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ABSTRACT

It was previously reported that photon upconversion can occur in the solution containing anthracene and
the Pt complex of octaethylporphyrin (PtOEP) via the triplet-triplet annihilation process. In this study, by
employing the modified Pt complex of the dual anthracene-tethered porphyrin, DA-PtP as a sensitizer, it
is demonstrated that shorter-wavelength light can be generated under diluted condition. We synthesized
DA-PtP and compared upconversion properties by changing the type of sensitizers. Accordingly, it was
shown that the photon upconversion proceeded with the xenon lamp (540 nm) in the presence of DA-PtP.
Furthermore, it was found that the emission band in the shorter wavelength light in the near UV region
was observed from the solution containing DA-PtP even under diluted condition. From the mechanistic
investigation, it was proposed that the anthracene moieties in DA-PtP might inhibit to form agglomeration
with the free anthracene. As a result, reabsorption of the higher-energy light generated from upconversion

could be suppressed.
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INTRODUCTION

The developments of new photo-cleavable functional groups and photoactivated prodrugs are of
significance in photo-medical treatments.’> However, intrinsic low permeability of the light near 400 nm
in the vital body is still the critical limitation on the application of activation to these photo-responsive
drugs at the deep spot inside bodies. One of potential strategies for overcoming this problem is to combine
the photon upconversion, in which the lower-energy incident light can be converted to the higher-energy
light.*® In ideal, by co-adding the photoactivated prodrugs with the anti-Stokes materials which can cause
upconversion, the permeable lower-energy light can be used for the activation of the photoactivated
prodrugs without significant decay of the incident light and damages to the bodies. Thus, the photon
upconversion is promised to be a key technology for extending the applicability of the photomedical

treatments.

When two triplet-excited molecules encounters, the one singlet-excited molecule can be generated from
two triplet-excited molecules. This phenomenon is called as triplet-triplet annihilation (TTA, Scheme 1).5
% By selecting the types of sensitizers and emitters, the wavelengths of the acceptable incident and the
generated light can be tuned.®® Indeed, TTA-supported upconversion systems have been applied for in
vivo imaging.1%1® In particular, since UV light, which is favourable for inducing photo-activation into
prodrugs, can be generated, TTA-supported upconversion is regarded as a promising tool for realizing
phototherapy inside bodies.}"?° However, another critical issue must be considered under biological
conditions. In our previous reports, the related molecules were loaded onto the dendrimers having the
silica element-block?!-?2 for facilitating efficient energy transferring and TTA.2 It is likely that the local
concentrations of sensitizers and fluorophores would decrease due to diffusion, while the upconversion
efficiency strongly depends on the concentration of the triplet-excited molecules. To overcome this

problem, the new system should be required for obtaining higher efficiency even under diluted conditions.
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Scheme 1

Herein, we report the TTA-supported upconversion for receiving higher-energy light than those from
conventional systems by employing the modified Pt porphyrin complex having the dual anthracene
substituents, DA-PtP, as a triplet sensitizer. From the comparison of upconversion emission with DA-PtP
and the conventional Pt porphyrin (platinum octaethylporphyrin, PtOEP), it was observed that the
upconversion with a larger energy gap can be observed under diluted conditions with the xenon lamp as
a light source in the presence of DA-PtP. From the series of experiments, it was suggested that the
anthracene moieties in DA-PtP might inhibit to form agglomeration with the free anthracene. As a result,
reabsorption of the higher-energy light generated from upconversion could be suppressed. The
upconversion system was obtained for generating higher-energy light with the smaller amounts of a

sensitizer and an emitter than those in conventional systems.
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Experimental

General. *H NMR and 3C NMR spectra were measured with a JEOL EX-400 (400 MHz for *H and 100
MHz for $3C) spectrometer. Coupling constants (J value) are reported in Hertz. The chemical shifts are
expressed in ppm downfield from tetramethylsilane, using residual chloroform (6 = 7.24 in *H NMR, 6 =
77.0 in C NMR) as an internal standard. Column chromatography was performed with Wakogel C-300
silica gel. UV-vis absorption spectra were obtained at 25 °C using 1 cm path length cell with a
SHIMADZU UV-3600UV-vis-NIR spectrophotometer. The fluorescence emission under excitation at
540 nm was monitored using a Perkin Elmer LS50B at 25 °C using 1 cm path length cell with a 480-nm
cut-off filter. The excitation bandwidth was 15 nm. The emission bandwidth was 5 nm. Fluorescence

lifetimes were measured by a Horiba FluoroCube spectrofluorometer system with an Oxford Optistat DN

for temperature control and a UV diode laser (NanoLED 375 nm).

