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Abstract 23 

The up-conversion (UC) of photon energy was attempted for the system of a 24 

colloidal clay dispersion through the mechanism of triplet-triplet annihilation. Tris(1,10-25 

phenanthroline)ruthenium(II) ([Ru(phen)3]2+) and 9, 10-diphenylanthracne (DPA) were 26 

used as a donor and an acceptor, respectively. A used clay mineral was synthetic saponite. 27 

A medium was 1:1:0.1 (v/v) methanol/dichloromethane/water. -[Ru(phen)3]2+ (4.9×10-28 

5 M) was adsorbed by SAP (3.8×10-4 M) to 26 % CEC. The dispersion was irradiated by 29 

a laser light (0.5 mW) at 450 nm in the presence of DPA (4.2×10-3 M). An emission with 30 

the peak around 430 nm was observed under air. It implied the Ru(II) complex adsorbed 31 

by a colloidal clay acted as a donor to achieve UC. Quantum yield of UC was estimated 32 

to be 0.009 ± 0.003. The effect of stereoselectivity was investigated when a chiral 33 

donor/acceptor pair was employed.  34 

 35 

 36 
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1. Introduction 42 

The up-conversion of photon energy is the process that an incident light is converted 43 

to an emission at shorter wavelength. The processes are investigated extensively with a 44 

purpose of achieving the conversion of solar light to shorter wavelength, the chemical 45 

reactions driven by visible light and the in situ sensing of biological samples (Yanai and 46 

Kimizuka, 2017; Joarder et al., 2018; Liu et al., 2018; Schmidt et al., 2014; Sasaki et al., 47 

2017). 48 

One approach for up-conversion is the sensitized triplet–triplet annihilation 49 

(denoted as TTA), in which two acceptor molecules having been excited to triplet states 50 

collide to be disproportionated to the generation of one molecule at a higher singlet level 51 

(Han et al., 2017; Li et al., 2021; Lu et al., 2017; Yanai and Kimizuka, 2017; Zhou, et al., 52 

2020). Compared to the related approach of absorbing two photons simultaneously, 53 

sensitized TTA-based technologies do not necessarily require extremely high light 54 

intensities (Duan et al., 2013; El Roz and Castellano, 2017; Kerzig and Wenger, 2018; 55 

Singh-Rachford et al., 2008; Wu et al., 2011). They are much more promising for solar 56 

energy harvesting.  57 

Recently a number of works have been reported to perform the up-conversion 58 

process by use of various macromolecules as a host fixing either a donor or an acceptor 59 

or both. The used hosts are organic polymers, gels and inorganic colloids (Kageshima et 60 

al., 2021; Kashino et al., 2021; Lee et al., 2022; Yang et al., 2021). Among the attempts, 61 

there is one paper reporting the use of a natural clay mineral (or montmorillonite) used as 62 

a host (Kishimoto, et al., 2020). The present work uses a synthetic saponite as a 63 

macromolecular host for the up-conversion. Comparing with montmorillonite, a synthetic 64 
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saponite includes no heavy metal ion, eliminating their quenching effects. The present 65 

attempt was motivated by our works demonstrating the unique role of clay minerals in 66 

photochemical reactions (Suzuki et al., 2009; Yamagishi et al., 1996a; Yamagishi and 67 

Sato, 2012; Yoshida et al., 2020; Yoshida et al., 2021). As a two-dimensional adsorbent, 68 

for example, a layered clay mineral is characterized by the following properties: (i) the 69 

surface density of an adsorbed molecule is high when it is ion-exchanged with a photo-70 

reactive cation and (ii) the surface arrangement of such cations exhibits two-dimensional 71 

regularity. Due to these properties, photochemical reactions occurring on a clay surface 72 

attain the high efficiency of energy conversion, energy transfer and molecular recognition. 73 

It is demonstrated that the harvesting of photon energy is achieved at high efficiency when 74 

two kinds of emitting metal complexes are adsorbed on a clay surface (Sato et al., 2014; 75 

Tamura et al., 2015). This is due to the rapid energy transfer among adsorbed molecules. 76 

