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Experimental Section. 

General information. All the reagents and the solvents were purchased from usual 

commercial sources and used without further purification, unless otherwise stated. 

The 1H NMR spectra of the compounds were recorded on Bruker AMX-500 MHz and 

Bruker DPX-300 MHz spectrometers, respectively. The solution of the sample was in 

deuterated solvent by using the solvent peak as the internal standard. High-resolution 

mass spectra were recorded on a Bruker ultrafleXtreme MALDI-TOF spectrometer, 

using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile as 

matrix. The 0.5 wt% platinized TiO2 nanoparticles (platinum doped TiO2 

nanoparticles, Pt-TiO2) were prepared according to already published experimental 

procedures.1  

 

Photophysical Measurements. The UV-Vis absorption spectra of all porphyrinoids 

in solution were obtained using a Shimadzu UV-1700 spectrophotometer in quartz 

cuvettes of 1 cm path-length. The absorption spectra in their solid state upon the 

adsorption onto the TiO2 nanoparticles were obtained onto quartz slides 2x2 cm2 

using a UV/Vis/NIR Lambda 19, Perkin-Elmer spectrophotometer. The emission 

spectra were measured on a JASCO FP-6500 fluorescence spectrophotometer 

equipped with a red-sensitive WRE-343 photomultiplier tube (wavelength range: 200-

850 nm). Nanosecond resolved transient absorption measurements were performed 

using the output of the forth harmonic (266 nm) of a Nd:YAG laser (Quanta-Ray 

GCR-11 - Spectra Physics). Pulse widths of 5 ns and energies between 4 and 5 mJ per 

pulse were selected. The transient absorption detection is based on a pulsed (Pulse 

MSP05 - Müller-Elektronik-Optik) Xenon lamp (XBO 150,Osram), a monochromator 

(Spectra Pro 275, Acton Research), R9220 photomultiplier tube (Hamamatsu 
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Photonics) and a 1 GHz digital oscilloscope (TDS 684 A, Tektronix). The laser power 

of every laser pulse was registered using a fast Silicon photodiode. 

 

Light on/light off photo-current experiments. 

Preparation of dye-sensitized TiO2 films: FTO conductive glass substrates (F-doped 

SnO2) were cleaned by successive sonication in soapy water, then in an ethanolic 

solution of HCl (0.1 M) for 10 minutes, and finally dried in air. TiO2 films were 

prepared in three steps. A first treatment is applied by immersion for 30 min in an 

aqueous TiCl4 solution at 80°C. Three successive layers of mesoporous TiO2 were 

then screen printed using a transparent colloidal paste (Dyesol DSL 18NR-T) and a 

final light scattering layer (Dyesol DSL 18NR-AO) was affixed, with 20-minute long 

drying steps at 150 °C between each layer. The obtained substrates were then sintered 

at 450 °C, following a progressive heating ramp (325 °C for 5 min, 375 °C for 5 min, 

450 °C for 30 min). A second TiCl4 treatment was immediately conducted afterwards 

and the electrodes were fired one last time at 450 °C for 30 minutes. Thicknesses (16 

µm) were measured by a Sloan Dektak 3 profilometer. For the absorption spectra, 

only one layer of transparent colloidal paste (Dyesol DSL 18NR-T) was deposited on 

glass. The prepared TiO2 electrodes were soaked while still hot (ca. 80 °C) in a 0.2 

mM solution of the dye in THF/MeOH : 1/1 mixture for 3 hours. The electrodes were 

rinsed with THF/MeOH: 1/1 mixture and dried with a jet of nitrogen. For axial 

ligation of BDP(Im), the TiO2 electrodes coated with the porphyrin derivative was 

soaked in a 0.2 mM solution of BDD(Im) in acetonitrile for 30 minutes and then, it 

was rinsed with acetonitrile before being dried by a jet of nitrogen. 

Chopped light photocurrent measurements were performed with an integrated 

photoelectrochemical workstation from Zahner (ZAHNER- Elektrik GmbH & Co. 
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KG, Germany), containing a first potentiostat for the light control and a second 

potentiostat (Zenium) for the electrochemical control all run under Thales software. A 

standard three electrode configuration with Hg/HgSO4, coiled Pt-wire and a film of 

TiO2 sensitized with the dye (area 0.25 cm2) were used as the reference, counter and 

working electrodes, respectively. A white light lamp (1088wlr02, ZAHNER- Elektrik 

GmbH & Co. KG, Germany, spectrum given in Figure S12) was used as the light 

source (350W/m) and was periodically switched on and off (duration 5 s), while the 

potential was swept at a rate of 5 mV/s.  

