoms may provide both intermolecular and intramolecular
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interactions when incorporated into other cyclic ether-based m-conjugated backbones,
with the potential to afford structural control in the solid state, and ultimately,
improved device performance. The author has not yet examined the device fabrication
based on these substituted bibenzofurans. However, the good film forming property of

BFBi indicated its potential application as a device material.

Experimental section
General.

All reactions were carried out under dry argon atmosphere. Diethyl ether was
dried over CaH: and distilled and stored over activated molecular sieves until use.
3,3’-Dibromo 2,2’-bi(benzofuran) (BBFBr) and 3,3’-Dibromo 2,2’-bi(benzothiophene)
(BTBr) were synthesized according to the previously reported procedures. [34] NMR
spectra were recorded on a Varian 400-MR spectrometer. FD-mass spectra were
measured on a JMS-T100 GCV spectrometer. UV-vis absorption and PL
(photoluminescence) spectra were measured on Shimadzu UV-3600 and HORIBA
FluoroMax-4 spectrophotometers, respectively. The PL quantum yields were
determined by using a HORIBA FluoroMax-4 spectrophotometer attached to an
integrating sphere, using degassed solvents by bubbling argon for solutions.
Preparative GPC was performed using Shodex KF001 and KF002 columns connected
in a series with RI detection. Toluene was used as eluent. For BFAs, NMR spectra
were recorded on a Varian 400 NMR spectrometer using MesSi (TMS) as an internal
standard; UV-vis absorption and PL (photoluminescence) spectra were recorded on a
JASCO spectrophotometer V-670 KNN and FP-8500 instrument (JASCO),
respectively. Cyclic voltammograms (CVs) of BFBi, BFSb, BTBi, BTSb and BFAs
were obtained using a platinum disk working electrode, a platinum wire counter
electrode, and an Ag/AgCl reference electrode at a scan rate of 100 mV/s, the
measurements were carried out in acetonitrile containing 0.1 M tetrabutylammonium
hexafluorophosphate as an electrolyte, and the Fc/Fc¢* redox couple was used as an
external standard having an oxidation potential of +0.48 V vs SCE. For BFAs,

acetonitrile was replaced by dichloromethane.
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Theoretical Calculation Detail.

All computations were carried out using the Gaussian16 program package, at the
BP86 functional. The cc-PVTZ-PP basis set was used for the Bi, Sb and As atoms, as
found in the EMSL basis set exchange Web site [38] and 6-31G(d) basis set with
polarization functions was used for the rest of the atoms. Geometry optimizations
were performed without any symmetry restrictions, using the initial coordinates
derived from the X-ray data when available, and frequency analyses were performed
to ensure that a minimum structure with no imaginary frequencies was achieved in
each case. Torsional PESs were calculated at the same level in the gas phase for BFBi
and BTBi. For each dihedral, the defined torsional angle was fixed and the rest of the
structure allowed to relax. Total energies were converted to relative energies versus

the around 0° conformer to allow comparison of stabilizing effects.

Synthesis of BFBi.

To a solution of 0.471g (1.201 mmol) of 3,3’-dibromo-2,2’-bibenzofuran
(BBFBr) in 10 mL of ether was added 1.53 mL of 1.6 M »n-BuLi in hexane at -78 °C
and the mixture was stirred for 1 h at this temperature. After addition of
chlorodiphenlybismuthane (ca. 3.0 mmol) prepared from triphenylbismuthane (2.0
mmol) and bismuth (IIT) chloride (1.0 mmol) in 4 mL of ether, [35] the reaction
mixture was stirred for 12 h, during which time the temperature was raised to ambient
temperature. After evaporation of the solvent, the residue was diluted with 10 mL of
toluene and was hydrolyzed with 10 mL water. The organic layer and the extracts
were combined and dried over anhydrous magnesium sulfate. The residue was
subjected to silica gel column chromatography eluting with hexane/DCM = 4/1; v/v to
give crude solids, which were purified by preparative GPC eluting with toluene.
Finally, recrystallization of the resulting solids from ethanol to give 0.183 g (16%
yield) of BFBi as colorless solids: mp 250.1-251.1 °C; 'H NMR (400 MHz, CDCls) §
7.92 (dd, J = 8.0 Hz, 1.4 Hz, 8H, phenyl ring protons), 7.48 (d, J = 8.0 Hz, 2H,
benzofuran ring protons), 7.38 (t, J = 8.0 Hz, 8H, phenyl ring protons), 7.32 - 7.28 (m,

4H, phenyl ring protons), 7.17 - 7.13(m, 2H, benzofuran ring protons), 6.86 - 6.82 (m,
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2H, benzofuran ring protons), 6.65 (d, J = 8.0 Hz, 2H, benzofuran ring protons); '*C
NMR (100 MHz, CDCIl3) ¢ 156.7, 153.6, 138.3, 135.7, 130.6, 128.0, 124.9, 124.5,
122.9, 110.9; High resolution FD MS m/z calcd for CsH2sBi2O2 [M]: 958.16970,
Found: 958.16835.

Synthesis of BTBi.

BTBi was synthesized in a fashion like that of BFBi, by using BBTBr (1.045
mmol) instead of BBFBr and chlorodiphenlybismuthane (ca. 2.1 mmol). Data for
BTBi: white solid; 0.181 g (13% yield). mp 224.1-226.1 °C; 'H NMR (400 MHz,
DMSO-ds) 0 8.02 (d, J = 8.0 Hz, 2H, benzothiophene ring protons), 7.77 - 7.73 (m,
8H, phenyl ring protons), 7.32 (t, J = 8.0 Hz, 8H, phenyl ring protons), 7.26 - 7.20 (m,
6H, mixture), 7.06 (d, J = 8.0 Hz, 2H, benzothiophene ring protons), 6.95 - 6.91 (m,
2H, benzothiophene ring protons); *C NMR (100 MHz, CDCls) § 153.6, 152.4, 146.4,
144.8, 144.4, 138.1, 130.7, 128.0, 127.9, 125.0, 124.5, 122.1. High resolution FD MS
m/z calced for Ca0H23Bi2S2 [M']: 990.12401, Found: 990.12608.

Synthesis of BFSb.

BFSb was synthesized in a fashion like that of BFBi, by using BBFBr (1.15
mmol) and diphenylstibine chloride (ca. 2.3 mmol) that was synthesized according to
the previously reported procedure [36] instead of chlorodiphenlybismuthane. Light
yellow solids. 0.081 g (9% yield); mp 240.9-241.4 °C; '"H NMR (400 MHz, CDCls) §
7.61 - 7.57 (m, 8H, phenyl ring protons), 7.41 (d, J = 8.0 Hz, 2H, benzofuran ring
protons), 7.34 - 7.28 (m, 12H, phenyl ring protons), 7.17 (t, J = 8.0 Hz, 2H,
benzofuran ring protons), 6.84 (t, J = 8.0 Hz, 2H, benzofuran ring protons), 6.56 (d, J
= 8.0 Hz, 2H, benzofuran ring protons); *C NMR (100 MHz, CDCI3) § 155.6, 153.1,
137.5, 136.4, 136.3, 132.8, 132.8, 129.0, 128.7, 123.0, 112.2, 110.8. High resolution
FD MS m/z caled for C40H2sSb202 [M*]: 782.01657, Found: 782.01757.

Synthesis of BTSb.

BTSb was synthesized in a fashion like that of BFSb, by using BBTBr (1.07
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mmol) instead of BBFBr and chlorodiphenlybismuthane (ca. 2.1 mmol). Light yellow
solid; 0.052 g (6% yield); mp 198.3-200.1°C; '"H NMR (400 MHz, CDCl3) § 7.82 (d, J
= 8.0 Hz, 2H, benzothiophene ring protons), 7.45 - 7.43 (m, 8H, phenyl ring protons),
7.30 - 7.27 (m, 4H, benzothiophene protons), 7.25 - 7.21 (m, 12H, phenyl ring
protons), 7.01 (t, J = 8.0 Hz, 2H, benzothiophene ring protons); °C NMR (100 MHz,
CDCl) & 146.0, 143.4, 142.7, 136.8, 136.3, 129.0, 128.6, 128.6, 126.9, 125.0, 124.4,
122.0; High resolution FD MS m/z calcd for C4oH28Sb2S> [M']: 813.97089, Found:
813.97170.

Synthesis of BFAs.

To a solution of 0.202 g (0.515 mmol) of 3,3’-dibromo-2,2’-bibenzofuran
(BBFBr) in 4 mL of ether was added 0.67 mL of 1.6 M n-BuLi in hexane at -78 °C
and the mixture was stirred for 1 h at this temperature. After addition of neat
iododiphenylarsine [37] (0.464 g, 1.30 mmol), the reaction mixture was stirred for 12
h, during which time the temperature was raised to ambient temperature. After
evaporation of the solvent, the residue was taken up with 30 mL of dichloromethane
and insoluble salts were filtered. The volatiles were removed in vacuo. The residue
was recrystallized from hot toluene to give 0.116 g (33% yield) of BFAs as pale
yellow solids: mp. 262.5-263.2 °C; '"H NMR (400 MHz, CDCl3) & 7.50 - 7.46 (m,
10H, phenyl ring protons and benzofuran ring protons), 7.31 - 7.27 (m, 12H, phenyl
ring protons), 7.24 - 7.22 (m, 2H, benzofuran ring protons), 6.91 (td, J = 8.0, 0.8 Hz,
2H, benzofuran ring protons), 6.65 (d, ] = 7.2 Hz, 2H, benzofuran ring protons); '*C
NMR (100 MHz, CDCl3) § 155.7, 151.4, 138.5, 133.5, 130.7, 128.7, 128.5, 125.3,
123.1, 123.0, 115.5, 111.7; High resolution MS m/z calcd for CsoHsAs:02 [M']:
691.0593995, Found: 691.06012.

