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Experimental section

All reagents and solvents were commercially available and used without further purification.

Synthesis of HL!

To a methanol solution (20 mL) of p-hydroxybenzohydrazide (308.5 mg, 2.03 mmol) was added
with stirring 3-formyl-6-methyl-chromone (381.5 mg, 2.03 mmol). After the mixture was stirred for
1 h at room temperature, white precipitate formed was collected by filtration and dried in vacuo.
Yield: 602.9 mg (91.9%). Anal. Found: C, 66.68; H, 4.66; N, 8.62%. Calcd. for C;sH4N,O4: C,
66.87; H, 4.68; N, 8.66%. 'H NMR (400 MHz, DMSO-ds, 22 °C): & 11.74 (s, 1H), 10.15 (s, 1H),
8.79 (s, 1H), 8.60 (s, 1H), 7.93 (dt, J= 1.6, 0.8 Hz, 1H), 7.84-7.79 (m, 2H), 7.72-7.62 (m, 2H),
6.88—6.83 (m, 2H), 2.46 (s, 3H).

Synthesis of HL?

To a methanol solution (20 mL) of p-methylbenzohydrazide (221 mg, 1.47 mmol) was added with
stirring 3-formyl-6-methyl-chromone (277 mg, 1.47 mmol). The mixture was stirred for 1 h at room
temperature, and the resulting white precipitate was collected by filtration and dried in vacuo. Yield:
446 mg (94.5%). Anal. Found: C, 71.20; H, 5.05; N, 8.83%. Calcd. for C;oH,N,O3: C, 71.24; H,
5.03; N, 8.74%. 'H NMR (600 MHz, DMSO-ds, 22 °C): 3 11.87 (s, 1H), 8.81 (s, 1H), 8.63 (s, 1H),
7.93 (s, 1H), 7.84 (d, J = 7.8 Hz, 2H), 7.69 (dd, J = 8.6, 2.2 Hz, 1H), 7.64 (d, ] = 8.6 Hz, 1H), 7.33 (d,
J=7.8 Hz, 2H), 2.45 (s, 3H), 2.38 (s, 3H).

Synthesis of [Eu(HL!);]Cl; (1Cl)

A solution of HL! (54.5 mg, 0.17 mmol) in 2-methoxyethanol (1 mL) was added to a solution of
EuCl;-6H,0 (30.6 mg, 0.056 mmol) in 2-methoxyethanol (2 mL), and the mixture was stirred for 1 h
at 80 °C. After cooling to ambient temperature, conc. HCI (15 xL) was added, and the reaction
mixture was left to stand in a closed vessel with diisopropyl ether. After 1 week colorless needle
crystals were obtained. Yield: 64.5 mg (83.9%). Anal. Found: C, 49.95; H, 4.32; N, 5.97%. Calcd.
for Cs7HssN¢Cl;EuO,5 (= 1C1-CH;0C,H,OH-4H,0): C, 49.85; H, 4.26; N, 6.12%. FT-IR (KBr/ cm~
1: v(N-H) 3236, v(C=Ninine) 1607, v(C=0) 1577.



Synthesis of [Gd(HL!);]Cl; (1Gd-Cl)

This gadolinium(IIl) complex was prepared by a similar method to that for 1Cl using GdCl;-6H,0,
instead of EuCl;-6H,0. Colorless needle crystals. Yield: 79.7 %. Found: C, 50.46; H, 4.23; N, 6.04%.
Anal. Calcd. for C¢Hgr sN¢Cl3GdO5,5 = [Gd(HL);]Cl3-2CH;0C,H4,OH2.25H,0: C, 50.63; H, 4.43;
N, 5.90%. FT-IR (KBr/ cm™): v(N-H) 3236, v(C=Njpine) 1607, v(C=0) 1577.

Synthesis of [Eu(HL!);](OTf); (10TY)

A solution of HL! (48.3 mg, 0.15 mmol) in chloroform (3 mL) was added to a solution of Eu(OTf);
(30.0 mg, 0.050 mmol) in acetonitrile (2 mL), and the mixture was stirred for 1 h at room
temperature. Diffusion of diisopropyl ether vapor into the reaction mixture gave yellow crystalline
products, which were corrected by filtration. Yield: 54.8 mg, 70.2 %. Anal. Found: C, 43.80; H, 3.25;
N, 5.01%. Calcd. for Csg sH46NgEuF9O,; 5S; (= 10Tf-0.25H,0-0.25Pr,0): C; 44.02, H; 2.90, N; 5.27.
ESI-MS (MeCN): m/z 1117.1932. Calcd. for CssH4oNgEuO,, [M—2H]": 1117.1919. FT-IR (KBr/ cm~
: v(N-H) 3239, v(C=Nimine) 1604, v(C=0) 1577, v(S=0) 1242, v(C-F) 1030.