Synthesis

2-(Anthracen-9-yl)acetonitrile (1).2° The solution of 9-chloromethylanthracene (4.5 g, 19.9 mmol, 1 eq.)
and NaCN (2.40g, 49.0 mmol, 2.5 eq.) in DMSO (68 mL) was stirred for 4 h at 55 °C under Ar atmosphere.
After stirring for 4 h, the mixture was cooled to room temperature and diluted with 600 mL of water.
Precipitation was collected by filtration and washed with H2O. The pale yellow solid was obtained (4.26
g, 99%). 'H NMR (CDCls): & 8.52 (s, 1H), 8.18 (d, 2H, J = 8.8 Hz), 8.07 (d, 2H, J = 8.6 Hz), 7.64 (t, 2H,
J=7.8Hz),7.55 (t, 2H, J = 7.9 Hz), 4.60 (s, 2H). HRMS (ESI): m/z calcd. for C1sH12N (M+H*): 218.0970.

Found: 218.0970.

2-(Anthracen-9-yl)acetic acid (2).> KOH (1.15 g, 17.48 mmol, 4 eq.) in 10 mL of water was added to a
suspension of 2-(anthracen-9-yl)acetonitrile (0.95 g, 4.37 mmol, 1 eq.) in ethylene glycol (50 mL). The
mixture was refluxed for 24 h until generation of the homogenous solution. The hot solution was filtered,

and the filtrate was acidified with dilute hydrochloric acid to obtain the precipitated product (0.91 g, 89%).
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IH NMR (CDCls): & 8.44 (s, 1H), 8.24 (d, 2H, J = 8.8 Hz), 8.03 (d, 2H, J = 8.1 Hz), 7.54-7.45 (m, 4H),

4.65 (s, 2H). MS (EI): m/z 236 (M").

Protoporphyrin-1X DME (3).2¢ Protoporphyrin-1X disodium salt (5.0 g, 8.24 mmol) was added to the
stirred solution of the trimethyl orthoformate (250 mL) and MeOH (250 mL). Concentrated sulfuric acid
(50 mL) was then added slowly, with cooling to room temperature, and the solution was stirred at room
temperature for 2 h. The mixture was then diluted with water and neutralized with sat. NaHCO3 aqueous
solution. The mixture was extracted with CH,Cl. The organic extracts were washed with water and dried
over anhydrous Na>SOs. The solvent was removed under reduced pressure and the purple solid was
dissolved in CH2Cl, and reprecipitated in hexanes. The purple solid was obtained (4.31 g, 89%). *H NMR
(CDCls): & 10.11 (s, 2H), 9.98 (s, 2H) 8.23 (m, 2H), 6.36 (s, 1H), 6.32 (s, 1H), 6.18-6.15 (m, 2H), 4.36
(t, 4H, J = 6.8 Hz), 3.66 (m, 12H), 3.59 (m, 6H), 3.28 (t, 4H, J = 7.6 Hz) —3.83 (br, 2H). 3C NMR
(CDCls): 6 173.41, 130.22, 120.80, 98.06, 97.44, 97.13, 96.14, 51.75, 36.96, 30.95, 21.91, 12.78, 11.76.

MS (MALDI): m/z 591 (M+H?).

Mesoporphyrin-1X DME (4).2” A two-neck-round-bottom flask was charged with the compound 3 (2.0
g, 3.38 mmol, 1 eq.), Pd/C (10% Pd, 60 mg), and DMF (250 mL), and the mixture was warmed to 60 °C
with magnetic stirring under Ar atmosphere. Ammonium formate (3.20 g, 50.8 mmol, 15 eq.) was added
to the reaction mixture. After stirring for 1.5 h, from the UV-vis spectrum of the sample mixture, complete
conversion to mesoporphyrin-1X DME (4) was confirmed by the fact that the band at 630 nm attributable
to the compound 3 was shifted to the band at 620 nm attributable to the compound 4. The mixture was
filtered through a celite. Water was added and the mixture was filtered. The obtained precipitate was
dissolved in CHCIz and dried over anhydrous NaSOs. The mixture was concentrated with a rotary
evaporator to give a purple solid. The crude product was purified by silica gel column chromatography

