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Zinc(ll) Monomeric, Dimeric, and Trimeric Photosensitizers
with Microsecond-Lived Intra-ligand Charge Transfer Excited
States Investigated through Time-Resolved Optical and X-Ray

Spectroscopy

Maxime Sauvan,’ Lucia Velasco,?! Leonel Llanos Silva,!! Asterios Charisiadis,?!
Pedro Levin,! Saiil Garcia-Orrit,I) Victor Vega-Mayoral,[) Juan Cabanillas-Gonzalez,“!
Xiaoyi Zhang,!9 Daniel Aravena,*®! Luis Lemus,*®) and Dooshaye Moonshiram®*!

Zn" photosensitizers relative to Cu' complexes have received
less attention due to their energetically higher metal-to-ligand
charge transfer states. Three Zn' complexes, namely a Monomer,
a bimetallic helicate, and a trimetallic helicate, bearing phenan-
throline ligands are hereby studied through time-resolved X-ray
absorption (tr-XAS) and femto-microsecond optical transient
absorption spectroscopy (OTA). The formation of intraligand sin-
glet charge transfer (ILCT) excited states is achieved within
femtoseconds, followed by intersystem crossing (ISC) in nanosec-
onds to generate microsecond-lived triplet CILCT) states. Fem-
tosecond OTA shows that the 'ILCT states in the Monomer,

1. Introduction

The search for sustainable ways to store and distribute energy
is one of the most urgent scientific challenges in view of
the rapid depletion of fossil fuels, environmental pollution,
and resulting climate emergency.'" Means of storing energy
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Dimer, and Trimer occur within 235 fs, 683 fs, and 730 fs, respec-
tively, while nano-microsecond OTA and tr-XAS show their 3ILCT
states to decay within 1.00 ps, 1.48 ps, and 1.51 ys. The ISC from
the "ILCT to the 3ILCT state for the Trimer is 42.8 ns compared to
the Monomer and Dimer with ISC rates of less than 13 ns. These
differences arise due to the stabilization by -7 and CH-7 non-
covalent interactions of the phenanthroline ligands. The dihedral
and torsional angles indicate stronger ligand strains in the
excited states of the Dimer and Trimer versus the Monomer. DFT
calculations for the electrochemical oxidation potentials further
highlight their capability in inducing photoredox processes.

from the sun through fuel-forming reactions inspired by nat-
ural photosynthesis,'” such as the light-induced splitting of
water into hydrogen or the water reduction of CO, to gener-
ate liquid organic fuels, are both attractive means of minimizing
the environmental impact and have successfully led to the
design of “sunlight-to-fuel” assemblies.®! Such arrays consist of
a chromophore linked to a multi-electron, multi-proton catalytic
module and are capable of absorbing visible light through the
light-harvesting unit, and converting it into a chemical poten-
tial through charge accumulation processes. Importantly, the
charge-separated excited state of such assemblies is critical for
their photocatalytic applications; thus, traditionally consisting of
expensive, precious, and rare 4d or 5d transition metals such as
ruthenium,*! rhenium,”®! osmium,®! iridium,”? and platinum.!®!
Systems based on those noble metals are capable of display-
ing impressive photophysical and electrochemical properties as
well as long-lived metal-to ligand charge transfer (MLCT) states
whereby an electron is promoted from a metal d orbital to a
ligand orbital. The capability of 4d and 5d transition metals to
govern a diverse array of photochemical properties has mainly
been due to their stronger ligand fields and larger spatial overlap
of their d orbitals with relevant ligand orbitals, ! in comparison
to earth-abundant transition metals, which have more con-
tracted 3d orbitals. However, over the course of the past decades,
a paradigm shift toward the implementation of transition metal
complexes based on Cu,l'"®™ Mo,®! Cr™71 Mn,l81°] Fe,12021]
Ni,[2231 Co,”4 V! and Znl?®! has appeared with the aim of
using these economically feasible metals in photochemistry. For
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instance, heteroleptic diphosphine-diimine Cu' complexes with
diphosphine and diimine ligands'™ together with Cu Dimeric
helicate!™ complexes with 1,2-bis(9-methyl-1,10-phenanthrolin-
2-yl)ethane ligands, have shown triplet 3MLCT excited states
with nano-microsecond lifetimes. Additional examples concern
complexes of Mo?, Cr® with diisocyanide ligands and pyrene
units,!™ Mn' with chelate isocyanide ligands,™ Fe'' with N-
heterocyclic carbenes bearing two cyclometalating aryl units?®’
as well as Ni' complexes with N-heterocyclic carbenes??! and
carbazoylyl cyclometalating tetradentate ligands'?®! that have all
displayed nano-submicrosecond 3MLCT excited state deactiva-
tion pathways. Those findings are crucial for the development
of first-row photoactive complexes. Microsecond long-lived
ligand-ligand charge transfer (LLCT) excited states have further
been exhibited by Cu' complexes!™ with combined donor and
acceptor ligands based on cyclic monoamidocarbene groups
with carbazolate ligands. Moreover, Fe'' with N-heterocyclic
carbene tris-bidentate ligands, " mono-anionic facial tris-
carbene ligands'?”! , N-heterocyclic carbenes with two cyclomet-
alating aryl units®! and Co" complexes with six-membered
chelate ligands'?®! containing the strongly o-donating pyrim-
idine moiety have shown nanosecond ligand-metal charge
transfer (LMCT) excited states. Lastly, micro-millisecond metal-
centered (MC) excited states have also been recorded for sys-
tems based on V" with N,N’-dimethyl-N,N"-dipyridine ligands,'”!
Cr'" with tris(pyrid-2-yl)ethane!™! and heteroleptic polypyridyl™!
ligands, bis(tris(carbene)borate) Mn"' solid-state complexes!™!
and hexacarbene-Co" complexes. 4

