¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal

Metal oxide hybrid materials: on-surface

’ '.) Check for updates ‘
modulation of aggregation-induced fluorescence

Cite this: DOI: 10.1039/d5ma01035g

@ Jana Timm,® Tobias Seifert,?

9 Gerald Hoérner, (22°
*ab

Hannah Kurz, (2 *? Florian Daumann,
Phil Kéhler, 2 € Frank W. Heinemann,
Roland Marschall (2 *© and Birgit Weber

Covalent grafting of molecular compounds to extended oxide surfaces provides variable access to
hybrid materials. While in many cases the properties of both components are additive, some favorable
combinations can lead to the emergence of new properties. In this work, we report on the aggregation-
induced fluorescence of an N,O, (proto-) ligand H,L1 of the Jicer-type on oxide surfaces. The ligand is
non-fluorescent in solution but shows strong greenish-blue fluorescence in the bulk and, importantly,
once covalently anchored to oxidic surfaces via an appended carboxylic acid moiety. Intermolecular
n—mn stacking interactions dominate the packing in single crystals both of H,L1 and a congener with
methyl blocked acid function, H,L2. As revealed by electronic spectroscopy, the high surface loadings of
H,L1 on AlL,O3z and TiO, allow stacking in a dense surface layer also on the solid supports. While non-
fluorescent dilute solutions of H,L2 and H,L1 resonate only in the UV range below 380 nm, the
consistent shift of the spectral onset to > 430 nm for bulk ligand and Al,Osz-grafted material lends

Received 9th September 2025, additional support to a supramolecular origin of fluorescence. Sharply reduced (but not vanishing) ligand

Accepted 14th November 2025 fluorescence on TiO, indicates electron-injection to the conduction band to be operative, as further
DOI: 10.1039/d5ma01035g supported by the reduced emission lifetimes recorded via time-correlated single-photon counting. On-

surface synthesis of the respective zinc() complexes likewise gives strongly fluorescent materials,
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Introduction

Aggregation phenomena are well known to affect the optical
properties of chromophores, as is perhaps best exemplified
with the example of ‘J-aggregates’ and ‘H-aggregates’. Both
terms describe the phenomenon in which the aggregation of
chromophores into a specific columnar arrangement strongly
impacts their optical properties." Here, aggregation serves to
tune the energy and the width of an electronic transition, both
in the absorption and the emission modes. In J-aggregates, the
self-assembly leads to a bathochromic shift of the absorption
bands,>™* while the complementary hypsochromic shift is
observed for H-aggregates.>® Especially, alteration of the emis-
sion properties through aggregation has gained a lot of atten-
tion in the last decade: Aggregation may induce quenching of
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showing again a reduced emission on TiO5.

the photoluminescence seen in the non-aggregated state
(aggregation-caused quenching, ACQ), it might shift the emis-
sion energy as a function of the aggregation mode, and it might
turn on the emission of an otherwise non-fluorescent chromo-
phore (aggregation-induced emission, AIE).” "

Aggregation phenomena are based on intermolecular supra-
molecular interactions such as hydrogen bonds, n-r stacking, or
Van-der-Waals interactions that lead to a self-assembly of the
respective molecules into larger, organized structures ‘beyond
molecules’. Another driving force for self-assembly are coordina-
tive bonds, which furthermore enable the formation of sensor
materials based on coordination-induced de-aggregation with
optical response.’**

Here, we present two Schiff base-like ligands that feature AIE
behaviour. These ligands are fluorescent in the solid state,
while non-fluorescent in solution. A similar optical behaviour
was observed for the respective zinc(u) complex. As the ligand
bears a carboxylic functional group in the ligand backbone, we
immobilized the ligand and the zinc(u) complex on oxidic
nanoparticles to investigate how 2D stacking on the oxidic
surface affects the emission properties. We chose the TiO,
modification anatase as a semiconducting material and Al,O;
as an isolating substrate to further investigate a possible

