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Abstract

Near-infrared (NIR) light-emitting materials have attracted attention in the fields of
optical communication and bioimaging. To improve the utility of NIR light-emitting
materials, it is significant to increase their chemical stability and solubility in common
solvents. In this study, we synthesize hypervalent silicon(IV)-fused azobenzene (SAz)
compounds and their n-conjugated polymers exhibiting NIR emission both in solution
and film (maximum photoluminescence (PL) wavelength: Ap.. = 727-1004 nm, absolute
PL quantum yield: ®@pL = 0.3-7.9%). The introduction of a bulky terphenyl group on
silicon ensures sufficient chemical stability of the SAz backbone and solubility of the
compounds in common solvents. The SAz compounds have a strong electron-accepting
ability reaching —3.87 eV in the lowest unoccupied molecular orbital (LUMO) energy
level owing to the combination of the five-coordinated hypervalent silicon and the
azobenzene tridentate ligand. By constructing donor—acceptor systems based on m-
conjugated polymers, the optical properties are dramatically improved not only by
increasing the radiative transition probability but also by suppressing the structural
relaxation in the SAz moiety. Our results reveal that hypervalent silicon compounds are

a promising candidate for the development of advanced NIR light-emitting materials.



Introduction

Near-infrared light (NIR, 700-2500 nm) is invisible to the human eye and known
for low-scattering property in the air and high permeability to various materials.!” In
particular, the wavelength range from 1,000 to 1,700 nm is called the second optical
window (NIR-II), and the light in the NIR-II region has superior deep penetration depth
into biotissues.>* Therefore, the demand for NIR light-emitting materials is increasing in
the fields of optical communications and bioimaging.>™

Recently, donor—acceptor (D—A) type m-conjugated polymers have attracted much
attention as the molecular design to achieve absorption/PL in the NIR region.!®'* The
highest occupied molecular orbitals (HOMOs) of the electron donor units and the lowest
unoccupied molecular orbitals (LUMOs) of the electron acceptor units play a significant
role in determining the energy gap (Eg) of D—A type n-conjugated polymers. Therefore,
this strategy can be a powerful tool for narrowing the energy gap, leading to the
bathochromically-shifted absorption and PL wavelengths. The development of strong
donor molecules has been limited by concerns that their high HOMO energy levels reduce
their stability against oxidation in air.!>!® In contrast, the development of strong acceptor
molecules with low LUMO energy levels can overcome such limitations. However, there
are few examples of strong acceptor skeletons, and the design and development of novel
acceptor molecules are desired.!”° In addition, the extension of the m-conjugation with
polymerization can improve optical performances by increasing the molar extinction
coefficient and radiative transition probability. Meanwhile, it often decreases solid-state
emission efficiency due to aggregation-caused quenching (ACQ) originating from strong

nonspecific interchain m—m interactions.?! Therefore, it is necessary to incorporate



molecular designs that can disturb interchain n—n stacking among conjugation units to
suppress ACQ followed by highly-efficient solid-state emission.

To lower the LUMO energy level of the m-conjugated units, the strategy of
introducing heteroatoms into their molecular skeletons is effective.”>?® We have
suggested the concept of “aza-substitution”, in which a nitrogen replaces a skeletal carbon
atom that has a large contribution of the HOMO or LUMO orbital for the n-framework
based on the frontier molecular orbital (FMO) theory.?’?® The “aza-substitution” enables
selective reduction of the energy level of the mn-conjugated systems, leading to drastic
modulation of the energy gap. As an example, azobenzene (Ph—N=N-Ph), in which the
two central carbons of stilbene (Ph—CH=CH-Ph) are replaced with nitrogen, has been
found to have a lower LUMO energy level and a narrower energy gap compared to
stilbene.”®3? Since the azobenzene is generally non-emissive due to the cis-trans
photoisomerization and the forbidden So—S1 transition assigned to the n—m* transition, ¥
chemical modifications to the azobenzene skeletons are required to obtain the emission.