The photochemical reactivities of these earth-abundant sys-
tems have been achieved mainly through the formation of triplet
excited states that can participate in photoinduced electron
transfer reactions. In this respect, the exploration of Zn'-based
complexes for photophysical and photochemical applications
has been less common. Zn" complexes versus Cu' have high
oxidation potentials, which prohibit the formation of *MLCT
or 3MC states.[””? For this reason, Zn" complexes have mainly
been shown to exhibit ligand-based fluorescence!?®! rather than
excited states with triplet character that could be involved in
energy transfer catalysis or photoinduced electron transfer as
previously illustrated."!

Phenanthroline ligands are particularly appealing due to
their energy-donating abilities and rigid scaffolds, stabilizing
the excited states of their complexes, and behaving as build-
ing blocks®?! for the formation of multinuclear complexes with
rigid coordination environments. It is important to remark that
the study of photoactive Zn" complexes has been restricted
to mononuclear structures due to the unusual aggregation
or disaggregation of multinuclear Zn" species! in solution.
The implementation of phenanthroline ligands thus enables
the study of novel redox-active structures with m-extended
frameworks** and allows us to study stable photoactive Zn"
complexes that are not only monomeric in nature.

Previously, we studied the photochemical properties of a set
of phenanthrolinic Zn'" complexes capable of inducing photore-
dox processes.* In particular, a mononuclear complex, a linear
bimetallic helicate, and a circular trimetallic helicate (Scheme 1),
were able to oxidize 2-propanol and reduce methyl viologen
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Trimer

Scheme 1. Zn-based photosensitizers investigated in this study.!3'

upon excitation at their IL bands. This property can only be con-
ceived if the initial excited states lead to charge transfer states,
where the participation of d orbitals from Zn" is unlikely. In this
scenario, the involvement of ILCT or LLCT states could explain
the photoreactivity observed, which was also dependent on the
supramolecular topologies of the complexes.

Accordingly, the conformation of the linear bimetallic heli-
cate is stabilized by -7 stacking interactions, while the circular
trimetallic helicate is supported by CH-r interactions. These non-
covalent forces define aromatic surfaces that can interact with
the substrate, either in the ground or the excited states, in addi-
tion to imparting higher structural constraints as the nuclearity
of the complexes increases.

Aiming to elucidate the nature and dynamics of the reactive
excited states of the three Zn" complexes, femto-microsecond
optical transient absorption spectroscopy (OTA) coupled with
picosecond time-resolved X-ray absorption spectroscopy (tr-XAS)
and time-dependent density functional theoretical calculations
(TD-DFT) were applied.® It is important to remark that both
OTA and tr-XAS have played a pivotal role in providing insights
into the dynamics and real-time visualizations of photoinduced
processes. Therefore, the interrelated employment of those two
techniques has reshaped our approach to the study of ultra-
fast processes at an atomic and molecular level.™! By prob-
ing photocatalytic systems on a pico-microsecond timescale,
tr-XAS has delivered real-time snapshots of molecular dynam-
ics, allowing us to follow reactions and underlying structural
configurations!™>="! with remarkable precision.
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Combined experimental and theoretical results enabled us to
reveal the formation of femtosecond-lived singlet excited states
for all three complexes followed by an intersystem crossing
to generate microsecond long-lived intra-ligand CILCT) triplet
excited states. These are important features toward applications
such as energy transfer and photoredox catalysis for solar energy
conversion.

2. Results and Discussion

2.1. Electronic and Structural Nature of the Monomer, Dimer,
and Trimer in Solution

Steady-state X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) analysis
(Figure 1) are first carried out on the three Zn photosensitizers
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Figure 1. A) DFT-optimized structures of the Zn-based photosensitizers in
solution. B) Normalized Zn K-edge XANES and C) Fourier transforms of
k?-weighted EXAFS for the Monomeric (black), Dimeric (red), and Trimeric
(blue) Zn complexes. Inset. k*[x (k) (k)]-weighted traces as a function of k, the
photoelectron wavevector (solid lines), and fitted (dashed lines) of the Zn
complexes. Experimental spectra were calculated for k values of 2-12.5 A~".
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in 100% acetonitrile to guarantee compatibility with our previous
results. B A polar solvent was hereby further chosen due to the
more favored formation of an intramolecular charge-separated
state coupled with an increase in the quantum yield of the
triplet’s excited state as previously shown. 38