Mater. Adv.


https://orcid.org/0000-0002-9259-1818
https://orcid.org/0009-0009-2066-4836
https://orcid.org/0000-0002-4660-1691
https://orcid.org/0000-0002-9007-8404
https://orcid.org/0000-0002-3883-2879
https://orcid.org/0000-0002-1057-0459
https://orcid.org/0000-0002-9861-9447
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma01035g&domain=pdf&date_stamp=2025-11-25
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01035g
https://pubs.rsc.org/en/journals/journal/MA

Open Access Article. Published on 17 November 2025. Downloaded on 12/24/2025 6:07:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

electronic coupling of the adsorbate and the substrate. The
findings indicate that aggregation-induced emission is also
present in these hybrid materials, and that grafting onto TiO,
results in emission quenching due to electronic interactions
between the adsorbate and the substrate.

Results and discussion
Synthesis and characterization of the ligands and complexes

The ligand H,L1 was synthesized by a single-step condensation
reaction between 3,4-diaminobenzoic acid and a keto-enol
ether, as illustrated in Scheme 1. The tetradentate Schiff
base-like ligand H,L1 bears a carboxylic acid group that can
function as a surface anchoring group. For comparison with
surface-grafted species, the reference ligand H,L2 with its
carboxylic acid blocked as a methyl ester moiety was used.
Purity and identity of the compounds were confirmed via 'H-
NMR spectroscopy, mass spectrometry, and elemental analysis,
as shown in the supplementary information (SI) together with
the experimental details. It is noted that reaction mixtures of
the free acid ligand H,L1 and zinc(u) acetate gave no defined
material.

Despite numerous trials, [ZnL2(OH,)] did not yield crystals
but consistently afforded as a thin and flexible ‘hair-like’
material. On the other hand, suitable material for single crystal
X-ray structure analysis could be obtained from a slow evapora-
tion setup at room temperature for H,L1 or directly from the
isolated bulk material in the case of H,L2 (see Section 4
including Table S1 in the SI for crystallographic details). As a
matter of fact, both compounds give rise to anisotropic stack-
ing in the solid. The acid-appended N,O, jicer-type ligand H,L1
crystallizes in the triclinic space group P1. Different from the
stoichiometry of the bulk material, the asymmetric unit con-
tains a disordered ethanol molecule which is hydrogen-bonded
to the carboxylic group of the ligand (Fig. S4 in the SI). Different
from what is typically seen for carboxylic acids, no direct dimer
formation via an eight-membered cyclic H-bonded motif is
present in H,L1. Instead, two ethanol molecules serve as a
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Fig. 1 Molecular structure of supramolecular dimers of HpoL1-EtOH in the
crystal. For clarity only the EtOH molecule with the higher site occupancy
is shown. Displacement ellipsoids are given at 50% probability. Hydrogen
atoms are illustrated as spheres of arbitrary size. Colour code: carbon
(grey), oxygen (red), nitrogen (blue), hydrogen (light grey). Hydrogen bonds
are illustrated as blue dashed lines.