Some metal complexes such as cyclomethalated Ir(III) complexes increase their emission 77 

efficiency when they are adsorbed by a clay mineral (Takimoto et al., 2018). Quenching 78 

by oxygen or solvent molecules is inhibited by the presence of exfoliated clay layers.  79 

The above backgrounds motivated us to use a clay mineral as a medium for up-80 

conversion. Using a colloidal dispersion of synthetic saponite, a laser light at 445 or 450 81 

nm was up-converted to an emission at 430 nm by using tris(1,10-82 

phenanthroline)ruthenium(II) as a donor and 1, 10-diphenylanthracene as an acceptor. 83 

Moreover, the use of a clay mineral was found to increase UC efficiency under the low 84 

concentration of an acceptor. Purposes of the present work are following: (i) to achieve 85 

UC under air atmosphere; (ii) to introduce molecular recognition for UC to be utilized for 86 

molecular sensing. 87 



5 

 

 88 

2. Experimental 89 

2.1. Materials: Racemic tris(1,10-phenanthlorine)ruthenium chloride (denoted as 90 

[Ru(phen)3]Cl2) was purchased from Tokyo Kasei Industries, Japan (Chart 1, right). Δ-91 

[Ru(phen)3](ClO4)2 and Λ-[Ru(phen)3](ClO4)2 were obtained as described previously 92 

(Yamagishi et al., 1996b). 9, 10-Diphenylanthracene (DPA) was purchased from Tokyo 93 

Kasei Industries, Japan (Chart 1, left). Synthetic saponite (SAP) was purchased Kunimine 94 

Industries (Japan). SAP was dissolved in an acid or alkali, and inductively coupled plasma 95 

optical emission spectrometry (ICP-OES) (SPS3520UV-DD, Hitachi High–96 

Technologies) was then used to determine the composition formula of the smectites from 97 

the results of composition analysis for estimation of the absolute value of negative charge 98 

per unit. The composition formula was determined to be 99 

Na0.45(Mg3.11)(Si3.53Al0.40)O10(OH)2, and the measured cation exchange capacity (CEC) 100 

was 65 cmol(+)/kg. The synthesis and identification of a chiral acceptor (denoted as SS-101 

DPA-BINOL) was described in Supporting Information (Fig. S4). 102 

 103 

 104 

Chart 1. Molecular structures of DPA (left) and [Ru(phen)3]2+ (phen = 1,10-105 

phenanthroline) (right).  106 
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 107 

2.2 Instruments:  UV-vis spectra were measured with a U-3810 spectrometer (Hitachi, 108 

Japan). Electronic circular dichroism spectra were measured a polarimeter J-720 (JASCO, 109 

Japan). Emission spectra were recorded with a RF-5300 fluorometer (Shimazu, Japan). 110 

Two systems were employed for the experiments of up-conversion. For recording the 111 

emission spectra from a sample containing a donor and an acceptor, the UC system (LSP-112 

1000, Unisoku, Japan) was used. Excitation light at 445 nm was incident continuously 113 

from a CW laser at the emission power of 0.5 ~ 78 mW. 200 L of a sample solution was 114 

mounted in a glass tube of 4 mm in diameter. The signal was accumulated by averaging 115 

36 scans. For taking a photograph, 2 mL of a sample solution was mounted in a four-wall 116 

quartz cell. The excitation light at 450 nm was incident from a continuous laser, GPD 117 

Laser diode module (Power Technology, USA) at the emission power of 0.5 mW. 118 

Emission spectra were recorded by a high-resolution spectrometer BIM-6001 (BroLight 119 

Technology, China). The concentration of oxygen dissolved in a sample was measured 120 

with an optical oxygen meter FSO2-C1(Pyroscience, Germany). The oxygen sensor tip 121 

was placed at the bottom of a sample solution. 122 

 123 

3. Results and Discussion 124 

3.1. Quenching of emission from Δ-[Ru(phen)3]2+ by DPA: TTA involves the process 125 

of energy transfer from an excited donor to an acceptor. The efficiency of the process was 126 

studied by quenching the emission from a donor by an acceptor. As a donor and an 127 

acceptor, Δ-[Ru(phen)3](ClO4)2 and DPA were used, respectively. The reason of using 128 
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the enantiomer (or Δ-[Ru(phen)3]2+) instead of the racemic mixture is described later 129 