Synthesis of [Gd(HL!);](OTf); (1Gd-OTY)

This gadolinium(IIl) complex was prepared by a similar method to that for 10Tf using Gd(OTf)s,
instead of Eu(OTf);. Colorless product. Yield: 71.5 %. Anal. Found: C, 43.79; H, 3.11; N, 5.05%.
Calcd. for Csg sHy6N¢GdO,) 5S5 (= 1Gd-OTf-0.25H,0-0.25Pr,0): C, 43.88; H, 2.90; N, 5.25%. ESI-
MS (MeCN): m/z 1122.2010. Calcd. for Cs4HsoN¢GdO;, [M—2H]*: 1122.1953. FT-IR (KBr/ cm™):
V(N-H) 3239, v(C=Nipine) 1604, v(C=0) 1573, v(S=0) 1241, v(C-F) 1030.

Synthesis of [Eu(HL?);](OTf); 20TY)

A solution of HL? (48.3 mg, 0.15 mmol) in acetone (1 mL) was added to a solution of Eu(OTf);
(30.0 mg, 0.050 mmol) in acetone (2 mL), and the mixture was stirred for 1 h at room temperature.
Diffusion of diethyl ether vapor into the resulting solution gave yellow crystalline product, which
was collected by filtration. Colorless needle crystals were obtained by slow diffusion of layered

hexane into a dichloromethane solution. Yield: 54.8 mg, 70.2 %. Anal. Found: C, 46.09; H, 3.12; N,



5.26%. Calcd. for CoHusNgEuF4015S; (= 20Tf): C, 46.19; H, 3.10; N, 5.39%. ESI-MS (MeCN): m/z
1111.2547. Caled. for Cs7HuNgEuO, [M—2H]": 1111.2541. FT-IR (KBr / cm™): v(N-H) 3239,
V(C=Nimine) 1609, v(C=0) 1573, v(S=0) 1241, v(C—F) 1029.

Synthesis of [Gd(HL?);](OTf); (2Gd-OTY)

This complex was prepared by a similar method to that for 20Tf using Gd(OTY);, instead of
Eu(OTY);. Yield: 75.1 %. Anal. Found: C, 46.38; H, 3.30; N, 5.26%. Calcd. for C¢oH4sNgEuF¢O S5
(=2Gd-OTY): C, 46.03; H, 3.09; N, 5.37%. ESI-MS (MeCN): m/z 1116.2602. Calcd. for
Cs7H46N6GdOg [M—H]*: 1116.2576. FT-IR (KBr/ cm™!): v(N-H) 3239, v(C=Njpine) 1608, v(C=0)
1573, v(S=0) 1241, v(C-F) 1029.

Synthesis of [Y(HL2);](OTf); 2Y-OTY)

This complex was prepared by a similar method to that for 20Tf using Y (OTf);, instead of Eu(OTf);.
Yield: 72.4%. Anal. Found: C, 46.70; H, 3.32; N, 5.40. Calcd. for Cgp75sH49sNsCl; sFoYO5S3 (= 2Y-
OTf-0.75CH,Cl,): C, 46.75; H, 3.20; N, 5.38%. ESI-MS (MeCN): m/z 1047.2402. Calcd. for
Cs7H46NgYOo [M—2H]": 1047.2379. FT-IR (KBr / cm™): v(N-H) 3239, v(C=Nipine) 1608, v(C=0)
1574, v(S=0) 1242, v(C-F) 1029.

Measurements.