 

Determination of Incident Photon to Current Efficiency (IPCE). 

IPCE spectra were measured with Zahner system (Zahner CIMPS) equipped with the 

tunable light source TLS03. A standard three electrode configuration with Hg/HgSO4, 

coiled Pt-wire and a film of PMI coated TiO2 film (area 0.25 cm2) were used as the 

reference, counter and working electrodes, respectively. During IPCE measurements, 

the TiO2 film was biased at 0 V vs. SCE reference electrode using wideband 

illumination LEDs, a background light and light was chopped at a frequency of 1 Hz. 

 

Adsorption of chromophores onto Pt-TiO2.  

Our first objective was to determine the adsorption percentage of all chromophores 

anchored onto the Pt-TiO2 nanoparticles. Therefore, we thoroughly investigated the 

adsorption of BDP, Por, BDP-Por dyad and Por/BDP (1:1 mixture) onto the Pt-TiO2 

surface using absorption spectroscopy. For this study, we prepared 2 mL solutions of 

standard concentration in THF (see table S1) and recorded their absorption features. 

As illustrated in Figure S7, in each solution 10 mg of Pt-TiO2 were added and the 

solution was sonicated for 5 minutes, stirred for 60 minutes and lastly centrifuged for 
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4 minutes in 13000 revolutions per minute (rpm). The amount of the absorbed 

porphyrin onto the TiO2 nanoparticles was quantified by studying the absorbance of 

each supernatant solution before and after the adsorption.  

 

Photocatalytic measurements.  

The photocatalytic H2 evolution studies were performed in a glass vial (10 mL) sealed 

with a rubber septum, at ambient temperature and pressure. Before each experiment, a 

fresh buffer solution was prepared. In detail, the buffer solution was a 1M aqueous 

solution of ascorbic acid (AA) that was adjusted to pH=4 using aqueous solution of 

NaOH. In the glass vial, 5 mL of the buffer solution together with 10 mg of dye-Pt-

TiO2 were added. In order to ensure anaerobic conditions, the suspensions were 

degassed using nitrogen for 5 min (in an ice/water bath). Finally, the vials were sealed 

with a silicon septum and were irradiated under continuous stirring. For the photo-

excitation of the samples, a low power white LED lamp ring of 40 W, with color 

temperature of 6400 K and lumen of 3800 LM was used.  

The H2 evolution was determined using gas chromatography (GC) using a 

Shimadzu GC 2010 plus chromatograph with a TCD detector and a molecular sieve 5 

Å column (30 m - 0.53 mm). For every measurement, 100 μL were taken from the 

headspace of the vial and were instantly injected in the GC. In all cases, both the 

reported H2 production values and the Turn Over Number (TON) are the average of 

three independent experiments.  

 

Calculation of TONs and H2 evolution mmol(H2) g(cat)-1 h-1 

The TONs were calculated according to the following equation: 

TON =
𝑛(H2)

𝑛(PS)
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Where: n(H2) is the total amount of the produced H2 (in mmol) and n(PS) is the total 

amount of the photosensitizer (in mmol). 

 

In every photocatalytic experiment 0.01 g of Pt-TiO2 (0.5% (w/w) of Pt) were used.  

Thus, the final amount of the catalyst (Pt) in each experiment is 0.00005 g. The H2 

evolution rate was calculated according to the equation: 

H2 evolution mmol(H2) g(cat)-1 h-1= 
𝑛(H2)

𝑚(Catalyst) x 𝑡
 

Where: n(H2) is the total amount of the produced H2 (in mmol), m(catalyst) is the 

total amount of Pt (in grams) and t is the irradiation time in hours (t = 24 h). 

 

Synthesis and Characterization. 