Table 1.10. The crystallographic data of all the molecules.

Molecule BFBi BFSb BFAs BTBi BTSb
Formula C40H2302Bi2 C40H2802Sb2 C40H2802As2 C40H28S2Bi2 C40H28S2Sb2
Formula weight 958.58 784.12 690.46 990.70 816.24
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Temperature (K)

100.00(10)

100

75

100

100.00(10)

Radiation

MoKa(2=0.7107
3)

MoKa(A=0.7107
3)

MoKa(A=0.7107
3)

MoKa(2=0.7107
3)

MoKa(2=0.7107
3)

Crystal system monoclinic triclinic triclinic Monoclinic monoclinic

Space group P2i/n P-1 P-1 P2i/n P2i/n

a(A) 15.6929(5) 7.93340(10) 8.222(2) 14.8487(3) 14.7169(2)

b (A) 5.7363(2) 8.94400(10) 8.836(3) 8.7774(2) 8.81280(10)

c(A) 18.1211(6) 12.3077(2) 11.806(2) 25.7490(5) 25.6552(4)

a(°) 90 89.3110(10) 88.87(2) 90 90

B 107.694(3) 83.0640(10) 82.78(2) 99.398(2) 99.1180(10)

Yy (©) 90 67.7760(10) 66.43(3) 90 90

Volume (A%) 1554.08(9) 801.98(2) 779.5(4) 3310.90(12) 3285.36(8)

Z 2 1 1 4 4

w/(mm™) 11.343 1.719 2.179 10.769 1.800

F (000) 900.0 386.0 350 1864.0 1608.0

Crystal size (mm) 0.135 x 0.082 x | 0.112 x 0.087 x | 0.64 x 0.16 x | 0.155 x 0.126 x | 0.15x0.12x 0.1
0.045 0.048 0.13 0.068

Theta range for | 4.11/59.08 4.924/59.616 5.032/52.74 4.91/59.394 4.894/59.686

data collection (°)

Index ranges 21 <h<18; -10<h<10; -10<h<10; -20<h <17, -19 <h <19; -11
1<k <6 -12<k<11; -11<k<10; -12<k<10; | Sk=1235<1
24<1<22 17<1<16 1451212 31<1<34 =34

Reflections 16208 19596 4489 37264 85653

collected

Data / restraints / | 3700/ 0/ 199 3842/0/199 3175/63/175 8007/ 0 /397 8338/0/397

parameters

Independent 3700[Rin=0.034 | 3842[Rin=0.025 | 3175[Rin=0.144 | 8007[Rin=0.031 | 8338[Rin=0.053

reflections 6] 7] 5, 7] 4]

Rsigma=0.3433]

Goodness-of-fit on | 1.046 1.093 0.912 1.016 1.043

F2

Final R indices R1 | 0.0195/0.0348 0.0199/0.0482 0.0972/0.1718 0.0193/0.0361 0.0247/0.0471
and wR 2[[>20(1)]

Final R indices (all | 0.0243/0.0357 0.0220/0.0489 0.2133/0.2375 0.0256/0.0372 0.0349/0.0492
data) R1and wR2

Largest diff. peak/ | 0.77/-0.75 0.70/-0.24 1.02/-1.25 1.02/-0.74 0.45/-0.45

hole/ e A3
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Chapter 2  Synthesis of Unsymmetrically Condensed Benzo- and
Thienotriazologermoles

Introduction

Triazoles are five-membered aromatic ring systems containing two double bonds
and three sequentially arranged nitrogen atoms. In addition to their distinctive
structural properties such as a high dipole moment, molecular rigidity, and promising
photochemical characteristics, their excellent accessibility and ease of modification
make triazoles highly appealing. Moreover, triazoles serve as Lewis bases to facilitate
intermolecular interactions with Lewis acids. Triazole derivatives, therefore,
constitute an important class of heterocycles for applications in pharmaceuticals [1],
biologically active agents that can interact with biologically active substances through
such interactions as hydrogen bonding [2]. Applications to other functional materials
such as mechanochromic, photoluminescent, and fluorosensing materials [3—8] have
been demonstrated. They serve also as building blocks for the synthesis of polymers,
dendrimers, and other functional materials [9], including materials that can be used
for solar cells [10-13], field-effect transistors [14—16], and light-emitting diodes [17—
19]. Materials incorporating triazole units have been also developed for gas storage
[20], gas separation [21], and optical brightening [22], and the potential utilization of
these materials in sensors [23] and catalysts [24] has been explored. Triazole units are
regarded as promising electron-acceptors for the construction of donor—acceptor (D—
A) compounds.

Si/Ge-condensed compounds, such as siloles and germoles, have received
considerable attention in recent decades for their potential applications in organic
electronics [25,26]. These structures exhibit a notable phenomenon known as o*—m*
conjugation, which is frequently observed between Si/Ge c*-orbitals and endocyclic
butadiene m*-orbitals. This interaction serves to stabilize the lowest unoccupied
molecular orbital (LUMO), resulting in an enhanced electron affinity and reduced
energy gaps between the highest occupied molecular orbital (HOMO) and LUMO
[27-29]. The high planarity of siloles and germoles is also advantageous for their use
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as building units of conjugated materials. These characteristics have significant
implications on the electronic properties of siloles and germoles. Researchers have
explored strategies to fine-tune the functionalities of these compounds to allow for
tailored applications in various electronic devices via condensation with aromatic ring
systems [30]. Currently, dithienosilole and dithienogermole are used as building units
for preparing conjugated functional materials for optoelectronic devices, such as
OLEDs [31], organic solar cells [32], and organic transistors [33]. However, most
condensed siloles and germoles reported so far possess symmetrical tricyclic systems
[34], and studies on unsymmetrical tricyclic systems have been limited to simple
cases, such as combinations of benzene—pyridine [35,36], benzene— thiophene [37,38],
and thiophene—pyridine ring systems [26]. In this work, the author designed and
synthesized two types of germoles unsymmetrically condensed with benzene—triazole
and thiophene—triazole units (BTAG and TTAG), with the hope that D—A interactions
between benzene/thiophene and triazole units linked by a germole system would
allow for the development of building units of conjugated functional materials having
finely tuned electronic states. The optical and electrochemical properties of these
triazologermole derivatives were systematically investigated. The author also
prepared TTAG bromide as a precursor of various TTAG-containing conjugated
materials. Indeed, TTAG bromide underwent the palladium-catalyzed Stille coupling
reaction to furnish triphenylamine-substituted TTAG (TTAG-TPA) with the effective
extension of conjugation. The electronic states of TTAG-TPA were investigated by
optical and electrochemical measurements and density functional theory (DFT)
calculations. Although BTAG and TTAG showed no evident intramolecular D—A
interaction, TTAG-TPA exhibited solvatochromic properties attributable to the
intramolecular D—A interaction between the triphenylamine and triazole units, with a
shift of the photoluminescence (PL) band toward lower energies with increasing
solvent polarity. These results suggest potential applications of triazologermole units

as building units of conjugated materials.
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Results and Discussion

Synthesis
Br
K,CO4 LDA RE
Ge
CaHaBr N R,GeCl, =N
N — x> N
Br N
2 BTAG
CH3NO,
NaNs; K,CO3 LDA R /R
\d AICl3 MeaSIUfN C,HsBr Me3S|Uf RzGeCl2 Ge N
Me3Si \,-NH N-N M \
: DMSO -~ MesSi SN~
TT-TMS TTAG-TMS

R R R R thN—QSnBu3 R R
TBAF 56 NBS 7 Ge

Ge Ge N
I\ N ,N\/ B /) X ,N\/ S \NIN\/
s N T s N Ph,N

TTAG i
TTAG-Br R = n-Octyl TTAG-TPA

Scheme 2.1. Synthesis of BTAG, TTAG, TTAG-TMS, and TTAG-TPA.

The synthetic strategy is shown in Scheme 2.1. Compound 1 was prepared
following a previously reported method [39] and used for the subsequent synthesis of
BTAG via compound 2. TT-TMS was obtained by the ethyl substitution of 4 prepared
from 3. Compound 3 was prepared as previously reported [40]. The dilithiation of TT-
TMS using LDA, followed by a ring-forming reaction with dichlorodi(n-
octyl)germane, resulted in a mixture containing TTAG-TMS, unsubstituted TT-TMS,
and numerous unidentified products. From the mixture, TTAG-TMS was isolated in
58% yield by silica gel column chromatography. TTAG-TMS was treated with TBAF
to obtain TTAG with a yield of 85%. The bromination of TTAG with NBS gave
TTAG-Br, which was further subjected to palladium-catalyzed Stille coupling with 5
to obtain TTAG-TPA.

