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Abstract 

We report on a photocatalytic setup, that utilizes the organic photosensitizer (PS) diiodo-

BODIDPY and the non-nprecious metal-based hydrogen evolution reaction (HER) catalyst 

(NH4)2[Mo3S13] together with a polyampholytic unimolecular matrix poly(dehydroalanine)-graft-

poly(ethylene glycol) (PDha-g-PEG) copolymer in aqueous media. The system shows 

exceptionally high performance with turnover numbers (TON > 7300) and turnover frequencies 

(TOF > 450 h-1) which are typical for noble-metal-containing  systems. Excited-state  absorption 

spectra reveal the formation of long-lived triplet state of the PS in both  aqueous and organic media. 

The system is a blueprint for developing noble-metal free HER in water. Component optimization, 

e.g. by modification of the meso substituent of the PS and the composition of the HER catalyst is 

further possible. 
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Introduction 

Artificial photosynthesis is one major approach that can overcome fossil fuel dependency 

especially in form of light-driven hydrogen evolution for solar fuel production.1, 2 However, 

most systems utilize precious metal-based complexes as both, their light sensitive materials 

as well as their catalytically active sites, limiting their application to model systems for 

mechanistic investigations.3-7 The development of catalysts composed of non-noble metals 

has led to a variety of different materials and molecular proton reduction systems such as 

graphitic carbon nitride8, 9, iron-iron hydrogenase mimics10-13, and thiomolybdate 

clusters.14, 15 On the other hand, development and application of photosensitizers (PSs) 

based on earth-abundant elements have been limited to a few example due to their mostly 

hydrophobic nature and fast charge recombination.16-19 One strategy to overcome these 

deficits relies on the involvement of macromolecular templating agents as soft matter 

matrices. Stupp and coworkers reported light-driven hydrogen evolution by thiomolybdate 

clusters sensitized by perylene monoimides (PMI) in hydrogels based on PDDA.20 

Recently, we reported two different polyampholytic graft copolymers 

poly(dehydroalanine)-graft-poly(ethylene glycol) (PDha-g-PEG) and 

poly(dehydroalanine)-graft-(n-propyl phosphonic acid acrylamide) (PDha-g-PAA) assisting 

organic PSs based on PMI and Eosyn Y in photocatalytic hydrogen evolution with 

(NH4)2[Mo3S13].
21-23 However, the application of those dyes suffers from fast charge 

recombination and hardly accessible triplet states. Amongst organic dyes, 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (BODIPY) based chromophores have shown high potential in 

photocatalytic applications due to their readily accessible triplet excited states, showing long 

lifetimes due to reduced recombination rates and, thus, enlarging the timeframe for electron-

transfer.24-26 Initially applied in biomedical imaging27-29 where BODIPYs served as fluorescent 
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tags for lipids and peptides, the application scope of BODIPY-based dyes has broadened. Amongst 

others, You and coworkers utilized iodo substituents to enable intersystem crossing (ISC) to the  

  

 

Figure 1. General structure and positions of 1,3,5,7-tetramethyl BODIPY and 2,6-diiodo-1,3,5,7-

tetramethyl BODIPY (DIB). 

triplet excited state for photodynamic therapy.30, 31 Zhao and coworkers made use of the easily 

accessible triplet state for triplet-triplet annihilation32, 33, reaching triplet state lifetimes up to 66.3 

µs. Additionally, BODIPY based dyes have been applied in dye-sensitized solar cells (DSSC)34-37 

with a donor-BODIPY-acceptor architecture as well as in artificial photosynthetic systems towards 

photocatalytic hydrogen evolution.38-40 

Lately, investigations regarding the scope of applications on BODIPYs for photocatalysis have 

been carried out with cobaloximes as hydrogen evolution reaction (HER) catalyst. Typically, 