spacer between adjacent molecules to form a twelve-membered
hydrogen-bonded motif comprising O2-H2- - -09-H9- - -O1 link-
ages, including both carbonyl and hydroxylic oxygens of the
anchoring group (Fig. 1). This finding supports the expected
ability of the ligand to interact with hydroxylic surfaces via two
anchoring points. It is noted that while all parts of the ligand
are engaged in supramolecular stacking with neighbouring
molecules (see Fig. S5, SI), the two chelate arms behave
differently. The arm located para to the methyl ester retains
co-planarity to the phenylene backbone, what allows ‘head-to-
tail’ stacking of these planar moieties in columns of ca. 3.5 A
spacing along lattice vector a. The second arm, located in the
meta position is rotated from co-planarity with the phenylene
backbone.
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Scheme 1 Synthetic route to the ligands H,L1 and H,L2, reference zinc complex [ZnL2] and immobilization of ligand/complex on oxidic surfaces.
Appearance and UV response of the synthesized compounds and hybrid materials (exe = 365 nm).
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For comparison, the molecular structure of the reference
ligand H,L2 is given in Fig. S6 and S7 the SI. H,L2 crystallizes in
the monoclinic space group P21/c with two crystallographically
independent but structurally very similar molecules in the
asymmetric unit. Different from the above case, packing of
H,L2 infers out-of-plane rotation of both chelate arms, giving
rise to helical arrangements of the scissor-like molecules along
lattice axis b (Fig. S8 in the SI). As expected, the metrics of the
N,O, chelate site in both compounds are only marginally
affected by the nature of the remote substituent, -H vs. -Me
(supported by DFT modelling, see Section 5 including Table S2,
SI). This notion is further supported by the similarity of the
"H-NMR spectra in CDCl; (see Fig. $1-S3, SI). Accordingly, the
synthetically accessible [ZnL2] is a valid model for the elusive
complex [ZnL1], which cannot be directly derived from H,L1
but only forms on the surface as discussed in the next
paragraph.

Synthesis of hybrid materials

The hybrid materials were synthesized in two steps, as shown in
Scheme 1. To avoid metal complexation via the carboxylic
group, the ligand was anchored on the substrate prior to
complex formation. Immediate light-yellow coloring of the
Al,0;/TiO, powders was visible in ethanolic suspension, indi-
cating the deposition of the ligand on the surface. Nonbound
ligand was removed from the samples by washing the powder
three times with ethanol until a colourless supernatant was
obtained after centrifugation. Subsequent reaction with zinc(u)
acetate dihydrate results in pale yellow [ZnL1]@Al,O5/TiO,.
Elemental analysis of the composite materials gives evi-
dence of extensive surface grafting, in particular, the large
carbon contents between 3.5 and 6.0 weight % indicate high
surface density of the adsorbed ligands/complex (Table 1). As
the ligand is the only carbon and nitrogen source in
H,L1@Al,0; and H,L1@TiO,, the C:N ratio of the ligand
directly translates to the C:N ratio expected for the hybrid
materials. Indeed, this ratio does not change significantly after
immobilization of the ligand, indicating that the ligand stays
intact on the surface. The same applies for the zinc complexes
on TiO, and Al,O;. Furthermore, elemental analysis gives an
estimate of the amount of immobilized ligand/complex in the
hybrid materials, thereby providing an indication of the surface
coverage; details are given in Section S6 in the SI. Two observa-
tions are essential. First, the molar percentage of ligand/
complex is large on both oxide carriers. Second, the on-
surface synthesis step of the complex in an ethanol suspension

Table 1 Elemental analysis of the different compounds. The theoretical
values are given in brackets