Optical and Electrochemical Properties

The author examined the optical and electrochemical properties of the prepared
triazologermole derivatives to clarify their electronic states. The UV—vis absorption
and PL spectra of BTAG, TTAG, TTAG-TMS, and TTAG-TPA in THF are shown in

Figure 2.1, and the corresponding photophysical data are summarized in Table 2.1.
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Figure 2.1. UV—vis absorption spectra (a) and PL spectra (b) of triazologermoles in

THF (1.0 x 107> M) at room temperature.

Table 2.1. Optical and electrochemical properties of triazologermoles.

UV abs. dmax PL Amax*®nm  HOMO  LUMO LUMO-

Compound
“nm (D) /eV dev HOMO/eV
BTAG 281 319 (nd ©) —6.12 -1.93 4.19
TTAG 294 348 (nd ©) -5.80 -1.91 3.86
TTAG-TMS 286 336 (nd ©) —5.84 -1.93 3.91
TTAG-TPA 300,375  438(38%)  —5.23 -2.26 2.97
TT-TMS 285 327 (nd ©) —6.04 -2.07 3.97

@ In THF at room temperature. ° Excited at the absorption maximum. ¢ Derived from

CV anodic onset potential. ¢ E (LUMO) = E (HOMO) + Eg. ¢ Too low to determine.

BTAG displayed a maximum absorption at 281 nm in THF with a shoulder at
290 nm. Replacing benzene with thiophene in TTAG caused a bathochromic shift of
13 nm to give an absorption maximum at 294 nm in THF. When compared with
thienopyridinogermole, the absorption maximum of TTAG was shifted to the shorter
wavelength region by 6 nm, reflecting the less extended conjugation of thienyltriazole
than thienylpyridine [26]. In fact, 5-trimethylsilyl-2-thienylpyridine possesses the
absorption maximum at 324 nm, redshifted by approximately 40 nm compared to that
of TT-TMS [26]. Silyl substitution at the a-position of the thiophene ring in TTAG-
TMS shifted the absorption maximum slightly to 286 nm. This finding differed from a
previous report on DTS derivatives that found a shift of absorption bands to lower

energies because of a similar silyl substitution [41]. Germole condensation in TTAG-
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TMS resulted in a red shift of the PL band by 9 nm relative to that of TT-TMS.
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However, despite the author expectation, their UV absorption bands were at
nearly the same energies. Compounds BTAG, TTAG, and TTAG-TMS showed weak
PL. Figure 2.2a—c shows the absorption spectra of BTAG, TTAG, and TTAG-TMS
recorded in different solvents. Only negligible solvatochromic shifts were observed in
both the UV—vis and PL spectra of these compounds, indicating the absence of
evident D— A interactions. TTAG-TPA exhibited an absorption band and a PL band at
375 nm and 438 nm in THF, respectively, both of which were largely red-shifted
compared with those of BTAG, TTAG, and TTAG-TMS. It is likely that the
introduction of the triarylamine substituent on the thiophene ring efficiently enhanced
conjugation. In the UV—vis absorption spectrum, a band at 300 nm was also observed

in THF, which is possibly due to the local excitation regarding the TTAG unit.
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Figure 2.3. UV-vis absorption (solid line) and solvatochromic PL (dotted line) study
(a) and the Lippert—Mataga plot (b) of TTAG-TPA. The slope of the fitted line is 7747
cm ' (R?=0.97)

The PL bands have intramolecular charge transfer (ICT) characteristics, which
can be verified by the solvatochromic effects, as shown in Figure 2.3. For example,
the PL band of TTAG-TPA was observed at 423 nm in toluene, which was
bathochromically shifted to 456 nm in more polar MeCN. In contrast, the PL spectra
of BTAG, TTAG, and TTAG-TMS showed no clear solvatochromism. The red shift of
the PL band with increasing solvent polarity clearly indicates that the excited states

were more polar than the ground state [42]. In fact, nearly no evident solvatochromic
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effects were observed in the UV—vis absorption spectra of TTAG-TPA. To further
investigate the ICT characteristics of TTAG-TPA, the Stokes shift (va — vf) in each
solvent was plotted as a function of its orientational polarizability Af to obtain
Lippert— Mataga plots [43,44]. A linear relationship between the Stokes shifts and
orientational polarizabilities was observed (Figure 2.3 and Table 2.2). Using the slope
of the Lippert— Mataga plot, the dipole moment change (Ap) upon photoexcitation
was calculated to be 18.4 D (Figure 2.4) [26]. This was smaller than that calculated
for thienopyridinogermole with the same substituents (19.9 D), suggesting that fine

tuning of the D—A interaction is possible by changing the acceptor unit.
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Figure 2.4. Lippert-Mataga plots (a) and the structure (b) of thienopyridinogermole.
The slope for the fit is 10746 cm™ (R?= 0.96).

Table 2.2. Absorption maxima, emission maxima and Stokes’ shift of TTAG-TPA in

various solvents.

Solvents Dielectric ~ Refractive Af ha/mm  Af/nm Stokes
constant (¢)  Index (n) Shift/cm’!

Hexane 1.88 1.375 0 372 411 2550
Toluene 2.38 1.494 0.014 379 423 2744
CH2Cl 8.93 1.421 0.218 377 449 4253
THF 7.58 1.405 0.210 375 438 3835
MeOH 32.66 1.327 0.309 373 462 5164
MeCN 35.94 1.342 0.305 373 456 4879
TFE? 8.55 1.300 0.260 373 492 6484

8 TFE (trifluoroethanol). The parameters from references [47] and [48].
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TTAG-TPA had a higher PL quantum yield than the other triazologermole
derivatives, likely reflecting the extended conjugation. TTAG-TPA exhibited blue PL
in all solvents with maxima in the range of 410—490 nm, except in trifluoroethanol in
which green emission was observed (Figure2.5). Interestingly, the Stokes shift of
TTAG-TPA in trifluoroethanol deviated from that predicted from the Lippert—Mataga
plot of TTAG-TPA in different solvents, and the largely red-shifted PL band at 492 nm
suggested a specific interaction of TTAG-TPA with trifluoroethanol. For instance,
hydrogen bonding might have resulted in the complex formation of TTAG-TPA with
trifluoroethanol, as  previously reported for triphenylamine-substituted

thienopyridinogermole [26].

T

= =

Hexane Toluene MeOH MeCN CF,CH,OH

Figure 2.5. Photo of TTAG-TPA in several solvents under irradiation at 365 nm at

room temperature.

Anodic cyclic voltammograms (CVs) were examined to investigate the redox
characteristics and HOMO energy levels of triazologermole derivatives (Table 2.1 and
Figure 2.6). The oxidation peak of TTAG-TMS was found at 1.62 V (vs. Fct/Fc),
lower than that of TT-TMS (1.84 eV), indicating that the introduction of the germole
unit raised the HOMO energy level. The oxidation peak of BTAG was observed at
1.96 V, higher than that of TTAG (1.57 V), further supporting the less extended
conjugation in BTAG. The first oxidation peak (EOox1) of TTAG-TPA was much
lower than that of TTAG, at 1.04 V. The HOMO energy levels determined from the

onsets of the first oxidation were —6.12 eV for BTAG, —5.80 eV for TTAG, —5.84 ¢V
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for TTAG-TMS, and —-5.23 eV for TTAG-TPA. It should be noted that the
introduction of the triphenylamine unit had a significant effect on the elevation of the
HOMO energy level. This can be attributed to the contribution of the strong electron-
donating triphenylamine group. In contrast, silyl substitution at the a position of the

thiophene ring in TTAG-TMS lowered the HOMO energy level.
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Figure 2.6. Cyclic voltammograms of BTAG, TTAG, TTAG-TMS, TTAG-TPA and
TT-TMS in MeCN/TBAHFP (0.1 M), [¢] = 1*10*mol L', 298K, scan rate = 50 mV/ s.

DFT Calculation

To clarify the electronic states of triazologermole derivatives, the author carried
out DFT calculations using the Gaussian 16 suite of quantum chemical simulation
programs for condensed germoles. First, structures were optimized in vacuo using
DFT calculations at the B3LYP/6-31G(d,p) level [45]. Figure 2.7 shows the results of
DFT calculations. The HOMO of BTAG is based on m-conjugation. The higher
HOMO of TTAG than that of BTAG by 0.27 eV is likely due to electron donation by
the thiophene unit of TTAG, which suggests the higher Lewis basicity of TTAG than

BTAG. At the same time, the LUMO is lowered by 0.23 eV relative to that of BTAG.
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The LUMOs of triazologermole derivatives show o*—m* interaction, particularly
between the thiophene [-carbon and the germanium atom. However, orbital
overlapping is limited despite the author expectations, with the LUMO of TTAG-
TMS being at a higher energy than that of TT-TMS. The reduced HOMO- LUMO
energy gap of TTAG-TMS compared with that of TT-TMS appears to be primarily
due to the electron-donating properties of the germanium unit, raising the HOMO

energy level.

agh 3
o ad ogts
§ i‘ P g, ” ;‘ ,5.3, ’
B o o e
@ 98, ¥R = ) >

—0.64eV i
~0.87eV N ¢

e 0946y 1.24eV ST
o
> i 3.54eV
% 5.19eV 4.69V 4.56eV 4.71leV
5
=
=

—4.79%eV
HOMO — _5.56¢V -5.50eV Y sV

~5.83eV i
e 0
3

R R ™ T )
‘63"9» é”f" ';“ib#'

BTAG TTAG TTAG-TMS ~ TTAG-TPA  TT-TMS

Figure 2.7. Energy levels and profiles of BTAG, TTAG, TTAG-TMS, TTAG-TPA,
and TT-TMS derived from DFT calculations at the B3LYP/6-31G(d,p) level of theory

in the gas phase.

