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Abstract: We present a novel self-organized chemical ‘‘living’’ system that mimics natural photosynthesis by capturing 
CO2 and H2O from the atmosphere at ambient conditions. This system autonomously reduces CO2 with H2O protons 
to produce long-chain aliphatic oxygenated products. Starting with 2-phenyl indole (PI) complexes with TiCl4, the 
hydrolyzed complexes react with CO2 to form organotitanium carbonates. The 2:1 PI/TiCl4 complex was found to be 
the most effective. Key findings include: Photocatalytic Reduction: Visible light reduces TiIV to TiIII and TiII, forming 
peroxotitanium complexes and releasing OH radicals. CO2 Reduction: CO2 is reduced to CO, H2CO, and CH3OH, 
which couple to form HOCH2CH2OH. Organic Compound Synthesis: The system generates oxygenated organic 
compounds with carbon chains from C2 to C16. Ligand Exchange: The PI ligand exchanges with donor molecules, 
forming adducts involved in the photocatalytic process. PI Oligomerization: Contributes to the formation of PI 
oligomers. These processes were monitored using matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) spectra, proton and Carbon-13 nuclear magnetic resonance (13C NMR), and infrared (IR) spectra, identifying over 
two dozen intermediates and products. This system offers a prototype for new applications with potential improvements 
using other metals and ligands. 
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1. Introduction
“Living” chemical systems “can harvest energy to move autonomously and self-organize to perform complex 

tasks”.1 Preferred systems are catalysts that operate away from equilibrium, continuously supplied with energy and 
materials from inexhaustible sources such as sunlight, air, and water. This concept underpins artificial photosynthesis 
(AP),2 which currently focuses on water splitting catalyzed mostly by metal oxide semiconductors to produce hydrogen 
and oxygen, a vibrant research area worldwide. However, AP lacks the second critical characteristic of natural 
photosynthesis: the autonomous reduction of CO2 to carbohydrates or other desirable organic materials. Developing 
an effective “living” photocatalytic system that mimics natural photosynthesis, such as the one reported here, offers 
immense benefits for environmental protection, energy sufficiency, and sustainability.

Numerous studies report direct sunlight-driven catalytic splitting of water to produce “green” hydrogen and 
oxygen,3 often leveraging the catalytic effects of TiO2 in its various allotropic forms. Although improvements are 
necessary for commercial viability, the indirect approach of generating hydrogen via electrolysis using solar electricity 
remains more efficient.4

Direct air capture (DAC) of CO2 from the atmosphere5 is being actively pursued on an industrial scale to reduce 
the carbon footprint, though it remains energy-intensive and relies on reactants like KOH, CaO, and amines. To our 
knowledge, no known system other than natural photosynthesis6 can capture atmospheric CO2 and subsequently reduce 
it autonomously. Current catalytic processes for CO2 reduction2 often utilize CO2 in pure or concentrated forms, with 
the lowest reported concentration6 being 0.5%, which is significantly higher than atmospheric levels. A desirable system 
would combine hydrogen transfer from catalytic water splitting with atmospheric CO2 reduction to produce targeted 
organic compounds, moving beyond commonly reported products like CO, HCOOH, HO2CCO2H, CH2O, CH3OH, 
C2H5OH, C2H4, or CH4.

Many systems for CO2 reduction require specialized devices (e.g., electrocatalysis, photoelectro-catalysis), high 
temperatures (thermocatalysis), or demanding preparation procedures (photoelectro-enzyme and/or photoenzyme 
catalysis), often affecting reproducibility. A relatively simple and reproducible system is more effective, especially for 
future scale-up.

Since TiO2 was first reported7 as a photocatalyst in 1977, it has dominated photocatalysis research due to its 
excellent optical and electronic properties, high chemical stability, low cost, non-toxicity, and eco-friendliness. TiO2 
in its allotropic forms (rutile, brookite, anatase) has been widely utilized in various forms and methods, either alone or 
combined with other metals (Fe, Re, Cu, Zn, Pt, Ru) or non-metallic catalysts, for photocatalytic water splitting8 and 
CO2 reduction.9 Careful design of particle morphology and control of surface chemistry can enhance TiO2’s catalytic 
activity.10

TiO2’s catalytic outcomes are primarily recorded at the bulk level of oxytitanium scaffolds. However, 
functionalities at the atomic level, such as Ti-O-O,11 TiO(OH),12 or Ti(OH)2,

13 enhance photocatalytic performance. 
These functionalities derive from discrete titanium-oxygen double bonds (Ti=O or Tiδ+=Oδ-)14 by oxidation and/or 
hydrolysis, prevalent on the TiO2 surface. Unlike single molecule photocatalysts14 like Ru, Co, Mn, and other metal 
pincer complexes, limited information exists on analogous titanium complexes acting as photocatalysts at the molecular 
level. One notable exception is the substituted ansa-titanocene dihydroxido complex investigated by Beweries and 
coworkers15 shown in Figure 1.

This complex induces OH radical formation under visible light irradiation, with concomitant TiIV reduction to 
TiIII, a form of ligand-to-metal charge transfer (LMCT) photochemistry also observed in other 3d metals and used for 
sustainable organic synthesis.16 Titanium oxide phthalocyanine (TiOPc) also serves as a molecular photocatalyst, used 
as a light-sensitive substrate for photoelectronic chips.17
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Figure 1. Visible-light OH radicals release from an ansa-titanocene dihydroxido complex. Reduction of TiIV to TiIII

Recognizing the significance of titanium-oxygen double bonds (Ti=O) and the dihydroxy Ti(OH)2 and peroxo 
Ti-O-O moieties in photocatalysis at the molecular level opens new, largely unexplored opportunities. Complexation of 
easily accessible X2M=O compounds (X = halogen or pseudohalogen, M = Ti, Zr, Hf, V, with titanium oxide dichloride18 
Cl2Ti=O as a model derivative) combined with photosensitive ligands or other light-sensitive chromophores presents 
new possibilities.

Complexes of Cl2Ti=O with nitrogen- or oxygen-donor ligands (e.g., methyl cyanide, trimethylamine, 
tetrahydrofuran, pyridine, α-picoline, 2-2'-bipyridyl) have been known since the 1960s. Only TiOCl2·2(α-picoline) and 
TiOCl2·2NMe3 indicate the existence of a terminal Ti=O bond in monomeric structures, as shown by IR spectra.19 In 
other cases, polymeric structures prevail, with repeating units, as depicted in Figure 2.