The 'H NMR spectra were acquired using Varian NMR System 600 and 400-MR spectrometers at 22
°C. The chemical shifts were referenced to the residual solvent peaks. ESI-MS spectra were obtained
from Bruker ESI-Qq-TOF-MS compact spectrometer. Elemental analyses were performed at the
Advanced Science Research Center, Okayama University. Infrared spectra were recorded on a Jasco
FT/IR-4X spectrophotometer with the samples prepared as KBr disks. UV-vis absorption spectra
were recorded on a Jasco V-550 or V-750 spectrophotometer. Luminescence and excitation spectra
were measured using a Jasco FP-6300 or FP-8600. The absolute luminescence quantum yields were
determined on a Hamamatsu Photonics C9920-02 absolute photoluminescence quantum yield
measurement system spectrometer or FP-8500 using Jasco ILFC-847 as an integrating sphere.

Luminescence lifetimes were recorded by Hamamatsu Quantaurus-tau C11367 compact fluorescence



spectrometer. All solutions for photophysical data measurements were degassed under N, prior to

use unless otherwise noted.

Crystallography

Each single-crystal of complexes 1Cl, 10Tf, 20Tf, 1Gd-Cl, 2Gd-OTf or 2Y-OTf was mounted
with a cryoloop and flash cooled using a cold nitrogen stream. The X-ray diffraction data were
obtained at 188(2) or 100(2) K using a Rigaku R-axis rapid imaging plate detector with a graphite-
monochromated Mo Ka radiation (4= 0.71073 A), a Rigaku Vari-Max diffractometer with a Hypix
CCD detector and a Mo Ko radiation (A= 0.71073 A) monochromated by multi-mirror, or
synchrotron radiation (1= 0.4108 A) at BL02B1 of Spring-8. An empirical absorption correction
was applied. The structures were solved by a direct method with SHELXT program using the Olex2
1.5 software package.! All non-hydrogen atoms were refined anisotropically using full-matrix least-
squares method based on F? with SHELXL program.? Hydrogen atoms (except for those of solvent
H,0 and alcoholic O-H, which were not included in the calculation) were located at theoretical
positions and refined as riding atoms. Isotropic displacement parameters were set to Ujs, = 1.2 Ugq 0f
the parent atoms. For the analysis of 10Tf-'Pr,0, owing to large voids (ca. 3045 A3 per unit cell),
solvent molecules assuming free water molecules were treated using the MASK procedure
implemented in Olex2 (equivalent to PLATON/SQUEEZE), removing approximately 447 electrons
per unit cell. This corresponds to ca. 3 water molecules per formula unit (Z = 8).

The powder X-ray diffraction (PXRD) data were collected on a Rigaku RINT-TTR III diffractometer
at room temperature. The crystalline samples were dried in air and ground in an agate mortar before

mounting for the measurement.

Calculation of the luminescence quantum yield>*

The transitions of "Dy — "F ;. 3, 4 are electronic dipole transitions, and their intensities vary with the
symmetry of coordination environment around the Eu'! center. On the other hand, the Dy — F,;
transition is a magnetic dipole transition and is not affected by the coordination environment. Thus, it
is assumed that the dipole strength and the energy of the °Dy — ’F; transition are constant.

The radiative rate constant is formulated as:



kEu
r = Aypo 1> (Lot Ivp),

where Anp o, 11, and (fi/Ivp) are representing the spontaneous luminescence rate of the Dy — F,
transition in vacuo, refractive index of the medium, and ratio of the total D, — F; area of the Eu'l!
luminescence spectrum to the area of the Dy — ’F; transition band, respectively.

The observed decay rate constant (kys) of the Dy state is given as:

Eu

|

kops= 1/tops="1 + "1,
Eu kEu

where 75, = 7 and " nr are the observed lifetime of the °D, state, the radiative rate constant of Eu'll,
and non- radiative rate constant of Eu'l, respectively.

The quantum yield of Eu'! luminescence (@g,) and overall photosensitization efficiency (@,,,) were
determined as follows:

kEru/ (kEru s kEu jEu

@Eu = nr) ="r/ kobs

@tot = Tlsens x @Eu .



Table S1 Crystallographic data.