The HOMO-LUMO energy gaps decreased in the order of BTAG > TT-TMS >
TTAG > TTAG-TMS > TTAG-TPA, in accordance with their optical properties,
except for TTAG-TMS (TTAG-TMS showed a smaller optical band gap than TTAG).
The CVs showed a higher anodic potential for TTAG-TMS than for TTAG, indicating
a shallower HOMO energy level. These findings are inconsistent with the results of
computation, suggesting the contribution of trimethylsilyl substitution to both the
HOMO and LUMO to decrease the energy gap, although the degree of contribution
seemed small. Unfortunately, the author has no direct data to explain this discrepancy

between the experimental and computational data for TTAG-TMS. The introduction
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of the triphenylamine group to the TTAG unit affected the HOMO—-LUMO energy
gap in TTAG-TPA mainly by raising the HOMO energy level, rather than lowering
the LUMO energy level. Indeed, the LUMO of TTAG-TPA was lower only by 0.37
eV than that of TTAG, while the HOMO was higher by 0.77 eV. In TTAG-TPA, the
HOMO is mainly on the (diphenylaminophenyl)thiophene unit, whereas the LUMO is
distributed more on the triazologermole unit, suggesting that charge separation may
occur in the photoexcited state. However, the separated distribution of the HOMO and
LUMO was not observed in BTAG, TTAG, and TTAG-TMS. This finding is in line
with the fact that the UV absorption and PL bands of these compounds exhibited no

evident solvatochromic effects.

Conclusions

In conclusion, the author has synthesized triazologermole compounds for the
first time and thoroughly investigated their optical and electrochemical behaviors to
elucidate the electronic states. The author’s findings suggest that replacing the
condensed benzene ring of BTAG with a thiophene ring enhances the conjugation, as
evidenced by the red-shifted absorption of TTAG relative to that of BTAG. Contrary
to the author’s expectation, germole condensation raised both HOMO and LUMO
energy levels, suggesting that the o*—n* conjugation does not play an important role
in the triazologermole system and that the germole unit serves as an electron donor,
unlike conventional germole compounds such as dithienogermoles and
dibenzogermoles. The author also found that bromo-substituted TTAG can be used as
a potential precursor of TTAG-based conjugated compounds, and an electron-
donating triphenylamine unit was introduced to the TTAG thiophene ring. The
resulting TTAG-TPA showed the expected intramolecular D—A interaction, indicating
that the TTAG unit can be used as an electron-accepting unit in conjugated D—-A
systems. Furthermore, TTAG-TPA had sufficient Lewis basicity for complex
formation with trifluoroethanol, inducing a clear red shift of the PL band, suggesting
potential applications of triazologermole derivatives as sensor materials. The

triazologermole seems to be useful as an acceptor unit being applicable to donor—
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acceptor compounds. Further studies to explore the applications of triazologermole-

based materials are underway.

Experimental section
General

All reactions were carried out under a dry argon atmosphere. N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF)
were distilled from CaH2 and stored over activated molecular sieves in the dark until
use as reaction solvents. Compound 5 was prepared as reported in study [46]. Nuclear
magnetic resonance (NMR) spectra were recorded on a Varian 400-MR spectrometer
(Palo Alto, CA, USA). UV- vis absorption and PL spectra in various solvents were
recorded at room temperature using Hitachi U-2910 (Tokyo, Japan) and HORIBA
FluoroMax-4 spectrophotometers (Kyoto, Japan), respectively. APCI-mass spectra
were obtained with a Thermo Fisher Scientific LTQ Orbitrap XL spectrometer
(Waltham, MA, USA) at N-BARD, Hiroshima University. Electrochemical redox
potentials were obtained by cyclic voltammetry measurements performed with a
computer-controlled Autolab analyzer (Kyoto, Japan) using a typical three-electrode
electrochemical cell in a solution of tetrabutylammonium hexafluorophosphate (0.1 M)

in anhydrous acetonitrile at a scan rate of 50 mV s!

at room temperature under
nitrogen. A Pt disk was used as the working electrode, a Pt wire as the counter
electrode, and an Ag/Ag" electrode as the reference electrode. The potential of the
reference electrode was calibrated with ferrocene. DFT calculations were performed
using the Gaussian 16 program (Gaussian Inc., Wallingford, CT, USA). Geometrical

optimization was carried out in vacuo using the B3LYP functional and the 6-31G(d,p)

basis set for all atoms.

Synthesis of compound 2.
The mixture of 1 (0.303 g, 1.00 mmol), K,CO3 (0.138 g, 1.00 mmol), and
C>HsBr (0.164 g, 1.50 mmol) was stirred in 15 mL of DMF at room temperature in air

for 5 h. The solvent was evaporated in vacuo and the residue was chromatographed on
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silica gel with EtOAc/hexane (1:5) as the eluent to give 2 in 87% yield (0.287 g, 0.87
mmol) as a white solid. "H NMR (400 MHz, CDCl;) &: 7.70 (d, J = 8.0 Hz, 1H), 7.42-
7.37 (m, 2H), 7.34-7.28 (m, 1H), 4.51 (q, J = 7.3 Hz, 2H), 1.62 (t, J = 7.3 Hz, 3H).
3C NMR (100 MHz, CDCls) §: 146.2, 133.3, 132.2, 130.9, 130.5, 127.4, 124.0, 121.9,
51.2, 14.9. HR-MS (APCI) Calcd for CioH10BraN3: [M + H]"™: 329.92360, Found:
329.92419.

Synthesis of compound 4.

A mixture of 3 (1.20 g, 6.510 mmol), nitromethane (0.596 g, 9.765 mmol), NaN3
(0.931 g, 14.322 mmol), and AICI3 (0.087 g, 0.651 mmol), was stirred in 20 mL
DMSO at 80 °C in air overnight. The solution hydrolyzed with brine and extracted
with EtOAc. The combined organic layers were dried over anhydrous sodium sulfate,
and the solvent was evaporated in vacuo. The residue was chromatographed on silica
gel with EtOAc/hexane (1:2) as the eluent to give 4 in 70 % yield (1.017 g, 4.557
mmol) as a brown oil. 'H NMR (CDCI3) &: 7.88 (s, 1H), 7.48 (d, J= 3.4 Hz, 1H), 7.23
(d, J=3.4 Hz, 1H), 0.35 (s, 9H). 1*C NMR (100 MHz, CDCls) § 141.6, 137.0, 134.8,
129.5, 126.5, 112.2, 0.0. HR-MS (APCI) Calcd for CoH14N3SSi: [M + H]™: 224.06722,
Found: 224.06767.

Synthesis of BTAG

To a solution of 2 (0.507 g, 1.532 mmol) in 20 mL of THF, 1.915 mL of n-BuLi
(1.6 M) in hexane at —78 °C was added, and the mixture was stirred at this
temperature for 2 h. Dichlorodi(n-octyl)germane (0.623 g, 1.685 mmol) was added to
the mixture at —78 °C. After stirring overnight at room temperature, the solvent was
evaporated under reduced pressure, and the residue was directly purified by column
chromatography on silica gel with EtOAc/hexane (1:10) as the eluent to give BTAG
as a colorless oil in 65% yield (0.490 g, 1.042 mmol). '"H NMR (400 MHz, CDCl3) §
7.79 (d, J=17.5 Hz, 1H), 7.53 (d, J= 7.1 Hz, 1H), 7.40 (t, J= 7.5 Hz, 1H), 7.28-7.25
(m, 1H), 4.56 (q, J = 7.3 Hz, 2H), 1.62 (t, J = 7.3 Hz, 3H), 1.47-1.39 (m, 4H), 1.30—

1.16 (m, 24H), 0.85 (t, J = 7.0 Hz, 6H). 13C NMR (100 MHz, CDCls) § 160.9, 148.6,
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143.7, 138.1, 133.9, 129.6, 127.8, 121.9, 50.1, 32.9, 32.0, 29.3, 29.2, 25.4, 22.8, 15.4,
14.3, 14.2. HR-MS (APCI) Calcd for C26HasGeNs: [M + H]": 472.27415, Found:
472.27499.