The Zn K-edge XANES spectra of the Monomer, Dimer, and
Trimer show a rising edge from 9660 to ~9667 eV with the
Dimer exhibiting a negative energy shift of -0.55 eV at a normal-
ized fluorescence of 0.8 compared to the Monomer and Trimer
(Figure 1B). The Monomer and Trimer further display a prin-
cipal maximum or white line, attributed to the sharp rise in
the X-ray absorption spectrum at 9667 eV, whereas the Dimer
shows this feature at 9665 eV (Figure 1B). The observed changes
in the XANES spectra indicate variations in the coordination
spheres and local symmetries of each Zn-complex as previ-
ously indicated through the X-ray diffraction analysis™" (XRD,
Table S1). Importantly, the observed energy shift of 0.55 eV from
9663.05 eV for the Dimer to 9663.60 eV for both the Monomer
and Trimer (Figure 1B) denotes that less energy is required to
eject a core 1 s electron from the dimeric complex. As elabo-
rated below, this observation is further supported through the
structural conformations derived from the EXAFS analysis.

A prominent peak (Peak 1) is observed in the Fourier-
transformed EXAFS spectra of the Monomer, Dimer, and
Trimer corresponding to the averaged Zn-N/O bond distances
(Figure 1C). The EXAFS fits for the extraction of the actual bond
distances of all three complexes are shown in Figure 1C inset,
Figure S1 and Table S2. Analysis of the EXAFS spectrum of the
monomer reveals 4 Zn-N bonds with an average distance of
215 A (Table S2, Fit 1) and an improvement of the overall fit
quality upon addition of 1 versus 2 perchlorate molecules at
229 A (Table S2, Fits 2 versus 3). DFT optimizations on the Zn
complexes were further carried out using the r2SCAN density
functional®! with accounted solvent effects of acetonitrile by
means of the SMD approximation. “°! The average theoretically
determined Zn-N and Zn-ClO, distances for the monomer in
solution are in close agreement with the experimentally deter-
mined distances from EXAFS analysis, deviating from them by
0.09 A and 0.05 A, respectively (Table 1).

Furthermore, only 1 perchlorate molecule was found to form
a loose coordination bond with the Zn metal center from both
EXAFS and DFT optimizations conducted in solution (Table 1).
This is in contrast with XRD analysis®" which reveals 2 bonded
oxygens of the perchlorate counter anion to the Zn Monomeric
center (Scheme 1, Table S2), thus showing a modified structural
conformation and expected distortion of the perchlorate counter
anion in solution versus in solid state.

EXAFS analysis of the Dimeric complex in solution further
shows improvement of the overall fit quality with 4 versus 5 Zn-
N/O bond distances at 212 A (Table S2, Fits 4 vs. 5), once more
showing the dissociation of the labile water solvent molecules
observed in XRD¥ studies (Table S1). The lower coordination
geometry of the dimer also explains the negative energy shift
observed in its rising edge compared to the Monomer and
Trimer and reflects the smaller ionization energy required to
eject a core 1 s electron from a 4- versus 5-coordinated geomet-
rical conformation (Scheme 1)."! By contrast, the Trimer reveals
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Table 1. Comparison of structural parameters obtained from EXAFS.

Zn-N: (Center 2): 2.102, 2.021, 2.075, 2.055

Complexes EXAFS fits [A] DFT Ground State [A] DFT Excited State [A]
Monomer Zn-N, 4: 215 Zn-N: 2.061, 2.082, 2.083, 2.091 Zn-N: 2.037, 2.141, 2.005, 2.065
Zn-0, 1: 2.29 Zn-ClO4: 2.356, 2.494 Zn-ClO4: 2292, 3.002
Torsional angle?: 71.2° Torsional angle:85.4°
Zn-N, 4: 2.08 A Torsional angle: 14.2°
Zn-0, 1: 2.35 Zn-N, 4: 2.06
Zn-0, 1: 2.29
Dimer Zn-N, 4: 2.12 Zn-N (Center 1): 2.013, 2.014, 2.025, 2.024 Zn-N (Center 1): 2.016, 2.010, 2.024, 2.026
Torsional angle: 68.8° Torsional angle:
Zn-N (Center 2): 2.014, 2.013, 2.024, 2.025 68.2°
Torsional angle: 68.8° Zn-N (Center 2): 2.028, 2.021, 2.030, 1.992
Zn-N, 4: 2.03 Torsional angle: 67.0°
Avg. Torsional angle: 68.8° Zn-N, 4: 2.03
Torsional angle avg.: 67.6°
A Avg. Torsional angle: 1.2°
Trimer Zn-N, 4: 215 Zn-N: (Center 1): 2.012, 2.006, 2.036, 2.021 Zn-N: (Center 1): 2.011, 2.030, 1.982, 2.040
Zn-0, 1: 2.27 Torsional angle: 72.8° Torsional angle:72.7°

Zn-N: (Center 2): 2.021, 2.101, 2.055, 2.073

Zn- OH, (Center 2): 2.312

Torsional angle: 70.4°

Zn-N: (Center 3): 2.110, 2.094, 2.106, 2.123
Zn-OH, (Center 3): 2.207

Zn- ClO4 (Center 3): 2.406

Torsional angle: 82.4°

Zn-N,4: 2.07

Zn-O, 1: 2.26

Avg. Torsional angle: 75.2°

Zn- OH, (Center 2): 2.314

Torsional angle: 70.6°

Zn-N: (Center 3): 2.111, 2.095, 2.106, 2.122
Zn-OH, (Center 3): 2.208

Zn-ClO4 (Center 3): 2.405

Torsional angle:82.7°

Zn-N,4: 2.07

Zn-0, 1: 2.26

Torsional angle avg.: 75.3°

A Avg. Torsional angle: 0.1°

1 Torsional angle between the 2 ligand planes

the best fit quality with 4 averaged Zn-N bond distances at 2.15 A
and 1 elongated Zn-OH,/ClO, bond distance at 2.27 A (Table s2,
Fit 8).