Compound C/% H/% N/% Ratio C:N
H,L1 58.28 [58.33] 5.58 [5.59] 6.42 [6.48] 9.1:1[9.0:1]
[ZnL2] + H,O  49.44 [49.04] 5.05[4.71] 5.01[5.45] 9.9:1[9.0:1]
H,L1@ALO;  6.03 0.99 0.68 8.9:1
[znL1]@ALO; 5.37 0.97 0.48 11.2:1
H,L1@TiO, 4.94 0.67 0.56 8.8:1
[ZnL1]@Tio,  3.50 0.49 0.38 9.2:1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leaves coverage largely unaffected. A slight leakage is obtained
during synthesis of [ZnL1]@TiO,, reducing the molar percen-
tage from 8.5% to 7.1%, while the respective values obtained on
Al,O; are essentially identical within experimental error (10.3%
versus 10.9%). This is remarkable, as it indicates strong surface
binding which presumably goes beyond dispersion forces and/
or hydrogen bonding. The quantity of H,L1 and [ZnL1] on the
surface of the substrates and the homogeneity of this immobi-
lization on the surface were further investigated by scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-
EDS) maps and X-ray photoelectron spectroscopy (XPS). In both
cases, particle agglomerates with different sizes are visible in
the SEM images, while the agglomerates of Al,O; are in the
range of 10 to 30 pm and TiO, below 5 pm (Fig. S14). The
morphology of the materials due to the immobilization of H,L1
and [ZnL1] could be perceived. After immobilization, the mor-
phology of the materials remains, and the agglomerate sizes are
in the same ranges as in the bare substrates. Further, the
elemental composition was probed by SEM-EDS and XPS (XPS
survey scans see Fig. S15). In Table S3 the results of XPS and
SEM-EDS are listed and show slight differences, which could be
explained by the different sensitivities for surfaces of materials
and penetration depth of the methods. Furthermore, quantify-
ing light elements via EDS is very difficult due to poor sensi-
tivity. The XPS values of the materials are therefore more
reliable. The comparison of the XPS values and values of the
elemental analysis (¢f Table 1) shows the almost doubled
amount for carbon and nitrogen. This effect is attributed to
the solely surface sensitivity of XPS, as expected the concen-
tration of H,L1 and [ZnL1] is higher on the surface than in the
bulk of the agglomerates. Due to agglomerate formation, some
immobilized molecules could be enclosed in the voids between
the particles. Further, XPS data reveals the amount of zinc on
the surface of the materials. Here, values of 1.8 and 3.5% are
reached, underlining the trend of complex formation on the
surface of the materials. Additionally, to prove the homogeneity
of the hybrid materials SEM-EDS mapping (Fig. S16) was
performed. Here, the homogenous distribution of [ZnL1] on
the surface of the substrates TiO, and Al,O; could be con-
firmed. The IR analysis of the hybrid materials indicates
covalent binding via the carboxylate function (see Scheme 1).
In keeping with this binding hypothesis, the generally larger
loading on Al,0; may hint at a slightly higher amount of
accessible hydroxylic oxide groups in Al,O; compared to TiO,.
This may be due to differences in surface area, morphology, or
the surface hydration from the synthesis of the materials or a
combination thereof.

The hybrid materials were further characterized using diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy
(Fig. 2 and Fig. S17 in the SI for H,L1 and S18 for [ZnL1]
compounds). The pristine oxides exhibit characteristic Al-O/Ti-O
bands in the fingerprint region from 700 cm ' to 1300 cm™ .
Additionally, for both oxides, the deformation vibration of surface
water is visible at around 1600 cm™*. In contrast to TiO,, for the
Al,O; carrier, additional weak bands from 1300 cm ™ * to 1600 cm ™+
are visible and can be assigned to adsorbed carbonates.'

Mater. Adv.
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Fig. 2 DRIFT spectra of the substrates TiO, (grey) and Al,Os3 (black), the
immobilized complex [ZnL1] (blue, green) and the difference spectra (red).

A broad band due to surface OH stretching vibrations and
hydrogen-bonded water molecules dominates the region between
3000 and 3800 cm ™. A weak shoulder on the high-energy tailing at
around 3700 cm ™ is indicative of isolated surface OH-groups. Both,
H,L1 and [ZnL1] show the expected high number of sharp bands in
the fingerprint range from 1000 cm™ " to 1800 cm ™. While many of
these vibrations are preserved in the hybrid material, confirming an
intact ligand/complex, we note the absence of some modes, what
becomes evident as negative peaks in difference spectra (red in
Fig. 2). For instance, the band corresponding to isolated surface OH-
groups at 3700 cm™ ' is absent after immobilization, confirming the
interaction of the ligand with the surface hydroxy groups. Clearly,
this feature is more pronounced in the Al,O; difference spectra at
3700 cm ™" compared to TiO,. This finding is consistent with the
elemental analysis data and supports better availability of isolated
surface hydroxy groups and interaction thereof with the ligand/
complex via the anchoring group on Al,O;.