Recently, it was reported that the bright emission can be observed from a series of
azobenzene compounds by coordinating Lewis acidic boron and the lone-pair electrons
of nitrogen in the azobenzene moiety.*>¢ This is because the coordination not only
suppresses the cis-trans photoisomerization of the azobenzene but also converts the So—
Si transition to the allowed n—n* transition. We also developed excellent novel acceptor
molecules with boron-fused azo/azomethine complexes (BAz/BAm) composed of
azo/azomethine tridentate ligands.*° It was found that the boron-fused azo/azomethine
complexes (BAz/BAm) show very weak emission in the diluted solution state, meanwhile
they exhibit intense emission in the aggregated and crystalline states. These phenomena

)37,41—43

called aggregation-induced emission (AIE and crystallization-induced emission



enhancement (CIEE)*'#446 respectively. According to the mechanistic studies, it is
proposed that the emission quench in the dilute solution state should be due to the bending
motion of the BAz/BAm skeletons caused by the elongation of the nitrogen—nitrogen
double (N=N) bond in the excited state.*’ The aggregated and crystalline states suppresses
such structural relaxation, and subsequently the emission efficiency increases by closing
the nonradiative decay channel. By incorporating the BAz/BAm units into the m-
conjugated polymers, similar restriction of the molecular motion is also obtained, and
their extended m-conjugation also enhances the optical properties accompanied by the
bathochromically-shifted absorption and emission wavelengths. Additionally, the
interchain n—r stacking can be suppressed by the substituent on the boron that protrudes
orthogonally to the m-conjugated systems, leading to highly-efficient NIR emission in the
solid state.>”#7->3

More recently, we developed the molecules incorporating heavy group 14 elements
such as tin (Sn) and germanium (Ge) into azobenzene tridentate ligands (TAz and
GAz).>*% Unlike the coordination with the empty p orbital of boron, the group 14
elements are coordinated to form the hypervalent state, in which more than eight electrons
are formally observed around the central element based on the Lewis octet rule.’’
Compared to BAz, these hypervalent compounds show absorption and emission in the
longer wavelength region and proved to be applicable as a platform for the development
of NIR-emitting m-conjugated polymers.’*%? In the case of silicon (Si), the strongest
electron-accepting ability with low LUMO energy level is expected owing to the small
atom size of silicon compared to the tin and germanium. Although several hypervalent
silicon compounds with azo/azomethine tridentate ligands were synthesized,*% n-

conjugated polymers including them as repeating units have never been realized. This



should be because the five-coordinated silicon-fused azo/azomethine (SAz/SAm)
compounds are not considered stable enough to withstand the polymerization conditions.
Our research group reported the blue and NIR light-emitting n-conjugated polymers
including stable five-coordinated silicon compounds based on benzo[/]quinoline-based
organosilicon,® dibenzosilepin® and silicon formazanate scaffolds®®. From these reports,
we expected that increasing chemical stability of the SAz/SAm compounds should be a
key factor for preparing their m-conjugated polymers.*’

In this study, we synthesized the hypervalent SAz compounds and observed highly-
efficient NIR emission from their D—A type n-conjugated polymers incorporating the SAz
units as an electron acceptor. Hypervalent SAz derivatives were stabilized by introducing
a terphenyl group which sterically protects the silicon center from nucleophilic attack.
Consequently, the introduction of the terphenyl group provides sufficient stability and
solubility for polymerization. Furthermore, the optical properties can be modulated by
variable substituents (phenyl, methyl, and hydroxyl groups) at the apical position of the
hypervalent silicon. Finally, the SAz compound was used as an acceptor unit to construct
D-A type m-conjugated polymers. Consequently, its m-conjugated polymers not only
showed the bathochromically-shifted absorption and emission in the NIR region but also
enhanced the emission efficiency compared to the monomer. In addition, these polymer
films also exhibited solid-state emission owing to the presence of the bulky terphenyl
group that can disturb interchain interaction. In particular, the emission wavelength in the
film state reached the NIR-II region. These results suggest the usefulness of SAz

compounds as a novel acceptor unit to create NIR light-emitting polymer materials.