The average theoretically determined Zn-N bond distances
for the Dimer and Trimer in solution lie within 0.09 A and 0.08 A
of the experimentally determined EXAFS distances, respectively
(Table 1). Furthermore, the DFT-optimized bond distance for the
Zn-Cl0,4/0OH, of the Trimeric complex deviates from its EXAFS-
fitted bond distance by 0.03 A (Table 1). It is important to remark
that, similar to the Monomer and Dimer, the Trimer shows elon-
gation of one of the perchlorate counter anions in solution 1
revealing the expected lability of the bonded solvent/counter
anions in this family of Zn-based photosensitizers in solution
versus solid. The Zn-N bond distances derived from EXAFS anal-
ysis also show elongated Zn-N bond distances of 215 A in the 300
Trimer as well as the Monomer versus that of 212 A (Table 1,
S2) obtained for the Dimer which agrees with the theoretically
observed trends. This confirms the suitability of the theoretical
methods to account for the main structural trends in the studied
systems. These results are also of relevance for photosensitizers’
studies that are performed in solution and can be extrapolated
to a wide range of reported complexes!™*! of similar structures
bearing labile aqua ligands and perchlorate counteranions.

Monomer
Dimer
—— Trimer

Calculated Absorbance

250 300 350
Wavelength (nm)

e(M'em) x 10°
5]
[ =]
8

250 300 350
Wavelength (nm)

Figure 2. Experimental electronic spectra Inset. TD-DFT calculated UV-vis
spectra of the Monomer (black), Dimer (red), and Trimer (blue).

character (Figure 2), as d-d metal-centered transitions are not
allowed.® The UV-Vis absorption spectra of all 3 complexes
display an absorption band between 250 and 300 nm with a

2.2. Elucidation of the 'ILCT and 3ILCT States Through
Femto-Microsecond OTA Spectroscopy

The Zn" photosensitizers with a full and closed-shell electronic
configuration are known to display electronic states with w-7*

Chem. Eur. J. 2025, 31, €202501682 (4 of 10)

maximum around 271-277 nm, which is attributed to ligand-
centered -7* transitions as previously reported (Figure 2).3"
Upon light excitation, Zn photosensitizers, where IL excitations
play a dominant role!®! initially form the 'ILCT and subsequently
undergo an ISC to eventually populate a 3ILCT state.
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the three Zn complexes bears a very important effect on the life-
times of their single excited states, with the Dimer and Trimer
showing a ~threefold increase compared to the Monomer.
Nano-microsecond OTA (Figures 4, S6) was further employed
to investigate the ISC rate from the 'ILCT to generate the 3ILCT
as well as the lifetimes and stabilities of the 3ILCT states. Upon
laser excitation at 355 nm, the Monomer illustrates a broad
absorption band with two noticeable peaks at 480 and 560 nm
(Figure 4B, S6, Table 2), which decrease in intensity from 16 ns
to 1.34 ps, whereas the Dimer similarly displays a broad absorp-
tion with two peaks at 505 and 570 nm (Figure 4C, S6, Table 2).
The Trimer by contrast displays the 'ILCT peak at ~ 560 nm
at 40 ns (Figure 4D, Table 2, Figures S6, S8), similar to that
observed in Figure 3D and Figure S6, which blue shifts to two
peaks at 490 nm and 550 nm from 56 ns to 1.34 ps (Figure 4D,
Figure S6). Such broad excited-state absorption features have
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To confirm the ILCT nature of the lowest excited states, A x103
TD-DFT calculations were carried out using the Tamm-Damcoff — ey
approximation!®! and the wB97X-D functional.**1 All com- g T, =235+45fs T,=730+ 194 fs
plexes presented a similar spectral profile, consistent with UV-vis § T, =683 + 174 fs
measurements in acetonitrile (Figure 2 inset).’" Lower energy g 3 e -
excitations correspond to ligand-centered -7 * transitions from ‘5
the phenanthroline groups (see Natural Transition Orbitals for §~
the So—S; transition in Figures S2-S5). As expected, these bands § 1
are weak due to the low transition dipole moment associated :
with these local excitations. Stronger absorption bands appear at
higher energy (around 250 nm in calculations), where transitions 0 1 2 Timé (ps) 4 3 6
have a larger charge transfer character. B 105 10°