The diagnostic carbonyl modes of carboxylic acids are
sensitive probes of the mode of surface grafting."® Accordingly,
adsorption of carboxyl-appended dyes on Al,O; and TiO, is

Mater. Adv.
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typically followed via the IR response of the carbonyl
moieties."”'® In our samples the overlap of carbonyl modes
due to the presence of several carbonyl moieties in the chelate
cycle and the anchor itself impedes a similarly conclusive
analysis of the spectral region between 1500 and 1700 cm ™.
While we therefore refrain from drawing definite conclusions
on the (dominant) binding modes of the carboxylic acid anchor
on the surface, clearly, the pattern in the high-energy envelope
around 1700 cm ™" is different for Al,O; and TiO,-based sam-
ples. We conclude that significantly less ‘free’ carbonyls can be
probed on Al,O; than on TiO,, eventually supporting different
adsorption modes on both surfaces. This notion is supported
by DFT-based computation of vibration spectra on truncated
surface models (see Section S5 in the SI). As shown in Fig. S19
(top left and top right; SI), the vibration spectrum of H,L1/
[ZnL1]@Al,O; is convincingly matched by the theoretical
model, when an adsorption mode via binuclear anchoring is
assumed. No such agreement is observed for the TiO, models,
hinting towards a more complex or mixed coordination mode
(Fig. S19, bottom left and right). Further analysis of the hybrid
materials was conducted to assess their integrity after hybrid
formation. The powder X-ray diffraction (PXRD) data in Fig. S20
show that during the immobilization of the H,L1 and [ZnL1],
no structural changes of the support materials TiO, and Al,O;
proceed. In the PXRD data of [ZnL1]@Al,O; reflections with low
intensity appear. These additional reflections result from the
immobilization of the complex on the Al,O; (see PXRD data in
Fig. S20).

Optical characterization

The optical properties of H,L1, H,L2 and [ZnL2(OH,)] were
studied in the non-coordinating solvent CHCl;, as zinc(n)
complexes of jicer-type ligands are well-known for their ten-
dency to aggregate in non-coordinating solvents, eventually
affecting absorption and emission (see Fig. 3).">™ We also
recorded spectra in the coordinating solvent pyridine, in which
aggregation is inhibited (see Fig. S21, SI). The ligands H,L1 and
H,L2 show very similar absorption spectra composed of two
strong absorption bands below 400 nm in both solvents
(Amax: ~ 309 NM, &maxs ~ 35.000 Imol ™" em ™5 Amaxe =
357 NM, &max,s ~ 29.000 Imol ' em™?; details see Table S4 in
the SI). Coordination with zinc(n) in CHCI; solution leads to a
bathochromic shift of both bands and a distinct decrease of
the extinction coefficient (Amax1 =~ 333 nm, €max,1,CHCI, ~
29.500 Imol™' em ™', émax1,pyridine & 37.000 Imol ™' em™
Jmaxz X 390 DM, émaxzcnc, ~ 21.000 Imol™' cm™,
Emax,2,pyridine X 27.500 Imol~" em ™). While the spectral appear-
ance is very similar in pyridine solution, we noted that the
extinction coefficients are significantly larger. All samples are
(nearly) non-emissive in solution (photographs of the UV
irradiated solutions and emission spectra are shown in Fig. 3
and Fig. S21, emission spectra are shown in Fig. S22 in the SI).
While no signals were obtained for the ligands and [ZnL2] in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-vis spectra recorded of H,L1 (orange), H,L2 (red), and of the
zinc(i) reference complex [ZnL2] (blue) in CHCls solutions (co &~ 3 x 107>
M). Inset: Photo of the solutions under UV irradiation (Aeye = 365 Nm).

CHCl;, [ZnL2] in pyridine shows emission, though very weak
and barely distinguishable from the background noise.

