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progressive formation of coordinated CO, adducts together with carbonate-,
bicarbonate-, and formate-containing zirconium species, demonstrating continuous
evolution of oxygenated carbon environments during prolonged exposure. Time-
dependent incorporation of secondary and tertiary CO; units into zirconium-bound
intermediates, accompanied by the emergence of oxygenated PI oligomer series and
multinuclear zirconium assemblies, indicates progressive molecular evolution in
which precursor and descendant species coexist, allowing sequential CO;
incorporation and network growth to be followed. The results further suggest that
ligand oligomerization contributes to carbon retention and stabilization within the
evolving zirconium matrix rather than serving solely as a deactivation pathway. In
contrast to hydrolyzed titanium systems, which support formaldehyde-mediated
carbon growth and carbon-chain propagation, the zirconium ensembles remain
dominated by CO, capture, carbonate stabilization, and oxygenated carbon
accumulation. This behavior defines a distinct functional boundary between
photocatalytic carbon capture and reactive artificial photosynthesis. The hydrolyzed
PI-ZrCls ensembles therefore represent a dynamic photochemical platform in
which hydrolysis, CO, coordination, carbonate formation, oligomer evolution
proceed cooperatively under ambient conditions. These findings establish
hydrolyzed zirconium—indole systems as a dynamically evolving atmospheric CO,
capture platform whose behavior complements previously reported titanium
systems. Moreover, combining the complementary properties of titanium and
zirconium may provide a route toward integrating efficient atmospheric CO»
capture with subsequent photochemical carbon-conversion pathways.
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1. Introduction

The direct conversion of atmospheric carbon dioxide into reduced carbon frameworks under ambient
conditions remains a central objective of artificial photosynthesis and carbon utilization research. Despite major
advances in heterogeneous photocatalysis, molecular catalysis, and electrochemical reduction, most reported
systems terminate at single-carbon (C;) products such as CO, formate, methanol, or methane [1-4]. Carbon—carbon
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bond formation typically requires separate catalytic pathways, tandem systems, or externally supplied
intermediates, leaving CO, capture, reduction, and carbon growth only loosely coupled.

A major limitation underlying this separation is the stability of early CO,-derived intermediates. Carbonate
and bicarbonate species are widely recognized as thermodynamically favored products of CO, interaction with
oxophilic metal centers, but they frequently behave as thermodynamically stable kinetic sinks that inhibit further
reduction [5-7]. Consequently, efficient CO, capture does not necessarily translate into productive carbon
conversion, and the mechanistic boundary between passive carbonate stabilization and reactive carbon growth
remains poorly understood.

This distinction is particularly evident in hydrolyzed titanium and zirconium systems. Hydrolysis of TiCl4
and ZrCly generates metal-hydroxide and oxo environments capable of CO; insertion [8,9], but the resulting
carbonate interactions differ substantially. Hydrolyzed titanium species form relatively dynamic carbonate
intermediates that remain susceptible to photochemical transformation under illumination [10-12], whereas
hydrolyzed zirconium species strongly stabilize carbonate and bicarbonate environments because of their greater
oxophilicity [7-9]. These contrasting behaviors define two complementary limiting regimes of CO; reactivity: a
dynamic regime in titanium and a stabilization-dominated regime in zirconium.

Recent work from our group demonstrated that hydrolyzed titanium—ligand systems extend the former regime
through photochemical activation [13—16]. Ligand-to-metal charge transfer generates reduced titanium species and
reactive intermediates, including hydroxyl radicals associated with Ti—-OH activation, enabling turnover of
carbonate intermediates and their conversion to formaldehyde as a reactive C; intermediate [13—15]. Retention of
formaldehyde within the chloride-rich ligand environment subsequently enables carbon—carbon coupling or
polymerization under ambient conditions, thereby coupling CO, capture, reduction, and carbon growth within a
single light-driven network.

In the present study, we examine the corresponding zirconium chemistry derived from the same ligand framework
in order to define transition between capture-dominated and growth-dominated behavior. Although zirconium is closely
related to titanium in coordination chemistry, it differs fundamentally in redox behavior and oxygen affinity [8,9].
Coordination of 2-phenylindole (PI) to ZrCls generates activated indolenine-like ligand character associated with
polarization of the pyrrolic ring and formation of Zr—-N o-bonded species. Spectroscopic observations further indicate
partial loss of pyrrolic aromaticity under ambient conditions, demonstrating that CO, engagement occurs within a
chemically evolving coordination environment rather than a static organometallic complex.

Under ambient conditions, the PI-ZrCls systems undergo spontaneous hydrolysis and immediate CO,
capture, forming carbonate-containing species from the moment of complex formation [7,8]. Mass spectrometric
analysis additionally reveals persistent CO,-coordinated zirconium species of the type PIZrCl;(CO2)"Cl™ (or
closely related ion pairs), which persists throughout atmospheric aging, indicating that direct atmospheric CO,
coordination can occur even prior to extensive hydrolysis. Infrared spectroscopy further confirms the presence of
strongly bound carbonate functionalities.

In addition to CO; capture, the zirconium system undergoes ligand-centered oligomerization arising from
electrophilic activation of the indolenine-like PI ligand and subsequent intermolecular coupling. Importantly,
however, this oligomerization pathway remains mechanistically decoupled from CO; reduction. Ligand
oligomerization proceeds in parallel with carbonate accumulation, generating progressively larger oxygenated
ligand assemblies while preserving earlier generations of molecular species. The coexistence of precursor and
descendant complexes demonstrates continuous molecular evolution within the zirconium coordination network,
although this evolution remains largely decoupled from reduction of captured CO; into multicarbon products.

The zirconium system therefore represents a capture-dominated regime in which carbonate stabilization and
ligand reactivity coexist without sustained formation of reduced C; intermediates such as formaldehyde. In contrast
to titanium-based systems, there is no evidence for persistent photoredox cycling or propagative carbon growth
from captured CO,. Rather than representing an extension of the titanium reaction pathway, the zirconium system
defines the stabilization-dominated limit of hydrolyzed Group 4 metal chemistry.

These observations establish broader design principles for ligand-directed artificial photosynthesis. Effective
systems must balance CO, binding strength with the ability to transform bound intermediates while coupling
capture, reduction, and carbon—carbon bond formation within a unified reaction network.