Synthesis of Zn-TMP(COOMe): To a CH2Cl2 solution (20 mL) of TMP(COOMe)2 (50 

mg, 0.063 mmol), a MeOH (3 mL) solution containing Zn(CH3COO)2·2H2O (219 mg, 

1 mmol) was added and the reaction mixture was stirred at room temperature 

overnight. The volatiles were evaporated, the porphyrin was diluted in CHCl3 (25 mL) 

and washed with H2O (3 x 25 mL). The solvent was consequently removed under 

reduced pressure and the produced porphyrin then purified by column 

chromatography (silica gel, CH2Cl2/Hexane 6:4) yielding 51 mg of Zn-

TMP(COOMe) (0.059 mmol, yield: 94%). 

1H NMR (500 MHz, CDCl3): δ = 8.80 (d, J = 4.6 Hz, 2H), 8.77 (d, J = 4.6 Hz, 2H), 

8.72 (s, 4H), 8.40 (d, J = 8.1 Hz, 2H), 8.31 (d, J = 8.1 Hz, 2H), 7.28 (s, 6H), 4.09 (s, 

3H), 2.63 (s, 9H), 1.86 (m, 18H) ppm. 

HRMS-(MALDI-TOF): m/z calc. for [M]+ C55H48N4O2Zn 860.3069, found 860.3072. 

Synthesis of Zn-TMP(COOH), (Por): To a solution of Zn-TMP(COOMe) (40 mg, 

0.046 mmol) in 22 mL of a THF/MeOH mixture (2:1), an aqueous solution (7 mL) of 
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KOH (100 mg, 1.78 mmol) was added. The reaction mixture was stirred at room 

temperature overnight. The solvents were evaporated under reduced pressure and 

distilled H2O (5 mL) was added to the resulting residue. Acidification of the mixture 

by using HCl (aq) 1 M resulted in the precipitation of a solid which was filtered, 

washed with distilled H2O and dried yielding 35 mg of Por (0.041 mmol, 90%). 

1H NMR (500 MHz, CDCl3): δ = 8.81 (d, J = 4.5 Hz, 2H), 8.78 (d, J = 4.6 Hz, 2H), 

8.71 (s, 4H), 8.49 (d, J = 7.8 Hz, 2H), 8.35 (d, J = 7.9 Hz, 2H), 7.28 (s, 6H), 2.63 (m, 

9H), 1.85 (m, 18H) ppm. 

HRMS-(MALDI-TOF): m/z calc. for [M]+ C54H46N4O2Zn 846.2912, found 846.2918. 

 

 

 

Scheme S1. The synthetic approach followed for the preparation of Por. 
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Figure S1. 1H NMR spectrum of TMP(COOMe) (500 MHz, CDCl3).  

 

 

Figure S2. Focus on the aromatic region of the 1H NMR spectrum of TMP(COOMe) 

(500 MHz, CDCl3).  
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Figure S3. 1H NMR spectrum of Zn-TMP(COOH), (Por) (500 MHz, CDCl3).  

 

 

 

Figure S4. Focus on the aromatic region of the 1H NMR spectrum of Zn-

TMP(COOH), (Por) (500 MHz, CDCl3).  
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Figure S5. Normalized absorption spectrum of BDP-Por dyad in THF. 

 

 

Figure S6.  Absorption spectra of the dyes recorded after their chemisorption on thin 

nanocrystalline TiO2 films (4 μm). 
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Table S1. Summary of the photocatalytic H2 evolution results. 

Sample 
Concentration 

(M)[a] 
DL (%)[b] PS (mole)[c] TON[d] 

Activity  

(mmol g-1 h-1)[e] 

BDP-Por 

2.3x10-4 91 4.15x10-7 640 100 

1.0x10-4 91 1.83x10-7 900 75 

4.2x10-5 95 8.00x10-8 1,700 35 

3.6x10-5 97 7.00x10-8 2,500 70 

1.2x10-5 97 2.30x10-8 17,500 115 

5.0x10-6 99 1.00x10-8 15,300 65 

[a]The concentration of the initial solutions (2 mL in THF) that were used for the 

adsorption of the dye (stained solutions), [b]Dye-loading percentage (DL), [c]The 

amount of the photosensitizer (PS) in each photocatalytic experiment upon its 

adsorption, [d]The maximum turnover number (TON) of H2 which was calculated as 

the number the produced mole of H2 divided by the number of mole of PS attached 

onto Pt-TiO2 (see page S6 for details) and [e]Initial photocatalytic activity defined as 

the milimole of H2 evolved per gram of Pt per hour in the first 24 hours (see pages S6-

S7 for details). 