The UV absorption of the bulk solid compounds largely
echoes the properties of the isolated molecules in dilute solu-
tions (Fig. 4 and Fig. S23). Accordingly, diffuse reflectance spectra
of H,L1 and [ZnL2] show a broad absorption band in the UV
range. However, the spectral range of strong absorption extends to
410 nm for the reference ligand H,L2, that is, towards the visible
regime (see Fig. 4 and Fig. S24 (left) for normalized spectra),
whereas for [ZnL2] we see an extended absorption up to 430 nm
(see Fig. S23 and Fig. S24 (right) in the SI for normalized spectra).
We conclude that aggregation in the solid state results in a
significant extension of the absorption range into the visible
regime. This effect, if more moderate, persists in the hybrid
materials. Notably, the long-wavelength extensions are more
pronounced for H,L1@AL,0;/[ZnL1]@ALO; with an isolating sub-
strate than for H,L1@TiO,/[ZnL1]@TiO, with its semiconducting
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Fig. 4 Diffuse reflectance spectra (Kubelka—Munk analysis, left) and
photoluminescence spectra (right) of bulk H,L1, the neat substrates TiO,
and Al,Os, and the hybrid materials. Dashed line represents the excitation
wavelength of 410 nm for the PL experiments.
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substrate, respectively. We thus take the spectral extension as a
hint of aggregation in the hybrid materials.

The effect of aggregation on the emission behaviour is even
more pronounced. Both ligands, H,L1 and H,L2 and the zinc
complex [ZnL2] are essentially non-emissive in solution,
whereas the bulk materials show a strong blue/green emission
as visualized in Scheme 1. Interestingly, the Al,O; hybrid
materials are also emissive, indicating a turn-on emission effect
due to immobilization. Any emission of the hybrid material
must be based on excitation of the H,L1 and [ZnL1] chromo-
phores, as both show absorption at 410 nm, and both parent
TiO, and Al,O; are silent. The spectra (Fig. 4 and Fig. S23 in the
SI) thus give quantitative support to the qualitative visual
impression of the irradiated solids in Scheme 1.

The neat compounds H,L1 and [ZnL2] show the strongest
emission. Compared to the pristine materials, the emission
intensity of the Al,O; hybrid materials is generally reduced but
spectrally conserved. These aspects may hint to either or both
effects of dilution of the fluorophores on the oxide surfaces or
the more general difference between 3D stacking in the neat
compounds and 2D stacking on the surface. It should be noted
that the Al,O; hybrid materials are composed of only approxi-
mately 11% ligand/complex (see discussion on elemental ana-
lysis and Table 1).

Effects of packing density on the emission are well
established.>"® > Steric differences in surface stacking may
also account for the diverting shifts of the emission maxima
with respect to the pristine materials. While the peak position
undergoes a bathochromic shift by AE ~ —700 cm™ " for the
ligand (Zem,max (H2L1@AIL,03) = 486 nm) the opposite is true for
the zinc complex (Zem,max ([ZnL1]@Al,O3) = 481 nm), which is
shifted hypsochromically by AE ~ +1200 cm ™.

Overall, the TiO, hybrids are less emissive. While the amount
of immobilized H,L1/[ZnL1] is certainly smaller in the TiO,
hybrid materials compared to the Al,O; hybrid materials, the
drastic decrease in photoluminescence (PL) intensity cannot
solely be explained by dilution effects but rather indicates
additional effects. One might be the electronic impact of the
substrate (Al,O3: insulator; TiO,: semiconductor) and electronic
interactions between H,L1/[ZnL1] and TiO,. In particular, the
conduction band of TiO, is known to provide a valid pathway for
electron-transfer quenching in a sensitization scenario.>*>*

PL lifetimes, which probe the excited ligand/complex, were
recorded at the respective emission maxima. Two excitation
wavelengths were chosen to allow either selective excitation of
the adsorbate (A = 404 nm) or excitation of the entire
electronic system (lexe = 355 nm), which includes band gap
excitation of TiO,. Table 2 summarizes PL lifetimes with Jey. =
404 nm (see Table S5 for PL lifetimes and Fig. S25; for time-
correlated single photon counting (TCSPC) spectra with Aex. =
355 nm, Fig. $26). Overall, the results from both excitation
channels are in good agreement. This once again emphasises
that the excitation of the chromophore is decisive for the
changes in PL emission. The lifetime decays could be fitted
best with biexponential functions. For all samples, the shorter
lifetime 7, is the main component.