The complementary behavior of titanium and zirconium further suggests that future mixed-metal architectures
may combine efficient atmospheric CO, capture with subsequent photochemical carbon conversion, providing a
potential strategy for integrating both functions within a single self-organizing artificial photosynthesis platform.

The objective of this work is to establish the molecular chemistry underlying atmospheric CO, capture in
hydrolyzed zirconium—2-phenylindole systems. Quantitative performance evaluation and detailed photophysical
investigations are beyond the scope of the present study and will be addressed in future work.
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Although the combined MALDI-TOF, FTIR, and NMR data support the proposed mechanistic framework,
additional investigations—including *CO, labeling, HRMS, tandem MS, light/dark controls, inert-atmosphere
experiments, quantitative CO, uptake measurements, and computational studies—will further refine the
mechanistic model.

2. Experimental Section
2.1. Preparation of PI-ZrCly at 1:1 Molar Ratio

30 mL toluene solution containing 1.0 g (5.181 mmol) PI (solution A) within a conic flask, we added
dropwise 20 mL of a toluene suspension containing 1.207 g (5.181 mmol) ZrCls (solution B), under magnetic
stirring at ambient temperature, in the air, under the hood. There was a spontaneous formation of a brown solution
and precipitate. The solvent (toluene) was removed by evaporation (motorvac). A brown solid was isolated.

2.2. Preparation of (Pl)»ZrCly at 2:1 Molar Ratio

The preparation was repeated, but this time 2.0 g (10.362 mmol) of PI was used. The color of the isolated
solid was beige.

2.3. Analytical Techniques
2.3.1. Mass Spectra

MALDI-TOF mass spectra were acquired using a Bruker instrument (Bruker Daltonics GmbH & Co. KG,
Bremen, Germany) operated with Daltonics Autoflex maX Analysis software. Solid samples from the above
preparations were each suspended in tetrahydrofuran (THF) and analyzed individually (Figures S1 and S2 in
Supporting Information). The original samples were kept in a closed vial in the dark for three months and four days
and then similar spectra were recorded after two days of daylight exposure under ambient conditions (Figures S3 and
S4). The same timeline was observed for the 'H and '3C NMR tests.

2.3.2. FTIR Spectra

Spectra were recorded using a PerkinElmer instrument, (PerkinElmer U.S. LLC, Shelton, CT, USA) equipped
with a diamond ATR crystal. Figures S5 and S6 show the FTIR spectra of the freshly prepared catalytic solids 1
and 2.

The FTIR spectra reveal a pronounced transition from a predominantly low-hydrolysis CO, coordination
regime in the 1:1 P1:ZrCl, system to a hydrolysis-dominated carbonate regime in the 2:1 system. The 1:1 complex
exhibits minimal detectable O—H absorption, indicating limited water incorporation during initial complex
formation. Instead, the spectrum is dominated by split absorptions in the 1629-1571 cm™ region together with a
strong band near ~1350 cm ™!, consistent with symmetry-lowered, zirconium-coordinated CO,-derived species in
a chloride-rich environment. These features correlate with MALDI-TOF evidence for persistent CO,-coordinated
species of the type PIZrCl3(CO.)"Cl™ (or closely related ion pairs), suggesting that direct atmospheric CO;
coordination can occur prior to extensive hydrolysis.

In contrast, the 2:1 system displays intense broad O—H absorption in the 2800-3600 cm™! region together
with the emergence of Zr—O vibrations near ~504 ¢m™!' and multiple carbonate-related absorptions, indicating
substantial hydrolysis and formation of heterogeneous zirconium carbonate/bicarbonate environments. Additional
weak bands in the 743-844 cm! region are consistent with evolving Zr-O-C and ligand-modified zirconium
coordination modes associated with progressive hydrolysis and ligand reorganization. The weak feature near
~1736 cm™' suggests only a minor population of activated or weakly coordinated carbonyl-containing species
within the hydrolyzed matrix.

The spectra therefore indicate that CO, capture in the zirconium systems proceeds through two
mechanistically distinct pathways. Under low-hydrolysis conditions, CO, interaction occurs primarily through
direct coordination to highly Lewis-acidic organozirconium centers within a chloride-rich environment. Under
hydrolytic conditions, however, rapid conversion to stable carbonate and bicarbonate species dominates, producing
strongly oxygenated zirconium coordination networks. The pronounced stabilization of these carbonate species
contrasts with the more dynamic carbonate behavior observed in related titanium systems and supports the
conclusion that zirconium chemistry preferentially favors CO, capture and stabilization over downstream reductive
carbon growth.
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2.4.'"H and 3C NMR Spectra
Recorded with a Bruker AvanceCore NMR 400 MHz instrument (Bruker BioSpin GmbH, Rheinstetten, Germany).

2.4.1. Proton NMR Analysis of the Catalytic Mass

The proton NMR spectra of the PI:ZrCls systems reveal a clear evolution in chemical environment as a
function of composition and atmospheric exposure. In the 1:1 system at early stages (Figure S7), the spectrum
retains a relatively well-defined aromatic profile, with the principal resonances appearing in the & 7.0-7.8 ppm
region. Relative to free 2-phenylindole, these signals are shifted modestly downfield by approximately 0.1-0.3
ppm, consistent with coordination to a strongly Lewis acidic zirconium center and associated transformation
toward an indolenine-like electronic structure. Additional weak resonances in the 6 6.6—6.9 ppm region indicate
perturbation of the pyrrolic environment and partial loss of aromatic symmetry within the heterocyclic ring.

Importantly, several weak features absent in the corresponding 2:1 system appear near 6 6.80—6.86 ppm,
suggesting the presence of discrete low-hydrolysis coordination environments unique to the chloride-rich 1:1
composition. A weak resonance near 6 ~4.0 ppm further suggests the formation of partially saturated or indolenine-
derived CH,-containing environments associated with ligand-centered transformation of the pyrrolic ring. No
significant signals are observed in the & 9-10 ppm region at this stage, excluding substantial accumulation of
aldehydic species. Overall, the spectrum remains relatively sharp, indicating a dominant and comparatively
ordered coordination environment with limited hydrolysis.