(CHCI; only). The purple solid was obtained (1.64 g, 81%). *H NMR (CDCls): § 10.05 (s, 4H), 4.40 (m,
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4H), 4.04 (m, 4H), 3.66-3.59 (m, 18H), 3.28 (M, 4H), 1.85 (t, 6H, J = 7.8 Hz), =3.81 (s, 2H). °C NMR
(CDCls): 6 173.49, 96.57, 96.43, 96.18, 51.72, 37.07, 30.95, 21.99, 19.90, 17.74, 11.82, 11.78, 11.65,

11.61. HRMS (ESI): m/z calcd. for C3sHa3N4O4 (M+H™): 595.3279. Found: 595.3267.

2,4-Diethyl-6,7-bis(3-hydroxypropyl)-1,3,5,8-tetramethylporphyrin (5).2 The solution of meso-
porphyrin-1IX DME (1.4 g, 2.4 mmol, 1 eq.) and lithium aluminum hydride (0.90 g, 24 mmol, 10 eg.) in
dry THF (140 mL) was stirred at room temperature for 1 h under Ar atmosphere. After stirring, the
reaction was quenched with successive additions of water (0.9 mL), 15% aqueous sodium hydroxide (0.9
mL) and water (2.7 mL). The mixture was filtered through a celite and evaporated under reduced pressure.
The residue was recrystallized with THF/MeOH. The purple crystals was obtained (0.70 g, 55%). ‘H
NMR (DMSO-ds): § 10.27 (s, 1H), 10.19 (s, 1H), 10.17 (s, 2H), 4.20 (m, 4H), 4.11 (m, 4H), 3.99 (m, 4H),
3.64 (s, 12H), 2.52 (m, 4H), 2.36 (br, 2H) -3.76 (br, 2 H). HRMS (ESI): m/z calcd. for CzsHa3NsO>

(M+H"): 539.3381. Found: 539.3381.

21H,23H-Porphine-2,18-dipropanol, 7,12-diethyl-3,8,13,17-tetramethyl-, bis(2-anthracen-9-yl)
acetate (6). 2-(Anthracen-9-yl)acetic acid (2) (1.05 g, 4.45 mmol, 4 eq.) was added to thionyl chloride
(8.0 mL, 13.0 g, 109.6 mmol), and the reaction mixture was stirred at room temperature under Ar
atmosphere. The mixture was stirred for 2 h, and thionyl chloride was removed. The resultant residue was
diluted with CH2Cl> (20 mL) and was added to DMF (25 mL) containing the compound 5 (0.6 g, 1.11
mmol, 1 eq.) and EtsN (1.6 mL, 1.16 g, 11.4 mmol, 10 eq.) dropwise at 0 °C. Then, the reaction mixture
was stirred for 1 h at room temperature. The reaction mixture was filtrated, and the filtrate was
concentrated under reduced pressure. The crude product was extracted with CH.Cl, and sat. NaHCOs3
aqueous solution. Then, the organic layer was collected and dried over anhydrous Na,SO4. The solvent
was removed under reduced pressure and the crude product was purified by silica gel column
chromatography (CHCIszonly). The crude product was reprecipitated with CHClz/hexane. The purple solid

was obtained (0.81 g, 74%). 'H NMR (CDCls): & 10.04 (s, 1H), 9.96 (s 2H), 9.79 (s, 1H), 8.38 (s, 2H),
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8.26 (m, 4H), 7.97 (s, 2H), 7.95 (s, 2H), 7.47-7.39 (m, 8H), 4.62 (d, 4H, J = 2.4 Hz), 4.33 (m, 4H), 4.06
(m, 4H), 3.83 (m, 4H), 3.60 (s, 6H), 3.20 (s, 6H), 2.43 (m, 4H), 1.84 (t, 6H, J = 7.6 Hz), —3.84 (br, 2H).
13C NMR (CDCls): § 171.3, 131.5, 130.5, 129.1, 127.3, 126.2, 126.1, 124.9, 124.3, 96.5, 96.5, 96.4, 96.6,
64.6, 34.3, 31.8, 22.7, 19.9, 17.7, 11.6, 11.6, 11.4, 11.3. HRMS (ESI): m/z calcd. for CesHs2N4O4 (M*):