Synthesis of TT-TMS

A mixture of 4 (0.510 g, 2.283 mmol), K2CO3 (0.316 g, 2.283 mmol), and
C2H5Br (0.373 g, 3.425 mmol) was stirred in 15 mL of DMF at room temperature in
air for 5 h. The solvent was evaporated in vacuo, and the residue was
chromatographed on silica gel eluted with EtOAc/hexane (1:5) to give TT-TMS as a
yellow oil in 78% yield (0.69 g, 1.41 mmol). 'H NMR (400 MHz, CDCls) § 7.72 (s,
1H), 7.40 (d, /= 3.4 Hz, 1H), 7.20 (d, J = 3.4 Hz, 1H), 4.49 (q, J = 7.3 Hz, 2H), 1.56
(t, J = 7.2 Hz, 3H), 0.34 (s, 9H). '*C NMR (100 MHz, CDCls) & 142.8, 140.9, 134.7,
130.6, 125.8, 112.2, 50.2, 15.0, 0.0. HR-MS (APCI) Calcd for C11Hi3sN3SSi: [M + H]™:
252.09852, Found: 252.09856.

Synthesis of TTAG-TMS

TTAG-TMS was synthesized in a similar fashion to that described for BTAG
using compound TT-TMS (0.39 g, 1.551 mmol) and lithium diisopropylamide (LDA)
(3.179 mmol) instead of 2 and n-BuLi, respectively. TTAG-TMS was obtained as a
yellow oil in 58% yield (0.494 g, 0.899 mmol). 'H NMR (400 MHz, CDCls) § 6.98 (s,
1H), 4.50 (q, J = 7.3 Hz, 2H), 1.56 (t, J = 7.3 Hz, 3H), 1.45-1.38 (m, 4H), 1.37-1.13
(m, 24H), 0.85 (t, J = 7.0 Hz, 6H), 0.28 (s, 9H). '°C NMR (100 MHz, CDCls) &
148.19, 141.16, 140.68, 138.68, 134.11, 127.23, 49.91, 33.00, 32.04, 29.30, 29.16,
24.87, 22.80, 15.31, 14.26, 13.69, 0.01. HR-MS (APCI) Calcd for C27Hs50N3GeSSi:
[M + H]": 550.27010, Found: 550.27045.

Synthesis of TTAG
To a solution of TTAG-TMS (0.287 g, 0.522 mmol) in THF (15 mL), a solution
of tetra(n-butylammonium) fluoride (TBAF) (0.522 mmol, 1 M) in THF at 0 °C was

added, and the mixture was stirred for 10 min at this temperature. After the
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evaporation of the solvent, the residue was diluted with 10 mL of ether acetate and
hydrolyzed with water. The organic layer was separated, washed with 3 x 10 mL of
water, and dried over anhydrous magnesium sulfate. After the evaporation of the
solvent, the residue was subjected to silica gel column chromatography with
hexane/CH>Cl, (10:1) as the eluent to give TTAG as a colorless oil in 86% yield
(0.214 g, 0.449 mmol). 'H NMR (400 MHz, CDCls) § 7.36 (d, J = 4.8 Hz, 1H), 7.11
(d, J=4.7 Hz, 1H), 4.51 (q, J = 7.3 Hz, 2H), 1.59 (t, J= 7.2 Hz, 3H), 1.50-1.38 (m,
4H), 1.29-1.17 (m, 24H), 0.86 (t, J = 7.0 Hz, 6H). '*C NMR (100 MHz, CDCls) §
156.0, 150.6, 144.8, 140.9, 129.8, 126.9, 77.5, 77.2, 76.8, 49.9, 32.8, 32.0, 29.3, 29.2,
25.4, 22.8, 15.3, 14.5, 14.2. HR-MS (APCI) Calcd for C24H4:N3GeS: [M + H]":
478.23057, Found: 478.23077.

Synthesis of TTAG-Br

A mixture of TTAG (0.182 g, 0.383 mmol) and N-bromosuccinimide (NBS)
(0.068 g, 0.383 mmol) was stirred in 15 mL of CH>Cl, at room temperature in the
dark. After 10 h, the reaction was quenched with water, and the resulting mixture was
extracted with CH2Cl,. The extracts were combined and washed with brine (2 x 10
mL). After drying the organic phase over anhydrous sodium sulfate, the solvent was
removed under reduced pressure, and the residue was purified by column
chromatography with hexane/CH>Cl (10:1) as the eluent to give 3 as a colorless oil in
95% yield (0.202 g, 0.363 mmol). "H NMR (400 MHz, CDCls) § 7.06 (s, 1H), 4.50 (d,
J =173 Hz, 2H), 1.59 (t, J = 7.3 Hz, 3H), 1.47-1.38 (m, 4H), 1.30-1.17 (m, 28H),
0.86 (t, J = 7.0 Hz, 3H). *C NMR (100 MHz, CDCl;) &: 155.8, 149.5, 145.1, 141.7,
132.5, 113.3, 50.0, 32.7, 31.9, 29.3, 29.2, 25.4, 22.8, 15.3, 14.5, 14.2. HR-MS (APCI)
Calcd for C24HaiN3BrGeS: [M + H]": 556.14109, Found: 556.14136.

Synthesis of TTAG-TPA
Compounds TTAG-Br (0.13 g, 0.234 mmol) and 5 (0.084 g, 0.156 mmol) were
dissolved in toluene (3 mL) that had been degassed by argon bubbling for

approximately 4 h. Pd(PPh3)4 (5.41 mg, 4.68 umol) was added and the solution was
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heated to reflux with stirring for 10 h. After removal of the solvent under reduced
pressure, the residue was purified by flash column chromatography (SiO2) with
hexane/CH>Cl> (10:1) as the eluent to afford product TTAG-TPA as an orange oil in
40% yield (0.045 g, 0.062 mmol). '"H NMR (400 MHz, CDCls) § 7.49 (d, J = 8.8 Hz,
1H), 7.29-7.24 (m, 4H), 7.23 (s, 1H), 7.13-7.11 (m, 4H), 7.08-7.02 (m, 4H), 4.51 (q,
J =173 Hz, 2H), 1.59 (t, J = 7.2 Hz, 3H), 1.50-1.38 (m, 4H), 1.29-1.17 (m, 24H),
0.86 (t, J = 7.0 Hz, 6H). *C NMR (100 MHz, CDCls) 8. 156.2, 150.2, 147.6, 147.4,
146.7, 146.2, 139.2, 129.4, 128.7, 126.7, 125.0, 124.6, 123.9, 123.2, 49.9, 32.8, 32.0,
29.3,29.2,25.4,22.8,15.3, 14.5, 14.2. HR-MS (APCI) Calcd for C42Hs5sN3GeS: [M +
H]": 721.33537, Found: 721.33685.
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Chapter 3 Preparation of Dithieno[3,2-b:4,5-c’]germole and Its Application as a
Donor Unit in Conjugated D-A Oligomers

Introduction

Functional organic m-conjugated molecules have garnered significant attention
because of their wide range of applications, including the use in optoelectronic
devices. Group 14 metalloles have been extensively studied as core structures of
conjugated functional materials. [1] For example, conjugated oligomers and polymers
containing silole units, such as poly(silole)s, are anticipated to exhibit effective
conjugation, making them suitable for both n- and p-type semiconductor materials
depending on the substituents. [2] This is explained by the low-lying LUMO energy
levels due to o'~ m orbital interactions and high planarity of the silole system.
Dithienosilole is a typical silole-containing building block that is used for the
development of conjugated organic materials. [3-6] However, most research activities
have focused on symmetrically condensed dithienosiloles, and less is known for
unsymmetrical dithienosiloles. [7-9] H. Wang and coworkers have prepared
dithieno[2,3-b:4,5-c’]silole derivatives and prepared conjugated polymers using them
as the monomers (Chart 3.1a). [8,9] In this unsymmetrical unit, one thiophene ring
can be incorporated into conjugated oligomeric and polymeric systems and the
introduction of a functional group (R) on the other thiophene ring enables fine-tuning
of the electronic state of the dithienosilole unit. Meanwhile, within the same family as
silicon, germanium-based congeners known as dithienogermoles are relatively
underexplored despite exhibiting properties that are comparable to or even superior to
those of their Si analogs, arising from their relatively strong intermolecular
interactions. [10-13]. Furthermore, dithienogermoles generally demonstrate higher
stability than dihtienosiloles. [14] Therefore, the exploration of unsymmetrical
dithienogermoles as a promising building block for the development of functional
organic optoelectronic device materials would facilitate the efficient construction of
germole-containing conjugated oligomers and polymers and have significant
implications.
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Wang et al

Chart 3.1. Structures of dithieno[2,3-b:4,5-c’]silole (a) and dithieno[3,2-b:4,5-

c’Jgermole (b) where asterisks indicate potential junctions to conjugated systems.

