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Self-assembly via non-covalent interactions is key to constructing complex
architectures with advanced functionalities. A noncovalent synthetic chem-

istry approach, akin to organic chemistry, allows stepwise construction with
enhanced control. Here, we explore this by coupling Pt(ll) complex self-
assembly with a redox reaction. Oxidation to Pt(IV) creates a non-emissive
monomer that, upon reduction to Pt(Il), forms luminescent gels with unique
kinetic and thermodynamic pathways. UV irradiation induces Pt(IV) reduction,
generating supramolecular fibers with PteesPt interactions, enhancing photo-
physical properties and enabling visible light absorption up to 550 nm. This
allows photoselective growth, where fibers convert surrounding Pt(IV) to
Pt(ll), promoting growth over nucleation, as observed via real-time fluores-

cence microscopy.

Self-assembly through non-covalent intermolecular interactions is
considered the path to achieving the highest level of matter com-
plexity. Complexity is the key to unlocking advanced functions, char-
acteristic of living systems, such as replication, evolution, and
communication'>, Several studies have shown that the outcome of the
self-assembly process is determined by an interplay between ther-
modynamic and kinetic factors*, both of which can be exploited to
achieve well-defined architectures. For instance, the cooperative pro-
cess, which undergoes a nucleation/elongation mechanism, has been
widely used to control the supramolecular polymers length’. Indeed,
the growth of large aggregates in the elongation phase is thermo-
dynamically more favorable than the formation of small oligomers in
the nucleation phase®”. Kinetic control, instead, is typically achieved
by introducing competing off-pathways'®. Examples of living supra-
molecular polymerizations have been realized by combining seed-
induced growth with the ability to kinetically trap monomers into off-
pathway aggregates'. Another strategy consists in inhibiting the
spontaneous polymerization of monomers through the establishment
of intramolecular interactions, such as hydrogen bonds, which can be
broken on demand or with tailored initiators'*®. The dynamic nature
and weakness of non-covalent bonds allow for the adaptation in
response to external or internal stimuli/effectors under equilibrium
conditions. However, they make their manipulation difficult, limiting
the field to the mixing of components in one assembly step. Very
recently, Vantomme and Meijer"” have proposed a paradigm shift in

the field suggesting that self-assembly must be turn into a noncovalent
synthetic chemistry following a similar trajectory as organic chemistry,
such as through the use of protecting groups and catalysts. In principle
this would enable the stepwise construction of complex structures in a
more reproducible manner as each assembly step can be physically
characterized. A clever strategy in this direction consists in mixing
covalent and noncovalent reactions steps so that the noncovalent
synthetic products can be stabilized by, or can template, the covalent
products thus enabling multistep synthesis'®. Luminescent Pt(Il)
complexes have proven to be exceptional probes for investigating the
complexity of supramolecular pathways, owing to the way their optical
properties vary with molecular packing'®?". This behavior arises from
the square-planar coordination geometry of the metal center, which
readily facilitates both PteesPt interactions and m-mt stacking between
chromophores, leading to a variety of polymorphic forms. Specifically,
due to the d,- orbital interactions, new molecular orbitals are created,
resulting in metal-metal-to-ligand charge transfer (MMLCT) states.
The stronger the PteesPt interaction (with distances in the range of
3.0-3.5 A), the more bathochromically shifted the MMLCT band and
emission become”?*, Among the various luminescent platinum com-
plexes, those consisting of an N*"N"N-type chromophore and a pyr-
idinic ancillary ligand have proven to be particularly suitable as probes
for self-assembly processes. This is due to their ability to change color
from blue to red depending on molecular packing and the possibility
to control solubility and the tendency to assemble in different solvents
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by modifying the functionalization of the ancillary pyridine. This
enabled to monitor in real time, by fluorescence microscopy, a com-
plex system with two kinetic assemblies (on-pathway) and their ther-
modynamic counterpart (off-pathway)" as well as visualization of a
supramolecular wrapping process®.

Result and discussion

For this study, we used compound 1, the simplest derivative of this
class, to explore an approach different from previous ones, which is
based on the change in coordination geometry from square planar
Pt(Il) to pseudo-octahedral Pt(IV). Indeed, the self-assembly tendency
of the Pt(Il) complex 1to form luminescent fibers can be suppressed by
oxidizing it with PhICI, (see ESI), resulting in the formation of the
corresponding pseudo-octahedral Pt(IV) complex 2 (see ESI S1-S6 for
NMR characterization), which has two chloride ions coordinated in the
axial positions (see Fig. 1) as confirmed by single crystal XRD (see ESI
S7)*?, A similar strategy was employed by Vilar et al. suppressing the
tendency of interaction of the Pt(Il) species with G-quadruplex DNA by
oxidizing the complex to its Pt(IV) counterpart, and then triggering the
interaction on demand with a reduction process®.