Figure 2. Complexation of TiOCl2 with several small donor molecules

Partial hydrolysis of TiCl4·2CH3CN yields the Ti-O-Ti derivative as the initial product.20 Remarkably, pyridine as 
a ligand for TiOCl2 promotes a polymeric structure, while 2-methyl pyridine (α-picoline) yields a monomeric structure. 
Steric and electronic factors determine whether a monomeric or polymeric structure forms. However, further hydrolysis 
of both structures ultimately yields the same dihydroxido complex, L2Cl2Ti(OH)2, expected to possess photocatalytic 
properties akin to the Beweries complex.15

2. Results and discussion
Our photocatalytic systems derive from ambient visible light and air exposure of previously reported 

organotitanium complexes,21 synthesized by mixing 2-phenyl indole (PI) and TiCl4 in toluene at targeted molar ratios, 
under a N2 inert atmosphere. Initially, the 1:1 molar ratio complex 4 rapidly isomerizes to the thermodynamically 
favored indolenine form 5, which has a lower DFT-calculated energy than 4 (ΔH° = -6.9 kcal/mol, ΔG° = -7.1 kcal/

Me
IVSi

Si

Si

Si

III
Me

Me
Me
Me

Me
Me

Me

Ti Ti
OH
OH OH OH

Vis. hv

Cl Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

Cl

Ti Ti

Ti Ti

O O

O

L

L

L = NMe3,
            α-picoline

D = MeCN,
tetrahydropyran,
tetrahydrofuran,
2-2'-bipyridyl

D

C
H

3 C
N

C
H

3C
N

C
H

3C
N

C
H

3 C
N

D
n

1 2 3



Fine Chemical Engineering 372 | Gregory G. Arzoumanidis, et al.

mol)22 (Figure 3). Details of the study are provided in Arzoumandis and Chamot22 under the heading “Density Functional 
Study of the Ortho-Metalation of 2-Phenyl Indole”. Similarly, indole converts to the indolenine form when coordinated 
with PdCl2.

23

Figure 3. Tautomeric forms of the 1:1 PI:TiCl4 complex (4-7) with the thermal reaction product 8 

Complex 5 exists in equilibrium with tautomeric forms 6 and 7, which at elevated temperatures undergo titanation 
at the 3-position of the indole scaffold.

Mixing PI and TiCl4 at a 1:2 molar ratio in toluene forms the ionic complex 9, which upon heating the solution to 
105 °C precipitates as organometallic complex 10, sharing the same cation as complex 8 (Figure 4).

Figure 4. The 1:2 PI:TiCl4 complex 9 with the thermal reaction product 10, having the same cation as complex 8

At a 2:1 PI:TiCl4 molar ratio, complex 11 forms, possessing a bi-pyramidal structure. Thermal rearrangement of 
the hexa-coordinated complex 11 results in the formation of the ortho-metalated complex 12, with retention of HCl and 
formation of a hydrogen bond with one of the chlorides attached to Ti, following expulsion of an unreacted PI molecule. 
Complex 12 is also expected to form from the mixed PI·THF·TiCl4 complex 13 (Figure 5).

Each of the described PI/TiCl4 complexes (4 through 13) becomes an active photocatalyst once one or two Ti-Cl 
bonds transform into Ti-OH, Ti=O, or Ti-O-Ti functionalities through partial hydrolysis, performed by air humidity. 
The oxotitanium functionalities are responsible for the photocatalytic properties of the complexes, in cooperation with 
the inherent photoionization potential of the PI non-innocent ligand.24-27 Indeed, indole and TiO2 have proven to be a 
winning photocatalytic combination.28 None of the complexes in Figure 2, with non-photoactive ligands, have ever been 
mentioned as photocatalysts. The chemistry described in this paper can be conveniently expanded by substituting PI 
with other known photoactive ligands currently applied to other metals, such as Ru.29 
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Figure 5. The 2:1 PI:TiCl4 complex 11, with the ortho-metalated thermal reaction product 12. The mixed PI·THF·TiCl4 complex 13 could replace 
complex 11 in the thermal reaction

Our study was prompted by observing a curious color change in complex 11, upon filtration in open air and 
subsequent transfer into a glass vial. The tightly closed vial was exposed to room light at ambient temperature for about 
three weeks. Scattered and uneven color changes from dark brown to khaki and partially green were seen in various 
areas of the sample bulk, resembling mold growth (see Figure 6). It was remarkable that these color changes occurred in 
the closed environment of the vial under room light, most likely influenced by the previous exposure of complex 11 to 
open air as well as by the existing air within the vial. 

The dynamic behavior of the complex described above was unexpectedly and revealingly elucidated by four 
matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) spectra. Three samples 
were dissolved in tetrahydrofuran (THF; Figures 7, 8, 9) and one in methylene chloride (CH2Cl2; Figure 10). All four 
samples were taken from differently colored areas of the solid material shown in Figure 6. MALDI-TOF MS has been 
successfully applied in the analysis of transition-metal catalysts.30 It stands out from other MS methods due to its unique 
ability to report on the molecular identity of intact metal complexes. An additional advantage is its capacity to identify 
complexes by their characteristic isotope patterns,31 aiding in the discrimination among complexes with similar m/z 
ratios.

Figure 6. Mass of complex 11 after daylight exposure for about three weeks. Color changes from dark brown to khaki and partially green, as shown 
above
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Figure 7. First MALDI-TOF spectrum of complex 11 in THF, after room-light exposure, as described in the text

Figure 8. Second MALDI-TOF spectrum of complex 11 in THF, after room-light exposure
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Figure 9. Third MALDI-TOF spectrum of complex 11 in THF, after room-light exposure. PI oligomers recorded

Figure 10. MALDI-TOF spectrum of complex 11 in CH2Cl2, after room-light exposure
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The recorded MALDI-TOF data reveal important differences between the THF and CH2Cl2 solution data, likely 
due to the varying solubility of the components represented by the m/z data in each solvent. The MALDI-TOF m/z data 
for the THF samples (Figures 7-9) show close similarities among the strong peaks (mass/charge m/z 455, 549, 575), 
but also notable differences attributable to the uniquely differentiated transformations occurring in each specific spot/
environment of the mass in Figure 6, from which each sample was taken. For example, there is a significant peak at m/z 
537 in Figure 8, which is minor in Figure 7 and almost non-existent in Figure 9.

It is reassuring that the expected m/z number 575, representing complex 11, appears in all MALDI-TOF spectra, 
although not as the strongest peak. For every peak assigned to a complex, we compared three key molecular data points: 
molecular weight (MW), m/z, and MS. For example, the data for complex 11 are as follows: the calculated molecular 
weight (MW) is 575.16, the expected m/z32 (considering the isotope distribution of each element in the complex) is 
574.00, and the experimentally recorded MS data points from MALDI-TOF are 575.125 in Figure 7 and 575.135 in 
Figure 8.