Mater. Adv.
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Table 2 Photoluminescence (PL) lifetimes in ns (lexe = 404 nm) and
amplitudes of the biexponential fit components recorded at the respective
maximum detection wavelengths

Compound 71/08 T,/n8

H,L1 (470 nm) 1.69 (45.4%) 0.88 (54.6%)
H,L1@AL,0; (486 nm) 2.49 (18.7%) 0.46 (81.3%)
H,L1@TiO, (442 nm) 1.31 (0.3%) 0.18 (99.7%)
[ZnL2] (500 nm) 1.38 (17.1%) 0.59 (82.9%)
[ZnL1]@Al,0; (481 nm) 1.43 (31.4%) 0.36 (68.6%)
[ZnL1]@TiO, (487 nm) 1.18 (23.1%) 0.26 (76.9%)

Indeed, the excited-state decays recorded for the bulk ligand
H,L1 and its immobilized forms reflect the qualitative order of
emission intensities given in Fig. 5. In line with the reduced
emission intensity, rapid decay prevails for both hybrid materi-
als, whereas the bulk ligand shows more sustained emission.
The decay curves could be fitted to biexponential models for
H,L1 and H,L1@Al,0;, with the longer-lived component
significantly quenched in the latter (Fig. 5). For related organic
compounds in solution, biexponential decays can be attributed
to distinct states.?>?® However, this attribution is not feasible
for heterogeneous compounds due to their inherent site
heterogeneity.””*® In the case of H,L1@TiO,, the longer life-
time is nearly completely quenched, resulting in essentially
single-exponential decay.

Intriguingly, the quenching effect of surface grafting is less
expressed for the zinc complex, particularly on TiO, (see Fig. S25
and Table 2). Quite different from the ligand on TiO,, significant
emission is still observed for [ZnL1]@TiO,, concomitant with a
nanosecond-lived kinetic component, which hardly differs from
those in the bulk complex and [ZnL1]@Al,O;. We cannot present
a fully satisfying explanation of these differences between
H,L1@TiO, and [ZnL1]@TiO,. Electron injection from the
excited adsorbate to TiO, via a sensitization mechanism must
be expected to be equally viable dissipation pathways for both
adsorbates. Indeed, an estimation of the excited-state redox
potentials with DFT tools indicates highly exergonic charge

10% | Aoy = 404 nm
H,L1
—— H,L1@AL,0,
" 10° —— H,L1@TiO,
c
=}
g
2102
j2]
c
3
o
O
10’
10° e .
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t/ns

Fig. 5 TCSPC decay of the bulk HoL1, and the H,L1 hybrid materials
(Aexc = 404 nm).
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injection after excitation of both, H,L1@TiO, and [ZnL1]@TiO,
(Scheme S1 in the SI, see Section S1, SI, for full details).