. . — -lps — 136ps Monomer

The formations of the ILCT states of the three photosensi- — 239fs — 7.60 ps
tizers were further determined through complementary femto- 8[— 359fs 614 ps
picosecond OTA (Figures 3, S6) and nano-microsecond OTA ,5 6l 719fs  — 811 ps
(Figures 4, S6) with instrumental response functions (IRF) of 120 % 540 nm
fs, and 13 ns, respectively (please see Experimental Section for z 4 Aol AN ‘g -
more details). Upon laser excitation at 258 nm, the Monomer : HF \’\w
exhibits a broad absorption band between ~480 and 640 nm
centered at ~540 nm after around 359 fs (Figure 3B, Figure S6). 0E— I L
The Dimer and Trimer in comparison exhibit a broad absorption 480 520 560 600 640

Wavelength (nm)

band centered at ~570 nm and ~560 nm after around 904 fs and x 107
1.17 ps (Figure 3C, Figure S6), respectively. C1o B I — Dimer

It is important to remark that the decay lifetimes of the sin- gl— 364 fs =—19.6 ps
glet excited states of Zn photosensitizers with phthalocyanine o - 8(6)3 g: _ 322 gz
ligands“®! and di(anisyl) amino substituents in a para position of £ 6f
the benzoxazole unit’®®! have been known to display lifetimes of g 4 570 nm
2.9 ns and 5.5 ns, respectively. Thus, given the femtosecond and f:
sub-picosecond lifetimes of these 3 spectral features, they can be < 2 e
assigned to the formation of the singlet excited states 'ILCT. The
kinetics for t.he formatiqn of the "ILCT were further monitored ?n 0480 *52'0—' 5I60 "666 J_?Ek s
the femto-picosecond time scale from 0 ps to 6 ps as shown in Wavelength (nm)
Figure 3A through global fit analysis (Figure S7). The 'ILCT excited x 103
states for the Monomer, Dimer, and Trimer occur within 235 + 45 D10 — -1ps —127ps Trimer
fs, 683 £ 194 fs and 838 & 174 fs, respectively (Figure 3A, S7). st— 411 fs — 449 ps

. . . . - — T11fs 498 ps

It is also worth noting that the Dimer is largely stabilized by g 1.17 ps — 870 ps
-7 interactions between the adjacent phenanthroline ligands g
whereas the addition of the extra methylene substituent in the 2 4 560 nm
Trimer gives rise to CH-7 noncovalent interactions, which con- < L {
tribute even further to the stabilization of the circular helicate. < 2 pANGEE -
The difference in the topologies and structural conformations of 0 ::

480 520 560 600 640 680
Wavelength (nm)

Figure 3. A) Global fit Kinetic decay profiles shown here at 558 nm
(Monomer (in black), Dimer (in red), and 580 nm (Trimer (in blue)) after
excitation at Aexe = 258 nm illustrating the formation of the singlet excited
state with the instrumental response function of 120 fs (shown in gray).
OTA spectra of a solution of B) Monomer, C) Dimer D) Trimer dissolved in
CH5CN, with an optical density of 1 at the pump excitation of 258 nm, from
0to1ns.

been observed in the radical anion spectra of Cu photosensitiz-
ers with similar phenanthroline ligands. ! The isobestic points
for the conversion of the 'ILCT to 3ILCT states were further shown
to occur at ~520 nm, ~530 nm, and ~565 nm for the Monomer,
Dimer, and Trimer, respectively (Figure S6).
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A x 1073 Table 2. Summary of the absorption wavelengths of the 'ILCT and 3ILCT
| — IRF 100 excited states together with the kinetic lifetimes for the formation of
— Monomer T=148+ the ILCT, ISC, and decay of the 3ILCT states for the Monomer, Dimer,
= Dimer '% 000 ps and Trimer. These results are based on the nano-microsecond OTA and
F— Trimer 2 pico-microsecond tr-XAS experiments illustrated in Figures 4 and 5.
<
E ) < Peak Absorption "ILCT state ISC [ns] 3ILCT state
= \ wavelengths of "lICT formation [fs] decay [ups]
2 and 3ILCT [nm]
< 0 2 4 0 2 40 2 4
= Ti s i Ti
~§ ime (uis) Time (us) ime (ps) Monomer 235 + 45 <13 1.00 + 0.01
& TILCT: 540
21 3ILCT: 480/560
:j' Dimer 683 £ 174 <13 148 £ 0.01
YILCT: 570
3ILCT: 505/570
Trimer 730 + 194 428 + 3.1 1.51 £ 0.01
. "ILCT: 560
B Time (ps) 3ILCT: 490/550
L X 103
) ——-8 ns 80 ns
L 480nm 560 nm _%g o 8%? ﬁ: frames of 1.00 + 0.004 ps and 148 4 0.01 ps, respectively
+ * 48 ns 1.34 us (Figure 4A, Table 2).

