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Abstract: Multinuclear complexes have attracted great attention because of their superior

properties originating from the cooperative effects between the metal ions. In this study, we

synthesized polynuclear zinc complexes by chelation between the side-chains of polyhedral

oligomeric silsesquioxane (POSS). From the NMR spectroscopy, high-resolution mass

spectrometry and Fourier transform infrared spectroscopy (FT-IR), it was confirmed the four

equivalents of zinc ions were coordinated to the single POSS molecule. Optical measurements

indicated that luminescent properties can be preserved even in the solid state. The

three-dimensional structure of POSS should play a significant role in suppressing

concentration quenching followed by solid-state emission properties.



Introduction

Multinuclear complexes, which are complexes with multiple metal ions within a single
molecule, have attracted great attention because of superior properties originating from the
cooperative effects between the complexes.'™ For example, it was reported that the catalytic
activity of cobalt complexes was able to be dramatically enhanced by the accumulation of
them in dendrimers.® Besides, cyclic multinuclear complexes perform precise molecular
recognition by utilizing multipoint coordination bonds of multiple metal ions.” Since the
unique properties of such multinuclear complexes are expressed by the shape of the molecule
and the space around the complexes, the control of these properties is a significant issue.

Polyhedral oligomeric silsesquioxane (POSS) is a molecule with organic side-chains at
the eight vertices of its Si—O bonded cubic structure, which has paid much attention because
of structural and physical features, such as rigid three-dimensional structure and high thermal
stability.®26 It was reported that POSS-core dendrimers showed higher encapsulation ability
than polyamidoamine dendrimers.?’” More recently, we have demonstrated that excited
molecules can be stabilized and recruited to the formation of luminescent complexes such as
excimer and exciplex.?®? These properties are expected to be a platform for luminescent
sensors.>*3¢ Furthermore, the efficient intramolecular interaction inside the POSS molecule is
useful for the synthesis of intracomplex-type multinuclear complexes, which are prepared by

chelation of metal ions to the periphery of ligands-containing dendrimers.*’* Therefore, by



combining the effect of strengthening the intramolecular interactions of POSS with the
electronic properties of the complex, we can expect the expression of unique synergistic
functions. However, as is often the case with organic luminescent dyes, concentration
quenching is often caused through non-specific intermolecular interactions by assembling into
compact spaces.>® Therefore, it is necessary to clarify the effect of accumulation of
luminescent complexes on optical properties for extending further applications based on
POSS 536!

In this study, we show synthesis and optical properties of intracomplex-type polynuclear
complexes using POSS as a scaffold. We constructed luminescent zinc complexes with the
salicylaldimine ligand, and the series of structural analyses and optical measurements were
performed. In summary, we demonstrate that POSS is responsible for expressing emission in
solid. It was shown that the steric structure of POSS plays an important role in suppressing

concentration quenching followed by solid-state emission from metal complexes.

Results and Discussion

A zinc(IT) complex of a tetramethyldisiloxane having salicylaldimine ligands has been
synthesized.®? We prepared Zn-SPOSS and Zn-STMDS according to Scheme 1. SPOSS was
obtained through dehydrative condensation of Amino-POSS with 3,5-di-fert-butyl

salicylaldehyde.%*%* The fert-butyl groups are introduced for improving the solubility of the



complexes. In the subsequent complexation reaction with zinc ions, we performed two types
of reactions by changing a solvent as listed in Table S1, and the resulting compounds
Zn-SPOSS-EtOH (entry 1) and Zn-SPOSS-DMSO (entry 2) were obtained with almost the
same yields. Zn-STMDS was synthesized using 1,3-bis(3-aminopropyl)-tetramethyl
disiloxane (Amino-TMDS) as a starting material by the same condensation and complexation
reactions as Zn-SPOSS.®> From the FT-IR measurements, the coordination of zinc ions was
confirmed for Zn-SPOSS and Zn-STMDS (Figure S1). In addition, the molecular weights of
Zn-SPOSS-EtOH and Zn-SPOSS-DMSO were measured using MALDI-TOF-MS (Figure
S2). As a result, the significant peaks were obtained from both POSS derivatives at the
expected mass value assigned to the compound with 4 equivalents of zinc ions. Although
small dimeric peaks, which might be caused through the ionization, were observed, there were
no peaks of higher molecular weight than the dimer. From these data, POSS derivatives

should have the same chemical components.