The complementary process, that is, hole transfer from TiO,
to the adsorbate, must be expected to affect the dynamics of
electron/hole pairs after band-gap excitation. Given the relative
positions of the valence band and the adsorbate donor potential
(Scheme S1 in the SI), such processes are likewise viable. Life-
times of the residual conduction-band electrons were extracted
from nanosecond transient absorption (TA) spectra in the NIR
regime after band gap excitation at Ae = 355 nm of TiO,,
H,L1@TiO, and [ZnL1]@TiO,. Spectra shown in Fig. S27, SI,
are very similar at first glance and feature signals in the range
between 760 nm and 950 nm, in which range a convolution with
the emission signal of the adsorbate can be excluded. These
transient absorption spectroscopy (TAS) signals are assigned as
the response of photogenerated electrons according to the
literature.>®** The observed slight shift in the absorption max-
imum of these photogenerated electrons suggests interactions
between H,L1/[ZnL1] and semiconducting TiO,. Therefore, a
subtle change in the electronic structure of TiO, is presumed
due to immobilization of H,L1/[ZnL1] on TiO,

The lifetimes of the charge carriers at the different absorp-
tion wavelengths could further underline these interactions.
Here, the TA signals at 780 and 840 nm were analysed due to
the observed changes in intensity when comparing the TA
spectra of the different materials (Fig. S27, SI). In Fig. S28, SI,
the measured decays are presented, while in Table 3, the
resulting lifetimes are listed. For all materials, a biexponential
decay is present. The lifetime of charge carriers of the used TiO,
modification, anatase, is described to be in the ps range.** In
the present case, 7, is shorter than described in the literature.
Also, the shorter-lived electrons (t,) were observed in the
literature before.”>*° For the lifetimes of the photogenerated
electrons, different trends regarding the different hybrids are
evident. When probing the lifetime at 780 nm, the long-lived
electrons reach lifetimes up to 427 ns in H,L1@TiO,, while the
electrons in TiO, surprisingly only exhibit a lifetime of 182 ns.
The opposite behaviour could be observed when probing at
840 nm; here, the long-lived electrons of TiO, exhibit the
longest lifetime of 473 ns, while the long-lived electrons in
H,L1@TiO, live only for 261 ns. This effect underscores that
the ligand on the surface of TiO, interacts with the TiO,’s
electrons, thereby prolonging or shortening their lifetimes. In
the case of [ZnL1]@TiO,, there is no such clear trend visible.
Thus, the lifetimes of the long-lived electrons in [ZnL1]@TiO,
are comparable at the different probe wavelengths with 363 ns

Table 3 ns-TAS lifetimes of the TiO, and the TiO, based hybrid materials
at different probe (absorption) wavelengths in ns (Jexe = 355 nm)

Compound Aprobe/NM 74/n8 T,/nS
TiO, 780 182 9
840 473 16
H,L1@TiO, 780 427 14
840 261 11
[ZnL1]@TiO, 780 363 6
840 454 11

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(at 780 nm) and 454 ns (840 nm). Hence, the immobilization of
the complex on the TiO, surface leads to a slight stabilization of
the electrons in TiO,, and the presence of electronic interaction
of the semiconductor TiO, and H,L1 or [ZnL1] was further
emphasized by TAS investigations.

Conclusion

The novel tetradentate ligands H,L1 and H,L2 and the respec-
tive zinc(n) complex [ZnL2] have been reported, both showing
no emission in the solution state, but a strong emission upon
aggregation in the solid state. The carboxylate functional group
in the ligand backbone enables the covalent anchoring of H,L1
or [ZnL1] on metal oxide surfaces. While the Al,O; hybrid
materials are highly emissive, grafting of H,L1/[ZnL1] on TiO,
results in hybrid materials with a drastically reduced emission.
The sole observation of emission of the hybrid materials is
striking, as this suggests that the ligand or zinc(u) complex is
present on the surfaces in an aggregated manner. On the other
hand, the type of substrate, insulator Al,O; or semiconductor
TiO,, has a significant impact on the emission of these hybrid
materials. In particular, the ligand H,L1 shows strongly
reduced lifetimes on TiO,, hinting towards emission quench-
ing via electronic coupling between the ligand and TiO,. This
effect is less pronounced for the [ZnL1] hybrid material. These
properties are also reflected in the TAS characterization, which
underlines the electronic interaction between H,L1 and TiO,,
and the much weaker coupling for [ZnL1]@TiO,.
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