Upon atmospheric exposure, the 1:1 proton spectrum (Figure S8) remains remarkably coherent. The aromatic
envelope persists within & 7.0-7.8 ppm, accompanied by moderate broadening and redistribution of intensity
toward o 7.8-8.2 ppm, consistent with increased electron withdrawal and diversification of zirconium coordination
environments. Nevertheless, the persistence of relatively resolved resonances indicates that the system largely
preserves discrete coordination motifs rather than collapsing into an extended hydrolyzed network. The continued
presence of weak low-field aromatic perturbations supports ongoing ligand-centered electronic reorganization
under ambient conditions.

In contrast, the 2:1 PI:ZrCl, system (Figure S9) displays markedly different behavior from the outset. The
early proton spectrum is substantially broadened, forming a partially resolved envelope spanning 6 6.8—8.0 ppm,
with only weak maxima near & 7.2—7.6 ppm. Relative to the 1:1 system, the loss of spectral resolution indicates
the presence of multiple interconverting coordination environments and dynamic exchange processes, consistent
with ligand excess promoting hydrolysis, redistribution of zirconium species, and heterogeneous carbonate
formation. Weak broad intensity extending toward & 8.0-8.5 ppm suggests the emergence of strongly deshielded
aromatic environments associated with hydrolyzed zirconium coordination networks.

After exposure (Figure S10), this trend becomes more pronounced. The aromatic region collapses into a
broad, poorly resolved band extending from & 6.8 to 8.2 ppm, characteristic of a heterogeneous and dynamically
exchanging ensemble rather than discrete molecular species. In contrast to the 1:1 composition, the absence of
distinct low-hydrolysis resonances indicates progressive conversion toward distributed hydrolyzed carbonate-
containing environments.

2.4.2. BC NMR Analysis

The *C NMR spectra provide complementary insight into carbon speciation and modes of CO, incorporation.
In the early 1:1 system (Figure S11), the aromatic carbon region remains relatively well defined within 6 110-150
ppm, consistent with substantial preservation of the ligand framework despite electronic perturbation associated
with zirconium coordination and indolenine-like transformation. A distinct resonance appears within the 6 160—
165 ppm region, assigned to coordinated carbonate or CO,-derived carbon species, indicating that atmospheric
CO; interaction occurs rapidly even under minimally hydrolyzed conditions.

Importantly, the moderate intensity and relatively sharp character of this resonance suggest that the carbon species
remain localized within discrete coordination environments rather than forming an extended inorganic carbonate phase.
This behavior is consistent with FTIR and MALDI-TOF evidence for persistent CO,-coordinated zirconium species of
the type PIZrCl3(CO,)"CI™ or closely related ion pairs stabilized within a chloride-rich environment.

After exposure (Figure S12), the 1:1 ¥C spectrum undergoes only modest evolution. The aromatic region
remains clearly observable, while the carbonate-associated resonance at & 160—166 ppm increases slightly in
intensity but largely retains its definition. These observations indicate that CO,-derived species remain confined
to relatively localized coordination motifs rather than undergoing wholesale transformation into bulk hydrolyzed
carbonate domains.
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The 2:1 system exhibits fundamentally different behavior. The early '3C spectrum (Figure S13) displays a
strong and broadened resonance spanning approximately & 160—-167 ppm, substantially more intense than in the
1:1 composition, together with progressive loss of aromatic resolution. This behavior indicates rapid conversion
of atmospheric CO, into heterogeneous carbonate and bicarbonate environments associated with hydrolyzed
zirconium centers.

Following exposure (Figure S14), the carbonate resonance broadens further and dominates the spectrum
across 6 160—168 ppm, while the aromatic region becomes increasingly unresolved due to overlap, exchange, and
distribution of coordination environments. The resulting spectral profile is characteristic of a carbonate-rich
inorganic network in which captured carbon is stabilized primarily in distributed oxygen-bound forms rather than
retained as reactive or localized intermediates.

Taken together, the proton and carbon NMR data establish a pronounced mechanistic distinction between the
two compositions. The 1:1 PI:ZrCls system preserves a comparatively ordered chloride-rich coordination
environment characterized by discrete aromatic resonances within § 7.0-7.8 ppm (‘H), partially perturbed pyrrolic
environments including weak resonances near & 6.8—-6.9 ppm and ~4.0 ppm, and a relatively sharp carbonate-
associated signal at & 160-166 ppm ('3C), all consistent with localized CO coordination under low-hydrolysis
conditions. In contrast, the 2:1 system rapidly evolves into a broad, heterogeneous hydrolyzed ensemble
characterized by poorly resolved proton spectra spanning 6 6.8—8.2 ppm and dominant distributed carbonate
resonances extending across 6 160—168 ppm. These NMR findings closely parallel the FTIR observations,
confirming that the 1:1 composition stabilizes discrete coordinated CO, species within a chloride-rich
environment, whereas the 2:1 composition promotes rapid conversion into hydrolyzed carbonate reservoirs that
favor CO; stabilization over downstream reactive carbon chemistry.

3. Discussion
3.1. Early 1:1 PI:ZrCly System: Direct CO; Coordination and Initial Carbon Capture

Following initial coordination, the early 1:1 PI:ZrCls system evolves into a highly polarized chloride-rich
coordination environment in which the pyrrolic portion of the ligand undergoes substantial electronic
reorganization. Proton NMR spectra retain a relatively ordered aromatic profile while displaying weak resonances
near & 6.80—-6.86 ppm together with low-intensity features near & ~4.0 ppm, consistent with perturbation of the
pyrrolic ring and formation of partially saturated or indolenine-derived environments. These observations support
conversion of the original indole framework toward a Zr-stabilized indolenine-like electronic structure involving
significant loss of aromatic symmetry and development of Zr—N c-bond character. Importantly, the persistence of
relatively sharp aromatic resonances together with the absence of extensive O—H absorption in the IR spectra
indicates that these transformations occur under predominantly low-hydrolysis conditions.