In contrast to the Monomer and Dimer, the 3ILCT life-
time for the Trimer could be fitted to be 42.8 £+ 3.1 ns, and

0 : additionally exhibited a slightly longer 3ILCT decay lifetime of
450 500 550 600 650 700 750 800 1.51 & 0.01 ps (Figure 4A, Table 2). The ISC rate of Dimeric Zn"
C Wavelength (nm) . s . 129] I
X103 complexes with benzene 1,2-dithiolate ligands*”’ and di(anisyl)
4 s 0 s amino substituents®) have comparably been shown to exhibit
| ——16ns ——0.20 us ISC lifetimes of 10 and 25 ns, respectively. Similar to the femto-
505nm 570 nm —241s 0.71 ps

48ns ——1.34 us

A Absorption
o

picosecond studies, nano-microsecond OTA shows increasing
kinetic trends from the Monomer to the Dimer and the Trimer.
This illustrates the importance of bulkier ligands in this family
of Zn-based complexes, as they play a critical role in increas-

450 500 530 600 650 700 750 800 ing the excited states” stabilities and lifetimes. The metal centers
D Wavelength (nm) in both the Dimer and Trimer also account for this increase, as
4 X 10° their higher nuclearities and geometric arrangement allow for
:4%2155 802()nf1s multiple interligand weak interactions, which tend to hamper

[ 490 550 —— 48 ns 0.71 s structural distortion after photoexcitation.

56 ns 1.34 ps

A Absorption
[\

2.3. Determination of the 3ILCT State Through

I 1 —— I I —r~ Pico-microsecond Time-resolved X-ray Spectroscopy
450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4. A) Global fit kinetic decay profiles at 15,4 from 480 to 560 nm
after excitation at Aeyc = 355 nm illustrating the decay of the 3ILCT for the
Monomer (in black), Dimer (in red), and Trimer (in blue), as well as the ISC
timeframe from the 'ILCT to 3ILCT for the Trimer fitted using a single
exponential and double exponential function, respectively. The
instrumental response function of 13 ns is shown in gray. OTA spectra of a
solution of B) Monomer, C) Dimer D). Trimer dissolved in CH3CN with an
optical density of 0.3 at the pump excitation of 355 nm, at selected time
intervals from 16-40 ns to 1.34 ps.

The global fit kinetics for the formation and decay of the
3ILCT states were additionally probed in the nano-microsecond
time scale (Figures 4A, S8). The formation of the 3ILCT state for
both the Monomer and Dimer occurs within the 13 ns IRF of
the nanosecond OTA setup. The 3ILCT state for the Monomer
and Dimer further decays back to the ground state within time

Chem. Eur. J. 2025, 31, €202501682 (6 of 10)

Following time-resolved optical measurements, tr-XAS with
picosecond time resolution was employed to capture the elec-
tronic configurations of the excited states of the Monomer,
Dimer, and Trimer. The complexes in solution were circulated
through a stainless-steel nozzle into a free-flowing cylindrical jet
inside an airtight aluminum chamber and pumped with a laser
power of ~75 mW to avoid decomposition of the complexes to
avoid decomposition of the complexes (Figure S9), and continu-
ously degassed with nitrogen to prevent quenching of the 3ILCT
excited state (see Experimental Section for more details). The
Zn complexes were optically pumped at 267 nm in the ligand-
centered range and probed with X-ray pulses at different delays,
from 80 ps to 20 s (Figure S10). XANES spectra were collected
at the Zn K-edge both before (laser off) and after (laser on)
excitation (Figure 5, S11). A transient signal is obtained for each
pump-probe delay to interrogate the photoinduced dynamics
and electronic nature of the triplet excited states (Figures 5, S11).
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x1073 Table 3. DFT-optimized dihedral angles for the relative orientation of
3 0663.5 0645 phenanthroline ligands bonded to a common Zn' center. Geometries
*\L corresponding to the ground state and 3ILCT state are compared.
N-X-X dihedral angle [’]
|55
?3,' Complex zn" Ground 3ILCT Difference
% coordination State state
2 Monomer  ZnN4(ClO,) 667 807 14.0
< Dimer ZnN, 69.1 67.2 19
Monomer ZnN, 69.0 68.6 04
I Dimer Trimer ZnN, 70.1 70.0 01
3 Trimer
. I I ) I 1 ZnNy 725 72.6 0.1
9660 9665 9670 9675 9680 9685 9690 (H,0)(ClO4)
X-ray energy (eV) ZnN, (H,0) 67.1 67.4 03

Figure 5. Time-resolved XAS spectra (laser ON-OFF) corresponding to the
3ILCT state of 1 mM of the Monomer (black), Dimer (red), and Trimer (blue)
at a delay of 306 ns between laser and X-ray pulses.

Figure 5 shows the time-resolved XANES spectrum at a time
delay of 306 ns between the laser and X-ray pulses. A tran-
sient signal with a maximum peak energy of 9663.5-9664.5 eV
together with a broad negative band between 9665 and 9670 eV
is obtained (Figure 5), corresponding to the formation of the
3ILCT state and ground state bleaching, respectively. Interest-
ingly, the Monomer and Trimer display the transient signals with
a maximum time-dependent energy of 9663.5 eV, whereas the
Dimer shows a broader positive peak with the maximum at
9664.5 eV.

It should be mentioned that the excited state fractions of the
photosensitizers between the laser pump excitation and X-ray
probing were too low to reconstruct the EXAFS and structural
conformations of the excited states. Upon comparing the LASER
ON-OFF signal to other time-resolved studies'¥?4¢! conducted
under similar experimental conditions, we expect to be form-
ing less than 1% of the excited state. The structural differences
between the ground and 3ILCT states probed at the Zn K-edge
are also very small (Table 1), as the transient signals are mainly
due to a change of the electronic structures of the photosen-
sitizers after photo-excitation. The Zn 1s orbitals of the 3ILCT
state move toward higher energies compared to the ground
state, which is likely due to a change in the screening of the
3d electrons after ILCT electron transfer. This causes a negative
energy shift in the Laser ON CILCT state) versus the Laser OFF
(ground state’s) XANES signal upon photoexcitation (Figure 5).
As a result, the LASER ON-OFF signal displays a transient feature
with a positive and negative peak at lower and higher energies,
respectively, as previously elaborated.