(Section 3.4). A solvent was a 1:1:0.1 (v/v) mixture of methanol, dichloromethane and 130 

water. A medium was a 1:1:0.1 (v/v) mixture of methanol, dichloromethane and water. 131 

The medium was selected from the viewpoints that [Ru(phen)3]2+ ions and DPA were 132 

soluble and that SAP was well dispersed before adding [Ru(phen)3]2+ ions. The excitation 133 

of Δ-[Ru(phen)3]2+ was performed by irradiating its solution sample by a light at 450 nm. 134 

Under nitrogen atmosphere, excited Δ-[Ru(phen)3]2+ emitted a light with the peak at 570 135 

nm as shown in Fig. 1 (curve a). The intensity of the emission lowered by replacing 136 

nitrogen with air (curve b). Under air, oxygen molecules quenched excited Δ-137 

[Ru(phen)3]2+. On adding SAP, the intensity of emission recovered partially (curve c). 138 

This was because the exfoliated layers of SAP acted as a barrier against the attacking of 139 

oxygen molecules. 140 

 141 
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Fig. 1. Emission spectra of Δ-[Ru(phen)3](ClO4)2 (1.9×10-5 M): (a) under nitrogen 142 

atmosphere (black curve); (b) under air (red curve); (c) under air in the presence of 143 

SAP (3.8×10-4 M in CEC) (blue curve). An excitation wavelength was 450 nm. A 144 

medium was 1:1:0.1 (V/V) of dichloromethane/methanol/water. 145 

 146 

The emission intensity decreased on adding DPA, indicating the occurrence of 147 

energy transfer from excited Δ-[Ru(phen)3]2+ to DPA. The results are analyzed in terms 148 

of the Stern-Volmer plots as below:  149 

𝑰𝟎 𝑰⁄ ൌ 𝟏 ൅𝑲𝐒𝐕ሾ𝐃𝐏𝐀ሿ            (1) 150 

Here Io and I are the intensity of the emission at 570 nm in the absence and presence of 151 

DPA. KSV is the Stern-Volmer constant. In the absence of O2, KSV is expressed by: 152 

𝑲𝐒𝐕 ൌ 𝒌𝐪 𝒌𝐫⁄               (2) 153 

Here kr and kq are the rate constants of spontaneous emission and quenching by DPA, 154 

respectively. In the presence of O2, KSV is expressed by: 155 

𝑲𝐒𝐕 ൌ 𝒌𝐪 𝒌𝐫⁄ ൈ ൫𝟏 ൅ 𝒌𝐪𝐪ሾ𝐎𝟐ሿ/𝒌𝐫൯
ି𝟏

                       ሺ𝟑ሻ 156 

Here kqq is the rate constant of quenching by O2. The concentration of oxygen (denoted 157 

as [O2]s) was obtained to be 2.2 mM, when the solvent was saturated with air. Figs. 2 (A), 158 

(B) and (C) are the results of quenching experiments under nitrogen atmosphere, air and 159 

air in the presence of SAP, respectively. For (B) and (C), the medium contained 2.2 mM 160 

of oxygen molecules. In the investigated three cases, the plots followed a linear relation. 161 

Table 1 gives the values of slopes (or KSV). The results implied that the energy transfer 162 

from exited Δ-[Ru(phen)3]2+ to DPA proceeded predominantly under air, when [DPA] 163 

was two times higher than [O2]s or c.a. 4 mM. 164 
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 165 

 166 

Fig. 2. The Stern-Volmer plots of the quenching of the emission from Δ-[Ru(phen)3]2+ 167 

(1.9 × 10-5 M) excited at 450 nm: (a) under nitrogen atmosphere; (b) under air; (c) 168 

under air in the presence of SAP (3.8 × 10-4 M in CEC). A medium was 1:1:0.1 (V/V) 169 

of dichloromethane/methanol/water. 170 
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 171 