The MALDI-TOF spectra provide direct evidence for progressive ligand-centered oxygen incorporation
within this early coordination regime. A coherent sequence of ions extending from MS ~213 (1, Figure 1) through
MS ~332 (6) is consistent with stepwise formation of oxygenated indolenine-derived structures involving
hydration, oxidation, carbonyl formation, and incorporation of CO,-derived oxygen-containing functionalities
while still retaining chloride association. The assigned structures suggest that the activated pyrrolic carbon adjacent
to the zirconium-bound nitrogen becomes particularly susceptible to nucleophilic and oxidative modification,
producing stabilized alcohol, carbonyl, and carbonate-like derivatives within the chloride-rich environment.
Rather than representing isolated molecular products, these ions more likely reflect a dynamic distribution of
closely related coordination motifs generated during early atmospheric exposure. Importantly, several of these
transformations appear to proceed after partial or complete dissociation from the zirconium center, indicating that
oxygenation and CO»-derived functionalization can continue within the ligand framework itself, independent of
persistent metal coordination. This behavior suggests that the ligand is not merely a passive spectator or structural
support for zirconium-mediated capture, but an active participant in atmospheric CO, engagement. The data
therefore support a dual-reactivity scenario in which the organozirconium complex initially activates the ligand
electronically, after which the modified indolenine-derived species can independently undergo further oxygenation
and COs-associated transformations within the evolving chloride-rich matrix.

Particularly significant is the emergence of persistent carbonate-containing species centered near MS ~397
together with the intense ion near MS ~470, Figure 2. The MS ~397 species, assigned to hydrolyzed carbonate-
containing complexes such as PIZrCIOHCO,H or closely related structures, appears to represent an intermediate
regime in which localized hydrolysis and CO; incorporation coexist within still relatively discrete zirconium
coordination environments.
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In contrast, the intense ion near MS ~470 is most reasonably assigned to a directly coordinated CO, complex
of the type PIZrCl3(CO,)*Cl™ or related ion-paired structures. The persistence of this species under conditions
where FTIR spectroscopy shows minimal O—H absorption strongly supports the conclusion that atmospheric CO,
coordination can occur prior to extensive hydrolysis or bulk carbonate formation.

N\._-0
c— )
[ N o
HO H CI
MW 213.28 MW 246.71 MW 264.73 MW 274.72 MW 306.72 MW 332.72
m/z 213.12 m/z 246.07 m/z 264.07 m/z 274.06 m/z 306.05 m/z 332.03
MS 213.05 MS 246.14 MS 264.123 MS 274.096 MS 306.081 MS 332.146

Figure 1. Early ligand transformations in the 1:1 PI:ZrCls system. MALDI-TOF-MS assignments of early
intermediates (1-6) observed under ambient CO2 exposure, illustrating stepwise oxygenation and carbonate formation
with chloride counterion participation. (MW denotes molecular weight; m/z denotes the mass-to-charge ratio of an
ionic species; MS is used as a convenient notation for the experimentally observed MALDI-TOF peak value).
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Figure 2. Early carbonate complex formations in the 1:1 PIZrCls system. MALDI-TOF-MS assignments of a
hydrolyzed chlorobicarbonate 7, and monomeric/oligomeric PIZrCl4CO2 complexes 8-10.

Additional mechanistic insight is provided by the appearance of a prominent ion near MS ~661,
corresponding to a dimeric (2x) PI assembly containing a ZrCl4CO, unit 9. Unlike simple ligand oligomerization
products, this species demonstrates that coordinated CO, environments remain structurally preserved during
formation of higher-order zirconium assemblies. The observation therefore suggests that CO, coordination in the
early 1:1 system is not confined to isolated monomeric species but can propagate into cooperative multinuclear or
oligomeric coordination motifs within the chloride-rich environment. Even more significantly, the detection of a
corresponding (3xPI)ZrCl,CO, assembly at MS ~852 (10), followed by an extended homologous series
corresponding to 2x through 6% PI oligomers, indicate that the oligomerization process itself does not terminate
CO; reactivity, but rather preserves—and potentially amplifies—the capacity for atmospheric CO, engagement.
In this sense, the growing zirconium-containing oligomers remain chemically active participants in CO; capture
rather than becoming inert aggregation products. This behavior contrasts sharply with the analogous titanium
systems, where oligomerization was primarily associated with downstream formaldehyde-driven carbon growth
and no clear evidence was obtained for persistent propagation of intact CO,-coordinated oligomeric capture motifs.
The zirconium system therefore reveals a distinct form of cooperative reactive assembly in which early oligomeric
growth and CO, coordination evolve simultaneously, producing extended chloride-rich architectures that retain
direct atmospheric CO»-binding functionality.

The relatively high intensity of the dimeric and higher oligomeric distributions further indicates that these
assemblies are selectively stabilized rather than randomly generated during MALDI ionization. Such behavior is
consistent with partial self-organization of the activated zirconium—ligand framework through cooperative chloride
bridging, m-associated ligand interactions, and localized CO,- associated coordination environments. Importantly,
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however, these higher-order assemblies remain fundamentally distinct from the propagative carbon-growth
chemistry observed in the related titanium systems. Although coordinated CO; species are retained within the
oligomeric zirconium environment, there is no evidence for conversion into reduced C; intermediates such as
formaldehyde or for incorporation of CO»-derived carbon into growing organic frameworks.

The early 1:1 composition therefore represents a unique low-hydrolysis coordination regime in which direct
atmospheric CO; coordination, ligand-centered indolenine transformation, partial pyrrolic saturation, and higher-
order zirconium assembly coexist within a relatively ordered chloride-rich ensemble. The coexistence of discrete
coordinated CO; species together with CO»-containing oligomeric assemblies establishes that capture and
oligomerization can occur simultaneously while still remaining mechanistically decoupled from downstream
carbon-reduction chemistry. These higher-order assemblies retain the capacity for further atmospheric CO; capture
rather than representing terminal products.