Results and Discussion

Synthesis

The outline of the synthesis of SAz derivatives is shown in Scheme 1. After the
reaction of 2-iodo-1,1:3,1-terphenyl (terPh, 1) with n-butyllithium (n-BuLi) in diethyl
ether (Et20), the corresponding chlorosilane derivatives were added to prepare crude
products of terPh silane derivatives (2Cl, 2Me, and 2Ph). The crude products were
filtrated followed by removing the solvent of the filtrate in vacuo, then OH-Br and N,N-
diisopropylethylamine (DIEA) were added and reacted at 60 °C in benzene to afford SAz
derivatives with terPh groups, terPh-OH, terPh-Me, and terPh-Ph in 16%, 2%, and 1%
isolated yields, respectively. Notably, the chlorine on silicon from 2Cl was converted to
the OH group to provide terPh-OH during purification process. All compounds are stable
enough to be purified by silica gel column chromatography at ambient condition. The low
product yields should be caused by the low reactivity of the silicon center covered with
the steric terPh groups.

By using terPh-OH as an electron acceptor, D—A type n-conjugated polymers (P-
FL, P-BT, and P-CDT) were synthesized by the Migita—Kosugi—Stille cross-coupling

reaction’®’!

in the catalytic system of Pdx(dba)s (dba=dibenzylideneacetone) using 2-
dicyclohexylphosphino-2',4',6 -triisopropylbiphenyl (XPhos) as a phosphine ligand
(Scheme 2). As commoners, fluorene (FL) for P-FL, bithiophene (BT) for P-BT, and
cyclooctadithiopene (CDT) for P-CDT were used as weak, moderate, and strong donor
units, respectively. The production of polymers was confirmed from the data with gel
permeation chromatography (GPC), and the number- and weight-average molecular

weights (Mn and Mw) of the polymers were determined as a relative value toward the

polystyrene standards (Figure S1 and Table S1). Moreover, to confirm the effect of



extension of m-conjugation on the optical properties, a model compound (M-BT) was also
synthesized (Scheme 3). All polymers had good solubility in common organic solvents
such as toluene, tetrahydrofuran (THF), CHCl3, and dichloromethane (CH2Cl2) owing to
the bulky terPh groups sterically covering the m-conjugated system and suppressing
interchain interactions.

The chemical structures of the synthesized compounds in this study were confirmed
by 'H, 3C{'H}, ?Si NMR spectroscopy and high-resolution mass spectrometry (Charts
S1-S24). The *Si NMR signals of the SAz derivatives were observed from —70 to =110
ppm, suggesting that the five-coordinated silicon should be formed in the solution.®> From
the 1*C{'H} NMR spectroscopy, it was clearly revealed that the two benzene rings of the
azobenzene skeleton cannot be distinguished. It is probably because of pedal motion of
the azobenzene skeleton.®*%>7273 In the single-crystal X-ray diffraction analysis of terPh-
OH, the structure was confirmed to be five-coordinated silicon with square pyramidal

(SP) geometry (Figure S2 and Table S2).
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Optical property

To investigate the substituent effect at the apical position of the synthesized
hypervalent silicon compounds, UV-vis absorption and PL spectra measurements of
terPh-OH, terPh-Me, and terPh-Ph were performed (Figure 1 and Table 1). As a result,
not only the electronic state of the m-conjugated system in the ground state but also the
degree of structural relaxation in the excited state can be tuned by the substituents at apical
position. In UV-vis absorption spectra, the maximum absorption wavelengths (4abs) were
longer for terPh-OH, terPh-Me, and terPh-Ph in that order (Figure 1a). This means that
the energy levels of FMOs in the ground state can be modulated by the substituents at the
apical position. On the other hand, similar PL spectra were observed in the NIR region
regardless of the substituents (Figure 1b). This fact means that they have similar
electronic states in the excited state. The Stokes shifts (AV) were smaller for terPh-OH,
terPh-Me, and terPh-Ph in that order. These data represent that the substituents on
silicon can affect the degree of structural relaxation in the excited state, and the smaller
substituents at the apical position tend to show larger structural relaxation. The higher
quantum efficiency can be obtained by suppressing structural relaxation although the @pL

values were low.
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Figure 1. a) UV—vis absorption and b) PL spectra of SAz derivatives excited at each
absorption maximum wavelength in CHCIs (1.0 x 107> M). ¢) Photographs of the CHCl3

solutions of SAz derivatives under room light.