The gradual decay of the 3ILCT transient signals from pico-
microsecond tr-XAS studies was further analyzed by fixing the
photon energies at 9663.5-9664.5 eV and varying the time delays
between the laser and X-ray pulses (Figure S10). The Monomer,
Dimer, and Trimer were shown to decay within 0.833 £ 0.310 ps,
1.44 + 0.400 ps and 1.68 £ 0.300 ps, respectively (Figure S10), in
agreement within the observed error bars with the nanosecond
OTA results. The tr-XAS kinetic studies thus corroborate the for-
mation of a 3ILCT excited state, which is markedly longer-lived
for the Trimer and Dimer versus the Monomer.

Chem. Eur. J. 2025, 31, €202501682 (7 of 10)

It is important to remark that while the determinations of
3ILCT states are possible through the time-resolved synchrotron-
based XANES shown here, the femtosecond X-ray spectroscopic
signature of the 'ILCT states can in the future be determined
at X-ray free electron lasers with time resolutions of tens of
femtoseconds.®™ Furthermore, EXAFS of the ligand-centered
excited states could not be determined at the K-edge energy
probing the transition from the core 1s level to continuum!®! as
the excited state corresponds to the formation of an intra-ligand
charge transfer state. However, valence-to-core X-ray emission
spectroscopy stemming from transitions from filled valence
orbitals that are predominantly ligand in nature® to the Zn 1s
core level could in the future provide additional insights into the
identity of the 3ILCT states upon photoexcitation.

2.4. Comparison of the Conformational Freedom Between the
Ground and Excited States

As previously discussed, although the geometric changes
between the triplet excited states and ground states are not
dramatic (Table 1), the increased rigidity of the Dimer and Trimer
with respect to the Monomer is evident when measuring the
relative orientation of the phenanthroline planes for the singlet
and triplet geometries as well as the changes in their torsional
angles (Tables 1 and 3).

The dihedral angle between one nitrogen atom of one
phenanthroline, the midpoint between the two nitrogen donors
of the same ligand, the same midpoint in the opposing phenan-
throline, and one of the donors in this second group (Figure 6)
is first considered as a measure of the relative orientation of
the phenanthroline ligands. Changes for this dihedral angle
between the singlet and triplet optimized geometries are pre-
sented in Table 3. By far, the largest rearrangement occurs for
the Monomer since the angle varies from 66.7° (singlet) to 80.7°
(triplet) due to the large conformational freedom present in this
complex as the two phenanthroline ligands are not chemically
connected in this case. In contrast, the Dimer and Trimer are dis-
torted by less than 2° since these complexes present a higher
ligand strain associated with the ethyl and propyl ether bridg-
ing groups. Furthermore, weak interactions are favored in these
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Figure 6. Scheme for the N-X-X-N dihedral. Positions involved in this angle
are highlighted in dark gray and their connections are indicated by a
dotted blue line. The Zn'" center and remaining atoms are depicted in
purple and gray colors, respectively. Hydrogen atoms are omitted for
clarity.

Table 4. Redox potentials recorded by cyclic voltammetry of the
Monomer, Dimer, and Trimer in degassed CH3;CN versus Ag/AgCl, using
0.1 M TBAPF; as electrolyte and FcH/FcH* (E%* 1 = 0.46 V) as the internal
standard. ’

Reduction [V] Oxidation [V]

Zn-CompIex ERed3V2 ERedZV2 ERedW »” EO)GV2 EOXI "
Monomer - —1.16 —0.52 0.77 1.82
Dimer - —175 —0.61 1.01 1.43
Trimer —1.45 —0.88 —0.68 0.82 1.67

two systems due to ligand arrangement, hence providing further
rigidity to them.

2.5. Electrochemical Potentials of the Monomer, Dimer, and
Trimer

Cyclic voltammetry was used for the determination of the elec-
trochemical properties of the three Zn-based photosensitizers
(Figure S12), and the potential values of all redox processes are
listed in Table 4. The measurements were carried out using
a two-electrode setup in freshly deoxygenated CH;CN, using
tetrabutylammonium hexafluorophosphate (TBAPF;) as the elec-
trolyte. Each Zn'" complex exhibited a few irreversible oxidations
as well as reduction processes. Particularly two oxidative waves
were recorded for all three complexes (0.77 and 1.82 V for the
Monomer, 1.01 and 1.43 V for the Dimer, and 0.82 and 1.67 V for
the Trimer) (Figure S12, Table 4). Additionally, both the Monomer
and Dimer presented two reductions (-0.52 and -1.16 V, and -0.61
and -1.75 V for the Monomer and Dimer, respectively), while three
reductive processes were observed in the case of the Trimer (-
0.68, -0.88, and -1.45 V) (Figure S12, Table 4). The potential values
of the first irreversible oxidations are located around 0.77, 1.01,
and 0.82 V, and those of the first irreversible reduction waves at

Chem. Eur. J. 2025, 31, €202501682 (8 of 10)

Figure 7. Molecular orbital corresponding to the unpaired electron for the
reduction (left) and oxidation (right) processes for the Zn" Monomer.