 

 

Figure S7. Adsorption methodology before the photocatalysis experiments of:  

1. BDP, 2. Por, 3. BDP-Por dyad and 4. BDP/Por 1:1 mixture.  
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BDP 

BDP(Im) 
 

Por 

 

BDP(Im)-Por 

 

BDP-Por-BDP(Im) 

 

BDP-Por 

Figure S8. Pictures of the TiO2 electrodes used for chopped light experiments. 

 

 
 

Figure S9. Chopped light voltammetry measurements recorded under white light 

irradiation (350 W/m2) of the sensitizers chemisorbed on TiO2 film with the aqueous 

electrolyte containing [AA] = 1 M, [LiClO4] = 0.1 M at pH = 4. Applied potential = 0 

V vs. SCE. 
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Figure S10. Chopped light voltammetry measurements recorded under white light 

irradiation (350 W/m2) of Por chemisorbed on TiO2 film with the aqueous electrolyte 

containing [AA] = 1 M, [LiClO4] = 0.1 M at pH = 4 (straight line) or with the aqueous 

electrolyte containing [AcOH] = 0.1 M, [LiClO4] = 0.1 M at pH = 4 (dashed line). 

Applied potential = 0 V vs. SCE. 

 

 

Figure S11. IPCE spectra recorded at applied potential 0 V vs. SCE of the sensitizers 

chemisorbed on TiO2 film with the aqueous electrolyte containing [AA] = 1 M, 

[LiClO4] = 0.1 M at pH = 4. 
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Figure S12. Spectrum of the white light lamp used for spectroelectrochemical 

measurements. 

 

Transient Absorption Studies.  

Transient absorption measurements based on nanosecond laser photolysis were 

performed on the TiO2 and Pt-TiO2 particles. The results of the photoexcitation of 

TiO2 nanoparticles are commonly discussed in form of the formation of an electron-

hole pair with an electron residing in the conduction band (eCB
-) and a hole residing in 

the valence band (hVB
+). This electron-hole pair is rapidly decaying on the 

femtosecond time scale, either recombining or the charges become captured and 

subsequently localized in trap states resulting from structural non-periodicity induced 

disorders in the TiO2 lattice, for example, undercoordinated ions (Ti4+) and oxygen 

vacancies.3,4 Such trap states can act as both centers for electron-hole recombination 

or, in contrary, might help enhancing the charge separation and thus supporting the 

proceeding of slow interfacial redox reactions.5,6 Depending on the energetic position 

of the defect-related energy states relative to the band gap, they are referred to as 
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shallow or deep-level taps. Shallow traps are positioned close to the edge of the 

respective band (conduction band for e–, within 0-0.05 eV below the band edge;7 

valence band for h+), whereas deep-level trap states are located towards the middle of 

the energy gap and are considered to be predominantly responsible for (non-radiative) 

recombination events.3 Commonly discussed trapping routes and states within the 

TiO2 lattice or terminal at the surface, as well as interaction with at the surface 

adsorbed electron donor (D) and electron acceptor (A) molecules are depicted in 

Scheme S2.: 

Scheme S2: Overview over the most important processes in TiO2 upon 

photoexcitation and a rough timeframe in which these processes occur.3 

TiO2 + hv -> TiO2(eCB
- + hVB

+) ~ 100 fs 

Ti4+ + ecb
- -> Ti3+ ~ 100 fs 

Ti-OH + hVB
+ -> Ti-OH●+ ~ 100 – 200 fs 

Ti-OH + hVB
+ -> Ti-OH●+ ~ 100 – 200 fs 

Ti-O-Ti + hVB
+ -> Ti-O●+-Ti ~ 100 – 200 fs 

Ti-OH + hVB
+ -> Ti-OH●+ ~ 100 – 200 fs 

Ti-OH●+ + eCB
- -> Ti-OH + hv or heat ~100 ps – 10 ns 

Ti-O●+-Ti + eCB
- -> Ti-O-Ti + hv or heat ~100 ps – 10 ns 

Ti3+ + Ti-OH●+ -> Ti4+ + Ti-OH >> 10 ns 

Ti3+ + Ti-O●+-Ti -> Ti4+ + Ti-O-Ti >> 10 ns 

ecb
- + A -> A●- > 10 ns 

Ti3+ + A -> Ti4+ + A●-   >> 10 ns 

Ti-OH●+ + D -> Ti-OH + D●+ 100 ps - 10 ns  
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Ti-O●+-Ti + D -> Ti-O●+-Ti + D●+ 100 ps-10 ns 

Turning to the nanosecond laser photolysis transient absorption measurements of the 

TiO2 nanoparticles in acetonitrile (Figure S13) a broad transient absorption band with 

a maximum around 450 nm covering the UV and visible spectrum is discernible.  