Scheme 1. Syntheses of Zn-SPOSS and Zn-STMDS
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The '"H NMR spectra of Zn-SPOSS-EtOH, Zn-SPOSS-DMSO, and SPOSS in CDCI3
solution are shown in Figure la. Regarding the imine and aromatic protons peaks of
Zn-SPOSS, different signals were observed depending on the reaction conditions (Figure S3).
In the spectrum of Zn-SPOSS-EtOH synthesized in the EtOH solvent at 93 °C, two peaks
were observed. Meanwhile, in the spectrum of Zn-SPOSS-DMSO synthesized in DMSO
solvent at 170 °C, the single peak which was identical with the right side of the peak in
Zn-SPOSS-EtOH was observed. It is likely that the peak splitting can originate from the
formation of isomers at the zinc complex (Figure S4) because the rotation of the alkyl
substituents should be suppressed by forming a ring structure at the side-chains. In fact, these
behaviors were also detected in the comparison between STMDS and Zn-STMDS (Figure

1b). To obtain further information on the structure, we performed additional analyses.
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Figure 1. 'H NMR spectra of (a) SPOSS (black), Zn-SPOSS-EtOH (green) and
Zn-SPOSS-DMSO (blue) (b) STMDS (black) and Zn-STMDS (pink) in CDCls.



Initially, to evaluate possibility whether the signal splitting should be induced by the
intermolecular or intramolecular complexation, '"H DOSY measurements were performed
with Zn-SPOSS-EtOH which showed split peaks (Figure S5). Accordingly, diffusion
coefficients were identical for each peak of the aromatic proton, clearly indicating that the
signal splitting should be caused by intramolecular complexation. These results indicate that
intramolecular reactions should proceed more preferentially than intermolecular reactions,
and the splitting should be derived from the isomers which were chelated between different
pairs of POSS vertices.

Optical measurements of SPOSS, Zn-SPOSS-EtOH, and Zn-SPOSS-DMSO were
performed in the solution states (Table 1, Figure 2a). In the UV—vis absorption spectra, the
absorption band of SPOSS observed at 329 nm was significantly shifted to 385 nm by the
coordination of zinc ions. In the emission spectra, the emission bands were observed at
around 472 nm from Zn-SPOSS-EtOH and Zn-SPOSS-DMSO, indicating that luminescent
zinc complexes were constructed around POSS (Figure 2b). In particular, almost the same
spectra were obtained from POSS derivatives. It was reported that the optical properties of
salen-type complexes were affected by the coordination structure such as the length of the
side chains.® Taking into account on this fact, we concluded that the structural differences
between Zn-SPOSS-EtOH and Zn-SPOSS-DMSO should be negligible in the optical

measurements in the single molecular level.
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Figure 2. (a) UV-vis absorption and photoluminescence spectra of SPOSS,

Zn-SPOSS-EtOH, and Zn-SPOSS-DMSO (1.0x10°>M in CHCI3) excited at wavelengths of
absorption maxima. (b) UV-vis absorption spectra  of
Zn-SPOSS-DMSO (1.0x107°M in CHCI3) and Zn-STMDS (4.0x107°> M in CHCls) excited

at wavelengths of absorption maxima.

and photoluminescence

Table 1. Optical properties of SPOSS, Zn-STDMS, Zn-SPOSS-EtOH and Zn-SPOSS-DMSO

Compounds /Lnax,abs )umax,em & T Doy O° /“umaxvemb'd ® od lmaxyemhe Doy &

P (nm)* (nm)*?  (M'em™)? (ns)” PL (nm) PL (nm) PL

SPOSS 329 nd/ 29,000 n.d/ n.d/ n.d/ n.d/ n.d/ n.d/
5.6 (91%)

Zn-STMDS 385 472 15000 20 G0 0.27 471 0.15 463 0.56
0,

Zn-SPOSS-EtOH 385 473 51,000 61";((9820//‘;) 0.23 476 0.22 469 0.22
. 0
0,

Zn-SPOSS-DMSO 385 472 51,000 ?Z E?gé’; 0.23 484 0.14 469 0.23
. 0

¢ 1.0x107 M; ® Excited at Amaxabs; ¢ Determined as an absolute value; ¢ Measured in solid; ¢ 1 wt% in

polystyrene;/ Not detectable due to weak intensity.