Compounds CHOCHON  (olventmasked)  20TPHO3CHCE GO P35ty
CCDC deposition no. 2532337 2532338 2532339 2532340 2532341
Chemical Formula Cs7Hs3;CLEuNgO s 5 Ce3HssEuFgNgO2,S;  CeHseCIgEuFgNgO19S;  Cs7Hs1ClsGdNgO 45 Cep75Hss sCls sGAFgNgO 19S5
Formula Weight 1328.39 1668.27 1832.99 1315.66 1817.05
T/K 188(2) 100(2) 100(2) 188(2) 100(2)
Crystal Color and Shape colorless, needle colorless, plate colorless, needle colorless, needle colorless, needle
Crystal System monoclinic monoclinic triclinic monoclinic triclinic
Space Group , Z Cc, 4 C2/c, 8 P,2 Cc, 4 P,2
Size of Specimen / mm 0.46 x 0.10 x 0.10 0.27 x 0.20 x 0.07 0.56 x 0.11 x 0.09 0.50 x 0.07 x 0.07 0.50 x 0.09 x 0.06
alA 12.5079(7) 36.4018(4) 11.9562(4) 12.41539(17) 12.0010(4)
bl A 29.639(2) 13.99670(10) 13.7396(3) 29.415(4) 13.6463(3)
c/A 17.5195(11) 34.1043(3) 25.1436(6) 17.640(3) 25.1879(6)
al® 90 90 83.022(2) 90 83.336(2)
ple 106.5524(18) 116.3560(10) 83.755(2) 106.467(4) 82.998(2)
y/° 90 90 77.632(2) 90 77.727(2)
VA3 6225.7(7) 15570.1(3) 3990.07(19) 6177.9(14) 3983.36(19)
Dy / g cm™ 1.388 1.423 1.524 1.415 1.513
LMo Ko) / mm™! 1.198 0.242 1.154 1.270 1.184
Ri[I>2c(])] 0.0688 0.0569 0.0561 0.0799 0.0563
WwR; [all data] 0.2059 0.1770 0.1535 0.2270 0.1673
Flack Parameter —0.001(8) - - 0.021(14) -



Table S2 Photophysical properties of the (fully protonated and mono-deprotonated) Eu'!

complexes in the solid state and in acetonitrile.

S 1 Eu Eu
Complex ampre D, Dy, T,ps/MS ke /s7! k nr/g-! sens
states
1Cl Solid 0.56 0.56 0.76 76.9 546 >0.99
1Cl after heati
Ao ene Solid 0.00 — — — — —
([Ew(L)Y(HL'),]Cl,)
10Tf Solid 0.57 0.57 0.53 713 140 >0.99
10Tf CH,CN 0.03 0.32 0.70 45.0 974 0.09
10Tf with Et;N
CH;CN | 0.00% — — — — —
([Eu(L')(HL),]*") ’
20Tf Solid 0.40 0.57 0.74 77.2 587 0.70
20Tf CH:CN | 0.01> 0.34 0.74 46.5 888 0.02
20Tf with Et;N
CH:CN | 0.00" — — _ — —
([Eu(L?)(HL2),]*") ’

T Below the detection limit.
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Fig. S1 FT-IR spectra of 1Cl (red), 1Gd-Cl (blue), 10Tf (orange), 1Gd-OTT (sky blue), 20Tf
(pink), 2Gd-OTTf (green) and 2Y-OTT (purple).

Fig. S2 ORTEP drawings (the thermal ellipsoids at 50 % probability level) of the cationic
complexes and the surrounding OTf anions bonded to the hydrazone N—H protons by hydrogen
bonds in 10TT (left) and 20TT (right).
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Fig. S3 Powder X-ray diffraction spectra of simulated 1Cl (black), observed 1ClI (red) and 1Gd-
Cl (blue).
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Fig. S4 (a) ESI-MS spectrum of 10Tf in acetonitrile. Comparison of experimental (red) and
simulated (green) molecular ion envelopes of (b) [Eu(L")(HL!),]*" and (c¢) [Eu(L"),(HL")]*.
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Fig. S5 (a) ESI-MS spectrum of 1Gd-OTf in acetonitrile. Comparison of experimental (red)
and simulated (green) molecular ion envelopes of (b) [GA(L")(HL'),]**, (¢) [GA(L")>(HL")]"and

(d) [GA(L)(HL,](OTH)".
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Fig. S6 (a) ESI-MS spectrum of 20Tf in acetonitrile. Comparison of experimental (red) and
simulated (green) molecular ion envelopes of (b) [Eu(L?)(HL?),]**, (¢) [Eu(L?),(HL?)]" and (d)

[Eu(L?)(HL?),,](OTH)".
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Fig. S7 (a) ESI-MS spectrum of 2Gd-OTT in acetonitrile. Comparison of experimental (red)
and simulated (green) molecular ion envelopes of (b) [Gd(L?)(HL?),]*", (c¢) [Gd(L?),(HL?)]" and