-0.52, -0.61, and -0.68 V versus Ag/AgCl for the Monomer, Dimer,
and Trimer, respectively (Figure S12, Table 4).

DFT calculations for the oxidation and reduction processes
of the Zn" Monomer were further conducted. To have a refer-
ence of an analogous molecule exhibiting conventional MLCT
transitions, we also calculated a copper(l) complex coordinated
to two 2-etoxyphenantroline ligands with the same methodol-
ogy. Finally, we repeated the calculations on the [Ru(bpy)s]**
complex, since its electrochemical potentials for oxidation and
reduction for both the ground and excited states are avail-
able in literature®" and serve as a reference to check if our
computational approach is accurate enough to describe these
phenomena.*?

Table S3 summarizes the DFT oxidation and reduction poten-
tials for all calculated models. The agreement between exper-
imental and DFT results for [Ru(bpy)s]*" is adequate for our
purposes. The ground state reduction potentials for all calculated
complexes (Table S3) are similar, as the reduction is always cen-
tered in the phenanthroline or bipyridine ligands, which show
comparable electron affinities. This point can be better visual-
ized by plotting the molecular orbitals for the unpaired electron
of the reduced species (Figure 7 for the Monomer, and S13-S14
for the remaining complexes). The Monomer displays a higher
calculated oxidation potential compared to [Cu(2-EtOphen),]*
and [Ru(bpy);I** (Figures S12, S13), as it is significantly harder
to oxidize. Expectedly, the oxidation process is centered in the
metal for [Cu(2-EtOphen),]* and [Ru(bpy)s;]** (Figures S12, S13)
and in the ligand for the Zn" Monomer (Figure 7). The difference
between the reduction potentials of the ground and excited
states for [Ru(bpy)s]** and the copper(l) complex is further less
than that for the Zn" Monomer, as the intraligand transitions are
more energetic than MLCT (Table S3). Furthermore, the oxidation
potential of the excited state of the Zn" Monomer is higher and
equal to -0.37 V compared to that for systems with MLCT tran-
sitions (-0.57 V and -0.85 V for the excited states of [Ru(bpy)s]*
and [Cu(2-EtOphen),]*, respectively), but close enough to allow
activity as an oxidant (Table S3).

3. Conclusion

We systematically elucidated the ground and excited states’
optical signatures, electronic configurations, and structures in
three Zn" photosensitizers with phenanthroline-derived lig-
ands. A combination of experimental techniques, including
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steady-state  XAS, femto-microsecond OTA, and pico-
microsecond tr-XAS which are further supported by TD-DFT
calculations are employed.

Importantly, these results showed the formation of 'ILCT
states within femtosecond time scales followed by a nanosecond
ISC process to generate 3ILCT states, which decay back to the
ground state within microseconds. Indeed, femto-picosecond
OTA reveals the broad spectral absorption features of the 'ILCT
states, which are formed within 235 + 45 fs, 683 + 174 fs and
730 £ 194 fs for the Monomer, Dimer, and Trimer, respectively.

Nano-microsecond OTA further illustrates the formation of
3ILCT states with broader absorption bands lying between 450
and 550 nm for the Zn photosensitizers, similar to that observed
in the radical anion spectra of Cu complexes with analogous
phenanthroline ligands.””! Lastly, combined time-resolved OTA
and tr-XAS show the ISC rates from the singlet to the triplet
to occur within <13 ns for the Monomer and Dimer and within
42.8 + 3.1 ns for the Trimer. The 3ILCT states of the Monomer,
Dimer, and Trimer were further confirmed from both XAS and
optical methods to decay within increasing decay lifetimes of
1.00 £ 0.004 ps, 1.48 £+ 0.01 and 1.51 &= 0.01 ps, respectively.

The Trimer and Dimer are hereby shown to display longer-
lived singlet and triplet excited states relative to the Monomer,
revealing the important role of steric hindrances exerted by their
bulkier ligands in stabilizing their excited state conformations.
These results outline the necessity to enhance the stabilities of
Zn-based photosensitizers through ligand arrangements involv-
ing bimetallic and trimetallic helicates with adjacent aromatic
ligands that can promote both 7-7 and CH-m interactions. As
evidenced through both the dihedral and torsional angle calcu-
lations, the rearrangement from the ground to the 3ILCT state
decreases by increasing steric hinderances in the complexes, that
is, Monomer > Dimer > Trimer.

These results are crucial toward identifying the critical fac-
tors influencing the structural reorganization of earth-abundant
Zn-based photosensitizers in their excited states and can help
control the energetics of the 'ILCT and 3ILCT decay rates. Fur-
thermore, our current work offers guidelines toward the design
of the next generation of improved Zn-based earth-abundant
photosensitizers, bearing bulkier ligands, that could potentially
be integrated into solar energy and artificial photosynthetic
assemblies.
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