Table 1. Optical data of SAz derivatives in the diluted solution state

Jabs®/nm g9/ cm M JL?/nm  AVP/em™t @pL Y %
terPh-Ph 372, 538 14,400 725 4790 0.9
terPh-Me 367, 526 12,900 732 5350 0.5
terPh-OH 372,501 12,500 730 6260 0.3

¢In CHCI3 (1.0 x 107> M), excited at Labs for PL, &: molar extinction coefficient. * Stokes

shift; AV = 1/abs x 107 — 1/JpL % 107. ¢ Absolute PL quantum yield, excited at Aabs.

Next, the optical properties of each compound in the solid state were evaluated
(Figure S3 and Table S3). PL measurements revealed that the emission efficiency in the
solid state was slightly enhanced compared to that in the diluted solution state (Figure

7,41

S3a). Similar behavior was also observed from the BAz derivatives,’’*! suggesting that

the structural relaxation of SAz derivatives in the excited state is partially suppressed in



the solid state. To obtain further insight into the molecular motion, we measured the PL.
spectra and the emission efficiency of SAz derivatives under cryogenic conditions (Figure
S3b). Consequently, a significant increase in the emission efficiencies accompanied by
hypsochromic shifts of the emission bands were observed in all compounds at 77 K. In
particular, terPh-OH showed the more hypsochromically-shifted wavelength and the
higher emission efficiency than terPh-Me and terPh-Ph. Considering that the molecular
motion is strongly restricted at glass-forming solvent at 77 K, these results support that
the emission efficiency should be affected by the degree of structural relaxation in the
excited state. Therefore, to impart excellent NIR light-emitting properties to the SAz
derivatives, it is necessary to design molecules that suppress such structural relaxation.
As the strategy for suppressing the structural relaxation, the effect of extension of -
conjugation was investigated by comparing the optical properties of the monomer (terPh-
OH), oligomer (M-BT), and polymer (P-BT) based on the backbone of terPh-OH which
has the highest emission intensity in the cryogenic state. The results are shown in Figure
S4 and Table S4. In summary, it was found that the extension of m-conjugation is effective
in suppressing the structural relaxation of the hypervalent silicon compounds, followed
by enhancing the optical properties. By expanding the m-conjugated system, larger
bathochromic shifts in absorption and PL wavelengths were observed accompanied by
increases in emission efficiencies. We determined the kinetic parameters such as a
radiative rate constant (kr) and a non-radiative rate constant (knr) from a PL lifetime
measurement (Figure S5 and Table S4). It was suggested from the data that the increase
in emission efficiency is attributed to both the elevation of the radiative rate constant and
the reduction of non-radiative constant. These are involved in the enhancement of

radiative transition probability and restriction of structural relaxation, respectively, owing



to the delocalized m-electron through the main-chain n-conjugated system.

To evaluate the utility of the polymers whose optical properties can be modulated by
the selection of comonomers, UV-vis—NIR absorption and PL spectra of the polymers,
P-FL, P-BT, and P-CDT, were measured (Figure 2 and Table 2). From the PL
measurements, it was shown that strong NIR emissions can be obtained from these
polymers at wavelengths ranging from 700 to 1,000 nm depending on the strength of the
donor units (donor strength: FL. < BT < CDT). P-FL showed the bathochromic shift of
the absorption band compared to the monomer. This should be attributed to the smaller
energy gap because of the extension of the m-conjugated system. Furthermore, the
emission intensity in diluted solution was confirmed to be 4.0%. This result means that a
significant increase in emission efficiency can be accomplished by polymerization. It is
because the expansion of m-conjugation should contribute to suppression of structural
relaxation in the excited state and enhancement of radiative transition probability. This
effect on optical properties by polymerization is also supported by the smaller Stokes shift
of P-FL compared to the monomer (terPh-OH).