974.47656. Found: 974.47524.

Platinum 21H,23H-porphine-2,18-dipropanol, 7,12-diethyl-3,8,13,17-tetramethyl-, bis(2-anth-
racen-9-yl) acetate (DA-PtP, 7). The compound 6 (0.30 g, 0.31 mmol, 1 eq.) and Pt(acac). (0.36 g, 0.92
mmol, 3 eq.) were dissolved in benzonitrile (30 mL) and bubbled with N2 for 10 min. The vessel was
placed into the microwave cavity. Using a microwave power of 500 W, the reaction mixture was heated
and stirred for 4 h under N2 atmosphere. This procedure was repeated 3 times. After reaction, the vessel
was removed from the microwave cavity and cooled to room temperature. The crude product was
confirmed using UV-vis spectrophotometer and TLC. The solvent was removed under reduced pressure,
and the crude product was purified by silica gel column chromatography (CHCls: hexane = 4: 1). After
column chromatography, the crude product was recrystallized with CHClz/ MeOH. The red crystal was
obtained (0.17 g, 47%). *H NMR(CDCls): & 9.90 (s, 1H), 9.84 (d, 2H, J = 4.4 Hz), 9.67 (s, 1H), 8.38 (s
2H), 8.26 (m, 4H), 7.97 (s, 2H), 7.95 (s, 2H), 7.48-7.39 (m, 8H), 4.57 (d, 4H, J = 4.8 Hz), 4.33 (m, 4H),
3.94 (m, 4H), 3.72 (q, 4H, J = 4.8 Hz), 3.49 (s, 6H), 3.15 (s, 6H), 2.40 (t, 4H, J = 6.4 Hz), 1.80 (t, 6H, J
= 7.6 Hz). C NMR (CDCls): & 171.4, 141.5, 141.5, 139.6, 139.1, 138.7, 138.1, 138.1, 137.8, 135.4,
134.4,131.6, 130.6, 129.2,127.4,126.2, 126.1, 125.0, 124.4,99.2,99.1, 98.4, 64.6, 34.2, 22.5, 19.7, 17.5,

11.4,11.4,11.2,11.1. HRMS (ESI): m/z calcd. for CesHsoN2O4Pt (M*): 1167.42568. Found: 1167.42483.

Fluorescence measurements. As a stock solution, 1 mM sensitizer in THF and 1 mM anthracene in
DMSO were prepared. By using the stock solution, various concentration samples dissolved in DMSO

were prepared. Fluorescence measurements were executed at 25 °C with the excitation at 540 nm passing



A Self-archived copy in

= Kyoto Uni R h Inf tion R t RIBAFLHRAY KT by
\ +
I #I& k ? yoto University Research Information Repository I
~ ) KUI ‘ENAI I
Kyolo Uniersity Ressarch Informaton Repositry

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

through a 480 nm cut-off filter. Samples were bubbled with nitrogen for 1 h before the measurements.
The quantum yields were determined by comparing to the fluorescence intensities in the spectra of

anthracene with the excitation at 376 nm in DMSO according to Equation 3.

Dyp = D(anem,dMS0,376ex) * lup/l(An.em,DMS0,376ex) * € (An,376)/ € (complex,540) * CAn/Ccomplex: Sinm/S15nm - E376/Es40

3)

Here, @nembmso37eex) 1S the quantum yield of the fluorescence emission from anthracene with the
excitation at 376 nm in DMSO determined to be 0.18 as an absolute value with an integrating sphere. I is
the emission area calculated from the spectrum, & is the molar extinct coefficient, c is the concentration,
S is the light amplitude in each slit width, and E is the light amplitude in each wavelength.

To determine the quantum yields for each step, initially, we defined the quantum yield of upconversion

(Dyp) as Equation 4:

Dup = Disc * Dsens - DTTA * D(An,em, DMSO 376¢x) 4)

Here, the efficiency of the generation of the triplet-excited sensitizer (@isc) was approximately 0.9
according to the literature.?® From the decrease of the emission band from the triplet-excited state of
sensitizer, the efficiency for sensitizing (@sens) Was calculated according to Equation 5. The quantum yield
of upconversion (@yp) was calculated as a relative value compared to the fluorescence emission of

anthracene with the excitation at 376 nm. Thus, the efficiency of TTA (@rra) was obtained.

sens — 1—(|/| O) (5)
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Here, the integration of the phosphorescence from PtOEP was represented as lo in the absence and | in

the presence of anthracene.