In addition to identifying the 575 peak (representing the originally prepared complex 11), we expected to find 
the respective hydrolysis products in the MALDI-TOF data. The hydrolysis of complex 11 is expected to follow the 
analogous hydrolysis steps of TiCl4 itself,33 yielding complexes 11A, 11B, and 11C (Figure 11) as active photocatalysts. 
However, to our initial disappointment, none of these hydrolysis products were recorded in the MALDI-TOF spectra.

Figure 11. Expected hydrolysis products of complex 11

Interestingly, the strongest peak in all three THF MALDI-TOF spectra is at 549 m/z, which corresponds well with 
a CO adduct of complex 11C (MW 549.27, m/z 548.05, MS 549.147). The presence of the 11C/CO complex led to the 
following fundamental realizations:

• The initially formed complex 11C is now fully transformed and consumed by actively participating in the direct 
air capture (DAC) of CO2. This is confirmed by the presence of an 11C/CO2 adduct (MW 565.21, m/z 564.05, MS 
565.125) in Figure 7, and a second derivative adduct 11C/CO2/H2O (MW 583.29, m/z 582.06, MS 583.147).

• The system can reduce CO2 to CO, as indicated by the identification of both types of adducts.
• A TiIV/TiIII redox system is unambiguously operating, as evidenced by numerous related intermediates (vide infra).
• Transfer hydrogenation of CO2

34 to initially form CH2O and CH3OH, with their ultimate coupling into ethylene 
glycol, is indicated.

Furthermore, we have observed an event we now call structural sequencing. A cascade of complexes is being 
formed by the consecutive addition of “CO” and “CH2” moieties to a growing linear carbon chain, which is part of an 
organotitanium complex. More on these unusual reaction types will be discussed below. Similarly, a TiIII framework, 
2PI·TiCl3·HOCH2CH2OH, adds small molecules (H2O, O2, HCl) consecutively, forming a cascade of related adducts.

Guided by these realizations, the cascade additions of “CO” or “CH2” to a carbon chain, the methodically organized 
sequence of organotitanium adducts, and some anticipated chemistry of the original complex 11 (i.e., hydrolysis), 
we propose the structural identification by MALDI-TOF spectra of all individual entities as shown in Figure 12. This 
includes a total of 25 new complexes and one PI trimer.

Besides relying on the close agreement of the experimental data (MS) with the actual and calculated values (MW, 
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m/z), each individual formula in Figure 12 has a high probability of existence based on structural similarities with 
known and reported organotitanium complexes. Arguments based on the expected reactivity of several individual 
complexes with CO2 (formation of carbonates) and H2O (hydrolysis products), along with the systematic cascade 
sequence of complexes 21, 23, 24, and 25 through 29, provide indirect evidence supporting the structural integrity of the 
complexes listed in Figure 12.
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Figure 12. Organotitanium complexes identified from MALDI-TOF data of air- and visible light-exposed complex 11
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The presence of the THF ligand in several complexes originates from using THF as a solvent in the MALDI-TOF 
test. The complexes exhibit familiar properties and chemical behaviors, including ligand exchange (one PI replaced by 
THF in complexes 15 through 29), reduction of carbonates35 (17, 31, 35), redox reactions (14, 15, 16, 19, 20, 36-42), 
CO coordination (15, 19, 20), peroxotitanium formation (18, 33, 34), oxalatotitanium formation (22), and oxidation/
formation of 2-phenyl indole-N-oxide titanium (18, 20, 26-29, 40-42). They also form adducts/coordination compounds 
with H2O (36-42), formaldehyde (14), ethylene glycol36 (produced by photocatalytic coupling of methanol and 
formaldehyde), H2O (37-39)36 and HCl (40-42).

The identification of these complexes provides strong evidence for several notable, new, and emerging processes, 
such as CO2 capture by a Ti=O functionality (31, 35), which mimics analogous CO2 capturing by TiO2.

37-38 Additional 
processes include the internal oxidative binding of two CO ligands (transforming complex 20 to 21), reduction of 
titanium carbonate to titanium carboxylate (31 to 30), and a remarkable new type of linear carbon growth process 
represented by two structural sequences (21, 23, 24, and 25-29). These sequences are precursors to long carbon-chain 
derivatives, representing a form of catalytic dehydration oligomerization between a ketone (21), a ketene (23, 24), or an 
aldehyde (25-29) functional group, with system-produced formaldehyde as the building block.

Unexpectedly, products from the direct hydrolysis of complex 11 (see Figure 11) are absent from the list in Figure 
12. As mentioned earlier, these complexes have been consumed by atmospheric CO2 capturing, forming complexes 31 
and 35, and complex 30 after reduction. 

Figure 13. FTIR of the mixture of the 2:1 PI/TiCl4 complex 11 after 3 weeks of visible light exposure. Peaks identified in the spectrum, with their 
corresponding transmittal values

The IR spectrum of the daylight- and air-exposed complex 11 was recorded (Figure 13) after approximately 
three weeks of exposure. Although extracting indisputable evidence from a single IR spectrum of a multi-component 
mixture (most of which are depicted in Figure 12) is challenging, functional groups can still be identified. Comparisons 
of IR absorptions were made using an established database.39 The IR spectrum is predominantly characterized by PI 
absorption fingerprints in the ranges of 650-800 cm-1, 1,300-1,500 cm-1, and at 1,601 cm-1. Additionally, the 408 cm-1 
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peak is attributed to Ti-Cl vibration, the 839 cm-1 and the broad strong absorption at about 2,000-3,600 cm-1 are due to 
the presence of coordinated water and other alcoholic and/or carboxylic acid moieties. Notably, a 3,048 cm-1 peak is 
commonly assigned to C-H stretching of alkenes, and the 3,434/3,451 cm-1 absorptions are attributed to intermolecularly 
bonded alcohols. We suggest that the two weak absorptions at 1,021 and 1,047 cm-1 represent a fingerprint of 
coordinated ethylene glycol (see complexes 37-42). The corresponding peaks in free ethylene glycol are at 1,042 
and 1,087 cm-1. The 1,631 cm-1 peak is assigned to an oxalate moiety (complex 22) as well as the COOCO ligand of 
complex 21. The carboxylate group of complex 30 is represented at 1,571 cm-1. Several other important functionalities 
may be superimposed by PI absorptions, namely the carbonate (complexes 31, 35) at 1,457 cm-1, the N-O group 
(complexes 18, 20, 26-29, 39-42) at 1,299 cm-1, and Ti-O at 689 cm-1. The peroxotitanium TiOO appears at 877 cm-1 
(complexes 18, 33, 34), and a peak at 895 cm-1 is possibly attributed to Ti=O.