In addition, further bathochromic shifts of the absorption and emission bands were
observed in P-BT. This should be attributed to the construction of the strong D-A
interactions between BT and SAz units reducing the energy gap in addition to the
expansion of the m-conjugation. A further increase in emission efficiency was also
detected in P-BT. This should be because of the D—A interaction in the more rigid n-
conjugated system and the increase in the radiative transition probability originating from
the introduction of the electron-donating BT unit. Therefore, the D—A type n-conjugated
polymerization is a valid strategy for realizing excellent PL properties in the NIR region.

In P-CDT, the maximum absorption and PL wavelengths were found to be over 800



nm and close to 1,000 nm in the diluted solution, respectively, owing to the CDT donor
unit, which is expected to extend the m-conjugated system because of its high planarity
and superior electron-donating property compared to FL. and BT units. Although the
emission intensity was lower than that of P-FL and P-BT, high emission efficiency can
be obtained in the near NIR-II region. In the previous our reports, the D-A type n-
conjugated polymers including CDT units showed a small Stokes shift (A¥ < 1000 cm™)
and large self-absorption.**>° On the other hand, P-CDT exhibited the larger Stokes shift
(A¥ > 2000 cm™") compared to the previous CDT polymers. The SAz unit with flexible
and strong electron-accepting properties plays an significant role in achieving the efficient

NIR emission with reduced excited energy loss caused by self-absorption.
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Figure 2. a) UV—-vis—NIR absorption and b) PL spectra of polymers excited at each
absorption maximum in toluene (1.0 x 107> M per repeating unit). ¢) Photographs of the

toluene solutions of polymers under room light.

Table 2. Optical data of polymers in the diluted solution state

Jabs ¢ /nm e /cm M L¢/mm  AVP/em™ @pL ¢ %
P-FL 561 33,600 727 4070 4.0
P-BT 615 43,600 775 3360 7.9
P-CDT 814 63,300 975 2030 1.04

“In toluene (1.0 x 10> M per repeating unit), excited at Aabs for PL. ? Stokes shift; AV =
1/2abs 107 — 1/ApL % 107. ¢ Absolute PL quantum yield excited at das. ¢ Absolute PL

quantum yield, excited at 525 nm.

Next, we measured the UV—-vis—NIR absorption and PL spectra in four different
solvents (toluene, chlorobenzene (PhCl), CHCIl3, and CH2Cl2) to investigate the solvent
effect involved in charge-transfer (CT) characters of each polymer (Figures S6 and S7,

Table S5). The solvatochromic behavior of a general D—A type n-conjugated polymer is



known to cause positive solvatochromism, in which only the emission wavelength
changes while the absorption wavelength hardly changes, because the CT state in the
excited state is stabilized by polar solvents.'” On the other hand, all the polymers
synthesized in this study showed not only a change in the emission wavelength but also
a change in the absorption wavelength. In P-FL, the emission wavelength hardly changed,
and only the absorption wavelength changed depending on the polarity of the solvent.
This should be attributed to the effect of the monomer (terPh-OH) property which
showed the similar behavior both in the absorption and emission wavelengths (Figure S8
and Table S6). This might be due to the hydroxy group having an acidic proton that should
be more sensitive to solvents. In P-BT and P-CDT, in addition to a change in the
absorption wavelength, a change in the emission wavelength was also observed. This
suggests that P-BT and P-CDT show emission from the CT states because of the strong
D-A interactions.

Solid-state emission is an essential optical function for applications on fabricating
light-emitting devices. Therefore, we investigated the solid-state PL property of each
polymer with the spin-coated film on the quartz substrate (Figure 3 and Table 3). From
the measurements, it was confirmed that all polymers can exhibit the NIR emission even
in the film. The absorption and PL bands of each polymer film were observed in the longer
wavelength region than those in the diluted solution. Interestingly, P-FL. maintained the
emission intensity in the film state compared with the diluted solution. That is probably
because the bulky terPh groups suppress interchain interactions leading to ACQ. In P-BT
and P-CDT, although the emission efficiencies were partially reduced, NIR emissions
were still observed. Focusing on the emission wavelength of P-CDT in the film, we found

that it reached the NIR-II region, suggesting SAz is useful as an excellent acceptor unit



that can provide the tunable NIR emission.
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Figure 3. a) UV—-vis—NIR absorption and b) PL spectra of polymers excited at each
absorption maximum in film. c) Photographs of the films of obtained polymers under

room light.

