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I.  Preparation and purification of the samples

Gadolinium(III)-coordinated sinoporphyrin sodium (Gd2-DVDMS) was synthesized 

as follows. Briefly, a mixture of imidazole (6 g), DVDMS (12 mg, ~10 μmol), and 

excess anhydrous GdCl3 (53 mg, ~200 μmol) was added to a 250 mL three-necked 

bottle under a flow of argon over a period of 30 min. The mixture was then heated to 

and maintained at 200 °C, and stirred magnetically, for 2 h under a flow of argon. 

After cooling to room temperature, the mixture was dissolved in methanol to yield 10 

mL of Gd2-DVDMS solution. For praseodymium-coordinated DVDMS (Pr2-DVDMS) 

and neodymium-coordinated DVDMS (Nd2-DVDMS), the synthesis procedures were 

almost the same as that of Gd2-DVDMS, with PrCl36H2O (71 mg, ~200 μmol) and 

NdCl3 (51 mg, ~200 μmol), respectively, used instead of the GdCl3. For the mixed-

lanthanide(III) DVDMS complexes, taking praseodymium and gadolinium-

coordinated DVDMS (PrGd-DVDMS) as an example, the synthesis procedure was 

almost identical to that for Gd2-DVDMS, with excess anhydrous GdCl3 (26 mg, ~100 

μmol) and PrCl36H2O (36 mg, ~100 μmol) being used together in place of the GdCl3. 

The as-prepared metalloporphyrin solution was purified by dialysis (dialysis 

membrane, molecular weight cut off = 1000). It was dialyzed three times using 

methanol as the solvent, with each dialysis step lasting 2 h. During this process, low 

molecular weight species, such as imidazole, lanthanide ions, and anions, were 

eliminated from the metalloporphyrin solution.

II. Determination of photoluminescence lifetimes
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A square wave was given to a diode laser controller (Thorlabs ITC510) to control a 

diode laser centered at 405 nm (Thorlabs TCLDM9). Phosphorescence signals were 

recorded by a grating spectrometer (Zolix Omni-λ300) and amplified by a 

photomultiplier tube (Zolix PMTH-S1-R212) with a high-voltage power supply 

(Zolix HVC1800). The time-resolved signal was averaged with a digital phosphor 

oscilloscope (Tektronix DPO5054) and the decay curve was sent to a personal 

computer to determine its lifetime. The phosphorescence lifetime evaluation was 

performed by fitting the decay curve to an exponential function using adjustable 

parameters.

To determine the fluorescence lifetime, a 1-MHz pulsed laser centered at 392 nm 

was used as the light source. Fluorescence signals were recorded as a function of time 

using a spectrofluorometer (HORIBA, Fluoromax-4). The fluorescence lifetime 

evaluation was performed by fitting the decay curve (fluorescence intensity) to an 

exponential function using adjustable parameters.

III. Determination of luminescence quantum yields

The luminescence quantum yield (Φ) of the studied metalloporphyrins in air-

saturated methanol solution was measured using a comparative method. Gadolinium-

labeled hematoporphyrin monomethyl ether (Gd-HMME) was used as the reference 

(Φ = 0.014 in methanol).1 The relationship between the ΦP of the studied 

metalloporphyrin and that of Gd-HMME can be expressed as follows:2

(S1)r
P r

r

Φ Φ ( )( ),AI
A I



where Φr and ΦP are the phosphorescence quantum yields of Gd-HMME and the 
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studied metalloporphyrin, respectively, in methanol. Ir and I are the integrated 

emission intensities of Gd-HMME and the studied metalloporphyrin, respectively, 

under 532-nm laser illumination. A is the absorption of the methanolic 

metalloporphyrin solution at 532 nm, calculated from Equation (S2) from 

measurements obtained using a power meter (Ophir 199728):

A = (Imethanol − Imetalloporhyrin)/Imethanol, (S2)

where Imethanol is the power per unit area of the light transmitted by the blank solvent 

(methanol), and Imetalloporhyrin is the power per unit area of the light transmitted by the 

methanolic metalloporphyrin solution.

IV. The measurement of singlet oxygen generation efficiency

The singlet oxygen generation efficiencies of Pr2-DVDMS, Gd2-DVDMS, and 

PrGd-DVDMS were investigated using a 532-nm solid-state laser as the excitation 

source. The generation of singlet oxygen was measured by monitoring the 

consumption of the singlet oxygen scavenger DPBF at the central wavelength of its 

absorption band (410 nm). The singlet oxygen quantum yields ( ) of Pr2-DVDMS, ΔΦ

Gd2-DVDMS, and PrGd-DVDMS were evaluated using a relative method with Gd-

HMME as the reference.3 This relative method was based on Equation (S3):

(S3)r
Δ Δ,r

r

Φ Φ ( )( ).k

A k

A


In Equation (S3), the subscript “r” indicates the reference reagent, k is the degradation 

rate of the singlet oxygen scavenger, and A is the absorption of the excitation light by 
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the metalloporphyrin, which was calculated using Equation (S2) from measurements 

obtained using a power meter (Ophir 199728).

V. Characterization of Pr2-DVDMS, Gd2-DVDMS, and PrGd-DVDMS

Figure S1 shows the UV–visible absorption spectra of (a) DVDMS, (b) Pr2-DVDMS, 

(c) Gd2-DVDMS, and (d) PrGd-DVDMS. The reduction in the number of Q bands in 

the absorption spectra of the three studied metalloporphyrins from four to two 

confirmed that the metalloporphyrins was successfully synthesized.

Figure S1. Normalized UV–visible absorption spectra of (a) DVDMS, (b) Pr2-DVDMS, (c) Gd2-
DVDMS, and (d) PrGd-DVDMS.