1,3,5,7-tetramethyl BODIPY bearing iodo-substituents in 2- and 6-position (DIB, Fig. 1) utilized 

pyridine or aniline in the meso position for electrostatic interaction towards the cobaloxime 

catalyst.41, 42 These investigations point out the high demand on noble metal-free, organic PSs in 

photocatalytic applications. Sommer and coworkers reported a BODIPY bearing a para-(3-

methyl)pyridyl substituent in meso position which achieved a maximum turnover number (TON) 

of 31.43 With their ortho-pyridyl substituent in meso position, Zhao and coworkers were capable 

of sensitizing cobaloximes in aqueous solutions with triethanolamine (TEOA) as a sacrificial 

donor, reaching TONs up to 85 under a reductive quenching mechanism, which proves catalytic 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 5 

activity but does not compete with sensitization by noble metal complexes such as [Ru(bpy)3]
2+ 

and [Ir(ppy)2bpy]+ in terms of TON.44, 45 On the other hand, many successful reported 

photocatalytic systems with BODIPY PSs rely on noble metal molecular HER catalysts based on 

either palladium or platinum central atoms.46 Beweries and coworkers synthesized a DIB with a 

mesityl substituent in meso position sensitizing a binuclear Pd2(PPh3)2Cl4 catalyst in the presence 

of triethylamine (TEA) in THF/water mixtures for TON up to 305.47, 48 Combining 2,6-diethyl-

1,3,5,7-tetramethyl BODIPY with a phenyldithiolato-bipyridyl platinum(II) complex via meso 

position was reported by Eisenberg and coworkers reaching a TON of up to 40.000 with platinated 

TiO2 upon sequential addition of ascorbic acid as their sacrificial electron donor over 12 days 

(turnover frequency (TOF) 139 h-1).49, 50 Lately, polyoxometalates have been reported for covalent 

conjugation to BODIPY PSs to create organic-inorganic hybrid materials towards unimolecular 

photocatalysts.51, 52 

This work aims at developing photocatalytic hydrogen evolution systems that circumvent noble 

metal nuclei in both the visible light-active and the catalytically active component. In our previous 

work, the thiomolybdate cluster [Mo3S13]
2- was identified as an ideal candidate that provided high 

photocatalytic activity with [Ru(bpy)3]
2+ PSs.14, 53, 54 Furthermore, the molecular catalyst evolved 

molecular hydrogen with organic, hydrophobic dyes in aqueous solution by the addition of a 

unimolecular soft matter matrix, a polyampholytic graft copolymer PDha-g-PEG.22 The applied 

graft copolymer does not only act as a solubilizing agent but also shows that supramolecular 

architecture in photocatalysis can boost activity and stability of the investigated combination of 

photoactive and catalytic component. Herein, we report on a photocatalytic system, that combines 

noble metal-free BODIPY PSs and a molecular catalyst [Mo3S13]
2- of earth-abundant composition 

in aqueous solution. This system is not only suitable as a noble metal-free model but does actually 
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 6 

compete with benchmark PSs ([Ru(bpy)3]
2+, [Ir(ppy)nbpy]+) and catalysts (cobaloximes, 

[Pt(bpy)Cl2], platinated TiO2) in terms of photocatalytic activity and can serve as a platform for 

the testing and preparation of sustainable and efficient PS/CAT pairs that are integrable via further 

modification via the meso substituent. 

 

Experimental Section 

Materials: All solvents and chemicals were purchased in commercial grade (Acros, Alfa Aeser, 

Deutero, Eurisotop, Fisher, Grüssing, Merck, Roth, Sigma Aldrich, TCI and VWR) and unless 

otherwise stated, used as obtained. The progress of all reactions was monitored by thin-layer 

chromatography (Merck 60 F254). Column chromatography was performed with Macherey-Nagel 

silica gel 60 (grain size 0.04-0.063 nm). 

NMR Spectroscopy: NMR spectra were recorded on a Bruker Avance 300. Spectra were 

referenced to residual solvent signals (CDCl3), chemical shifts are reported in parts per million. 

UV-Vis Absorption: UV/Vis spectra were recorded on an Agilent Technologies Cary 60 UV-Vis 

at room temperature. Solutions were prepared to a concentration between 1 and 10 μM in 

dichloromethane. 

Fluorescence Emission: Fluorescence emission was recorded on a Jasco FP 8300 in DCM at room 

temperature. The absorption of each solution was adjusted to 0.05 in the respective maximum. 

DLS: DLS measurements were performed using an ALV laser CGS3 Goniometer equipped with 

a 633 nm HeNe laser (ALV GmbH, Langen, Germany) at 25°C and at a detection angle of 90°. 