The 1H NMR spectrum of complex 11 in DMSO-d6 after exposure is shown in Figure 13. The absence of a 
chemical shift at 8.28 ppm, which represents the N-bound hydrogen, supports the notion that the coordinated PI exists in 
the indolenine form. Notably, a chemical shift at 5.77 ppm is assigned to the two protons on the 3-carbon of indolenine. 
Additionally, there are twenty major chemical shifts in the spectrum, compared to the eight corresponding chemical 
shifts assigned to the carbon-attached protons of PI.39

Figure 14. 1H NMR of complex 11 after exposure to visible light and air

The multiplicity of chemical shifts attributed to the PI ligands indicates four or more types of coordinating modes:
a. Coordinated to TiIV through the indolenine N (complexes 14, 17, 19-25, 30, 31, 33, 36-42).
b. Coordinated to TiIII or TiII (complexes 14, 15, 16, 36-42).
c. Coordinated to Ti as the PI N-oxide (complexes 20, 26-29, 39-42).
d. Forms PI oligomers (PI trimer 32). A PI dimer is indicated by a weak signal at MS 384 (Figure 10), a tetramer at 

MS 766.136, a pentamer at 957.149, a hexamer at 1,148.161, and a heptamer at 1,339.176 (Figure 9).
Additionally, seven minor chemical shifts between 7.90 ppm and 7.15 ppm are assigned to hydrogen atoms 

attached to conjugated carbon bonds (complexes 27, 28, 29).
Not shown in the spectrum of Figure 14 are chemical shifts at 11.65 ppm assigned to a carboxylic acid, at 3.47 ppm 

to -CH2-O (complexes 37-42), at 2.50 ppm for DMSO-d6-H2O exchanged protons, and at 2.30 ppm assigned to RCOH 
(complexes 25-29).

A 13C NMR spectrum recorded at the same time as the 1H NMR and the FTIR confirmed the presence of the PI 
chemical shifts, with minor positional variations, but without the δ-multiplicity seen in the analogous 1H NMR.

The newly discovered interrelated organotitanium intermediates depicted in Figure 12 carry a wealth of information 
that may provide valuable guidance and innovative pathways in the energy field. For example, they elucidate 
the mechanism of the sunlight-catalytic splitting of water into hydrogen and oxygen by an identifiable molecular 
organotitanium system, while simultaneously capturing and reducing atmospheric CO2 into C1 compounds. These 
compounds are then transformed into feedstocks for creating new compounds with multiple C-C bonds, presenting a 
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novel route to artificial photosynthesis. Indeed, this is a groundbreaking and unexpected “living” photocatalytic system, 
comprising several intertwined and continuously operating individual processes, all supported by the inexhaustible 
resources of sunlight, air, and humidity.

We aim to carefully analyze each individual process and the interconnections among them to gain a comprehensive 
understanding of the synthetic modus operandi of the entire system. Our analysis indicates that the individual processes 
operating synergistically within the total photocatalytic system are as follows:

a. Hydrolysis of a Ti-Cl bond of the original complex 11 by air humidity, forming a Ti-OH and/or a transient, 
photoactive Ti=O bond, essentially creating a new PI complex of TiOCl2 11C (Figure 11). 

b. DAC of CO2 under ambient conditions, resulting in the formation of cyclic carbonate organotitanium complexes.
c. Visible light photocatalytic reduction of TiIV to TiIII and TiII, with the formation of peroxotitanium complexes 

through reaction with H2O2, which have enhanced photoabsorption in the visible range. This process also includes 
photocatalytic water oxidation, producing H2 and H2O2, and N-oxidation of the PI ligand.

d. Reduction of captured CO2 to CO, H2CO, and CH3OH using system-generated H2. Photocatalytic coupling of 
H2CO and CH3OH to produce HOCH2CH2OH. 

e. Formation of linear carbon chains, ranging from C2 to C7 and beyond, using system-generated formaldehyde as 
the building block. 

f. Titanium ligand exchange, PI with donor molecules THF and formaldehyde, and the formation of adducts with 
H2O, HCl, and HOCH2CH2OH, all formally participating in the visible light photocatalytic process. 

g. 2-Phenyl indole catalytic oligomerization.
A detailed analysis of each process and their interactions will be provided to elucidate the overall system’s 

operation.

2.1 Hydrolysis of Ti-Cl bonds of complex 11 by air humidity: Formation of Ti-OH and/or a 
transient, photoactive Ti=O bond

The key to activating our photocatalytic system, originating from complex 11 (and all other homologs illustrated in 
Figures 3-5), is the hydrolysis of a Ti-Cl bond by air humidity. This process forms Ti-OH and Ti=O functionalities, as 
suggested in Figure 11. Among the hydrolysis products, the highly photocatalytically active complex 11C may also be 
directly accessible by the reaction of two equivalents of PI with one TiOCl2, a compound available in pure solid form.

We propose that complex 11A, the first hydrolysis product of the original complex 11 (Figure 11), or its HCl-
free analog 43 (Figure 15), expels an OH radical under visible light irradiation, forming the TiIII complex 44. This 
fundamental reaction echoes the work of Beweries15 and colleagues. The existence of multiple adducts of 44 in the 
photocatalytic sequence (16, 36-42, Figure 12) supports this notion. Hydrogen-bonded HCl in 11C may result in 
chlorine radical formation (·OH + HCl = H2O + Cl·).40 In fact, chlorine radical may be responsible for the observed 
para-chlorination of the phenyl group of PI. An OH radical plays a key role in H2O splitting, as discussed below. 

Figure 15. Visible light irradiation of the TiIV complex 43 produces hydroxyl radicals and reduces it to the TiIII complex 44
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Furthermore, complex 11C is expected to be highly hydrophilic, transforming into the dihydroxido complex 45 
by air humidity (Figure 16). Visible light irradiation will again create hydroxyl radicals, and the transient TiII complex 
46 will be readily available for DAC of CO2, forming complex 30 (Figure 12), or coordinating system-generated small 
molecules CH2O (14), CO (15, 19, 20), and even atmospheric O2 (18, 33, 34).

Figure 16. Hydrolysis of complex 11C to the dihydroxido complex 45, irradiated by visible light to yield the transient TiII framework 46 and hydroxyl 
radicals

The existence of complex 46 raises the possibility of direct atmospheric nitrogen coordination, with implications 
for ammonia production, like previously reported TiII molecular nitrogen fixation under mild conditions.41-42 However, 
this has not been observed under our experimental conditions. We believe competing reactions of 46 with atmospheric 
O2 and CO2 prevent N2 coordination, which should be re-examined.

The Ti=O (Ti4+-O2-) bond of complex 11C could be photo-excited as shown in Figure 17.