Table 1. Stern-Volmer constants for the quenching of emission from excited Δ-172 

[Ru(phen)3]2+ by DPA under various conditions. 173 

System Δ-[Ru(phen)3]2+ / M SAP / M in CEC KSV / M-1 kqq/kr 

Under nitrogen 1.9 × 10-5  0 2100 ― 

In air 1.9 × 10-5 0 490 1500 

Under nitrogen 

(SAP) 
1.9 × 10-5 3.9 × 10-4 450 ― 

In air (SAP)  1.9 × 10-5 3.9 × 10-4 210 490 

(*) Excitation wavelength 450 nm 174 
(**) [DPA] = 2×10-4 ~ 6×10-3 M 175 
(***) Temperature = 300 K 176 

 177 

3.2. Up-conversion of photon energy for a pair of Δ-[Ru(phen)3]2+ and DPA: Up-178 

conversion of photon energy was investigated for a pair of Δ-[Ru(phen)3]2+ (donor) and 179 

DPA (acceptor). Firstly, the homogeneous solution system of 1:1:0.1 (v/v) 180 

methanol/dichloromethane/water was investigated under air. A solution containing Δ-181 

[Ru(phen)3](ClO4)2 (4.9×10-5 M) was irradiated by a laser light at 445 nm. It gave an 182 

emission with a peak at 570 nm (Fig. 3 (a)). When DPA (4.2×10-3 M) was added, a peak 183 

at 430 nm appeared (Fig. 3(b)). The emission was assigned to the transition from the 184 

singlet excited state of DPA. The intensity of the peak increased nearly quadratically with 185 

the intensity of a laser light (Fig. S1). The results implied that the up-conversion of photon 186 

energy from 445 nm to 430 nm was achieved for the used donor-acceptor pair. The 187 

photographic images of Figs. S2 (a) and (b) confirmed the color change of emission light 188 

from orange to blue on adding DPA.  189 
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Secondly the laser-irradiation experiments were performed on a colloidally 190 

dispersion of Δ-[Ru(phen)3](ClO4)2 (4.9×10-5 M), DPA (4.2×10-3 M) and SAP (3.8×10-4 191 

M in CEC) under air. The peak at 430 appeared on adding DPA, confirming the 192 

occurrence of up-conversion in the presence of SAP (Fig. 3(c)). For the system containing 193 

colloidal particles of SAP, the emission spectra were recorded within 10 minutes after 194 

preparing the sample. SAP particles coagulated to a negligible extent within this period. 195 

When the dispersion was left for more than 1 hour, yellow-colored colloidal particles 196 

precipitated at the bottom of the cell (Fig. S2 (c)). The upper solution was nearly colorless, 197 

indicating that the whole Ru(II) complexes were bound to clay particles. When a laser 198 

light at 450 nm was irradiated onto the yellow-colored particles, white emission was 199 

observed (Fig. S2 (d)). The results confirmed that the up-conversion took place through 200 

excited Ru(II) complexes bound to clay particles. 201 

 202 
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 203 

Fig. 3. The emission spectra recorded in the up-conversion experiments: (a) a laser light 204 

at 445 nm was incident on a solution containing Δ-[Ru(phen)3]2+ (4.9×10-5 M) under 205 

air: (b) DPA (4.2×10-3 M) was added to a sample (a); (c) SAP (3.8×10-4 M in CEC) 206 

was added to a sample (b). A medium was 1:1:0.1 (v/v) of 207 

dichloromethane/methanol/water. 208 

 209 
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The quantum yield of up-conversion was calculated according to the following 210 

equation (Ji et. al., 2011): 211 

Φuc = 2 Φstd (Astd/Asam)(Istd/Isam)(Esam/Estd)(ηsam /ηstd)2     (4) 212 

Here Φuc and Φstd are the quantum yields of Δ-[Ru(phen)3]2+ and the standard 213 

compound ([Ru(4,4’-dimethylbypyridine)3]2+) used as a donor, Astd and Asam the 214 

absorbances of the standard and samples solutions at 445 nm, respectively, Estd and Esam 215 

the band areas with the peak at 430 nm, Istd and Isam the intensities of a laser light irradiated 216 

on the standard and sample solutions, and ηstd and ηsam the refractive indexes of the 217 

standard and sample solutions, respectively. The difference of the refractive indexes was 218 

neglected. Taking a dichloromethane solution of tris(4,4-dimethylbipyridine) 219 

ruthenium(II) chlorides as a standard solution and Φstd = 0.015 ± 0.005 from the literature 220 