The CONTIN analysis of the obtained correlation functions was performed using the ALV 7002 

FAST Correlator Software. 
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TEM: TEM images were acquired with 200 kV FEI Tecnai G2 20 equipped with 4k × 4k Eagle 

HS CCD and a 1k × 1k Olympus MegaView camera for overview images. 

Cyclic voltammetry: Cyclic voltammetry was carried out in a setup of three electrodes with a 

Gamry Instruments Reference 600 Potentiostat. A carbon electrode was used as the working 

electrode, Ag/Ag+ in acetonitrile as a reference electrode and platinum as the counter electrode. 

The three electrode setup was placed in a sealed flask with 6 ml of 0.1 M tetrabutylammonium 

hydroxide solution in DCM and 2 to 5μmol of the investigated compound. 1 ml of DCM was added 

before the solution was degassed with a nitrogen stream until the total volume decreased to 6 ml. 

Measurements were referenced against the Fc+/Fc couple. 

Detailed description on the synthesis, photocatalytic hydrogen evolution, steady state and 

nanosecond transient absorption spectroscopy, quantum chemistry and NMR spectra can be found 

in the supporting information file. 

 

Results and Discussion 

Synthesis and Characterization 

For the synthesis of meso-substituted 2,6-diiodo-1,3,5,7-tetramethyl-BODIPYs (DIB), 

condensation of 2,4-dimethyl-1H-pyrrole with the respective aldehydes in DCM or THF with 

catalytic amounts of trifluoroacetic acid were applied55-59 with the exception of DIB-H bearing 

only a hydrogen atom in the meso position, which utilized trimethyl orthoformate and one 

equivalent of p-toluenesulfonic acid (Scheme 1).60 The variation in the meso substituent gives a 

library of DIBs with varying properties and allows for subsequent modification, e.g. via cross-

coupling reactions (DIB-PhBr) or anchoring (DIB-PhOH). For the subsequent oxidation, typical 

procedures involve either DDQ or the better soluble but less active p-chloranil. The intermediate 
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was isolated for the unsubstituted starting benzaldehyde, however, on all other occasions, the 

formation of BODIPY was carried out as a one- pot-reaction, since the purification of tetramethyl-  

 

Scheme 1. Synthetic route for the different 2,6-diiodo-1,3,5,7-tetramethyl-BODIPYs (DIB). [a] 1. 

TFA, DCM (or THF), r.t. 3-14 h; 2. DDQ (or p-chloranil). [b] 1. TEA (or DIPEA), DCM, r.t.; 2. 

BF3-OEt2, 0°C-r.t., 2-14 h. [c] I2/ HIO3, EtOH/ DCM, -20°C-60°C, 20 min - 2h. [d] NIS, DCM (or 

THF), r.t. to 45°C, 3-14 h. [e] Trimethyl orthoformate, p-TsOH, toluene, r.t., 2h. 

 

phenyl-dipyrromethene goes along with severe product loss. TEA or DIPEA were used as a base 

with subsequent addition of the same volume of boron trifluoride etherate.61 Depending on the 

BOPIPY, two different iodination procedures were utilized, one involving iodine and iodic acid in 

mixtures of ethanol and DCM (DIB-Ph/PhBr/PhOH/2-Th).62, 63 The other option uses N-

iodosuccinimide (NIS) as an iodinating agent in DCM (DIB-PhNO2/PhMe/H).59, 61, 63, 64 While 

the latter iodinating procedure is much more straightforward, electron rich meso substituents get 

iodinated by NIS in favour of the BODIPY structure. 1H-NMR spectra were in agreement with the 

literature; however, the yields were only between 50% and 90% of the reported ones. The 

formation of the chromophore requires four steps and it can be carried out in one pot with 
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reasonable yields from small molecular building blocks of simple architecture without isolating 

and purifying the intermediates. 