Figure 17. Photoexcitation of the Ti=O bond

This photo-excited functionality participates in the reduction of CO2 to HCOOH and the oxidation of alcohols.43

The important photoactivated synergy of the PI ligand of complex 11C with the central metal Ti and the core 
moiety Cl2TiO, as well as a similar synergy in all other complexes of our photocatalytic ecosystem, is a form of Metal-
to-Ligand Charge Transfer (MLCT).44 We anticipate visible light photoionization of the PI ligand to form radical cation 
47A24/47B (Figure 18) and an electron, followed by TiIV reduction to TiIII, creating the PI complex 48A and a PI radical 
48B. Moreover, complex 48A will have a propensity to photo-expel an OH radical (dimerizing to H2O2), forming the 
transient intermediate 48C. This scheme is substantiated by the observed spontaneous radical oligomerization of PI in 
the system, and several reductions by the generated electrons, including the reduction of water to produce hydrogen.

2.2 Direct atmospheric capturing of CO2

A remarkable and groundbreaking attribute of our visible light-induced catalytic system is the DAC of CO2 under 
ambient temperature and pressure conditions. This system subsequently reduces CO2 autonomously to useful organic 
materials, making it one of the few artificial chemical systems with such capabilities, like natural photosynthesis.
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Figure 18. Photoionization of complex 11C affecting the PI ligand, forming PI radical cation 47A/47B, transforming to complex 48A, the PI radical 
48B, and an electron. Second row: Photoionization of fragment 48A to transient TiII intermediate 48C and OH radicals; PI radical 48B initiating PI 
oligomerization; and electrons splitting H2O to hydrogen and oxygen

Solid evidence for DAC of CO2 by our system includes complexes 17 and 30, produced by the interaction of CO2 
with the transient TiII intermediate 46, and complexes 31 and 35 from complex 11C, facilitated by a photo-excited Ti=O 
bond, as shown in Figure 19.

Figure 19. DAC of CO2 by complexes 46 and 11C

Complex 30 may also derive from complex 31 via its hydrolyzed form 35 (Figure 20). Under visible light 
excitation, complex 35 will expel a hydroxyl radical and rearrange to complex 35A. The attack of an OH radical on the 
OH group of 35A will produce H2O2 and the transient carbene 35B, transforming it to complex 30. This mechanism 
exemplifies a photocatalytic proton transfer from H2O.
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Figure 20. Photocatalytic reduction of complex 31 by hydrogen transfer from water, yielding complex 30

While TiO2 has been extensively used in the reaction37 and photocatalytic reduction of CO2,
38 there are no prior 

reports of a mononuclear titanium complex with a Ti=O functionality interacting with atmospheric CO2 to form a 
carbonate group as in 31. In contrast, other transition metal oxo complexes, such as those of Re and Mo, attract CO2 to 
form MCO3-type carbonates.45 The complex [(tBu)(2,6-diisopropylphenyl)N]3Ti=O Li+ forms a bimetallic carbonate 
Li+-O-(C=O)-O-TiR3 with CO2. Other types of CO2 reactions with organotitanium compounds involve the insertion of 
CO2 into Ti-C and Ti=NR bonds.

Carbonyl complexes 15 and 19 (Figure 12) can be considered derivatives of the TiII transient intermediate 
46, expected to exhibit chemical reactivity towards CO2 like Cp2M(CO)2 (M = Ti, Zr),46 promoting a TiII-mediated 
disproportionation of CO2:

2CO2 + 2e- = CO3
2- + CO

Disproportionation of captured CO2 in our system aligns with the formation of carbonates 31 and 35 from 11C 
(Figure 19), and Ti(CO2)-type complexes 17 and 30 from 46. However, the actual outcome with Cp2Ti(CO)2 + 13CO2 
is different, producing 13CO and a dimeric dicarbonate TiIII complex. The chemical behavior differences between 
Cp2Ti(CO)2 and complex 19 or 46 may be attributed to electronic and steric factors. Cp2Ti(CO)2, considered a “Cp2Ti” 
carbene unit, is a stronger electron-pair donor to CO2

47 than 46, which has two electron-withdrawing chlorines attached 
to titanium. Additionally, the bulkier PI groups of 46 may prevent dimerization.

Further confirmation comes from the interaction of CO2 with the bis(trimethylsilyl)-acetylene permethyltitanocene 
complex.48 The production of (Cp2Ti(CO)2 and (Cp2Ti)2CO3 verifies the disproportionation of CO2 as a common 
mechanism in the presence of a formally TiII moiety. The bulkier and stronger electron donor Cp2*Ti, compared with 
Cp2Ti, promotes the formation of a TiIII dimeric carbonate (Cp2Ti)2CO3, an intermediate between the monomeric 31 (like 
carbonates of Re, Mo) and the dimeric carbonate derived from Cp2Ti(CO)2.

46 The monomeric Ti(CO2) complexes 17 and 
30 are regarded as OTiCO insertion products,49 previously identified in matrix isolation studies, though not commonly 
indicated in chemical literature.

The monocarbonyl complex 15 and the analogous dicarbonyl 19 may originate from complex 46 (Figure 16) or 
48C (Figure 18) and CO, resulting from disproportionated CO2. An apparent catalytic oxidation (by H2O2 from the 
dimerization of OH radicals) of the PI ligand to the N-oxide (complex 20) will result in a Ti-mediated oxidative C-C 
coupling of the two carbonyls to create complex 21. This reaction, though unprecedented, appears plausible based on 
the sequence of identified complexes 19, 20, and 21. Alternatively, complex 21 could be the product of CO insertion into 
the Ti-C bond of 17. Further oxidation of 21 will yield the half-oxalate complex 22, with oxalate being an established 
anion for Ti.

Complex 21 constitutes the basic material/catalyst for a new type of condensation oligomerization, producing 
oxygenated linear carbon chain materials. The mechanism of this unexpected product formation will be discussed in the 
following sections.
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2.3 Visible light photocatalytic reduction of TiIV to TiIII and TiII: Formation of peroxotitanium 
complexes with enhanced photoabsorption in the visible range

Starting with the original TiIV complex 11 (Figure 12), our system autonomously transforms under visible light 
irradiation, producing a plethora of interrelated new organotitanium complexes and intermediates in all three titanium 
oxidation states: TiIV, TiIII, and TiII. The visible light photoreduction mechanism can follow different pathways, reducing 
TiIV to TiIII (Figure 15), TiIV to TiII (Figure 16), or stepwise from TiIV to TiIII and then to TiII via the transient TiII complex 
48C (Figure 18). These reductions occur with the synchronous formation of hydroxyl radicals (Figures 15, 16) and PI 
radicals (Figure 16), which initiate their own coupling (oligomerization) cycles within the active catalytic system. The 
hydroxyl radicals dimerize to form hydrogen peroxide, are responsible for the N-oxidation of PI ligands in complexes 
20, 26-29, 34, 39-41, and the peroxidation of 11C to yield complexes 18, 33, and 34 (Figure 21) and other oxidative 
attacks, as shown in Figure 20.