In the course of the author’s studies concerning unsymmetrically condensed
metalloles, [15,16] the author prepared dithieno[3,2-b:4,5-c’]germole (uDTG) as the
first example of group 14 dithieno[3,2-b:4,5-c’Jmetalloles. The author anticipate that
uDTG would show enhanced conjugation compared with the dithieno[2,3-b:4,5-
c’]siloles (Chart 3.1), hereby paving the way for the development of building units of
conjugated functional materials having finely tuned electronic states. The author also
prepared benzo[4,5]thieno[2,3-c]germole (BTG). The optical and electrochemical
properties of these thiophene-condensed unsymmetrical germole derivatives were
investigated and discussed with the help of quantum chemical calculations. To explore
the usefulness of uDTG as the building unit of conjugated oligomers and polymers,
the author synthesized two donor—acceptor (D—A) oligomers possessing uDTG as the
donor and benzo(2,1,3)thiadiazole (BT) as the acceptor, which were linked by
thiophene or thiazole units. These oligomers showed clear solvatochromic behavior
arising from their intramolecular D—A interaction, and their photoluminescence (PL)
bands shifted to lower energies as the solvent polarity increased. The compounds
described herein are expected to shed light on the design and application of new

building blocks of conjugated oligomers and polymers.
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Results and Discussion
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Scheme 3.1. Synthesis of unsymmetrically condensed thienogermoles.

The synthetic strategy for unsymmetrically condensed benzothieno- and
dithienogermoles is presented in Scheme 3.1. Compound 1 that was prepared
following the previously reported method [17] was used for the synthesis of BTG. For
the formation of uDTG derivatives, compound 4 was first obtained by a Negeshi
cross-coupling reaction of compounds 2 and 3 in 50 % yield. [18, 19] Dilithiation of 4
by n-BuLi, followed by a ring-forming reaction with dichlorodi(n-octyl)germane,
furnished a mixture from which uDTG-Si was isolated in 65% yield by preparative
gel permeation chromatography (GPC). uDTG-Si was then treated with
tetrabutylammonium fluoride (TBAF) to give desilylation product uDTG in 85%
yield. Bromination of uDTG-Si with NBS gave uDTG-Br in 75% yield. This

compound was further subjected to palladium-catalyzed Stille coupling with 5 and 6
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to provide uDTG-BTT and uDTG-BTTz as dark red solids in 30% and 20% yields,
respectively. The low yields of these compounds were due to the low reactivity of the
starting materials and difficulty in purification. The author found that the starting

materials remained in the reaction mixtures by NMR spectral analysis.

Optical and Electrochemical Measurements

The author examined the optical and electrochemical properties of this prepared
BTG and uDTS derivatives to clarify their electronic states. The UV-vis absorption
spectra of BTG, uDTG, uDTG-Si, uDTG-BTT, and uDTG-BTTz in dichloromethane

are shown in Figure 3.1a, and the corresponding photophysical data are summarized

in Table 3.1.
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Figure 3.1. UV-vis absorption spectra (a) and PL spectra (b) of unsymmetrically

condensed thienogermoles in dichloromethane (1.0 x 10> M) at room temperature.

As shown in Figure 3.1a, BTG displayed an absorption maximum at 280 nm.
Upon replacing the condensed benzene ring of BTG with a thiophene ring, an
absorption maximum appeared at 303 nm with a bathochromic shift of 23 nm for
uDTG. A further bathochromic shift was observed for uDTG-Si, giving an absorption
maximum at 315 nm. Their PL spectra showed similar bathochromic shifts as
presented in Figure 3.1b, and Table 3.1. These bathochromic shift from BDG to
uDTG is in agreement with that observed for symmetrically condensed dibenzo and
dithienosiloles (DBG and DTG in Chart 3.2). [20,21] However, the fact that the

absorption band of uDTG-Si appeared at higher energy than that of uDTG differed
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from a previous report on DTG derivatives that showeds a bathochromic shift of
absorption band by similar silyl substitution (DTG-Si in Chart 3.2), [22] although the
reason remains unknown. Hypsochromic shifts of the absorption bands of uDTG
derivatives relative to those of the symmetrically condensed DTG analogs [20-22] are
likely due to the less extended m-conjugation of a,B-linked bithiophene units in uDTG

and uDTG-Si compared with the a,a-linked bithiophene unit in DTG and DTG-S..

m Me3SimSiM83

Ge Ge
Ph” “Ph Ph” “Ph P ph
DBG DTG DTG-Si
288 nm 337 nm 350 nm

Chart 3.2. UV-vis absorption maxima for symmetrically condensed germoles in the

literature.

Table 3.1. Optical and electrochemical properties of thiophene germoles.

Compound UVabs. PLAmx®nm HOMO® LUMO!Y  LUMO-
Amax/nm (Dy) /eV /eV HOMO*®/eV

BTG 280 323 (<2%)  -6.27 -2.31 3.96

uDTG 303 347 (3.8%)  -5.50 -1.73 3.77

uDTG-Si 315 360 (<2%)  -5.52 -1.90 3.62

uDTG-BTT 329, 520 653 (33%) -5.08 -3.04 2.04

uDTG-BTTz 331, 501 634 (41%) -5.16 -3.05 2.11

% In dichloromethane at room temperature. ® Excited at the absorption maximum.
¢ Derived from CV anodic onset potential. ¢ E (LUMO) = E (HOMO) + Eg © Optica
band gap (Eg).

D-A interaction was noted in uDTG-BTT and uDTG-BTTz, which are
composed of uDTG and BT units as the donor and acceptor units, respectively, linked

by thiophene or thiazole units. The UV-vis absorption spectra of these compounds
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showed two m—m" transition bands around 330 nm and 500 nm. The former is
ascribable to the local excitation, whereas the latter is likely based on the D-A
interaction that leads to photoexcited intramolecular charge transfer (ICT). The
maximal absorption peaks in the low energy region were observed at 520 nm and 501
nm for uDTG-BTT and uDTG-BTTz, respectively. The blue-shifted absorption
maximum of uDTG-BTTz from that of uDTG-BTT is explained by less extended
conjugation of thiazole than thiophene. [23, 24] The optical band gaps of the
unsymmetrically condensed thienogermoles were estimated from the absorption edges,
decreasing in the order of BTG > uDTG-Si > uDTG > uDTG-BTTz > uDTG-BTT as

shown in Table 3.1
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Figure 3.2. UV absorption (solid line) and PL spectra (dotted line) in different
solvents (a) and the Lippert-Mataga plots (b) of uDTG-BTT. The slop of the fitted line
with a slope of 4266 cm™! (R? = 0.95).

Hexane Toluene THF

Figure 3.3. Photo of uDTG-BTT in several solvents under 365 nm at room

temperature.
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Figure 3.4. UV absorption (solid line) and PL spectra (dotted line) study (a) and the
Lippert-Mataga plot (b) of uDTG- BTTz. The slop of the fitted line is 5405 cm !
(R?=0.87).

Table 3.2. Absorption maxima, emission maxima and Stokes’ shift of uDTG-BTT and

uDTG-BTTz in various solvents.

uDTG-BTT uDTG-BTTz
Solvents Af  da/mm  As/mm  Stokes Aa/mm  Af/nm  Stokes
Shift/cm™! Shift/cm™!
Hexane 0 526 611 2644 508 591 2764
Toluene  0.014 525 625 3047 505 610 3408
CHCl;  0.218 521 647 3737 501 634 4187
THF 0210 524 647 3628 504 627 3892
DMF 0.309 523 662 4014 501 654 4670

Monomeric compounds BTG, uDTG, and uDTG-Si showed the PL bands at 323-
360 nm with low PL efficiencies. In contrast, oligomers uDTG-BTT and uDTG-BTTz
exhibited strong PL bands at 653 nm and 634 nm, respectively. To understand the ICT
behaviors of uDTG-BTTz and uDTG-BTT, the PL spectra were measured in different
solvents and the results are shown in Figures 3.2, 3.3, and 3.4, and Table 3.2. The PL
band shifted to the longer wavelength region with increasing solvent polarity, clearly
indicating that the photoexcited states of uDTG-BTT and uDTG-BTTz were more
polar than their respective ground states, reflecting the ICT behavior. rom the slope of

the Lippert-Mataga plot, the dipole moment changes (Ap) were esti-mated to be 13.03
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D and 15.57 D for uDTG-BTT and uDTG-BTTz, respectively.

HOMO and LUMO energy levels of conjugated materials are important
parameters for their electronic applications. Cyclic voltammograms (CV) were
performed in a typical three-electrode electrochemical cell with Pt as the working
electrodes in water-free acetonitrile with a scan rate of 50 mV s (Figure 3.5) to
determine the energy levels. The HOMO energy levels determined from the onsets of
the first oxidation peaks are —6.27 eV for BTG, —5.50 eV for uDTG, and —5.52 eV for
uDTG-Si. uDTG-BTTz pos-sessed a lower HOMO energy level than uDTG-BTT
owing to the more elec-tron-deficient nature of thiazole than thiophene. [23, 24] The
LUMO energy levels of the compounds were calculated from the anodic onsets and
optical band gaps as listed in Table 3.1. The HOMO and LUMO of uDTG-BTT are at
—5.08 eV and -3.04 eV, whereas those of uDTG-BTTz are at —5.16 eV and —3.05 €V,

providing similar bandgaps of 2.04 and 2.11 eV, respectively.
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Figure 3.5. Cyclic voltammograms of BTG, uDTG, uDTG-Si, uDTG-BTT, and
uDTG-BTTz in DCM/TBAHFP (0.1 M), [c] = 1*10™*mol L™, 298K, scan rate = 50

mV s
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Quantum Chemical Calculations

To obtain further insight into the effects of molecular structure and electron
distribution on the spectroscopic and electrochemical properties of these compounds,
their electronic structures were investigated with Gaussian 16 suite of quantum
chemical simulation programs. The structures were optimized in vacuo using DFT
calculations at the B3LYP/6-31G(d,p) level of theory. The visualized HOMO and
LUMO distributions and the calculated their energy levels are shown in Figure 3.6.
During the calculations, the compounds were optimized, where octyl chains on the

germanium atom were replaced with methyl groups to simplify the calculations.
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Figure 3.6. Energy levels and profiles of BTG, uDTG, uDTG-Si, uDTG-BTT, and
uDTG-BTTz deriveds from DFT calculation at B3LYP/6-31G(d,p) level of theory in
the gas phase, with alkyl chains replaced by methyl groups to simplify the

calculations.