The mass spectra of DVDMS and the studied metalloporphyrins were recorded 

on a MALDI-TOF mass spectrometer (RapifleX MALDI-TOF/TOF MS, Bruker 

Daltonics, Germany). Figure S2 shows (a) the experimental mass spectrum and (b) the 
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theoretical mass spectrum of DVDMS ([DVDMS+5H−4Na]+,C68H71N8O9
+), (c) the 

experimental mass spectrum and (b) the theoretical mass spectrum of Gd2-DVDMS 

([DVDMS+2Gd−4H−4Na]+, C68H62N8O9Gd2
+). The m/z peak of DVDMS appeared at 

1143.526, the shape of which corresponds well to [DVDMS+5H−4Na]+ (C68H71O9
+, 

1143.534) and is in good agreement with the reported results for DVDMS.4 The m/z 

peak of Gd2-DVDMS appeared at 1450.217, the shape of which corresponds well to 

[DVDMS+2Gd−4H−4Na]+ (C68H62O9Gd2
+, 1450.314).
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Figure S2. (a) The experimental mass spectrum (positive mode) and (b) theoretical mass spectrum 
of DVDMS ([DVDMS+5H−4Na]+,C68H71N8O9

+), (c) the experimental mass spectrum (positive 
mode) and (d) theoretical mass spectrum of Gd2-DVDMS ([DVDMS+2Gd−4H−4Na]+, 
C68H62N8O9Gd2

+).

VI. Metalloporphyrin chemical structures

Figure S3. Chemical structures of (a) Nd2-DVDMS, (b) Pr2-DVDMS, (c) NdGd-DVDMS, and (d) 
PrGd-DVDMS.
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VII. The fluorescence lifetime of Pr2-DVDMS and PrGd-DVDMS

The fluorescence decay curves of Pr2-DVDMS and PrGd-DVDMS at 626 nm are 

shown in Figure S4.

Figure S4. Fluorescence decay curves of Pr2-DVDMS and PrGd-DVDMS measured at λem = 626 
nm.

VIII. Computational study of state-switching mechanism

The computation for the simplest porphyrin, porphine, and its metalloporphyrins (Pr-

porphine and Gd-porphine) was performed, the chemical structures of which are 

shown in Figure S5a. Geometry optimization and vertical excitation energy 

calculations were carried out by means of density functional theory (DFT) and time-

dependent density functional theory (TD-DFT) calculations, implemented in the 

Gaussian 16 package using the PBE0 functional5 in vacuum. 6-31g(d,p) basis set was 

used for light elements (C, N, H) while the Stuttgart effective core potentials6 were 

used for Gd (MWB54) and Pr (MWB49). Spin–orbit coupling (SOC) was calculated 

in the Dalton 2020 package7 using the same functional and basis set combination in 
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vacuum based on the ground-state geometry optimized in Gaussian 16. Input 

geometry and molecular orbitals for Dalton were generated using the molecular 

orbital KIT (MOKIT) package to accurately account for the basis set choice for fast 

convergence. Natural transition orbitals (NTOs) were visualized using the multiwfn 

package.8

As seen from Figure S5, the SOC matrix element (SOCME) for T1-S0 transition 

increased from 0.161 for porphine free-base, to 0.316 for Pr-porphine, and to 0.414 

for Gd-porphine. The larger SOC for Gd-porphine indicates the higher radiative 

constant for the triplet to ground state emission. Furthermore, the lowest excited 

energy level of Gd(III) is higher than both the S1 and T1 states of porphyrins, and 

hence nonradiative relaxation from a porphyrin to Gd(III) cannot occur.3 Thus, both 

the higher SOC and special energy level of Gd(III) result in the state switching and 

triplet phosphorescence emission. The enhanced SOC efficiencies originate from the 

orbital contribution of heavy Gd and Pr to the T1-S0 transition of porphyrin, as pointed 

out by the red arrows in Figure S5.

It is worth to point out that current basis sets used for Gd (MWB54) and Pr 

(MWB49) consider their 4f electrons as pseudopotentials (as well as the entire inner 

core 1s22s22p63s23p63d104s24p64d104fx), and thus the degree of their electronic 

contribution to the molecular orbitals of porphyrin is weak, leading to low 

enhancement in SOC efficiency. Theoretically if explicated consider the 4f electrons 

in heavy metals and only treat a smaller core (1s22s22p63s23p63d10) as pseudopotential, 

such as using MWB28 or def2-QZVP as basis set, larger contribution from metal 
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electrons could be anticipated, as well as much larger SOCMEs. Although our current 

computation methods have not been advanced to complete the full calculation from 

geometry optimization to SOCMEs, we have included the NTOs of T1-S0 transition 

for Pr-porphyrin complex calculated with MWB28 basis set for Pr (Figure S5b). 

Indeed, adequate contribution of Pr atomic orbitals was observed in the T1-S0 

transition of porphyrin. 

Figure S5. Computation results for porphine, Pr-porphine and Gd-porphine. (a) molecular 
structure of porphine and its Gd, Pr complexes; SOCMEs and NTOs of their T1-S0 transitions. Red 
arrows in NTOs mark the contribution from Gd and Pr electrons. (b) T1-S0 NTOs of Pr-porphine 
complex calculated using MWB28 for Pr. Since 4f electrons are explicated considered, larger 
contribution from Pr elections was observed.

IX. Phosphorescence-to-fluorescence ratio measurement uncertainties
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Figure S6. Normalized phosphorescence-to-fluorescence intensity ratios of PrGd-DVDMS and 
Gd2-DVDMS showing the measurement uncertainties (the luminescence intensities were 
measured at the band maxima).
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