Figure 21. Peroxidation of complex 11C with H2O2 to form the peroxotitanium complex 33 and the N-oxide PI complex 34

Several studies11,50 suggest that Ti-O-O coordination bonds effectively enhance visible light-induced photoactivity 
by shifting the photoabsorption region to the visible range of 400-800 nm. We propose that peroxotitanium complexes 
18, 33, and 34, or in general, complexes of the “Cl2Ti-O-O” moiety coordinated with photocatalytically active ligands, 
are powerful photocatalysts for water splitting to H2 and H2O2. The proposed water-splitting photocatalytic cycle 
involving complex 33 is depicted in Figure 22. Essentially, the coordinated water molecule 49 is photo-ionized by the PI 
ligand, forming a hydroxyl radical, a proton, and a hydrated electron 50, as described by the equation:

H2O →  ·OH + H++ e-(hydrated)

The hydroxyl radicals dimerize to form H2O2, while protons and electrons combine to form hydrogen gas.
Water forms a stronger hydrogen bond with the N-oxide of complex 34 compared to complex 33, making the 

photocatalytic cycle even more efficient.
The concentration and action of complex 33 are “topical,” meaning they are not homogeneous throughout the 

entire mass shown in Figure 6. For example, the MALDI-TOF peak at 537.144 in Figure 7, representing complex 33, 
is minor, whereas the same peak in Figure 8, (a MALDI-TOF from a sample taken from a different area of the mass) is 
very prominent.

Complexes 33, 34, and related group 4 metal peroxo derivatives could be synthesized independently, for example, 
by reacting complex 11 with aqueous H2O2. These complexes can be further investigated as custom catalysts for visible 
light splitting of water to produce hydrogen.
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Figure 22. Proposed visible light photocatalytic cycle for water splitting to H2 and H2O2 catalyzed by the peroxotitanium complex 33

2.4 Reduction of captured CO2 to CO, H2CO, and CH3OH with hydrogen transfer from water or 
system-generated H2

Hydrogen produced by water splitting (Figures 18 and 22) will likely be consumed by various hydrogenation 
reactions within the system.

2.4.1 Hydrogen reduction of TiCl4-complex

The hydrogen reduces the original TiCl4-complex (11) to TiCl3-complexes (16, 36-42).

2.4.2 Transformation of carbonyl complex

The carbonyl complex (15) is transformed into the formaldehyde complex (14).

2.4.3 Hydrogenation of cyclic carbonates

Cyclic carbonates35 31, (Figure 23) and 35 undergo hydrogenation to yield formaldehyde (31B) and methanol (31C), 
which then couple catalytically36 to produce ethylene glycol, incorporated in complexes 37-42. This process involves a 
catalytic sub-cycle through these steps, with the core complex in 31C regeneration of CO2.

Figure 23. Reduction of the cyclic carbonate complex 31 to yield formaldehyde and methanol, with the catalytic cycle regenerating 31 using 
atmospheric CO2
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Complex 31 can be applied separately as a homogeneous or heterogeneous catalyst for the low-temperature and 
pressure hydrogenation of CO2 with hydrogen.

2.4.4 Hydrogenation of unsaturated organic derivatives

An unsaturated organic derivative, complex 24, is hydrogenated to form complex 25.
No attempt has been made to detect any system-generated free hydrogen. However, we believe free hydrogen 

generation is possible, for example, through the catalytic cycle shown in Figure 22 using visible light in an atmosphere 
with controlled moisture. Complex 33 (Figure 22), being a fully saturated TiIV compound, does not interact with CO2, 
unlike complexes 46 and 11C (Figure 19).

As shown in Figure 20, hydrogenation can also be accomplished by hydrogen transfer from water. Similarly, 
complex 30 (Figure 24) may undergo hydrolysis to form 30A, which under visible light irradiation expels a hydroxy 
radical and forms intermediate 30B. Both species interact to ultimately produce the formaldehyde complex 30C.

Figure 24. Photocatalytic reduction of complex 30 by hydrogen transfer from H2O to form complex 30C, with formaldehyde coordination

2.5 Formation of linear carbon chains

The photocatalytic system utilizes formaldehyde, a product of DAC CO2 reduction, as a building block to produce 
long (C2 to C7 and beyond) linear carbon chains with oxygenated alpha-omega functionalities. We have identified 
complex 21, an unusual titanium α-ketocarboxylate complex, as the catalyst for this novel reaction type-a dehydration 
synthesis between formaldehyde and the keto group of complex 21, leading to the ketene functionality of complex 
23. An identical one-carbon growth of ketene continues with the formation of complex 24 (Figure 25), which is then 
hydrogenated to convert the ketene chain into aldehyde 25.

Figure 25. Photocatalytic carbon chain growth utilizing system-generated formaldehyde
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We propose two possible pathways for the formation of photocatalyst 21:
• By a CO insertion into the Ti-C bond of complex 17.
• By an internal oxidative coupling of complex 20.51

Titanium PI/THF dichloro dicarbonyl complex 19 plays a groundbreaking role in the reaction sequence leading up 
to complex 21. Oxidative coupling is enacted by the N-oxidized PI ligand of the intermediate complex 20 (Figure 12). 

The question arose whether the ketene and cumulene type complexes 23 and 24 are stable enough to even exist. 
The stability of ketenes is influenced by electron-withdrawing groups (EWG) within the molecule. For example, ketene-
pyridine52 is a stable molecule due to the electron-withdrawing properties of the nitrogen in pyridine. Similarly, the 
strongly electron-withdrawing carboxylate group in complexes 23 and 24 will stabilize these molecules. Additionally, 
the “TiCl2” moiety at the TiVI oxidation state is highly electron deficient. The presence of chlorine atoms, being 
electronegative, further enhances the electron-withdrawing nature of the complex, contributing to its stability.

Another N-oxidation of the PI ligand in complex 25 generates complex 26, which initiates a new sequence, 
culminating with complex 29. This time, the chain growth occurs via an aldehyde function reacting with formaldehyde, 
based again on dehydration, generating three new consecutive complexes 27, 28, and 29 (Figure 12).

Figure 26. Oxygenated linear organic chains 52 and 53 are produced by the photocatalytic system after hydrolysis of complexes 27 and 28, 
respectively. Creation of new photocatalysts 51A/51B

The unprecedented carbon growth reactions manifested by complexes 21, 23, 24 (Figure 24), and 25 through 29 are 
responsible for the creation of the linear carbon chains, featuring alpha-omega (and other) oxygenated functionalities. 
We have identified two such products originating from the hydrolysis and/or double bond hydration of complexes 
27 (product 52) and 28 (product 53) (Figure 26), recorded by the MALDI-TOF spectrum (Figure 10). The common 
titanium species from the hydrolysis is complex 51A/51B, expected to be a powerful photocatalyst as well.