10
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Results and Discussion

To improve TTA efficiency, accumulation of the triplet-excited emitters is essential.?® By connecting
emitters, improvement of upconversion efficiencies was observed.3%-3* Various assembly systems have
been accomplished with good upconversion efficiencies®*® even in aqueous media by molecular
assembling.*4*® Moreover, by connecting the triplet sensitizer with aromatic units, the lifetime at the
triplet-excited state can be efficiently elongated.*® Indeed, it has been reported that the connection of a
sensitizer and emitters is one of simple strategies.>>>® Meanwhile, decrease in efficiency through energy
transfer from the singlet-excited emitter to the sensitizer can potentially occur.®” Based on these
information, we designed the anthracene-tethered Pt-porphyrin complex (DA-PtP, Scheme 1) and
compared the upconversion efficiency. Anthracene can work as an emitter in the TTA-supported
upconversion system with the combination to PtOEP.> We presumed that the excitation energy of the Pt-
porphyrin moiety in DA-PtP can immediately transfer to the anthracene moieties via the sensitizing
reaction after excitation, followed by TTA to yield the singlet-excited anthracene. The synthetic route of
DA-PtP is shown in Scheme 2. Each part was prepared according to the literatures.?>2° The vinyl groups
on the porphyrin ring formed the undesired complexes with Pt ions, resulting in the generation of insoluble
solids. To inhibit the complexation at the vinyl groups, the hydration carried out yielding ethyl groups.
The metallation of the porphyrin was executed under microwave irradiation for 24 h. The resulting product
showed good solubility in tetrahydrofuran (THF) and chloroform (several mM) and moderate solubility
in DMSO (several ten xM). In addition, less significant degradation of the porphyrin ring was observed

after the reaction.

Scheme 2

Initially, we compared the upconversion properties of the solution containing anthracene in the presence
of PtOEP and DA-PtP in DMSO. The TTA process of photon upconversion is illustrated in Scheme 1.23°8

Pt-porphyrin complexes can be a photosensitizer for exciting anthracene to the triplet-excited state by the

11
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light irradiation at 540 nm, and subsequently singlet-excited anthracene can be generated from two triplet-
excited anthracene via TTA. As a result, fluorescence emission from anthracene can be obtained.
Photoluminescence was measured with the solution containing 100 4M anthracene and variable
concentrations of the sensitizers in DMSO with an excitation at 540 nm with a 480 nm cut-off filter to
eliminate the direct excitation of anthracene by a half wavelength light generated inevitably from xenon
lamps. The typical fluorescence spectra with the vibration structures in anthracene were observed (Figures
1a, 1b and S1). Notably, by reducing the concentration of PtOEP to 5 M, the emission band at the shortest
wavelength around 410 nm disappeared (Figure 1c¢). On the other hand, in the presence of DA-PtP, the
fluorescence emission with the peak at 410 nm remained even at 5 uM concentration of DA-PtP. This
result means that DA-PtP has the ability to generate higher-energy photons than PtOEP. Same
experiments were performed by changing the anthracene concentrations (Figures 1d and S2). Apparently,
the significant emission band around 410 nm can be detected even by decreasing the emitter concentration
to 50 «M. These data clearly indicate that DA-PtP can cause the photon upconversion to higher energy

levels than PtOEP under diluted conditions.

Figure 1

From the UV-vis absorption spectra of the sensitizers, the similar Soret and Q bands to PtOEP were
observed from DA-PtP, indicating that electronic structures of both porphyrin complexes should be almost
same (Figure S3). Therefore, we assumed that the quantum vyields of the triplet-excited state of DA-PtP
could be similar to that of PtOEP. To estimate differences in electronic properties between the anthracene
moieties in DA-PtP and free anthracene, the emission spectrum of 2-(anthracen-9-yl)acetic acid (2), which
is considered to be equivalent to that of anthracene moiety of DA-PtP, was compared to that of anthracene
(Figure 2). The red shifted emission was observed from 2, and peak positions were not fitted to those of
the upconversion emission. From the mixture containing DA-PtP and anthracene, the emission bands from