Table 3. Optical data of polymers in the film state

Jabs @ /nm JpL%nm DpL b/%
P-FL 564 741 4.1
P-BT 628 836 2.1
P-CDT 812 1004 03¢

@ spin-coated film on the quartz substrate (0.9 cm x 5 cm) prepared from CHCI3 solution
(0.10 mL, 1000 rpm, concentration: 1.0 mg / 0.30 mL), excited at Aabs for PL. ? Absolute

PL quantum yield excited at Jabs. © Absolute PL quantum yield, excited at 525 nm.



Cyclic voltammetry

Cyclic voltammetry (CV) measurements were conducted to estimate the energy
levels of FMOs of SAz compounds. Accordingly, SAz derivatives exhibited low LUMO
energy level reaching —3.87 eV. This means SAz derivatives work as a strong electron
acceptor in D—A nt-conjugated polymers.!” The LUMO and HOMO energy levels (ELumo
and Euomo) were calculated from the onsets of the first reduction curves and from the
starting point of the first oxidation curve with ferrocene/ferrocenium (Fc/Fc*) as a
standard (—4.8 eV), respectively.”*”> The results are summarized in Figure 4 and Table
S7, and the voltammograms are shown in Figure S9.

Regarding the monomers, both the HOMO and LUMO energy levels were lower for
terPh-Me, terPh-Ph, and terPh-OH in that order, implying that the strong inductive
effect of the substituent at the apical position mainly reduces the energy levels of FMOs
of the hypervalent compounds, since inductive substituent constants (or) are higher
methyl (-Me), phenyl (-Ph), and hydroxy (-OH) in that order.”® Focusing on the energy
gaps between HOMO and LUMO, we found that terPh-OH had narrower energy gap
than terPh-Me and terPh-Ph, which is not opposite results from the UV—vis absorption
spectra. This might be attributed to the sensitive property of the hydroxy group to the
measurement environment. In polymers, a slight increase in the LUMO energy level was
observed compared to terPh-OH. This should be attributed to the destabilization of the
energy levels induced by the electron donation from the donor comonomer. On the other
hand, the HOMO energy level tended to increase depending on the electron-donating
strength of the donor units. This effect dominantly leads to a smaller energy gap between
the FMOs of the D—A type n-conjugated polymers, which is consistent with the longer

absorption wavelengths observed in the optical properties.
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Figure 4. Energy diagrams of monomers and polymers prepared with the data from CV

measurements (Table S7).

DFT calculation

To obtain further insight into the optical properties of the SAz derivatives, density
functional theory (DFT) and time-dependent (TD)-DFT calculations were executed. The
detailed calculation methods are shown in the Supporting Information. In monomers, the
geometry of the optimized structure of each compound was categorized into the SP
geometry, and significant structural differences were hardly observed (Figure S10). This
result is different from the previous report in which the shortening of the distance between
silicon—nitrogen (Si-N) was induced by the introduction of electron-withdrawing
substituents.5® In our case, the Si-N distance might be highly dependent on the bulky
substituent at silicon (terPh group) since there were little differences in the Si—N distances
in terPh-Me, terPh-Ph, and terPh-OH.

Next, focusing on the FMOs, we found that the LUMO shapes of each compound
are similar, while the HOMOs are spread to the apical position in the terPh-Me and
terPh-Ph compared to terPh-OH (Figure 5). The larger orbital contribution at the apical

position should destabilize the HOMO energy level. These should be responsible for the



change in absorption wavelengths as described above (Table S8).
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Figure 5. Kohn-Sham orbitals (HOMO and LUMO) and energy diagrams of SAz

derivatives with DFT calculations (isovalue = 0.02).