The Pt(IV) complex 2 is a non-emissive species that exhibits better
solubility than complex 1 due to its pseudo-octahedral geometry and
absence of self-assembly behavior. This lack of aggregation is further
confirmed by scanning electron microscopy (SEM) analysis, which
shows that drop-casting a 10~ M solution of complex 2 yields only tiny
crystals or amorphous material (ESI S8). Consequently, complex 2 can
be regarded as a ‘protected’ monomer, as its self-assembly process can
only be initiated through a redox reaction that reverts it to complex 1.

When a solution of complex 2 in THF or ACN (2.6*10 M) is mixed
with an equal volume of an aqueous solution of a reducing agent
(5.2102 M, 2 equivalents) such as sodium ascorbate (a), sodium
dithionite (b), or glutathione (GSH) (c) luminescent gels, on-pathway
aggregates (G1, G2) are formed. To facilitate the reading of spectra in
figures and ESI, it is worth mentioning that the presence of the letter
a-cin the legend indicates the presence of the excess of the reducing
agent employed and its byproducts in the aggregated system. These
reducing agents were selected for their mildness, low toxicity, ease of
use, and potential applicability in biological settings. We do not

Oxidation / EtOAc; 2 eq. PhICl,

Reduction

exclude the possibility that many other mild reductants could also be
used for this purpose.

The emission colors of these gels are primarily influenced by
solvent polarity rather than the reducing agent used (see Table S1 and
ESI S9-S24 for photophysical properties). The obtained gels remain
stable to the inversion of the test tube (Fig. 1) for days post-synthesis.
However, heating G1 to 70 °C (25 min), or sonicating it (5min, T=RT,
frequency of 40 KHz, power 120 W), irreversibly destroys the gel, with
consequent loss of its mechanical properties, and producing the
thermodynamic, on-pathway, product D1 (Fig. 1). The disruption pro-
cess of Gl is captured in Supplementary Movie 1, where a vial con-
taining a freshly prepared G1 sample is heated with a heat gun under
UV irradiation (365 nm). Initially, G1 exhibits a uniform yellow photo-
luminescence across the sample. As heating begins, water separates
from THF, partially solubilizing the aggregates of 1. Continued heating
induces the first conversion of the insoluble aggregates into their
thermodynamic state. Upon returning to room temperature, the
aggregates elongate in the blue-green emitting thermodynamic state,
while the solvent phases become miscible again. However, fiber elon-
gation is too slow to encapsulate the solvent, ultimately leading to gel
disruption and the formation of a mixture of aggregates identified as
D1. D1 consists in a dispersion of blue-green emissive fibers
(Aem,max = 497 nm), indicating weaker metallophilic interactions similar
to previously reported systems®. Interestingly, G2 retains its proper-
ties indefinitely when heated to 70 °C. However, allowing G2 to sit at
room temperature for 2 weeks after sonication results in the formation
of D2, as confirmed by absorption and emission spectra (Figs. 2a,
b and S25-S28 for photophysical properties). The transformation of
the kinetic product into the thermodynamic one can also be observed
in real time by fluorescence microscopy (Supplementary Movie 2).
Thus, by combining preformed fibers in kinetic and thermodynamic
state in a THF/H,O mixture (1:1), and taking a snapshot every 5 min, it is
observed the gradual conversion of the orange fibers into the blue-
green ones over a 2 h 30 min period. The latest do not show further
conversion and are stable up to several months.

Further experiments were conducted to better understand the
conditions governing the gelation process and the nature of the
thermodynamic state in which the aggregates form. The emission

2 (THF or ACN) 2 (THF or ACN)

2.6102 M 17102 M
+
2eq.;aq. [Ascorbate  F _
T = RT < Dithionite A hv=385nm 7
t=>1s | Glutathione (—)
( Solvent Gel |
THF/H,0 (1:1) G1

Acetonitrile/H,0 (1:1) | G2

Gelation

A=70°C
))) = RT; 40 KHz; 120 W

Thermodynamic Product

Solvent Object
[ 1

THF/H,0 (1:1) D1
Acetonitrile/H,0 (1:1) D2

Fig. 1| Self-assembly pathway selection by photo or chemical reduction. Reaction scheme, operating conditions of the redox process under analysis, and aggregation
states achievable directly from compound 1 or through the reduction of compound 2.
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Fig. 2 | Photophysical properties of gels and disrupted gels. a Normalized UV-Vis
of G1,2 (up) and D1,2 (down). b Normalized emission spectrum of G1,2 (up) and
D1,2 (down). Concentration of samples for both a and b: 2.6*102M in THF (blue

line) and ACN (orange line). ¢ Fluorescence microscope pictures of aggregates
derived from a drop cast of G2 (up), and D2 (down) at A =385 nm of irradiation.

spectra of the various species are presented in Figs. S29 and S30, with
corresponding PLQY values listed in the caption.