The close agreement of the MALDI-TOF spectra across the four independently prepared samples further
strengthens the reliability of the proposed structural assignments. In particular, the progressive and internally
consistent appearance of MS values corresponding to increasing XPI oligomeric series—observed both as “naked”
ligand-derived species and as zirconium carbonate-associated assemblies—argues strongly against random
fragmentation or accidental ion formation. Instead, the recurring mass relationships indicate the presence of
systematic and chemically connected transformation pathways operating within the evolving coordination matrix.
The parallel emergence of free oligomeric indolenine-derived species together with their corresponding Zr-
containing analogues provides an additional layer of structural validation, since both series follow coherent mass
increments and oxygenation patterns consistent with the proposed mechanistic framework. This progressive
continuity across multiple spectra therefore supports the accuracy of the assignments and suggests that the
observed ions reflect genuine solution- and solid-state chemical evolution occurring during atmospheric exposure
rather than isolated MALDI artifacts. The internally consistent progression of homologous ion series defines
parent—child relationships between successive molecular generations, providing a molecular genealogy that
supports the proposed hydrolysis, oxygenation, carbonate incorporation, and oligomerization pathways.

3.2. Progressive Atmospheric Evolution of the 1:1 PI:ZrCl; System

The original 1:1 PI:ZrCls sample was preserved under light exclusion for three months and four days.
Thereafter it was exposed to daylight under ambient conditions for two days. The system undergoes substantial
evolution, revealing the emergence of increasingly complex carbonate-rich and oligomeric zirconium assemblies.
One of the most significant transformations involves the previously assigned c-bonded species PIZrOHCICOOH
(7, MS ~397), which subsequently incorporates an additional CO, unit to generate species (11, MS ~442), Figure 3,
followed by uptake of a second additional CO, molecule to form species 12. These observations imply
accumulation of a total of three CO,-derived units per zirconium center, demonstrating that prolonged exposure
does not simply preserve the original capture motif, but progressively enriches the coordination environment with
additional carbon-oxygen functionality.

\ N—\ 4 \ N~\v/o |C|) N—>\ /O N—>\ /O H
o” o’ \040 Z Non 7 o7 \O/C§o
A N N N
;3 c=0 c=0 C—OH
[ lo I
11 12 13 14
MW 439.96 MW 484.96 MW 456.95 MW 486.97
miz 441.95 miz 482.93 miz 454.94 miz 484.95
MS 442.2859 MS 483.194 MS 455.195 MS 486.2446
483.2696 455
455.198
455.2624

Figure 3. Late di- and tri-carbonate complexes 11-14 forming in the 1:1 PIZrCls system.

Parallel behavior is observed within the ligand-derived pathways. Indole-centered analogues containing two

incorporated CO; units (13) together with a related oxygenated species incorporating an additional formate unit
(14, MS ~486) indicate continued atmospheric CO, incorporation within the evolving photochemical matrix. These
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observations suggest that carbon fixation processes are not confined exclusively to the primary zirconium
coordination environment, but may extend into secondary ligand-associated reaction pathways generated during
prolonged exposure. The results further support the dynamic and distributed nature of reactivity within the
hydrolyzed PI-ZrCl, system.

Concurrently, extensive ligand oligomerization becomes apparent, with PI-derived oligomers extending up
to 7% repeat units. Importantly, these oligomers are accompanied by a parallel series shifted systematically by +16
MS relative to each corresponding oligomeric ion, strongly indicating progressive oxygen incorporation or
oxidation throughout the oligomeric distribution. A closely analogous phenomenon is observed for the (n x
PI)ZrCl4CO> series (n = 1-6), where paired oxidized and non-oxidized families coexist, demonstrating that
oxygenation proceeds in parallel with zirconium-associated oligomeric growth rather than replacing it.

Finally, the detection of a binuclear zirconium species assigned as PIZrCl;—O—ZrCI;PI at MS ~797/798 (15,
16, Figure 4) provides direct evidence for formation of bridged multinuclear zirconium architectures under
prolonged atmospheric exposure. The appearance of such p-oxo-linked dimers suggests that the evolving system
gradually transitions from isolated coordination complexes toward cooperative hydrolyzed networks capable of
simultaneously supporting CO, binding, ligand oxidation, and oligomeric growth within a dynamically
reorganizing chloride-rich matrix.

> D5y Oy
(o} o :
_ \ / 0 \ % :
— — 0 N—> )/ O
/N—>\ /_o_l__N/ AN AN /c// I 7 \O/C/ Il
| /\ 7 /—:O—/ N\ 0L 97 Ng—C \ No—Cy
— \ O\ c=0 N\, c=0 OH
I [
15 O 16 17 18
MW 797.64 MW 798.65 MW 528.97 MW 548.99
m/z 791.80 m/z 792.80 m/z 526.92 m/z 546.94
MS 797.4407 MS 798.4478 MS 526.198 MS 549.3190

526.3252

Figure 4. Late appearing dimeric (15,16) and polycarbonate complexes (17,18) in the 1:1 PIZrCls system.

3.3. Long-Term Persistence and Continued Chemical Evolution of Hydrolyzed PI-ZrCly; Ensembles

Prolonged atmospheric aging of the 1:1 PI:ZrCl, system reveals continued molecular evolution characterized
by progressive carbonate accumulation, oxygenation, and oligomer growth. The original sample was stored in the
dark for three months and four days and subsequently exposed to ambient daylight for two days before analysis.

Despite this prolonged aging period, the zirconium-containing ensembles did not collapse into
spectroscopically inactive zirconia-like decomposition products. Instead, the late spectra reveal continued
emergence and redistribution of chemically coherent species, including additional CO»-containing adducts,
oxygen-enriched oligomeric series, and evolving Zr-associated coordination motifs, demonstrating that
atmospheric CO; capture continues long after the initial coordination event. Particularly notable is the secondary
incorporation of CO; into previously formed zirconium species, together with the persistence and further oxidation
of ligand-derived oligomers extending to high molecular weights. These observations indicate that prolonged
atmospheric evolution proceeds through parallel zirconium-centered and ligand-centered pathways, both
contributing to the increasing molecular complexity of the system. The data therefore support the interpretation
that the hydrolyzed PI-ZrCl, solids behave not as short-lived molecular intermediates, but as metastable, slowly
evolving photochemical networks capable of prolonged atmospheric carbon capture and stabilization. In contrast
to titanium-based systems, where ongoing Ti(III)/Ti(IV) cycling and hydroxyl-radical generation drive continued
reduction toward formaldehyde-mediated carbon growth, the zirconium ensembles preferentially preserve
captured carbon within durable carbonate-, bicarbonate-, and oxygenated ligand environments. The observed
month-scale persistence of reactive CO,-containing species further suggests that zirconium systems may function
as long-lived atmospheric carbon reservoirs within broader artificial photosynthetic architectures, potentially
enabling temporal separation between carbon capture and subsequent photochemical activation.