DA-PtP were also measured with the excitation lights at 350 nm and 540 nm, respectively. Both of subtle

12
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emissions assigned as fluorescence from the anthracene moieties and phosphorescence from the Pt
complex were obtained. The efficient energy transfers from the triplet-excited Pt-porphyrin complex to
anthracene and the single-excited anthracene to the Pt-porphyrin complex should occur. These results
suggest the significant issue. The most of emission via the TTA-supported upconversion from the mixture
solutions containing DA-PtP and anthracene should be not from the anthracene moiety in DA-PtP but
from the free anthracene in the solution. The triplet-excited state should be immediately transported to the

free anthracene via the anthracene moieties of DA-PtP, followed by the TTA-supported upconversion.

Figure 2

We calculated the efficiencies and quantum yields of each step to the emission as a relative value (Table

1). Here, we defined the quantum yield of upconversion (@yp) as the equation 1:

@up = Disc + Dsens + D7A - Danem (l)

The quantum yield of fluorescence emission from anthracene (@an.em) Was determined to be 0.18 as an
absolute value with an integrating sphere. According to the above results, the efficiencies of the generation
of the triplet-excited Pt-porphyrin complexes were approximately 0.9.2° From the decreases in the
emission bands of the triplet-excited state of PtOEP and DA-PtP observed between 600-750 nm by the
addition of anthracene, the efficiencies for sensitizing (@sens) were determined as 0.736 and 0.831,
respectively. Quantum yields of upconversion (@,p) in the presence of PtOEP and DA-PtP were calculated
to be 0.00345 and 0.00303 as a relative value compared to the fluorescence emission of anthracene with
the excitation at 376 nm.?® Thus, the efficiencies of TTA (@rra) with PtOEP and DA-PtP were obtained

as 0.00291 and 0.00234, respectively. These data indicate that similar efficiencies were obtained in each

13
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step from both processes. In other words, without loss of efficiencies, DA-PtP can generate higher-energy

photons.

Table 1

To gather information for the reason why the higher energy photon can be generated from the solution
containing DA-PtP although electronic properties were almost same to PtOEP, we carried out the further
experiments. We hypothesized that Pt-porphyrin complexes and anthracene could agglomerate via the
stacking due to the planar structures and high lipophilicity. These static interactions in the solution states
might cause the decay of the higher-energy photons. This assumption was able to be significantly
supported by the results from the Stern—Volmer plots of the phosphorescence of the sensitizers with
anthracene (Figure 3).°® By increasing the concentration of anthracene, decrease in intensity of
phosphorescence from the Pt porphyrin moiety was observed from the sample containing An-PtP. The
linear relationship was obtained from the Stern—VVolmer plots through the detection concentration range.
On the other hand, the slope of the line was relatively-small of the sample containing PtOEP. In particular,
the quenching effect by adding anthracene reached a plateau in the presence of 50 M of anthracene,
indicating that the static interaction between PtOEP and anthracene should be formed. The agglomeration
of anthracene to PtOEP could occur due to high hydrophobicity and planarity. We were able to determine
the lifetimes of the phosphorescence with the single component from the samples because of enough
emission intensity for the evaluations (Table 1). Accordingly, two significant features were observed.
First, lifetimes were shortened by adding anthracene, clearly indicating that energy transfer to free
anthracene molecules should occur from both sensitizers. Second, longer lifetimes were observed from
the samples containing DA-PtP in the presence and absence of anthracene, comparing to those of PtOEP.
This result supports the fact that PtOEP could form larger degree of aggregation where emission

annihilation should be critically induced by concentration quenching. Thus, to realize shorter-wavelength

14
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light through TTA-supported upconversion, it should be essential to suppress aggregation of the

sensitizers.

Figure 3

According to the experimental data, we assumed the plausible models to explain the differences in the
upconversion behaviors. Around PtOEP, molecular agglomeration with anthracene could be formed, and
the series of the photochemical processes take place mainly within agglomeration. Thereby, reabsorption
of higher-energy photons should readily proceed. In contrast, formation of agglomeration can be
effectively disturbed by DA-PtP. Furthermore, transmittance of excitation energy to free anthracenes was
encouraged by the dual-anthracene substituents. Thus, higher-energy photons can be preserved from
reabsorption by the Pt complex. In this study, we mainly focus on not efficiency but energy levels of the
converted photon. Porphyrin complexes are one of the effective sensitizers for presenting TTA-supported
upconversion with low-power incident light.1":°860-63 |t js assumed that agglomeration around the
sensitizer, followed by enhancing local concentrations could contribute to improving upconversion

efficiencies.