(Ji et. al., 2011), the quantum yield of up-conversion for Δ-[Ru(phen)3]2+ was obtained to 221 

be 0.018 ± 0.005 and 0.009 ± 0.003 in the absence and in the presence of SAP (3.8×10-4 222 

M in CEC), respectively. Thus the adsorption of a used donor by SAP resulted in the 223 

decrease of the quantum yield of up-conversion to 50%. The lowering of the quantum 224 

yield might be caused by the situations that a part of bound Δ-[Ru(phen)3]2+ complexes 225 

were not accessible to DPA, since they were intercalated between SAP layers. 226 

 227 

3.3. Effects of clay adsorption on up-conversion efficiency: The effects of clay 228 

adsorption on up-conversion efficiency were investigated. Under the constant 229 

concentration of Δ-[Ru(phen)3](ClO4)2 (4.9×10-5 M), the intensity of emission at 430 nm 230 

(denoted as I430) was measured on adding DPA in the absence or presence of SAP. As 231 

shown in Fig. 4 (a), the quantum yield as measured in terms of I430 started to rise at [DPA] 232 

= 1.5×10-3 M in the absence of SAP. I430 continued to increase until [DPA] was 6.0×10-3 233 
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M. Contrarily I430 rose already at [DPA] = 5.0×10-4 M in the presence of SAP (3.8×10-4 234 

M in CEC) (Fig. 4 (b)). I430 attained the saturated value at [DPA] = 1.5×10-3 M. The 235 

results indicated that SAP had the effect of lowering the critical concentration of DPA to 236 

realize the up-conversion. One plausible mechanism is that DPA was attracted to SAP 237 

particles due to its hydrophobic properties. This resulted in the increase of the effective 238 

concentration of DPA around excited Δ-[Ru(phen)3]2+ on a clay surface. The tendency 239 

was particularly prominent in the vicinity of the SAP surface ion-exchanged with Δ-240 

[Ru(phen)3]2+. The situations are schematically shown in Fig. S3. 241 

 242 

 243 

Fig. 4. The dependence of the quantum yield of up-conversion, when DAP was added to 244 

the following samples: (a) a solution containing Δ-[Ru(phen)3](ClO4)2 (4.9×10-5 M); 245 

(b) a dispersion containing Δ-[Ru(phen)3](ClO4)2 (4.9×10-5 M) and SAP (3.8×10-4 M 246 

in CEC). A medium was 1:1:0.1 (v/v) of dichloromethane/methanol/water. 247 

 248 

3.4 Effect of optical purity of [Ru(phen)3]2+ on up-conversion efficiency: Figs. 5 (a) and 249 

(b) compared the emission spectra, when the complex was adsorbed by SAP in the form 250 
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of either a pure enantiomer (or Δ-form) or a racemic mixture. A medium was 1:1:0.1 251 

(V/V) dichloromethane/methanol/water. For both cases, the emission intensity at 570 nm 252 

from excited [Ru(phen)3]2+ (1.90×10-5 M) increased on adding SAP (3.8×10-4 M in CEC) 253 

under air. The degree of increase was larger for Δ-[Ru(phen)3]2+ (80% increase) than for 254 

racemic [Ru(phen)3]2+ (40 % increase). The difference was rationalized in terms of the 255 

mechanism that racemic [Ru(phen)3]2+ tended to form a tight pair of Δ- and Λ-256 

enantiomers, while enantiomeric [Ru(phen)3]2+ exists as an isolated species on a clay 257 

surface. In case of a racemic mixture, the formation of a tight ΔΛ pair resulted in 258 

lowering emission intensity due to self-quenching. The observe chirality effect on 259 

adsorption was assisted by the previous theoretical simulations (Sato et. al., 1992).  260 

 261 

Fig. 5. Emission spectra of [Ru(phen)3](ClO4)2 (1.9×10-5 M) in the presence of SAP 262 

(3.8×10-4 M in CEC): (a) [Ru(phen)3](ClO4)2 added as a Δ-formed enantiomer; (b) 263 