The simultaneous detection of lower and higher oligomers indicates that newly formed molecular generations
accumulate while their precursors remain present. This coexistence establishes parent—child relationships within
the evolving oligomeric families and reveals progressive rather than replacement chemistry.
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3.4. 2:1 PI:ZrCl, System before and after Exposure: Hydrolysis-Driven Oxygenated Carbon Chemistry

The MALDI-TOF spectrum of the freshly prepared 2:1 PI:ZrCl, system differs markedly from that of the 1:1
composition. The hydrolyzed PI-derived ion at MS ~213 (1, Figure 1) becomes substantially more intense,
indicating increased ligand hydrolysis during the earliest stages of atmospheric exposure. This enhanced hydrolysis
is consistent with the higher ligand content, which promotes greater water incorporation and shifts the coordination
environment away from the relatively anhydrous conditions characteristic of the 1:1 system.

The hydrolyzed zirconium species centered at MS ~397 (7, Figure 2) and MS ~455 (13, Figure 3) become
the dominant zirconium-containing ions, demonstrating that hydrolyzed Zr—OH coordination environments
constitute the principal molecular population before prolonged atmospheric aging. In addition, carbonate-rich
species remain abundant, indicating that atmospheric CO, capture continues despite the higher degree of
hydrolysis. Thus, increased hydrolysis does not suppress CO, uptake but redirects it toward more stabilized
carbonate-containing coordination environments.

The clearest distinction between the two compositions is the marked suppression of the characteristic MS
~470 ion, previously assigned to a directly coordinated CO, complex of the type PIZrCl3(CO,)"Cl or a closely
related ion-paired structure. Whereas this species represents one of the defining features of the low-hydrolysis 1:1
system, it is greatly diminished or absent in the 2:1 composition. The loss of this coordinatively activated CO,
complex indicates that increased ligand content and hydrolysis destabilize the direct CO,-binding pathway in favor
of hydrolyzed carbonate-containing species. Concurrently, new oxygenated complexes appear at higher mass,
including MS ~549 (18), which is assigned as the oxidized analogue of species MS ~526 (17, Figure 4), providing
further evidence that oxygenation rather than direct CO, coordination becomes the dominant mode of molecular
evolution under these conditions.

Instead, a new family of oxygenated zirconium complexes emerges, represented by ions at MS ~483 (12
Figure 3) and MS ~526 and ~549 (17 and 18, Figure 4). These species contain multiple oxygenated carbon
functionalities, including coordinated carbonate- and formate-derived units, indicating that atmospheric CO,
continues to be incorporated into the evolving zirconium coordination network after the initial capture stage. The
appearance of progressively more oxygenated complexes demonstrates that hydrolysis and carbonate chemistry
remain active throughout atmospheric aging, even though the dominant reaction pathway has shifted away from
direct CO; coordination. Rather than representing isolated products, these ions define a second generation of
oxygenated zirconium species that develops from the earlier hydrolyzed carbonate complexes.

In contrast to the 1:1 composition, ligand oligomerization is substantially reduced in the 2:1 system, with
only weak oligomeric distributions extending to approximately five PI repeat units. This diminished
oligomerization parallels the disappearance of the coordinatively activated MS ~470 complex, suggesting that the
hydrolysis-dominated coordination environment is less capable of sustaining the electrophilic activation and ligand
propagation observed in the more reactive 1:1 material. Nevertheless, the persistence of limited oligomer formation
indicates that ligand-centered coupling remains operative, although it no longer constitutes a major pathway for
molecular evolution.

Collectively, these observations demonstrate that increasing the PI:ZrCly ratio fundamentally alters the
reaction landscape. The relatively anhydrous, coordinatively activated CO»-capture regime characteristic of the
1:1 composition is replaced by a hydrolysis-dominated coordination environment in which carbonate stabilization,
oxygenated carbon accumulation, and limited ligand oligomerization become the principal features. Consequently,
the 2:1 system exhibits lower molecular diversity and reduced emergent reactivity despite maintaining efficient
atmospheric CO, uptake.

Prolonged atmospheric aging produces comparatively modest changes in the 2:1 PI:ZrCls system relative to
those observed for the 1:1 composition. The MALDI-TOF spectrum remains dominated by the hydrolyzed
zirconium species centered at MS ~397 and ~455, while the characteristic MS ~470 ion associated with direct CO,
coordination remains strongly suppressed or absent. These observations indicate that the hydrolysis-dominated
coordination environment established during the earliest stages of reaction is largely preserved throughout
extended atmospheric exposure.

Although the overall molecular distribution changes relatively little during aging, additional oxygenated
ligand-derived oligomers appear as a parallel series extending to approximately six PI repeat units. Their
systematic mass increase is consistent with continued oxygen incorporation into the propagating ligand framework,
demonstrating that molecular evolution continues even after the principal hydrolysis products have become
established. The coexistence of native and oxygenated oligomeric families further supports progressive atmospheric
evolution through parallel oxygenation pathways rather than through replacement of earlier molecular species.
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3.5. Mechanistic Implications of the Capture-Dominated Zirconium System

A comparison of the 1:1 and 2:1 compositions demonstrates that hydrolyzed zirconium chemistry remains
fundamentally capture-dominated. Although atmospheric CO> is efficiently incorporated into carbonate- and
formate-containing coordination environments, the resulting chemistry remains confined primarily to capture and
stabilization. Ligand oligomerization proceeds through electrophilic activation and intermolecular coupling, but
remains largely decoupled from transformation of the captured CO, into reduced carbon intermediates.

This behavior contrasts with the hydrolyzed titanium systems investigated previously, in which
photochemical activation promotes continuous transformation of carbonate intermediates into formaldehyde,
thereby initiating downstream carbon—carbon bond formation and carbon-growth chemistry. In the zirconium
system, no comparable evidence for persistent C; intermediates or propagative carbon growth is observed [13,14].