To obtain information on the excited states of the hypervalent silicon compounds,
we calculated the optimized structures of each compound with TD-DFT calculations
(Figure S11). As a result, large structural deformation was observed in all compounds,
and the optimized structures in the excited states were similar, which are in good
agreement with the observation of the large Stokes shifts and the similar PL spectra in
optical measurements. It was shown that the N=N bonds of azobenzene were elongated
compared to the optimized structures in the ground state. This trend is consistent with the
previously reported other azobenzene compounds.®”*! Furthermore, the Si-N distances
were shortened, and the N—Si—X bond angles (X: the atoms in the apical position) were
widened. The change value of the N-Si—X bond angle of terPh-OH was larger than those

of terPh-Me and terPh-Ph, supporting the experimentally observed larger Stokes shift



of terPh-OH. In addition, the S1 — So transition was assigned to a ligand (azobenzene)
to a ligand (terPh group) transition (Figure S12 and Table S9). It should cause small
oscillator strength, large non-radiative deactivation, and low emission efficiency in the
SAz derivatives.

P-FL, P-BT, and P-CDT were calculated to investigate the effect of polymerization
on optical properties. The model compounds having two repeating units and methyl
groups at thiophene rings instead of long alkyl chains were used for the calculation to
save computation costs (Figure 6). Accordingly, the shorter Si—N distance was observed
after polymerization in the ground state (Figure S13). The shortening of the Si—-N bond
should be attributed to the substitution of the donor comonomer which increases the
electron-donating ability of the lone-pair electrons on the nitrogen followed by a larger
interaction with the silicon. This might enhance the rigidity of the SAz scaffold and
subsequently suppress the structural relaxation in the excited state, leading to an increase
in the emission efficiency. Furthermore, the So — S transition was assigned to the n—mn*
transition of the polymer main chain, where the HOMO-LUMO transition is more
dominant compared to the monomer (Tables S8 and 10). In addition, increase in the
oscillator strength by polymerization should lead to the enhancement of the molar
extinction coefficient in polymers. Focusing on the FMOs in each polymer, we found that
the HOMO is delocalized throughout the polymer main chain, whereas the LUMO is
relatively localized to the SAz moiety (Figure 6). These results support the existence of
the D-A interaction between the SAz acceptor and comonomer donor units with a
significant increase in the HOMO energy level. This result is consistent with the
modulation of the emission wavelengths in the optical measurements.

To obtain further information on the increase of the emission efficiency of P-BT



compared with the monomer, we calculated the exited state of the model compound of
M-BT with TD-DFT (Figure S14). As a consequence, the S1 — So transition was assigned
to the m—m* transition of the main-chain n-conjugated system in contrast to terPh-OH.

These data mean that the expansion of the n-conjugation should be effective in increasing

the emission efficiency.
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Figure 6. Energy diagrams and Kohn-Sham orbitals (HOMO and LUMO) of P-FL, P-

BT, and P-CDT obtained with DFT calculations (isovalue = 0.02).



Conclusion

We developed NIR light-emitting hypervalent silicon(IV)-fused azobenzene
compounds with sufficient stability and strong electron-accepting properties. The
introduction of the bulky terPh group on silicon improved stability of the SAz backbone.
Furthermore, the electronic properties of the hypervalent silicon compounds can be
modulated by the substituents at the apical position. While the monomers showed very
weak emission, the D—A n-conjugated polymers extremely enhanced emission efficiency
accompanied by bathochromic shifts of the absorption and PL wavelengths in the NIR
region. In particular, the emission wavelength of P-CDT reached the NIR-II region in the
film state, suggesting that SAz has excellent electron-accepting ability. From CV
measurements, it was found that the LUMO energy level should be lowered by the
inductive effect of the substituent at apical position, and the strongest electron-accepting
ability was achieved with the OH group among the SAz derivatives. From quantum
chemical calculations with DFT, it is suggested that the electron delocalization in HOMO
and LUMO through the polymer main chain should play a role in the strong NIR emission
from D-A m-conjugated polymers. Our finding that SAz units have strong electron-
accepting properties showing NIR emissions should provide useful insight into the
development of highly-functional materials based on heteroatom-containing conjugation

systems.
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