[Ru(phen)3](ClO4)2 added as a racemic mixture. Excitation wavelength was 450 nm. 264 

A medium was 1:1:0.1 (v/v) of dichloromethane/methanol/water. Black curve: no 265 

SAP added, red curve: SAP (3.8×10-4 eq/L) added. 266 
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 267 

Figs. 6 (A) and (B) compares the efficiency of up-conversion, when [Ru(phen)3]2+ 268 

(4.9×10-5 M) was adsorbed by SAP (3.8×10-4 M in CEC) as a donor in the form of either 269 

a pure enantiomer (or Δ-form) or a racemic mixture. A medium was a 1:1:0.1 (v/v) 270 

dichloromethane/methanol/water. In case of Δ-[Ru(phen)3]2+, the up-conversion was 271 

realized at [DPA] = 2.0×10-3 M, while, in case of racemic [Ru(phen)3]2+, the up-272 

conversion occurred at the concentration of DPA higher than 5.0×10-3 M. I430 was higher 273 

for Δ-[Ru(phen)3]2+ than for racemic [Ru(phen)3]2+ in the range of [DPA] = 2 ~ 10 ×10-3 274 

M. One possibility for the observed effects was that the energy transfer from excited 275 

[Ru(phen)3]2+ to DPA took place less effectively when [Ru(phen)3]2+ formed a tight 276 

racemic pair on a clay surface than when the molecule formed an isolated enantiomeric 277 

species. The present results implied that a donor is preferred to be used as a pure 278 

enantiomer when it has a tendency of forming a racemic pair.  279 

 280 
Fig. 6. The dependence of the quantum yield of up-conversion on [DPA], when 281 

[Ru(phen)3]2+ (4.9×10-5 M) was added as a pure enantiomer or a racemic mixture 282 

in the presence of SAP (3.8×10-4 M in CEC): (a) Δ-[Ru(phen)3](ClO4)2; ■, (b) 283 
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racemic-[Ru(phen)3](ClO4)2; ●. A medium was 1:1:0.1 (v/v) of 284 

dichloromethane/methanol/water.  285 

 286 

3.5 Stereoselectivity in the up-conversion for a chiral donor/acceptor pair: In order to 287 

pursue the possibility to achieve stereoselectivity, the up-conversion was investigated for 288 

the pair of a chiral donor and a chiral acceptor in the presence of SAP. Δ- or Λ-289 

[Ru(phen)3]2+ was used as a chiral donor. As a chiral acceptor, a molecule with two DPA 290 

moieties connected to 1,1’-binaphthol was used (Fig. S4). The compound is denoted as 291 

SS- or RR-DPA-BINOL, depending on the chirality of a central binaphthyl group, 292 

respectively. Here a 1,1’-binaphthyl group was chosen because 1,1’-binaphthol was 293 

known to interact with [Ru(phen)3]2+ stereoselectively on a clay surface (Yamagishi et. 294 

al., 1996).  295 

Up-conversion was studied for the donor/acceptor pair of Δ- or Λ-[Ru(phen)3]2+ and 296 

SS-DPA-BINOL. The quantum yield of up-conversion was measured on increasing the 297 

concentration of SS-DPA-BINOL. The results are shown in Figs. 7 (a) and (b). In the 298 

absence of SAP, no significant difference was observed in the up-conversion efficiency 299 

between Δ-[Ru(phen)3]2+/SS-DPA-BINOL and Λ-[Ru(phen)3]2+/SS-DPA-BINOL (Fig. 7 300 

(a)). In the presence of SAP (3.8×10-4 M in CEC), the up-conversion efficiency was 301 

higher by 20 ~ 40 % for Δ-[Ru(phen)3]2+/SS-DPA-BINOL than for Λ-[Ru(phen)3]2+/SS-302 

DPA-BINOL (Fig. 7 (b)). The results implied that the fixation of a donor molecule on a 303 

clay surface resulted in enhancing chiral selectivity during the courses of donor/acceptor 304 

energy transfer and/or TTA of excited acceptors. The results might open the possibility 305 

of developing chiral sensing on the basis of the up-conversion of colloidal clay systems. 306 