The contrasting behavior of titanium and zirconium emphasizes that efficient CO, capture alone is
insufficient for productive artificial photosynthesis. Strong carbonate binding favors accumulation of captured
carbon but can simultaneously inhibit subsequent reduction and catalytic turnover. Effective systems must
therefore achieve a balance between stabilization of CO,-derived intermediates and their continued chemical
transformation into more reactive carbon species [17,18].

The comparison between the two ligand-to-metal ratios further demonstrates the importance of coordination
environment in controlling reactivity. The greater activity of the 1:1 composition indicates that relatively open
coordination sites favor direct CO; interaction and continued molecular evolution, whereas increased hydrolysis
and ligand saturation in the 2:1 system promote carbonate stabilization at the expense of molecular diversity and
emergent reactivity [18].

3.6. Capture-Dominated and Growth-Dominated Regimes in Hydrolyzed Group 4 Systems

Infrared spectroscopy provides independent support for the mechanistic differences between the two
compositions. The stronger O—H absorption and greater water retention observed in the 2:1 system indicate a more
stabilized hydrogen-bonded hydrolysis network, whereas the 1:1 composition retains a less hydrated and more
coordinatively accessible environment. These spectroscopic differences are consistent with the MALDI-TOF
results, which show that the 1:1 composition favors direct CO, coordination whereas the 2:1 composition
preferentially stabilizes hydrolyzed carbonate-containing species. Together, the two techniques demonstrate that
reactivity depends not simply on water content but on the nature of the evolving coordination environment
established during hydrolysis.

Taken together, the spectroscopic observations define a clear functional boundary within hydrolyzed Group
4 chemistry. Zirconium efficiently captures and stabilizes atmospheric CO, through formation of persistent
carbonate-containing coordination complexes but does not proceed to sustained carbon-growth chemistry. By
contrast, the hydrolyzed titanium systems previously investigated operate within a more dynamic photoredox
regime in which carbonate intermediates undergo continuous transformation into reduced C; species, including
formaldehyde, thereby enabling subsequent carbon—carbon bond formation [13,15].

The ability of zirconium to coordinate atmospheric CO, suggests that transient electron redistribution
accompanies hydrolysis and ligand reorganization. Although the possible involvement of short-lived electron-rich
zirconium environments cannot be excluded, the present data provide no direct spectroscopic evidence for discrete
Zr(III) intermediates. Consequently, any discussion of zirconium redox chemistry remains tentative and requires
further investigation [18,19].

The combination of titanium and zirconium within a single system introduces the possibility of cooperative
behavior. Zirconium acts as a reservoir for CO, through strong carbonate formation, while titanium provides a
pathway for reduction and carbon growth. Such division of roles is consistent with principles of cooperative and
bifunctional catalysis, in which distinct sites perform complementary functions within a unified system [18,19].

Although not examined experimentally in the present study mixed Ti-O—Zr environments may serve as
interfacial sites for carbonate transfer and activation. The polarization of bridging oxygen atoms and the differing
electronic properties of the two metals create conditions under which CO,-derived species can be both stabilized
and transformed. This cooperative interaction extends the functional scope of artificial photosynthesis beyond that
accessible to either metal alone.

The complementary chemistry of titanium and zirconium provides a conceptual framework for designing
integrated artificial photosynthesis systems. Within such a framework, zirconium defines the capture-dominated
limit through efficient stabilization of atmospheric CO,, whereas titanium defines the growth-dominated limit
through photochemical generation of reduced carbon intermediates. The interface between these two regimes
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represents a promising target for future catalyst design, where efficient carbon capture may be coupled directly to
carbon conversion without sacrificing either function.

3.7. Toward Cooperative Ti/Zr Artificial Photosynthesis Systems

The present findings suggest broader design principles for ligand-directed artificial photosynthesis. Effective
systems must combine efficient atmospheric CO; capture with the capacity to transform stabilized intermediates
into reactive carbon species capable of further chemical conversion. The complementary behaviors observed for
zirconium and previously reported titanium systems indicate that these requirements may be better satisfied
through cooperative multimetal architectures than by optimization of a single metal center. Within such systems,
zirconium-rich domains would be expected to favor atmospheric CO, capture and carbonate stabilization, whereas
titanium-rich domains could provide the photochemical activation and redox flexibility required for subsequent
carbon conversion and propagation. Although such mixed Ti/Zr systems remain to be investigated experimentally,
the complementary functions identified in the present study suggest that the Ti ratio may represent an important
design parameter controlling the balance between carbon capture, intermediate stabilization, and carbon-growth
reactivity in future self-organizing artificial photosynthesis platforms.

3.8. Potential Functional Role of PI Oligomers in Evolving Artificial Photosynthesis Systems

The growing evidence for extensive PI oligomer formation in both the titanium and zirconium systems
suggests that these species should no longer be viewed simply as parasitic byproducts consuming photoactive
ligands. Recent MALDI observations instead point toward a potentially functional role for the oligomeric
framework itself.

The oligomer distributions are internally consistent homologous series that appear reproducibly across
independently prepared samples. Their systematic mass increments, together with progressive oxygenation and
continued CO; incorporation, indicate that they arise through chemically connected transformation pathways
rather than random fragmentation during MALDI analysis.

The continued growth of the PI framework progressively increases the number of aromatic and heteroatom-
containing coordination sites that could provide additional opportunities for weak interactions with carbonate,
bicarbonate, and other oxygenated carbon species. Consequently, oligomerization may increase the overall
capacity of the evolving coordination network to retain atmospheric CO»-derived intermediates.

The zirconium results are particularly informative because oxygenated PI oligomer families evolve
concurrently with carbonate- and formate-rich zirconium species throughout prolonged atmospheric exposure.
Their simultaneous persistence suggests that ligand oligomerization forms part of the evolving coordination
network rather than representing an independent decomposition pathway.

The implications for the titanium systems may be even broader. Unlike zirconium, titanium remains capable
of sustained photoredox cycling and formation of reduced C,; intermediates such as formaldehyde. If oligomeric
PI domains also contribute to retention or organization of these intermediates, they could provide localized
environments that favor subsequent carbon-growth reactions. Although this possibility remains to be investigated
experimentally, it offers an attractive hypothesis for future studies.