Absorption, Emission Spectroscopy and Cyclic Voltammetry 

The photophysical properties of the chromophores were investigated in DCM. All spectra 

showed absorption maxima between 533 and 548 nm with extinction coefficients between 44.200 

(DIB-PhNO2) and 85.000 M-1cm-1 (DIB-Ph). The influence of the meso substituent on the 

photophysical properties was found to be relatively small with the most hypsochromically shifted 

absorption maximum for DIB-PhMe (533 nm) and the most bathochromically shifted compound 

DIB-2-Th (548 nm) (Fig. 2). It is noteworthy that both electron withdrawing groups(DIB-NO2) 

and electron donating groups (DIB-2-Th) caused bathochromic shifts compared to phenyl 

substituted DIB-Ph. Similar shifts can be accounted for the emission maxima between 547 and 

561 nm (Fig. 2), the respective stokes shifts ranged between 336 and 562 cm-1. 
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Figure 2. (A) Absorption spectra of DIBs in DCM (5-10 •10-7 mol/L); (B) Normalized 

Fluorescence emission spectra of DIBs in DCM. 
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Cyclic voltammetry (CV) was carried out to examine the redox properties of the PSs, i.e., to 

determine suitable hydrogen evolution catalysts and sacrificial electron donors. The reduction 

potentials of the dyes were spread between -1.30 and -1.47 V (vs Fc/Fc+, Fig. S2) and were 0.10  
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Figure 3. Cyclic voltammogram of DIB-Ph in DCM, 0.1 M Bu4NPF6, 20°C, 50 mV•s-1 referenced 

to the Fc/Fc+ couple. 

and 0.27 V above the reduction potential of [Mo3S13]
2- (depicted in Fig. 3 for DIB-Ph and Table 

1) which can be considered a suitable driving force for the desired (light-induced) electron transfer. 

As expected, the strong electron withdrawing effect of the nitro group of DIB-PhNO2 is 

manifested in the lowest reduction potential, however, the influence of electron donating groups 

to the chromophore is rather small, e.g. comparing DIB-Ph (-1.45 V) to DIB-PhOH and DIB-

PhMe (both -1.47 V). DIB-H is the only DIB derivative for which an irreversible electrochemical 

reduction event (-1.42 V onset vs. Fc/Fc+) was observed. Additionally, it is the only chromophore 

showing an additional irreversible oxidation feature in the backsweep of the reduction side. We 
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Table 1. Spectroscopic, electrochemical, and calculated properties of DIBs. [a] DCM, 20°C. [b] 

DCM, 0.1 M Bu4NPF6, 20°C, 0.05 V•s-1, vs. Fc/Fc+ (*onset potential due to irreversibility; **Onset 

potential in DMF; ***in aqueous solution vs. SCE, calculated to Fc/Fc+ by subtraction of 0.38 V). 

DIB λmax  

[nm][a] 

λEm 

[nm] [a] 

Eox1 

[V] [b] 

Ered1 

[V] [b] 

-Ph 534 548 0.89 -1.45 

-PhNO2 542 559 0.95 -1.30 

-PhBr 537 552 0.91 -1.41 

-PhOH 534 547 0.83 -1.47 

-PhMe 533 547 0.87 -1.47 

-2-Th 548 561 0.91 -1.34 

-H 540 550 0.86 

-0.44* 

-1.42* 

[Mo3S13]2- - - - -1.20** 

AA65*** - - 0.08  

 

assume that both deviating phenomena are caused by the structural difference in the meso position 

compared to the other DIBs. The oxidation potentials of most derivatives were located between 

0.83 V (DIB-PhOH) and 0.95 V (DIB-PhNO2). In contrast to the reduction potential, both 

electron donating groups (DIB-PHOH: 0.83 V) and withdrawing groups (DIB-PhNO2: 0.95 V) 

show a moderate influence on the oxidation potential (DIB-Ph: 0.89 V). Beyond the fine tuning 

of the PS reduction potential, investigating several derivatives gives platforms for further chemical 

modifications like anchoring the PS via the meso substituent. 
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Photocatalytic Hydrogen Evolution 

Hierarchical structuring of photocatalytic components within, e.g. a soft matter matrix can be 

beneficial for the catalytic activity, if compared to homogeneous systems.20, 22, 23 Polymeric 

templates are capable of solubilizing hydrophobic dyes in  aqueous media. Furthermore, they can 

bring components with different properties such as charged metal cluster catalysts, hydrophobic 

photoactive materials and sacrificial electron donors in close spatial proximity, while also 

 

  