 

Figure S13. (a) Nanosecond transient absorption spectra of the TiO2 nanoparticles in nitrogen 

saturated acetonitrile, photoexcited at 266 nm (4 mJ / pulse, 5 ns FWHM) 25 ns (black)  50 ns 

(red), 100 ns (blue) and 125 ns (magenta) after the laser pulse. (b) Corresponding time 

absorption profile at 450 nm. Please note, no date below 390 nm were recordable due to the 

saturation of the detector due to emission originating from the excitation recombination. 

 

This transient absorption band is according the Scheme S2 best described as a 

superimposition of the transient absorption of conduction band electrons trapped in 
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Ti3+ centers which absorptions cover the whole optical spectrum and trapped holes 

dominating the spectrum in the blue region.8 These transient absorptions decay with a 

lifetime of 30 ns. Taking a very in depth look at the spectra at 125 ns after the laser 

pulse a negative signal is discernable between 400 and 800 nm. Since there is no 

ground state absorption, the most feasible rational are radiative electron-hole 

recombination, self-trapped excitons localized on TiO6 octahedra, or the emissive 

reaction of free or shallowly trapped charges with their (deeply) trapped 

counterpart.3,9 When changing from acetonitrile to water as “solvent”, the transient 

absorption spectrum is still dominated by an absorption that covers the whole UV and 

visible spectrum (Figure S14) originating form trapped holes and trapped electrons – 

which is in line with the literature.3,8 These transient absorptions decay with a lifetime 

of 60 ns leaving a very small residual transient absorption which may relate to charge 

charrier in deeper level trap states. When ethanol is added – which is a well-

established hole quencher10 – a shortening of this lifetime is observed (compare 

Figure S14b black and red line). 

 



S19 

 

 

Figure 14. (a) Nanosecond transient absorption spectra of the TiO2 nanoparticles in nitrogen 

saturated water, photoexcited at 266 nm (4 mJ / pulse, 5 ns FWHM) 25 ns (black), 50 ns 

(red), 100 ns (blue) and 200 ns (magenta) after the laser pulse. (b) Corresponding time 

absorption profile at 370 nm (black). The red time profile was measured under the same 

conditions but with the addition of 5 vol% ethanol.  

Turning to the platinum particle coated TiO2 (Pt-TiO2) the photoexcitation of aqueous 

dispersions with 266 nm nanosecond laser pulses resulted in a transient absorption 

spectrum dominated by a maximum around 370 nm indicating towards trapped holes,8 

while transient absorptions relating to (trapped) electrons are absent. The missing of 

transient absorption relating to negative charges is not surprising since it is known in 

the literature that the electron moves into the conduction band of the metal and thus 

act as co-catalyst in proton reduction reactions.11-14 Taken a more detailed look at the 

time profile at 370 nm (Figure S15) one observes a decay within the first 1 µs 

followed by a long-lived transient absorption without substantial spectral changes. 

This first decay process is best explained with a shift of trapped hole into deeper trap 

states which show a lifetime in the microsecond time range, but due to the low 

intensity (~1 mV on a 180 mV baseline) we were unable to make a precise 

determination due to baseline instabilities in the same order of magnitude at detection 

times in the 100 µs range, so that we prefer not to state any value here. 
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Figure S15. (a) Nanosecond transient absorption spectra of the Pt-TiO2 nanoparticles 

in nitrogen saturated water, photoexcited at 266 nm (4 mJ / pulse, 5 ns FWHM) 500 

ns (black), 1 µs (red), 2 µs (blue) and 5 µs (magenta) after the laser pulse. (b) 

Corresponding time absorption profile at 370 nm. 

 

Concerning the complete system, that is the dyad attached to the Pt-TiO2 particle 

(BDP(Im)-Por@Pt-TiO2) the compound disintegrated during the measurements due 

to the intense photon flux by our laser system and due to the holes formed at the Pt-

TiO2 degrading the dyad. 
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