CONCLUSION

We describe here the upconversion for generating higher-energy photons under diluted conditions by
utilizing the novel sensitizer, DA-PtP. From the series of the experiments, it was implied that the two
anthracene molecules tethered to the Pt-porphyrin complex could play significant roles in presenting the
higher-energy photons not only by mediating the excited energy from the Pt-porphyrin complex to the
free anthracene but also by inhibiting the agglomeration of anthracene and subsequently reabsorption to
the Pt complex. Our system is composed of combination with conventional molecules such as PtOEP and

anthracene. This means that further improvement of efficiencies in each step and tuning of wavelengths

15
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of the incident light and emission could be feasible by replacing the specialized molecules. Thus, this

concept might be valid for enhancing upconversion efficiencies in the other established systems.
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Scheme 1. Schematic model of the TTA-supported upconversion and chemical structures of the
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Scheme 2. Synthesis of DA-PtP?

Cl CN COOH CcoocCl
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5 6 DA-PtP, 7
HO
OH 0 0 0 o)
O O O O

0 Qo OAC

#Reagents and condition: a) NaCN, DMSO, 55 °C, 4 h, 99%; b) KOH, H2O/ethylene glycol, reflux, 24 h,
89%; c) SOClIy, r.t., 1 h; d) MeOH, (CH3)3sCH, H2SO4, r.t., 2 h, 89%; ) NHsCOOH, Pd/C, DMF, 60 °C,
1.5 h, 81%; f) LAH, THF, 1 h, 55%; g) 2', NEtsN, CH.Clo/DMF, 0 °C to r.t., 74%; h) Pt(acac)z,

benzonitrile, Microwave 500 W, 12 h, 47%.
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Figure 1. Fluorescence spectra of the samples containing 100 #M anthracene and variable concentrations

of (a) DA-PtP and (b) PtOEP and (c) 5 uM sensitizer and (d) 50 M anthracene and 5 M sensitizer in

DMSO with the excitation at 540 nm passing through a 480 nm cut-off filter.
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Figure 2. Fluorescence spectra of the samples containing 100 M anthracene (red line) and 100uM
compound 2 (red dashed line) in DMSO with the excitation at absorption maxima. Fluorescence spectra
via TTA of the samples containing 5 4M PtOEP and 100 ¢M anthracene (blue line) and 5 M DA-PtP
and 100 M anthracene (orange line) in DMSO with the excitation at 540 nm passing through a 480 nm
cut-off filter.
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Figure 3. Stern—Volmer plots of the phosphorescence of PtOEP (blue plots) and DA-PtP (red plots) with

anthracene.
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Table 1. Optical properties in the TTA-supported upconversion?

sensitizer Disc Dsens Dr7a Dyp (x10°9) 7 (ns)° 7 (ns)P¢
DA-PtP 0.9 0.831 0.00234 0.303 729 634
PtOEP 0.9 0.733 0.00291 0.334 612 538

@Determined with 5 4M sensitizer and 100 M anthracene in DMSO.
b5 1M sensitizer in DMSO with the excitation light at 375 nm (detection wavelength at 540 nm).
®In the presence of 100 «M anthracene.
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Development of the Sensitizer for Generating Higher-
Energy Photons under Diluted Condition via the Triplet-

Triplet Annihilation-Supported Upconversion
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Figure S1. Fluorescence spectra of the samples containing 100 M anthracene and various concentrations
of sensitizers (a: 2 uM, b: 5 uM, c: 10 uM, d: 20 M) in DMSO with the excitation at 540 nm passing
through a 480 nm cut-off filter.
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Figure S2. Fluorescence spectra of the samples containing various concentrations of anthracene and 5

1M sensitizer in DMSO with the excitation at 540 nm passing through a 480 nm cut-off filter.
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Figure S3. (a) UV—vis absorption spectra of DA-PtP and PtOEP in DMSO (5 uM).