Figure 4. (A) TEM micrographs of DIB-Ph with PDha-g-PEG. (B) TEM micrograph of DIB-Ph 

and [Mo3S13]2- with PDha-g-PEG. (C) DIB-Ph with (left) and without (right) PDha-g-PEG in 

water. (D) DLS CONTIN plot for DIB-Ph with PDha-g-PEG and DIB-Ph with PDha-g-PEG and 

[Mo3S13]2-. 

protecting the substances from photodegradation. In our case, the otherwise water insoluble 

BODIPY photosensitizers were readily dispersed in water using the polyampholytic graft 

copolymer poly(dehydroalanine)-graft-poly(ethylene glycol) – thereby forming nanometer-sized 

nanoreactors in aqueous solution (Fig. 5). The synthesis of the graft copolymer was carried out in 

three steps. First, radical polymerization of tert-Butoxy carbonyl aminomethyl acrylate (tBAMA) 

to PtBAMA was carried out, followed by acidic deprotection to remove the Boc group and in the 

last step, corresponding deprotected polymers was modified with the epoxy end functionalized 

PEG (1000 g/mol) (Fig. S1). Kinetic studies on the last synthetic step revealed that a maximum 
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degree of functionalization (DoF, defined as the amount of functionalized repeat units in %) of 

∼15% can be reached after 24 h, when 0.2 equivalent of PEG1000 was used. The obtained 

dispersion was subjected to dynamic light scattering (DLS, Fig. 4D) and transmission electron 

microscopy (TEM, Fig. 4A) to investigate the size and morphology of the formed nanoobjects, 

revealing mostly spherical morphology and size distribution between 43-140 nm in radii. 

However, as we demonstrated in our previous reports, [Mo3S13]
2- can also be solubilized using 

PDha-based graft copolymers.22, 23 The obtained dispersion was investigated towards its  

 

 

 

Figure 5. Schematic illustration of the CAT-PS-polymer interactions and formation of 

nanoaggregates. 

 

morphology and particle size. An average size of 26 nm in radius and a well-defined size 

distribution are an indication of the electrostatic interaction between PDha-g-PEG featuring also 

positive charges (-NH3
+,pH<5) and negatively charged [Mo3S13]

2-. After the formation of well-

defined nanospheres, systems containing DIB-Ph/[Mo3S13]
2-/PDha-g-PEG were tested for light-

driven hydrogen evolution experiments in the presence of ascorbic acid as sacrificial electron 

donor (detailed description in the Supporting Information). Earlier studies showed that 

photosensitization of the [Mo3S13]
2- catalyst is required to drive hydrogen evolution, while 

irradiation of the catalytic complex alone does not lead to light-driven HER.54, 66 Initially, the 
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optimal concentration of the graft copolymer matrix was investigated. Solutions containing 2 

mg/ml of PDha-g-PEG outperformed five- to sixfold compared to solutions with 1.5, 2.5 and 3 

mg/ml with a TON of1190 (Fig. 6A). This result indicates the critical role of the graft copolymer 

in the formation of the nanoobjects. Lowering the polymer/DIB ratio results in less stable 

aggregates with high content of hydrophobic DIB-Ph, which suffer from precipitation over time. 

On the other hand, higher concentration of graft copolymer reduces the activity, we hypothesize 

this to happen by blocking of the light-harvesting DIB-Ph via scattering of the polymer dispersion 

or, as an alternative, by simply diluting the amount of photo-active component. Subsequent 

optimization of the photosensitizer concentration showed that a saturation limit is reached at a 

concentration of 75 µM and a total TON of 1827 (Fig. S3). The concentration of ascorbic acid in  

 

 

Figure 6. Photocatalytic hydrogen evolution with (NH4)2[Mo3S13], DIB-Ph, ascorbic acid, PDha-

g-PEG in water over 20 h irradiation (λ=530 nm). (A) Optimization of PDha-g-PEG concentration 

(mg/ml). (B) Optimization of methanol water ratio. (C) Comparison of DIBs under optimized 

conditions. TON and TOF values are calculated with respect to the catalyst. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 15 

 

 

Figure 7. Time-dependent hydrogen evolution with DIB-Ph under optimized conditions with 50% 

methanol (red) and without methanol (blue). TON and TOF values are calculated with respect to 

the catalyst. 