Optical measurements were also performed in the solid states (Figure 3a, Table S2).
Zn-STMDS had the maximum emission wavelength at almost the same position as the dilute
solution, and both Zn-SPOSS-EtOH and Zn-SPOSS-DMSO showed red-shifts by 10 nm
and 3 nm, respectively. The absolute photoluminescence quantum efficiency of

Zn-SPOSS-DMSO was 0.14 in the solid-state, while that was 0.23 in the dilute solution. It is

proposed that concentration quenching should occur due to intermolecular or intramolecular

Normalized intensity



interactions among zinc complexes. On the other hand, the quantum efficiency of

Zn-SPOSS-EtOH was 0.22 even in the solid states, meaning that concentration quenching

was efficiently suppressed. This should be attributed to the different packing structures

between Zn-SPOSS-EtOH and Zn-SPOSS-DMSO as supported by the different powder

X-ray diffraction (PXRD) patterns (Figure S6). Further, the POSS derivatives were dispersed

in the polystyrene matrix with 1 wt%, and influence of intermolecular interaction on optical

properties was examined (Figure 3b, Table S3). Accordingly, all compounds showed

blue-shifted emission. Interestingly, the quantum efficiencies of Zn-SPOSS-EtOH and

Zn-SPOSS-DMSO in the dispersion films were 0.23 and 0.22, respectively. These data mean

that especially in Zn-SPOSS-EtOH, the POSS core is able to prevent zinc complexes from

concentration quenching and contributes to preserving luminescent properties in the

condensed state. In fact, the quantum efficiency of the model compound was much higher

(0.56) than those of POSS derivatives as well as that in solution. These data mean that

concentration quenching cannot be avoided by cross-linking with the zinc complexes.

Although the POSS unit is compact, it is assumed that formation of critical intermolecular

interactions might be suppressed by three-dimensionally arranging the complexes around the

cubic core.



(a) (b) 121 Zn-SPOSS-DMSO
104 — Zn-SPOSS-DMSO Zn-SPOSS-EtOH
— Zn-SPOSS-EtOH Zn-STMDS
—— Zn-STMDS 1.0+
>
2 o8] 2
2 o 081
2 £
S 06 5
3 g 081
N _—
.T; ©
£ 041 E o4l
5 S ™
S z
0.2+ 0.2
0.0 ‘ , ‘ , : 0.0 , , . ,
400 450 500 550 600 650 700 750 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 3. Photoluminescence spectra of SPOSS, Zn-SPOSS-EtOH, and Zn-SPOSS-DMSO
(a) in the solid states and (b) in 1 wt% polystyrene dispersion films excited at wavelengths of

absorption maxima.

Conclusion

Polynuclear zinc complexes were successfully synthesized by chelation between the

intramolecular side-chains of POSS. From the NMR spectroscopy, high-resolution mass

spectrometry, FT-IR, and optical measurements, it was confirmed the four equivalents of zinc

ion were coordinated to the single POSS molecule and the desired multinuclear complex was

obtained. Optical measurements indicated similar absorption and emission spectra for

synthesized complexes in the solution states. In particular, it was demonstrated that emission

efficiency can be preserved in the solid state by connecting to the POSS core. Our molecular

design might be applicable for constructing various functional materials such as robust

luminophores and fluorescent film sensors.
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We synthesized polynuclear zinc(II) complexes by chelation between the side-chains of cubic

polyhedral oligomeric silsesquioxane (POSS). The four equivalents of zinc(Il) ions were

coordinated to the single POSS molecule. The luminescent properties can be preserved even

in the solid state. The steric and three-dimensional structure of POSS restricted excess

intermolecular interaction and should play a significant role in suppressing concentration

quenching followed by solid-state emission properties.
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Experimental Section
General experimental details