To our knowledge, it is the first-time products like 52 and 53 have been generated by any known artificial 
photocatalytic system. Given more time, the prospects for further chain growth are open. The resemblance of 
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these products to sugars is striking: six and seven carbon chains, an aldehyde, with hydroxyl and carboxylic acid 
functionalities.

Currently, long chain hydrocarbon products directly from CO2 are obtained only by electrochemical conversion.53 
Cyanobacteria and algae are commonly used, as they naturally convert CO2 into biomass, which can be processed into 
long-chain hydrocarbons. TiO2 is a widely studied photocatalyst, though it primarily produces short-chain hydrocarbons. 
Now, for the first time, we obtained long-chain hydrocarbon products through mononuclear organotitanium complexes.

2.6 Titanium ligand exchange and PI with donor molecules: THF, formaldehyde, and adducts in 
photocatalysis

The mixed PI/THF titanium chloride coordination compounds (Complexes 15 through 29, Figure 12) result from 
dissolving the bis-PI titanium complexes in THF for the MALDI-TOF test. These mixed-donor complexes demonstrate 
a facile exchange of at least one PI ligand from the original bis-PI complexes with other donor molecules like THF or 
system-generated formaldehyde, as seen in complex 14.

The exchange of a single PI ligand with another donor molecule, rather than both PI ligands, might imply a steric 
effect (replacing a bulky ligand with a smaller one) or suggest that one PI ligand has a more labile Ti-N π-bond than the 
other. For example, complex 17 (mixed PI/THF ligands) and complex 30 (PI/PI) both appear in the roster. This facile 
ligand exchange may significantly impact the overall efficiency and operation of our photocatalytic system.

The prominent peak in the MALDI-TOF spectrum at m/z 341.992 is assigned to the PI·TiCl2·H2CO complex 14, 
while the peak at m/z 413 may be attributed to a homolog with coordinated THF. Another notable peak at m/z 340 
corresponds to PI·TiCl2·CO, a homolog of complex 15 minus the coordinated THF. These findings support the idea that 
THF coordination in complexes 15 through 29 might be an artifact of using THF as a solvent during the MALDI-TOF 
test, indicating that these complexes may exist free of THF coordination. Systemic complexes with open and available 
coordination sites on titanium will facilitate the coordination of system-generated donor molecules like CO, CO2, H2CO, 
CH3OH, and HCl, allowing them to actively participate in the AP process.

The (PI)2TiCl3 framework appears in three forms (36-38) among the titanium complexes in Figure 12, while 
complexes 39-42 (PI·PIO·TiCl3) form adducts with combinations of H2O, H2CO, HOCH2CH2OH, and HCl. Complex 16 
(PI·THF·TiCl3) is also present. These TiIII complexes are actively involved in the visible light-energized multiple redox 
operations of the photocatalytic system. For instance, we propose the visible light transformation of the TiIII complex 
36 to the formally TiII complex 14 (Figure 27). Although the PI·HCl salt 54 is not represented in MALDI-TOF Figure 
10, its pyrrole-hydrogenated analog is traced at MS 231.939.

Figure 27. Visible light photocatalytic reduction of the TiIII complex 36 to the formally TiII complex 14
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The formal presence of H2O in complexes 36-40 indicates their participation in the photocatalytic process by 
generating hydroxyl radicals, like the mechanism depicted in Figure 27.

Methanol, an expected product of CO2, CO, or H2CO reduction within our system, could not be detected in a 
directly identifiable form, such as a Ti-OCH3 moiety. However, closer examination of complexes 37-42 reveals a 
calculated molecular entity of “H2CO+CH3OH” present as an adduct in all of them. This entity is ethylene glycol 
(HOCH2CH2OH), produced by coupling formaldehyde and methanol through an efficient [Ti=O] photocatalyst, as 
described earlier.36

2.7 2-Phenyl indole (PI) catalytic oligomerization

As mentioned earlier (Figure 18), the oligomerization of photoionization-induced PI radical 48B occurs 
simultaneously with other system operations, as evidenced by the cascade sequence of 2× up to 7× PI oligomers, 
registered in all MALDI-TOF tests. Figure 28 depicts oligomers 2× through 4× with their calculated m/z values and 
graphic representation of their corresponding estimated isotope distribution. The actual m/z values from all MALDI-
TOF runs compared to the calculated values are within 0.4 m/z units or less, representing an excellent match. The 
appearance of all consecutive oligomers in MALDI-TOF in diminishing concentration indicates that they coexist and 
most likely are active participants in the oligomerization process. Supporting evidence is provided by the calculated 
isotope distribution,32 which closely matches the recorded fingerprints of MALDI-TOF.

Like the coupling of 2-methylindole,54 the oligomerization of PI is proposed to occur at the 3 and 6 linkage sites of 
the monomer, as shown in Figure 28. An indole oligomer may be electroconductive and fluorescent. It is not yet known 
whether these two properties will affect the photocatalytic process of the system.

The PI oligomerization deprives the complexes (Figure 12) of at least one of the two PI ligands on titanium. 
Currently, it is unclear whether the oligomerization is detrimental to the prolonged operation of the system or if the 
oligomers play any role in the overall effectiveness of the photocatalytic system. These important questions should be 
further investigated.

Figure 28. PI oligomers 2×, 3×, 4×, and 5× are produced by the visible light photocatalytic system. Calculated MALDI-TOF m/z with isotope 
distribution for each oligomer 

3. Conclusion and outlook 
The AP system described in this paper originates from a single source comprising easily accessible organotitanium 
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CO2 into a self-organized assembly of several intertwined, semi-autonomous, newly discovered processes.
Numerous interrelated organotitanium complexes, constituting the backbone of these processes, have been 

identified through MALDI-TOF MS spectra. These complexes operate in tandem to produce unexpected organic 
materials, including an autonomous DAC of CO2, the formation of carbonated titanium complexes, their reduction 
by hydrogen transfer from H2O, and/or the splitting of H2O into hydrogen and H2O2/O2. Energized by visible light, 
the system initially produces versatile C1 organics, followed by the construction of long-chain (C2 to C7 and beyond) 
oxygenated hydrocarbons. No other known AP system has produced such higher molecular weight organics. If this 
process can be conducted cost-effectively and at scale, it would represent the most efficient single-shot method of 
storing sunlight in the form of versatile fuels known to humankind.55

Significant progress has been made globally on the two crucial steps of AP:
• Developing catalysts that use solar energy to split water into oxygen and hydrogen.
• Discovering catalysts that can convert hydrogen and carbon dioxide into energy-dense fuel.
The most important task is to combine these two steps within a single operating system,55 in an affordable and 

scalable way, using cheap and earth-abundant catalytic materials. We believe our system fulfills this prerequisite, 
combining both conditions in a self-propelled, automatic, and efficient manner. It is based on titanium, the ninth most 
abundant element and the second most abundant transition metal in the Earth’s crust.