Taken together, these observations suggest that the functional unit of the artificial photosynthesis system extends
beyond isolated molecular complexes. Instead, the active material is better viewed as a heterogeneous, dynamically
evolving ensemble comprising hydrolyzed metal centers, carbonate-containing intermediates, oxygenated ligand
species, and progressively expanding oligomeric domains. Such cooperative organization provides a framework for
understanding how multiple interconnected processes—including hydrolysis, CO, capture, oxygenation, and carbon
transformation—can proceed simultaneously within a single evolving chemical network.

3.9. Future Work

The present study establishes the existence of self-organizing hydrolyzed zirconium- and titanium-—
chromophore systems that evolve into chemically diverse nonequilibrium molecular networks under ambient
conditions. While the combined MALDI-TOF, FTIR, and NMR evidence provides a consistent picture of the
evolving chemistry, several complementary investigations will further refine the underlying mechanistic
framework. Future work will include isotopic labeling experiments using *CO, and 'H. 80 to directly trace carbon
and oxygen incorporation pathways, high-resolution tandem mass spectrometry (HRMS/MS) to confirm the
structures and interrelationships of key intermediates, and time-resolved kinetic studies to quantify the evolution
of individual molecular populations throughout network development.
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Additional investigations will examine atmospheric CO, adsorption capacities and uptake kinetics under
controlled humidity and illumination, providing quantitative measures of the system’s carbon-capture
performance. Electron paramagnetic resonance (EPR) spectroscopy, together with systematic light-dark and
wavelength-dependent experiments, will further characterize the formation of mixed-valent titanium species and
reactive radical intermediates responsible for sustaining the dissipative photochemical network. Computational
modeling, including density functional theory and reaction-network simulations, will complement the
experimental studies by evaluating the energetics of the proposed reaction pathways and the emergence of
interconnected molecular genealogies. Together, these studies will provide a progressively more detailed
understanding of how simple hydrolyzed coordination complexes evolve into adaptive molecular systems capable
of persistent photochemical carbon capture and carbon-growth chemistry under ambient conditions.

Ultimately, these investigations are expected not only to refine the mechanistic details of the present system
but also to establish general principles governing the emergence of complex, adaptive molecular networks from
simple inorganic precursors operating far from equilibrium.

4. Conclusions

The combined titanium and zirconium studies presented here support a broader view of artificial
photosynthesis as a distributed photochemical process that extends beyond reactions occurring solely at isolated
catalytic sites. Across both systems, hydrolysis, atmospheric CO; capture, ligand evolution, and oxygenated carbon
accumulation generate dynamic ensembles whose behavior emerges from cooperative interactions among
hydrolyzed metal centers, evolving ligand frameworks, and reactive intermediates under ambient illumination and
atmospheric exposure.

The zirconium systems establish an important mechanistic boundary within this framework. MALDI-TOF,
FTIR, and NMR observations demonstrate that PI-ZrCls ensembles efficiently capture atmospheric CO, and stabilize
carbonate-, bicarbonate-, and formate-containing environments, including persistent coordinatively activated CO,
species under relatively low-moisture conditions. Progressive oxygenation, secondary CO, incorporation, and
evolving oxygenated oligomeric PI series further indicate that the zirconium ensembles remain chemically dynamic
long after initial carbon capture. However, within the limits of the present observations, the apparent absence of
efficient LMCT-driven redox cycling and hydroxyl-radical generation analogous to the Ti~OH photochemistry of the
titanium systems appears to confine zirconium chemistry largely to stabilized oxygenated intermediates. The Zr
systems therefore define a capture- and stabilization-dominated regime in which atmospheric carbon is accumulated
and retained but not extensively propagated toward sustained carbon-growth chemistry.

The titanium systems occupy the complementary side of this mechanistic boundary. Through ligand-to-metal
charge transfer, Ti(II)/Ti(IV) redox cycling, and Ti—~OH photochemistry, the hydrolyzed titanium ensembles appear
uniquely capable of converting stabilized carbonate environments into reactive formaldehyde intermediates retained
within the evolving matrix. This retention enables subsequent carbon propagation, oxygenate formation, and, in the
phenanthroline systems, polyoxymethylene generation directly from atmospheric inputs under ambient conditions.

Viewed together, the Ti and Zr results suggest that efficient artificial photosynthesis may require cooperative
functional differentiation across heterogeneous photochemical ensembles rather than a single optimized catalytic
site. Zirconium-rich domains may preferentially mediate atmospheric CO, capture and oxygenated carbon
stabilization, while titanium-rich domains provide photochemical activation and propagative carbon chemistry. In
this context, the Zr:Ti ratio itself may become an important parameter controlling the balance between carbon
stabilization and carbon-growth reactivity. This functional differentiation resembles a division of photochemical
labor, with distinct metal environments contributing complementary rather than identical functions.

The evolving role of ligand oligomerization further strengthens this interpretation. Initially viewed primarily
as a competing pathway leading to ligand depletion, increasing evidence now suggests that oligomeric PI structures
participate directly in the evolving photochemical network. The persistence of organized oligomer distributions
together with progressive oxygenation and additional CO; incorporation indicates that oligomeric environments
contribute to continued carbon stabilization, organization of the local coordination environment, and ongoing
ensemble evolution under ambient conditions.

The remarkable persistence of the zirconium ensembles further reinforces this interpretation. After
approximately three months and four days of dark storage followed by only two days of renewed ambient exposure,
the systems remained chemically responsive and continued to evolve through additional oxygenation, oligomer
transformation, and secondary CO, incorporation. Rather than collapsing into inert zirconia-like decomposition
products, the ensembles preserved chemically accessible carbonate-, formate-, and oligomer-containing
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environments over extended timescales, suggesting remarkable metastability and operational robustness for
ambient organometallic photochemical systems.

Overall, these observations suggest that artificial photosynthesis may emerge from cooperative
heterogeneous photochemical environments rather than isolated static catalytic sites alone. The resulting Ti/Zr
framework opens the possibility of multimetal artificial photosynthesis systems capable of integrating atmospheric
CO; capture, photochemical activation, and selective carbon growth within evolving ambient-condition ensembles.
More broadly, these findings suggest that future artificial photosynthesis systems may benefit from designing
cooperative multicomponent photochemical ensembles in which carbon capture, activation, stabilization, and
product formation are distributed across complementary functional domains rather than concentrated at a single
catalytic center.
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