 307 
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 308 

Fig. 7. The dependence of the quantum yield of up-conversion on the concentration of 309 

SS-DPA-BINOL as a chiral acceptor, when Δ- or Λ-Ru(phen)3]2+ (4.9×10-5 M) was 310 

used as a chiral donor: (a) no SAP added; (b) SAP added to 3.8×10-4 M in CEC). A 311 

medium was 1:1:0.1 (v/v) of dichloromethane/methanol/water. 312 

 313 

4. Conclusions 314 

The possibility of achieving the up-conversion of photon energy in systems 315 

containing colloidal particles of synthetic saponite was explored. As a donor-acceptor 316 

pair, Δ-tris(1,10-phenanthroline)rutheniuim(II)/1,10-diphenylanthracene was used. It 317 

was confirmed that an incident laser light at 450 nm was converted to emission at 430 nm 318 

through the triplet-triplet annihilation of excited donors in the presence of a clay mineral. 319 

The effects of the optical purity of the used Ru(II) complex were examined. 320 

Stereoselctivity was pursued through the use of a synthesized chiral acceptor molecule.  321 

 322 

 323 
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 480 

S1. The dependence of the up-conversion efficiency on the intensity of an incident 481 

light 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

Fig. S1. The dependence of the up-conversion efficiency on the intensity of an incident 491 

light. The vertical axis is the laser power at 450 nm and the horizontal axis the 492 

area of the band at 430 nm (in aubitrary unit). The experimental conditions are 493 

following: Δ-[Ru(phen)3]2+ (4.9×10-5 M), DPA (4.2×10-3 M) and a medium 1 : 1 : 494 

0.1 (V/V) of dichloromethane/methanol/water. The atmosphere was under air. 495 

 496 
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 498 
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 501 

S2. The phtographic images of the experiments on the up-conversion of 502 

homogenous and clay-dispersion systems 503 

 504 

 505 

 506 

Fig. S2. The photographic images of the samples in the up-conversion experiments: (a) a 507 

laser light at 450 nm was incident on sample (a) in Figure3; (b) a laser light at 450 508 

nm was incident on sample (b) in Figure 3; (c) sample (c) in Figure 3 was left for 509 

one hour; (d) a laser light at 450 nm was incident on sample (c) in this figure. 510 

 511 
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 519 

S3. The shcematic drawing showing the effects of clay exfoliated layuers on 520 

concentrating DPA molecules 521 

 522 

 523 

 524 

 525 

Fig. S3. The schematic image showing the gathering of PDA molecules around a SAP 526 

particles ion-exchanged with Δ-[Ru(phen)3]2+. 527 

 528 
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 537 

S4. The synthesis and identification of a chiral acceptor for stereoselective up-538 

conversion 539 

 540 

 541 

S-9-phenyl-10-(4-((7'-((4-(10-phenylanthracen-9-yl)benzyl)oxy)-[1,1'-binaphthalen]-7-542 

yl)oxy)phenyl)anthracene 543 

 544 

Fig. S4. The molecular structure of a chiral acceptor (abbreviated as SS-DPA-BINOL in 545 

the text). The compound was identified by means of 1H-NMR, 13C-NMR and 546 

mass spectrum. The results are following: 547 

 548 

δH(400 MHz : CDCl3) 5.29 (4H, d, J = 6.8 Hz), 7.20-7.32 (20H, m),7.36 (3H, m), 7.45 549 

(3H, d, J = 6.8 Hz), 7.54-7.66 (16H, m), 7.92 (2H, d, J = 9.2 Hz), 8.04 (2H, d, J = 9.2 550 

Hz) 551 

δC(100 MHz : CDCl3) 71.7, 116.5, 121.2, 124.1, 125.1, 125.2, 125.3, 125.8, 126.6, 552 

126.8, 126.9, 127.0, 127.2, 127.6, 127.7, 128.1, 128.5, 129.7, 129.8, 129.9, 130.0, 553 

131.2, 131.3, 134.5, 136.9, 137.0, 137.2, 138.2, 139.2, 154.5  554 

FAB-MS m/z = 970 (Calc. for : 970.38 555 

 556 