the photocatalytic solutions showed only a minor influence (TON between 2123 to 2277), however, 

above this concentration, precipitation of the dye was observed as well (Fig. S3). A remarkable 

impact on the photocatalytic performance was observed by addition of methanol. In contrast to a 

previous report on [Mo3S13]
2--based photocatalytic systems where the ideal solvent mixture was 

described as MeOH:H2O, 10:1, v:v,53, we observed the highest performance at 50 vol-% MeOH, 

giving a TON of 7389, while mixtures containing 30 vol-%, 70 vol-% and 90 vol-% MeOH gave 

TONs of 1528, 768, and 452, respectively (Fig. 6B). Photocatalytic activity for the different DIBs 

ranged from TONs 45 to 7389 (Fig. 6C). While DIB-Ph (TON = 7389) noticeably shows the 

highest activity,  

 

0

200

400

600

800

0

2000

4000

6000

8000

10000

0 5 10 15

TO
F 

[h
-1

]

TO
N

 [
-]

TON (aq.) TON (50% MeOH) TOF (aq.) TOF (50% MeOH)

Time [h]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 16 

Table 2. Photocatalytic HER performance of MoS catalysts with different photosensitizers and 

BODIPY photosensitizers with different catalysts. 

 CATALYST PHOTOSENSI

TIZER 

TON 

[-] 

TOF [H-1] REFERENCE 

1 [Mo3S13]2- [Ru(bpy)3]2+ 41.000 1708 54 

2 [Mo3S13]2- [Ru(bpy)3]2+ ca. 510 102 66 

3 [Mo3S13]2- [Ru(bpy)3]2+ 1.630 272 53 

4 [Mo3S13]2- 9-Me-PMI-N-

(CH2)5CO2Na 

478 27 67 

5 [Mo3S13]2- 9-nPr-PMI-N-

(CH2)5CO2Na 

11.000 110 68 

6 [Mo3S13]2- 1,7,9,10-

SePh4-PMI-N-

(CH2)5CO2Na 

104 1.6 22 

7 [Mo3S13]2- DIB-Ph 7389 462 This work 

8 Co(dmg)2Cl DIB-3-Py 85 17 44 

9 Pd2Cl4(PPh3)2 DIB-Mes 305 15 47 

10 TiO2/Pt BODIPY-Pt-

complex 

40.000 139 50 

 

DIB-PhOH (2997) is in the same order of magnitude. DIB-2-Th (TON = 1067) and DIB-H (TON 

= 754) display about one order of magnitude less photocatalytic performance. Except for DIB-

PhNO2 (TON = 45)there is no explicit trend between either spectroscopic or electrochemical 

properties and the photocatalytic performance. However, TDDFT simulations revealed the 

presence of low-lying and accessible CT state in DIB-PhNO2 as well as in DIB-Ph-Br – in 

contrast to DIB-Ph. Therefore, the performed quantum chemical simulations point to an additional 

excited-state relaxation channel potentially hampering catalytic activity. DIB-Ph displays a TOF 
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of 641 h-1 over the first 4 h of irradiation. The TOF increases over 8 h to 736 h-1. Over 16 h, the 

turnover frequency of our noble metal-free photosynthetic platform reaches 462 h-1 under 

optimized conditions (Fig. 7). The photocatalytic performance of this setup regarding both TON 

and TOF is exceptionally high for an organic PS combined with a noble metal-free HER catalyst 

and is well within the photocatalytic performance of both noble metal-based PSs and catalysts 

(Table 2). We further elucidated the crucial role of the templating agent in this setup, by testing a 

variety of other polymer structures, amongst them linear PEG and various amphiphilic poly-

methacrylamide terpolymers, however, none exceeded 7% of the activity reached by employing 

PDha-g-PEG as polyampholytic matrix (Fig. S3). The activity of the [Mo3S13]
2- HER catalyst 

could be boosted by the presence of ammonium ions,69 therefore we hypothesized that the 

significantly higher performance of PDha-g-PEG compared to all other tested polymers is partially 

due to the presence of protonated amines in the side chain of PDha-g-PEG. 

 

Quantum Chemistry 

The energies and geometries of the lowest singlet (S1) and triplet (T1-T3) excited states of DIB-

Ph were investigated with time-dependent density functional theory (TDDFT) calculations (Fig. 