The orbital levels of the small molecules were in good agreement with the
experimental data, except that calculations predicted a higher HOMO energy level
and a smaller HOMO-LUMO gap for uDTG-Si than for uDTG. These differ from the

72



experimental data that uDTG-Si showed the anodic onset at a higher potential and the
absorption band at a higher energy than uDTG, although the difference was not large.
The LUMO/HOMO energy levels of DTG-containing oligomers uDTG-BTT and
uDTG-BTTz were estimated to be —2.59/—4.80 and —2.83/-5.07, respectively. Both
the HOMO and LUMO of uDTG-BTT lye at the higher levels than those of uDTG-
BTTz, agreeing with the experimental data. The LUMOs of these oligomers are
mainly found in the acceptor BT units, whereas the HOMOs are distributed in the
uDTG fragments, as shown in Figure 3.6. This result indicates that ICT occurs from
the uDTG donor to the BT acceptor upon photoexcitation. It is interesting to see that
the thiophene and thiazole linkers also affect the HOMO and LUMO energy levels to

make their fine-tuning possible.

Conclusion

The author ha synthesized unsymmetrically condensed benzothienogermole BTG
and dithienogermole uDTG and thoroughly investigated their optical and
electrochemical properties. DFT calculations have been also carried out. Replacing
the benzene ring in BTG with a thiophene ring changes the electronic states to
enhance conjugation in uDTG derivatives. We have also explored the potential
application of uDTG as a donor unit in conjugated D—A materials by synthesizing D—
A oligomers uDTG-BTT and uDTG-BTTz featuring the combination with a
benzothiadiazole acceptor unit. uDTG-BTT and uDTG-BTTz exhibited extended
conjugation and clear solvatochromic behavior arising from their intramolecular D—A
interaction. These results indicate the potential application of the dithieno[3,2-b:4,5-
c’]germole unit as an electron donor in D—A systems. Studies on the preparation of
D—A materials based on the uDTG system including conjugated polymers are in

progress, the results of which will be reported elsewhere.

Experimental section
General

All reactions were carried out under dry argon atmosphere. Tetrahydrofuran
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(THF) and diethyl ether that were used as the reaction solvents were distilled from
CaH: and stored over activated molecular sieves in the dark until use. Compounds 1,
2, 3, 5 and 6 were prepared as reported in the literature [17-19, 25, 26]. All other
chemicals employed were commercially available and were used as received. Nuclear
magnetic resonance (NMR) spectra were recorded on a Varian 400-MR spectrometer.
UV-vis absorption and PL (photoluminescence) spectra were measured on Hitachi U-
2910 and HORIBA FluoroMax-4 spectrophotometers, respectively. APCI-mass
spectra were obtained by a Thermo Fisher Scientific LTQ Orbitrap XL spectrometer at
N-BARD, Hiroshima University. Electrochemical redox potentials were obtained by
cyclic voltammetry (CV) measurements, which were performed with a computer-
controlled Autolab analyzer using a typical three-electrodeelectrochemical cell in a
solution of tetrabutylammonium hexafluorophosphate (0.1 M) in anhydrous
acetonitrile at a scan rate of 50 mV s™! at room temperature under nitrogen. Pt disk
was used as the working electrode, a Pt wire as the counter electrode, and an Ag/Ag”
electrode as the reference electrode. The potential of the reference electrode was
calibrated with ferrocene. DFT calculations have been performed using the Gaussian
16 program (Gaussian Inc.). [27] Geometrical optimization was carried out in vacuo

using the B3LYP functional and standard 6-31G (d,p) basic set for all atoms.

Synthesis of BTG.

To a solution of 1 (0.416 g, 1.308 mmol) in diethyl ether (10 mL) was added ¢-
BuLi (1.6 M in pentane, 3.27 mL, 5.232 mmol) at -78 °C. After the solution was
stirred at this temperature for 2 h, dichlorodi(n-octyl)germane (0.508g 1.373 mmol)
dissolved in 5 mL of ether was added dropwise. The reaction mixture was then stirred
at room temperature overnight. After being quenched with H,O (20 mL), the reaction
mixture was extracted with CHCI3 (3 x 20 mL) and the extract was dried over
anhydrous magnesium sulfate. After evaporation of the solvent, the residue was
subjected to preparative GPC eluting with toluene to give 0.388 g (65% yield) of BTG
as a colorless oil. '"H NMR (400 MHz, CDCl3) & 7.68 (d, J = 8.0 Hz, 1H), 7.53 (d, J =

7.2 Hz, 1H), 7.48 (d, J = 2.2 Hz, 1H), 7.37 ~7.32 (m, 1H), 7.33 (d, J = 2.2 Hz, 1H),
74



7.22 —7.17 (m, 1H), 1.47 — 1.43 (m, 4H), 1.28 — 1.19 (m, 24H), 0.86 (t, J = 7.2 Hz,
6H). 3C NMR (100 MHz, CDCl3) &: 152.8, 144.8, 143.2, 141.4, 134.0, 129.3, 128.6,
126.7, 122.3, 115.0, 33.1, 32.0, 29.4, 29.3, 25.5, 22.8, 14.9, 14.3. HR-MS (APCI)
Caled for Ca6HaiGes: [M + H]": 459.21353, Found: 459.21353.

Synthesis of compound 4.

To a solution of 2 (0.775 g, 2.006 mmol) in 20 mL of THF was added 1.25 mL of
n-BuLi (1.6M, 2.006 mmol) in hexane at -78 °C, and the mixture was stirred in this
temperature for 1 hours. Zinc chloride (2.4 mL, 2.407 mmol, 1M,) was added to the
reaction solution and further stirred at -78 °C for 1h. Then, the reaction mixture was
warmed to room temperature. After 1h stirring, 3 (0.607g, 2.006mmol) and Pd(PPh3)4
(0.116g, 0.1003mmol) were added and the mixture was heated at 80 °C overnight. The
solvent was evaporated under reduced pressure and the residue was directly purified
by column chromatograph on silica gel with hexane as the eluent to give 4 in 65%
yield (0.629 g, 1.304 mmol) as white solid, mp 89.6 —90.8 °C. 'H NMR (400 MHz,
CDCl3) § 6.73 (s, 1H), 2.50 (s, 3H), 0.42 (s, 9H), 0.17 (s, 9H). '*C NMR (100 MHz,
CDCl3) & 146.77, 142.49, 141.28, 140.88, 139.60, 128.13, 122.70, 111.91, 15.67, -
0.10, -0.68. HR-MS (APCI) Calcd for CisH22BrS>Six: [M]™: 479.90682, Found:
479.90671.

Synthesis of uDTG-Si.

To a solution of 4 (0.500 g, 1.036 mmol) in 20 mL of THF was added of n-BuLi
(1.6 M in hexane, 1.328 mL, 2.124 mmol) at -78 °C, and the mixture was stirred at
this temperature for 2 h. Dichlorodi(n-octyl)germane (0.421 g, 1.139 mmol) was
added to the mixture at -78 °C. After stirring the mixture overnight at room
temperature, the solvent was evaporated under reduced pressure and the residue was
directly purified by preparative GPCeluting with toluene to give uDTG-Si in 65%
yield (0.249 g, 0.673 mmol) as a colorless oil. 'H NMR (400 MHz, CDCls) § 6.71 (s,
1H), 2.54 (s, 3H), 1.41 — 1.33 (m, 4H), 1.25 — 1.18 (m, 24H), 0.86 (t, /= 7.2 Hz, 6H),

0.48 (s, 9H), 0.33 (s, 9H). '3C NMR (100 MHz, CDCLs) § 154.77, 154.56, 147.72,
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147.06, 146.09, 140.98, 131.40, 128.02, 33.08, 31.97, 29.37, 29.23, 25.76, 22.81,
16.16, 15.59, 14.25, 0.81, 0.35. HR-MS (APCI) Calcd for C31Hs7GeS,Siz: [M + H]*:
623.26465, Found: 623.26624.

Synthesis of uDTG.