'H (400 MHz), "*C{'H} (100 MHz), and *Si (79 MHz) NMR spectra were recorded on
JEOL JNM-EX400 or JINM-AL400 spectrometers. 'H NMR spectra were recorded by using
tetramethylsilane (TMS) as an internal standard in CDCl3. 3C{'H} NMR spectra were recorded
by using residual non-deuterated solvents as an internal standard in CDCI3. High-resolution
mass spectra (HRMS) were obtained on a Thermo Fisher EXACTIVE for electron spray
ionization (ESI) and atmospheric pressure chemical ionization (APCI), or on a Thermo Fisher
Scientific OrbitrapXL spectrometers for matrix assisted laser desorption/ionization (MALDI).
UV-vis absorption spectra were recorded on a Shimadzu UV-3600 spectrophotometer. All
reactions were performed under nitrogen atmosphere. Fluorescence emission spectra were
recorded on a HORIBA JOBIN YVON Fluorolog-3 spectrofluorometer, and samples were
analyzed at room temperature. The PL lifetime measurement was recorded on a Horiba
FluoroCube spectrofluorometer system; excitation was carried out using a UV diode laser
(NanoLED 292, 375 nm). An absolute photoluminescence quantum efficiency (@pL) was
recorded on a Hamamatsu Photonics Quantaurus-QY Plus C13534-01 with an integral sphere.
Fourier transform infrared (FT-IR) spectra were recorded on a Shimadzu IRPrestige-21. Powder
X-ray diffraction (PXRD) data were collected with a Rigaku SmartLab Diffractometer (sealed

tube (50 kV, 40 mA); Cu Ka, 1.542 A; Bragg-Brentano geometry, a HyPix-3000 detector).



Materials

Amino-POSS was synthesized according to the literature.! Reagents (3-
aminopropyltriethoxysilane, 3,5-di-tert-butylsalicylaldehyde, zinc(IT)
trifluoromethanesulfonate, 1,3-bis(3-aminopropyl)-tetramethyldisiloxane, ~N,N-diisopropyl
ethylenediamine) (DIEA) and solvents (methanol, ethanol, dimethyl sulfoxide, and chloroform)
were purchased from commercial sources and used without further purification. Triethylamine
(NEt3) were purified using a two-column solid-state purification system (Glasscontour System,
Joerg Meyer, Irvine, CA). Polystyrene (Styrene, Polymer, n = ca. 2000 (FUJIFILM Wako Pure
Chemical Corporation) was purified by a reprecipitation method in MeOH from CHCls solution.
Molecular weights of the obtained polystyrene (Mn = 81,000 and Mw = 210,000, PDI = 2.6)
were determined by a gel permeation chromatography (GPC) with polystyrene standards. Thin
films were prepared using a spin-coating method (2000 rpm, 30 s) from chloroform solution (1

wt%, 150 uL) on a quartz substrate (0.9 cm X 5 cm).

Synthesis of SPOSS

To a MeOH (100 mL) solution of Amino-POSS (2.35 g, 2.00 mmol) (4.69 g, 20.0 mmol)
and N,N-diisopropyl ethylenediamine (6.97 mL, 5.17 g, 40.0 mmol) was added a MeOH (100
mL) solution of 3,5-di-fert-butylsalicylaldehyde (4.69 g, 20.0 mmol) under a nitrogen

atmosphere. The reaction mixture was stirred at room temperature for 2 h. The precipitate was



collected and dried in vacuo to afford SPOSS as yellow solid (4.87 g, 1.86 mmol, 93%). 'H
NMR (CDCls, ppm): 13.95 (s, 8H), 8.33 (s, 8H), 7.35 (d, / = 2.4 Hz, 8H), 7.06 (d, J = 2.3 Hz,
8H), 3.55 (t, /= 6.7 Hz, 16H), 1.84-1.77 (m, 16H), 1.43 (s, 72H), 1.28 (s, 72H), 0.73-0.69 (m,
16H). 1*C{'H} NMR (CDCl3, ppm): 165.9, 158.3, 139.8, 136.6, 126.6, 125.8, 117.9, 61.8, 35.0,
34.1, 31.5, 29.5, 24.5, 9.5. Si NMR (CDCIs, ppm): —66.7. HRMS (MALDI) calcd. for

C144H224NgO20Sis+H [M+H]* 2610.4984, found 2610.4935.