8). The effects of the solvent DCM are described by the polarizable continuum model. The 

calculations reveal that after excitation in the bright S1 state (f=0.595, Table S1), intersystem 

crossing occurs most efficiently toward the π→π* triplet states T2 and T3. This is justified by the 

values of the spin-orbit couplings (of up to 15 and 9 cm-1, Fig. S6) and by the energetic proximity 

of the S1, T2 and T3 states at all considered geometries. Spin-orbit couplings have been obtained 

along a linear-interpolated internal coordinate connecting the fully optimized equilibrium 

structures of the (singlet) ground state and the optical accessible S1 state. Geometrical relaxation  
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Figure 8. Calculated (B3LYP/def2-SVP) energy levels diagram for DIB-Ph in DCM, 

nonequilibrium solvation at S0 geometry (left), equilibrium solvation at other geometries. Charge 

density difference (CDD) of the states at their optimized geometry, blue (hole) and green 

(electron). DIB-Phenyl dihedral angle (δ). 

 

of these states also leads to a rotation of the phenyl ring, which adopts non-orthogonal positions 

(δ≈104-109°) with respect to the DIB fragment. After population of the T2 and T3 states, the 

system is expected to relax to the lowest triplet state T1, by internal conversion in which the phenyl 

ring has an orthogonal orientation. Similar calculations performed on DIB-PhBr and DIB-PhMe 

(Figs. S4, S5) show that substitution of the phenyl by Br or Me has a little impact on the energies 

and geometries of the S1, T1, T2 and T3 states as well as on the SOCs of the S1 state with these 

triplet states (Fig. S6). For example, going from DIB-Ph to DIB-PhBr small energy shifts of -
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0.013 eV and -0.024 eV are obtained for the vertical absorption and emission energies, 

respectively. These values are in good agreement with the experimental shifts of -0.013 eV and -

0.016 eV deduced from the maxima of absorption and emission (Fig. 2). The small effect of 

substitution on the S1 and T1-T3 states is due to the fact that these states involve π→π* transitions 

localized only on the DIB chromophore (see CDDs on Fig. 8) and are therefore little affected by 

changes occurring on the phenyl ring. This indicates that the observed differences in photocatalytic 

activity in these systems (Fig. 6) are not related to changes of properties in the initially populated 

singlet and triplet states. 

Excited states involving a charge transfer (CT) between the phenyl ring and the DIB centre are 

expected to be more sensitive to substitution. In the case of DIB-Ph, the lowest CT states (SCT1, 

TCT1 and TCT2) feature a CT from the phenyl group toward the DIB core (see CDDs on Fig. 8). 

However, these states remain significantly above the S1 and T1-T3 states by about 0.6 to 1 eV, even 

at their own optimized geometry (Fig. 8). However, in the case of DIB-PhBr and DIB-PhMe, the 

CT states are stabilized by approx. 0.2 to 0.3 eV (Figs. S4, S5) in comparison to DIB-Ph, which 

makes them more accessible in the substituted systems. The energetic position of the CT states 

might also be further stabilized by the interaction with the polymer template and by reduction of 

the dye as should occur during photocatalysis.26 Therefore, it can be postulated that the CT states 

play a role in the photochemistry of these systems, e.g. by providing a deactivation channel. Such 

effect should be more pronounced for DIB-PhBr and DIB-PhMe, which might then lead to a 

decreased photocatalytic efficiency. 
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Steady State and Nanosecond Transient Absorption Spectroscopy 

Comparison of the steady state (Fig. 9A) and transient spectroscopic data (Fig. 9B) of the 

photosensitizer in organic solvent (THF), water and embedded in the polymeric template in 

aqueous media was yields a basic understanding of the interplay between the BODIPY and PDha-

g-PEG. The steady state spectrum in THF is marked by a narrow absorption maximum located at 

530 nm and a slight shoulder at 500 nm. In 99% water (1% THF), the absorption feature broadened 

with its maximum shifted to 580 nm. We conclude the red-shift to be primarily due to the formation 

of DIB-Ph aggregates, as previously reported by Rurack and coworkers.70 In polymeric 

nanoaggregates in water, the absorption spectrum of DIB-Ph partially resembles the spectra in 

both organic and aqueous media with local maxima at 500 and 550 nm. Nanosecond transient  

 

  