(d) [GA(L*)(HL?),](OTf)".
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Fig. S8 (a) ESI-MS spectrum of 2Y-OTT in acetonitrile. Comparison of experimental (red) and
simulated (green) of molecular ion envelopes of (b) [ Y(L?)(HL?),]**, (¢) [Y(L?)»(HL?)]" and (d)

[Y(L2)(HL?)](OTH)".
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Fig. S9 Absorption spectral change of (a) 20Tf and 1.0 eq. HCIO, in acetonitrile
{solution(A)} by addition of TEA and that of (b) 20TT, 1.0 eq. HC1O,4 and 4.0 eq. TEA in
acetonitrile (blue) {solution(B)} by addition of HCIOj,.
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Fig. S10 'H NMR spectral of (black) 2Y-OTT in acetonitrile-ds, and those with (red) 1.0 eq.
HCI1Oy; (orange) 1.0 eq. HCIO4 and 1.0 eq. TEA; (green) 1.0 eq. HCIO4 and 2.0 eq. TEA;
(purple) 1.0 eq. HCIO,4 and 3.0 eq. TEA; and (blue) 1.0 eq. HC1O,4 and 4.0 eq. TEA.
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Fig. S11 Photoluminescence (red, A.x = 350 nm) and excitation (blue, 4., = 616 nm) spectra
of the Eu'l complexes: (a) 1Cl in the solid state, (b) 10Tf in the solid state, (¢c) 10Tf in
acetonitrile, (d) 20Tf in the solid state and (e) 20Tf in acetonitrile. (f) A comparison of
excitation spectra of 1Cl (black) and 10Tf (red) in the solid state and 10Tf in acetonitrile
(blue) (Aem = 616 nm).
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Fig. S12 Photoluminescence spectra of (a) 1Gd-Cl and (b) 2Gd-OTf in the solid states (Aex =

390 nm).
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Fig. S13 (a) Photoluminescence (A = 360 nm) spectral change of 10Tf (9.7 x 10°M) in
acetonitrile by titration of HCIOy,. (b) The intensity of the luminescence at 616.5 nm by titration
of HC1O,4 (0-1.0 eq.).
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Fig. S14 (a) Photoluminescence (Ao = 360 nm) spectral change of 10Tf (9.7 x 10-°M) with
1.0 eq. HCIO,4 and 2.25 eq. TEA in acetonitrile by titration of HC1O,. (b) The intensity of the
luminescence at 616.5 nm by titration of HC1O,4 (0-1.25 eq.).
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Fig. S15 (a) Photoluminescence (A, = 360 nm) spectral change of 20Tf (1.0 x 104M) in
acetonitrile by titration of HCIO,. (b) The intensity of the luminescence at 616 nm by titration of
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Fig. S16 (a) Photoluminescence (A = 360 nm) spectral change of 20Tf (1.0 x 10-*M) with
1.0 eq. HCIOy in acetonitrile by titration of TEA. (blue). (b) The intensity of the luminescence
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Fig. S17 (a) Photoluminescence (Ao = 360 nm) spectral change of 20Tf (1.0 x 10-4M) with 1.0
eq. HCIO,4 and 2.25 eq. TEA in acetonitrile by titration of HCIO,. (b) The intensity of the
luminescence at 616.5 nm by titration of HC10,4 (0-1.25 eq.).
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Fig. S18 Repeated switching (on/off) tests of luminescence intensity at 616.5 nm for (a) 10Tt
and (b) 20TT in acetonitrile by addition of base (NEt;) and acid (HCI), and that for (c) 1Cl in the
solid state by heating and exposure of HCI vapor.
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Fig. S19 Phosphorescence spectra (A, = 400 nm) of (a) 1Gd-OTf and (b) 2Gd-OTf in
acetonitrile with 1.0 eq. HCIO,4 and 2.25 eq. TEA. Note that the spectrum at 450 nm is due to

the Raman signal of solvent acetonitrile.
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Fig. S20 Change in the electrical conductivity of a methanol solution of 1CI (1.0 x 10* M) by
addition of an methanolic solution of AgNOs3 (1.0 x 10~ M): red, 1ClI,; blue, after heating sample
at 140 °C for 5 min).
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