Synthesis of Zn-SPOSS-EtOH

To an EtOH (50 mL) solution of SPOSS (522 mg, 0.200 mmol) was added a MeOH (10
mL) solution of zinc(II) trifluoromethanesulfonate (0.073 g, 0.200 mmol) followed by NEt3
(0.279 mL, 20.2 mg, 2.00 mmol) at room temperature. The reaction mixture was stirred at 93 °C
for 23 h under a nitrogen atmosphere and allowed to cool at room temperature. The precipitate
was collected, washed with EtOH, and dried in vacuo to afford a yellow solid (306 mg, 0.106
mmol, 53%). '"H NMR (CDCls, ppm): 8.15-8.06 (m, 8H), 7.45-7.31 (m, 8H), 6.97-6.82 (m,
8H), 4.16 (br, 8H), 3.00 (br, 8H), 1.74 (br, 8H), 1.50 (br, 8H), 1.37-1.21 (m, 144H) 0.67 (br,
8H), 0.43 (br, 8H). A clear *C{'H} NMR spectrum was not obtained due to mixture of isomers.
2Si NMR (CDCls, ppm): —66.5. HRMS (MALDI) calcd. for C144H216N8O20SisZns+H [M+H]*

2858.1524, found 2858.1496.



Synthesis of Zn-SPOSS-DMSO

To a DMSO (30 mL) solution of SPOSS (0.104 g, 0.0400 mmol) was added a MeOH (10
mL) solution of zinc(II) trifluoromethanesulfonate (0.073 g, 0.200 mmol) followed by NEt3
(0.056 mL, 0.0400 g, 0.0400 mmol) at 170 °C. The reaction mixture was stirred at 170 °C for
18 h and allowed to cool at room temperature. The precipitate was collected, washed with EtOH,
and dried in vacuo to afford a yellow solid (61.2 mg, 0.0214 mmol, 53%). '"H NMR (CDCls,
ppm): 8.09-8.06 (m, 8H), 7.35-7.32 (m, 8H), 6.87-6.82 (m, 8H), 4.19-4.06 (m, 8H), 3.09-2.97
(m, 8H), 1.76 (br, 8H), 1.50 (br, 8H), 1.31-1.23 (m, 144H), 0.72-0.63 (m, 8H), 0.48-0.39 (m,
8H). 3C{'H} NMR (CDCl3, ppm): 172.5, 169.0, 141.3, 134.8, 129.5, 116.6, 78.9, 63.1, 35.4,
33.8, 31.3, 29.3, 25.1, 8.5. ?Si NMR (CDCl3, ppm): —66.5. HRMS (p-APCI) calcd. for

C144H216N8020SisZna+H [M+H]* 2858.1524, found 2858.1484.

Synthesis of STMDS

To a MeOH/CHCl3 =2/1 v/v (75 mL) solution of di-fert-butylsalicylaldehyde (2.46 g, 10.5
mmol) was added a MeOH/CHCls = 2/1 v/v (75 mL) solution of 1,3-bis(3-aminopropyl)-
tetramethyldisiloxane (1.24 g, 1.38 mL, 5.00 mmol). After stirred at room temperature for 2 h
and 70 °C for 6 h, the reaction mixture was allowed to cool at room temperature. The solvent
was removed under reduced pressure to afford a yellow oil (2.45 g, 3.60 mmol, 72%). '"H NMR

(CDCl3, ppm): 14.00 (s, 2H), 8.33 (s, 2H), 7.37 (d, J = 2.4 Hz, 2H), 7.08 (d, J = 2.4 Hz, 2H),



3.54 (t, J = 6.8 Hz, 4H), 1.75-1.67 (m, 4H), 1.45 (s, 18H), 1.30 (s, 18H), 0.59-0.55 (m, 4H),
0.06 (s, 12H). C{'H} NMR (CDCl3, ppm): 165.6, 158.3, 139.8, 136.7, 126.6, 125.7, 117.9,
62.6, 35.0, 34.1, 31.5, 29.4, 25.0, 15.9, 0.4. Si NMR (CDCls, ppm): 7.8. HRMS (p-APCI)

caled. for C40HesN203Si2+H [M+H]™ 681.4841, found 681.4838.