Figure 9. (A) Steady state absorption spectra (B) Nanosecond transient absorption spectra at 2 µs 

delay time with an excitation wavelength of 530 nm under inert condition of 1. DIB-Ph in THF 

and water and 2. DIB-Ph incorporated in PDha-g-PEG in water in the absence of ascorbic acid and 

[Mo3S13]2-, only in the presence of [Mo3S13]2- and only in the presence of ascorbic acid 

(concentrations according to the catalytic samples). 
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absorption spectroscopy yields information regarding states participating in electron transfer 

reactions during photocatalysis. In principle, electron transfer from a sacrificial electron donor to 

a PS (reductive quenching) or electron transfer from a PS to a catalyst (oxidative quenching) 

should lead to a decrease in the lifetime(s) of the excited state(s) compared to the lifetime(s) 

observed in the absence of such quenching agent(s). Unfortunately, the high scattering from the 

samples did not allow us to record reliable decay kinetics of the excited state(s) in PDha-g-PEG. 

We instead made use of transient absorption spectra at delay times of 2 µs, to assign spectral 

features obtained from the transient absorption. The spectra for all samples displayed two 

prominent excited state absorption (ESA) bands (Fig. 9B), a narrow ESA between 400 and 470 

nm and a broad band between 570 and 800 nm. The bands correspond to signatures of BODIPY 

triplet states48 which are populated from higher lying singlet states via ISC, a consequence of 

efficient spin-orbit coupling (SOC) induced by the heavy iodine atom. Additional ESA bands were 

observed for DIB-Ph templated to PDha-g-PEG between 550 and 580 nm which is absent for DIB-

Ph in THF. This differential absorption band is likely due to contributions from DIB-Ph 

aggregates in the polymer. To distinguish the transient absorption features of monomeric DIB-Ph 

from aggregates, nanosecond transient absorption spectra of DIB-Ph in 99% water (1% THF) were 

recorded, an environment in which DIB-Ph is prone to aggregation.70 An identical ESA band 

between 550 and 580 nm was observed indicating contributions from aggregates to the overall 

transient absorption spectrum of DIB-Ph within the polymer. 
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Conclusions 

We developed a photosynthetic platform that operates with cheap, well-known organic 

chromophores as the light-active component and avoids noble metals in the catalytically active 

center. Besides PS and CAT, our approach involves a polyampholytic graft copolymer (PDha-g-

PEG) as unimolecular soft matter matrix, both acting as solubilizing agent for photo-active 

components and providing close spatial proximity. The reported system displayed high 

photocatalytic activity in aqueous media, however, the activity was boosted by adding 50% 

methanol to the catalytic solutions. A series of iodinated BODIPY dyes with different meso 

substituents was employed as organic PSs, including electron donating and withdrawing aryl 

substituents, heteroaryl substituents, halide-substituted aryl as well as a sole hydrogen to 

demonstrate the robustness and versatility of the platform. The variety of successfully applied 

substituents in the photoactive components aims at further modification of the setup towards soft 

matter and/ or catalyst integration. UV/Vis absorption, fluorescence emission spectroscopy, cyclic 

voltammetry and quantum chemical simulations displayed minor influence of the meso substituent 

to the optical and electrochemical properties. 

In combination with [Mo3S13]
2- as catalyst, DIB-Ph showed by far superior activity with a TON 

of 7389 over 16 h, corresponding to an overall TOF of 461.8 h-1. With these measures of activity, 

DIB-Ph is well within the range of the highest reported TON for organic PSs.68 What stands out 

is the TOF of the reported system, which is only topped by the benchmark molecular noble metal 

PS [Ru(bpy)3]
2+.54 DIB-Ph was further investigated by TDDFT as well as by steady state and 

transient absorption spectroscopy in different environments. The investigation indicates that the 

photocatalytic system in the presented polymeric environment profits from features of both 

monomeric and aggregated photosensitizer. TDDFT simulations hint that substitution of the 
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phenyl ring in the meso position (e.g. DIB-PhBr) results in an energetically more accessible CT 

state (in comparison to DIB-Ph), which indicates additional excited-state relaxation pathways 

competing with electron transfer. Substituted DIB (e.g. DIB-PhOH) showed high photocatalytic 

activity and the substituent can be utilized to modify the described setup. 
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