Commercially applied DAC of CO2 is energy-intensive, requiring chemical absorbents, ionic liquids, etc., with 
subsequent storage necessary for prior utilization. Our system captures CO2 spontaneously and directly from the 
atmosphere under ambient temperature and pressure for immediate, on-the-spot utilization, bypassing any need for 
storage. This fact is most unusual and remarkable, and it appears our man-made system is the only one developed so far 
that fully mimics natural photosynthesis in this respect.

The isolation and characterization of a string of organotitanium intermediates, harmoniously interacting with each 
other in creating new products, provides solid evidence and insight into how the system operates. This know-how is 
indispensable for monitoring, improving intrinsic efficiency, and stabilizing the system for prolonged scale-up operation. 
Independent processes like H2O splitting for the exclusive production of hydrogen are possible by utilizing the approach 
outlined in Figure 22. In this respect, the advantage of catalytic complex 33 is that it is inert toward CO2.

The unequivocal identification of PI oligomers created by the system, as well as certain other complexes (e.g., 
11), by MALDI-TOF tests lends support to the identity of all other units in our active photocatalytic system. Identity is 
further strengthened by other factors, such as material sequences discussed earlier, similarities with existing chemical 
structures/complexes, and supporting information from IR and NMR data.

The system will need further refinement and quantitative evaluation. The conditions for optimum operation must 
be accurately defined. At this stage, we regard it as a promising new beginning with potential practical applications in 
scale-up operations.

An expanded investigation should cover the following topics.

3.1 The role and efficiency of titanium compared with alternative central metal atoms

Other group 4 elements (Zr, Hf) and even V are good candidates to replace Ti in the photocatalytic system. 
Especially Zr presents itself as the best alternative replacement for Ti, since the two metals share similar chemistry, 
forming identical PI complexes.22 Additionally, all three dioxides (TiO2, ZrO2,

56 HfO2) are known CO2 adsorbents. A 
two-metal approach should also be considered.

3.2 The effect of halogen ligands

All four water-free titanium oxy dihalides (TiOX2, X = F, Cl, Br, I) as well as their complexes with electron donors 
have been reported,57 along with several vanadium oxychlorides. A synopsis on TiOCl2 chemistry has been presented 
in the introduction. TiOF2 in the form of nanotubes has already been applied in photocatalytic hydrogen evolution.58 

Bromine and chlorine have been mentioned in co-doping of TiO2, enhancing photocatalytic activity.59 The halide effect, 
especially replacing TiOCl2 with TiOF2, TiOBr2, or even TiO(N3)2 in our photocatalytic system, should be investigated 
in detail.
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3.3 The quest for efficient photoactive organic ligands

The essential role of the PI ligand in the operation of our AP system has been analyzed. Most remarkable is 
the presence of PI in numerous titanium complexes, revealing the pathway of each individual step in the continuous 
operation of our visible light photocatalytic system. The observed parallel PI oligomerization reaction could be a 
concern, by depriving the system of the PI ligand and gradually weakening the system’s intrinsic efficiency. One remedy 
to avoid PI oligomerization could be the blockage of the indole framework C3 position, where the oligomerization 
bonding occurs, by substitution, for example, using 2,3-diphenyl indole as the ligand. Another option would be the use 
of other common indole derivatives, such as indigo dye.

Taking advantage of the photocatalytic phosphine- and phosphine oxide water activation for radical 
hydrogenation,60 we may prepare the mixed PI·Ph3PO·TiCl4 complex 58, which upon hydrolysis is expected to form 
complexes 59 and 60 (Figure 29), with enhanced photocatalytic radical hydrogenation capabilities.

Figure 29. Mixed PI·Ph3PO·TiCl4 complex 58 and hydrolyzed complexes 59 and 60 expected to show enhanced water activation for radical 
hydrogenation

Known ligands of photon-absorbing ruthenium, rhenium, cobalt, and other metal complexes could be attractive 
candidates for the preparation of TiOX2 or even TiSX2-based photocatalysts. Notably, 2,2'-bipyridine and derivatives 
with electron-withdrawing groups at 5,5'-positions,61 pyridylpyrazole,62 and N2,N6-bis-(diphenylphosphanyl)-N2,N6-
diphenylpyridine-2,6-diamine63 are among the ligands we strongly recommend.

4. Experimental section
Materials and Procedures. 2-Phenyl indole 99% (PI), TiCl4, and toluene 99.5% were purchased from a 

commercial source and used as received. Toluene was dried using 3A molecular sieves. Stock solutions were prepared 
of a 0.2 M TiCl4 in toluene and a 0.138 M (saturated at ambient temperature) PI solution also in toluene.

Preparation of the 2:1 PI/TiCl4 Complex. The experiment was carried-out in a dry-box under dry N2. Into a 500 
ml Erlenmeyer flask equipped with a magnetic stirrer, 100 ml of a 0.138 M PI in toluene solution (saturated at room 
temperature) was transferred. To the stirred solution, 34.5 ml of a 0.2 M TiCl4 in toluene solution was added dropwise at 
room temperature. The resulting dark brown precipitate (3.52 g) was filtered in open air, then charged to a 50 ml glass 
vial tightly sealed for three weeks. The vial was exposed in a horizontal position to visible light at an average room 
temperature of 24 °C. During exposure, the color of the solid within the vial changed from dark brown to khaki, with 
surface areas of green, as shown in photo Figure 6.

Preparation of the 1:1 and 1:2 PI/TiCl4 Complexes. These complexes were prepared following the same 
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procedure as the 2 : 1 complex. For the 1 : 1 PI/TiCl4 complex, 69 ml of a 0.2 M TiCl4 in toluene solution was added 
dropwise to 100 ml of a 0.138 M PI in toluene solution. For the 1 : 2 PI/TiCl4 complex, 103.5 ml of a 0.2 M TiCl4 
in toluene solution was added dropwise to 100 ml of a 0.138 M PI in toluene solution. The products were filtered, 
transferred to 50 ml glass containers, and exposed to visible light as described above.

Analytical techniques
MALDI-TOF MS Spectra: Recorded with a Bruker instrument run with Daltonics autoflexR maX Analysis 

software. Solid samples chosen for analysis were dissolved in THF and CH2Cl2.
1H and 13C NMR Spectra: Recorded with a Bruker AvanceCore NMR 400 MHz instrument.
FTIR Spectra: Recorded with a Perkin Elmer Spectrum Two instrument with an ATR diamond crystal.
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