Synthesis of Zn-STMDS

To a CH2Cl2 (15 mL) and MeOH (15 mL) solution of 1,3-bis(3-aminopropyl)-
tetramethyldisiloxane (994 mg, 1.11 mL, 4.00 mmol) was added a CH2Cl> (15 mL) and MeOH
(15 mL) solution of di-fert-butylsalicylaldehyde (1.88 g, 8.00 mmol). The reaction mixture was
stirred at 70 °C for 3 h under a nitrogen atmosphere and allowed to cool at room temperature.
To the reacted mixture was added a MeOH (15 mL) solution of zinc(I)
trifluoromethanesulfonate (1.60 g, 4.40 mmol), and then DIEA (1.53 mL, 8.80 mmol) was
added. After the reaction mixture was stirred at room temperature, the mixture was left on stand
for 2 days under a nitrogen flow. The precipitate was collected by filtration, washed with cold
EtOH. The collected precipitate was dissolved in MeOH and heated to 65 °C. Insoluble solids
were removed by filtration and the solvent was removed under reduced pressure to afford a
yellow solid (24.6 mg, 0.033 mmol, 0.82%). 'H NMR (CDCl3, ppm): 8.13 (s, 2H), 7.45 (d, J =
2.4 Hz, 2H), 6.97 (d, J = 2.4 Hz, 2H), 4.21 (br, 4H), 3.06-3.00 (m, 4H), 1.40 (s, 18H), 1.32 (s,

18H), 0.72-0.64 (m, 4H), 0.10-0.01 (m, 12H). *C{'H} NMR (CDCl3, ppm): 172.2, 168.9,



141.4, 134.8,129.5, 129.4, 116.7, 63.7, 35.6, 33.8, 31.4, 29.4, 24.5, 15.1, 1.0, -0.4. ?°Si NMR

(CDClI3, ppm): 6.4. HRMS (p-APCI) calcd. for C40HesN203Si2Zn [M]* 742.3892, found

742.3882.



Table S1. Reaction conditions of complexation with zinc ions to SPOSS

Set temp. Time Yield
Entry Solvent Compound
(°O) (h) (%)
1 EtOH/MeOH It 93 20 53 Zn-SPOSS-EtOH
2 DMSO/MeOH 170 170 18 53 Zn-SPOSS-DMSO
— SPOSS
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8 Zn-STMDS

S
k=)

€

(2}

c

5
> 504

o

N
©

E

)

p

0-

1700

1680

1660
Wavenumber (cm™)

1640 1620 1600 1580

Figure S1. FT-IR spectra of SPOSS, Zn-SPOSS-EtOH, Zn-SPOSS-DMSO, and Zn-STMDS.
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Figure S2. MALDI-TOF-MS spectra of (a) Zn-SPOSS-EtOH and (b) Zn-SPOSS-DMSO.
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Table S2. Optical properties of zinc complexes in the solid state

lmaxem a T b kr d km d
Sample Dp, ¢
/nm /ns /s7! /s7!
1.8 (38%)
Zn-SPOSS-DMSO 484 0.14 4.1 x 107 2.5x% 108
4.4 (62%)
0.29 (20%)
Zn-SPOSS-EtOH 476 0.22 4.1 x 108 6.6 x 108
1.4 (80%)
0.93 (37%)
Zn-STMDS 471 0.15 7.1 x 107 4.0x% 108
2.8 (63%)

¢ Excited at Amax®®. ® PL lifetime, the numbers in parentheses indicate relative amplitude. ¢ Determined as an

absolute value. ¢ k; = Pp/tay, ke = (1 = PpL) Ty, Tay =Zoi7i. ai: relative amplitude.

Table S3. Optical properties of zinc complexes in polystyrene”

/Imaxem b ad kr e knr e
Sample Dpp, B¢
/nm /ns /s /s7!
2.1 (28%)
Zn-SPOSS-DMSO 469 0.23 4.1 %107 1.4 %108
7 (72%)
2.2 (25%)
Zn-SPOSS-EtOH 469 0.22 3.7 x 107 1.3 x 108
71 (75%)
0.95 (9%)
Zn-STMDS 463 0.56 8.4 x 107 6.6 x 108
72 91%)

¢ Spin coated film: in CHCl3, 150 xL, 2000 rpm, 30 s. ® Excited at Amax™*. ¢ PL lifetime, the numbers in parentheses
indicate relative amplitude. ¢ Determined as an absolute value. ¢ k; = Pp1/tay, ke = (1 — PpL)/ Ty, Tay =Z04iTi. @

relative amplitude.
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