To a solution of uDTG-Si (0.287 g, 0.642 mmol) in THF (15 mL) was added a
solution of TBAF (0.642 mmol, 1 M) in THF at 0 °C and the mixture was stirred for
10 min at this temperature. After evaporation of the solvent, the residue was diluted
with 10 mL of ether acetate and was hydrolyzed with 3x10 mL water. The organic
layer and the extracts were combined and dried over anhydrous magnesium sulfate.
The residue was subjected to preparative GPC to give uDTG as a colorless oil (0.275
g, 0.578 mmol). '"H NMR (400 MHz, CDCl3) ) § 7.21 (d, J=2.2 Hz, 1H), 7.04 (d, J =
2.2 Hz, 1H), 6.70 (s, 1H), 2.52 (s, 3H), 1.47 — 1.41 (m, 4H), 1.33 — 1.20 (m, 20H),
1.17 — 1.10 (m, 4H), 0.87 (t, J= 7.0 Hz, 6H). *C NMR (100 MHz, CDCl;). § 146.72,
146.26, 145.83, 143.85, 141.02, 128.10, 127.97, 112.08, 32.95, 32.02, 29.37, 29.30,
25.56, 22.81, 15.65, 15.20, 14.22. HR-MS (APCI) Calcd for C2sH41GeS2: [M + H]":
479.18560, Found: 479.18591.

Synthesis of uDTG-Br.

A mixture of uDTG-S1 (0.425 g, 0.683 mmol) and NBS (0.122 g, 0.683 mmol) in
15 mL THF was stirred at 0 °C in dark. After 4h, the reaction was quenched with
water, and extracted with CH>Cl,. The organic layer and the extract were combined
and washed with a saturated NaCl aqueous solution (2 x 10 mL). After organic phase
was dried over anhydrous sodium sulfate and the solvent was removed under reduced
pressure, the residue was purified by silica gel column chromatography with hexane
as the eluent to give uDTG-Br as yellow oil in 95% yield (0.228 g, 0.363 mmol). 'H
NMR (400 MHz, CDCI3) 6 6.75 (s 1H), 2.54 (s, 3H), 1.38 — 1.33 (m, 4H), 1.27 - 1.16
(m, 24H), 0.87 (t, J = 7.0 Hz, 6H), 0.31 (s, 9H). *C NMR (100 MHz, CDCI3) §
152.76, 147.66, 146.55, 146.33, 144.37, 142.47, 127.81, 104.57, 33.00, 31.96, 29.86,

29.34, 25.58, 22.65, 1637, 15.65, 14.25, 0.43. HR-MS (APCI) Calcd for
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CasHasBrGeS,Si: [M + H]":627.13564, Found: 629.13599.

Synthesis of uDTG-BTT.

uDTG-Br (14.5 mg, 0.023mmol) and 5 (10.14 mg, 0.016 mmol) were dissolved
in toluene (4 mL) that had been degassed by argon bubbling for approximately 4 h.
Pd»(dba); (0.42 mg, 0.46 umol) and P(o-tolyl)s (0.56 mg, 1.84 umol) were add to the
solution and the solution was heated to reflux with stirring for 3 days. After removal
of the solvent under reduced pressure, the crude product was purified by GPC to
afford product uDTG-BTT (6.7 mg, 0.048 mmol, 30%) as dark red solid. 'H NMR
(400 MHz, CDCl3) 6 8.20 (d, J = 3.9 Hz, 2H), 7.92 (s, 2H), 7.49 (d, J = 3.9 Hz, 2H),
6.71 (s, 2H), 2.46 (s, 6H), 1.44 — 1.37 (m, 8H), 1.32 — 1.11 (m, 48H), 0.87 (t, J = 7.0
Hz, 12H), 0.36 (s, 18H). *C NMR (100 MHz, CDCl3). § 152.82, 148.40, 147.65,
146.54, 146.33, 145.17, 144.37, 142.47, 139.52, 136.62, 128.85, 128.67, 127.84,
126.01, 104.57, 32.99, 31.95, 29.84, 29.33, 25.56, 22.63, 16.37, 15.65, 14.25, 0.42.
HR-MS (FD) Calcd for C7oH100Ge2N2S7Siz: [M]™: 1396.38881, Found: 1396.38577.

Synthesis of uDTG-BTTz.

uDTG-BTTz was synthesis in a similar fashion to that described for uDTG-BTT
above, using compound 6 (29.93 mg, 0.034 mmol) instead of compounds 5. uDTG-
BTTz was obtained as dark red solid in 20% yield (0.95 mg, 0.68 pmol). 'H NMR
(400 MHz, CDCI3) 6 8.85 (s, 2H), 8.29 (s, 2H), 6.72 (s, 2H), 2.54 (s, 6H), 1.41 — 1.35
(m, 8H), 1.28 — 1.19 (m, 48H), 0.86 (t, J = 7.0 Hz, 12H), 0.34 (s, 18H). 3*C NMR
(100 MHz, CDCl3) 6 167.27, 154.24, 152.76, 150.20, 147.66, 146.55, 146.33, 144.38,
143.53, 142.47, 132.97, 127.70, 122.29, 104.57, 33.00, 31.96, 29.34, 29.20, 25.58,
22.81, 16.37, 15.65, 14.25, 0.44. HR-MS (FD) Calcd for CssHosGeaNsS7Sin: [M]™:
1398.37930, Found: 1398.37938.
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Conclusions

Throughout this work, the author synthesized new conjugated compounds based
on new ideas of molecular design. By introducing non-covalent interaction such as
Bi---O, the author succeeded in fine control of the molecular planarity of
bibenzofuran, thereby indicating their potential application as device materials. The
author also developed triazologermole compounds for the first time. The introduction
of triphenylamine substituent to triazologermole provided a D-A conjugated
compound that showed chromic properties, suggesting potential applications of the
triazologermole derivatives as sensor materials. In addition, the author synthesized
new unsymmetrical benzothienogermole and dithienogermole and indicated their
application for preparing new D-A materials.

In Chapter 1, the author successfully synthesized bismuth-, antimony-, and
arsenic-substituted bibenzofurans and bibenzothiophenes. The single crystal X-ray
diffraction study revealed the presence of attractive intramolecular noncovalent
Bi---O, Sb---O, and As---O interactions, which enhanced the self-planarization and
rigidification of the m-conjugated systems. According to theoretical calculations
including QTAIM analysis, BCPs were found between Bi---O, Sb---O, and As---O,
corresponding to the van der Waals interactions as revealed by IRI. The experimental
data and the DFT calculations revealed that the HOMO and LUMO energy levels of
bismuth- and antimony-substituted bibenzofurans and bibenzothiophenes were lower
than those reported previously for phosphorous substituted bibenzofuran, reflecting
the stronger noncovalent interactions. In addition, the absorption spectra were red-
shifted as a result of enhanced conjugation due to the higher planarity owing to these
interactions. Such interactions as Bi---O, Sb---O, and As---O are anticipated to
generally operate in other cyclic ether systems. It may be possible that bismuth,
antimony, and arsenic substituents on other cyclic ether-based n-conjugated systems
provide both intermolecular and intramolecular interactions, making potential
structural control possible in the solid state, and ultimately, improving the device
performance. The author has not yet examined the device fabrication based on these

substituted bibenzofurans. However, the good film forming property of bismuth-
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substituted bibenzofuran indicated its potential application as a device material.

In Chapter 2, the author synthesized triazologermole compounds for the first
time and thoroughly investigated their optical and electrochemical behaviors to
elucidate the electronic states. The author’s findings suggest that replacing the
condensed benzene ring of benzotriazologermole with a thiophene ring enhances the
conjugation, as evidenced by the red-shifted absorption of thienotriazologermole
relative to that of benzotriazologermole. Contrary to the author’s expectation, germole
condensation raised both HOMO and LUMO energy levels, suggesting that the o*—n*
conjugation does not play an important role in the triazologermole system and that the
germole unit serves as an electron donor, unlike conventional germole compounds
such as dithienogermoles and dibenzogermoles. The author also found that bromo-
substituted thienotriazologermole can be used as a potential precursor of a variety of
thienotriazologermole-based conjugated compounds, and an electron-donating
triphenylamine unit was introduced to the thiophene ring of thienotriazologermole.
The resulting triphenylamine-thienotriazologermole showed the expected
intramolecular D—A interaction, indicating that the riphenylamine unit can be used as
an electron-accepting unit in conjugated D—A systems. Furthermore, triphenylamine-
thienotriazologermole had sufficient Lewis basicity for complex formation with
trifluoroethanol, inducing a clear red shift of the PL band, suggesting potential
applications of triazologermole derivatives as sensor materials. The triazologermole
seems to be useful as an acceptor unit being applicable to donor—acceptor compounds.

In Chapter 3, the author has successfully synthesized new unsymmetrically
condensed  benzothienogermole and  dithieno[3,2-b:4,5-c’]germole. = These
unsymmetrical germoles were thoroughly investigated with respect to their optical
and electrochemical properties and DFT calculations and it was found that replacing
the benzene ring in benzothienogermole with a thiophene ring can change the
electronic states enhancing the conjugation in unsymmetrical dithienogermole
derivatives. The author also explored the potential application of unsymmetrical
dithienogermole as the donor unit of D-A conjugated materials by forming D-A

oligomers. The D-A oligomers thus obtained exhibited extended conjugation and clear
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solvatochromic properties arising from their intramolecular D-A interaction. These
results clearly indicate the potential applications of the dithieno[3,2-b:4,5-c’]germole

unit as an electron donor of D-A systems.
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