The influence of different parameters was tested, including the
concentration and volume of sodium ascorbate (5.2 x 103 M, 1mL
aqueous), the stoichiometry of 2/ascorbate (ratios of 5:1 and 1:5, with
the concentration of 2 of 2.6*102M), and the speed of reductant
addition (1 drop per second), in both THF and ACN organic solvents. In
all tests, except for the 2/ascorbate ratio of 1:5, a dispersion of aggre-
gates was obtained with an emission spectrum similar to that of G1 and
G2. The most significant variation was observed with the addition of
diluted reductant in THF, where the emission spectrum exhibited a
notable red shift to 595 nm (Ademimax =24 nm), nearly matching the
spectrum obtained with ACN as the organic solvent. When the ratio 2/
ascorbate used is 1:5, a gel similar to G1 and G2 is obtained although
characterized by lower PLQY.

To investigate the processes leading to the formation of these
assemblies, we conducted thermodynamic studies on a10™ M solution
of complex 1 in THF/H,0 (40%) and ACN/H,O (50%) (see ESI S31, S32
and Table S2). These specific solvent ratios were selected to enable
both the dissolved molecular state and the fully aggregated form to
coexist within a temperature range compatible with the limitations of
the Peltier device. Thermodynamic control was ensured by recording
multiple spectra at the same temperature until no further changes
were observed. Since aggregates formed during the cooling process
tend to precipitate, potentially distorting absorbance values, the
absolute change in absorbance (|Aaps|) at 250 nm across various tem-
peratures was used for analysis. Thermodynamic parameters calcu-
lated using the Eikelder-Markvoort-Meijer model®” revealed a
cooperative nucleation-elongation mechanism in both solvent
systems®. The nucleation penalties (AH,,.°) were determined to be
-18.5 kJ/mol for THF and -20.5kJ/mol for ACN, while the elongation
enthalpies (AH.°) were -110.0 kJ/mol and -98.9 kJ/mol, respectively.
Surprisingly, in both cases the dispersed fibers formed upon cooling
correspond to on-pathway aggregates GL2 as confirmed by their

emission spectra (see ESI S33, S34). This result, along with the thermal
transformation of G1 into D1, suggests that D1 may form through a
consecutive aggregation pathway, originating from the aggregation of
G1 rather than directly from the monomer.'>*' To unravel the ther-
modynamic properties of D1, a set of fibers obtained by the thermal
transformation of G1 in D1 is washed thoroughly with water to ensure
the complete removal of any trace of reducing agent and byproducts
from the sample. Then, a dispersion of D1 at 10 M concentration in a
40/60 THF/H,O0 is used to perform a heating curve (see ESI S35,
Table S3). A tentative fit of the resulting curve gave an elongation
enthalpy (AH¢°) of -180 + 48 kJ/mol. The very high standard deviation
values (see Table S3) obtained for all the thermodynamic parameters
do not allow to unambiguously confirm the aggregation mechanism.
Unfortunately, the solubility of the aggregates obtained from D1 is
poor enough to not allow the heating curve to be performed in ACN.
We then turned to the evaluation of the electronic properties of the Pt
complex and its aggregates by computations (details on the compu-
tational models used can be found in ESI, general section). Whereas the
assessment of electronic properties resulting from metallophilic
interactions should be performed with caution, we investigated the
electronic properties of plausible Pt(l) dimers both in their singlet
ground (Sp) and first excited triplet (T;) states and compared the
computational results with the observed spectroscopic behavior. We
note that the solvent effects may contribute to the stabilization of the
aggregates as observed for THF or ACN, however the explicit treat-
ment of solvent effects is out of the computational scope, therefore all
the calculations were carried in the gas phase. First, we calculated the
absorption and emission properties of complex 1 from its Sp and T,
state respectively. Details of the computational method used for the
calculation is reported in the experimental part. Time-dependent DFT
calculations including spin-orbit effects (SOC TD-DFT) predicts for
monomer complex 1 a Sg~> T; transition (A,ps=455nm; f>¢=0.003)
and a Sp~ S; transition (=417 nm; f°*=0.044) in good agreement
with the experimental observations (Fig. S36, vide infra for
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photophysical characterization of the various species under analysis in
this work). Next, we turned our attention to the aggregation properties
of complex 1. Although the exact structure of the aggregates here
discussed is unknow, we recently reported® the solid-state structure of
an analog Pt(Il) complex in two polymorphs. Therefore, we modeled
the structures of the aggregates of complex 1 based on the reported
structural parameters. Two dimers of complex 1 with different Pt-Pt
distances were optimized in their So geometry, namely dimer 1-A
(Pt-Pt distance =3.231A, Fig. ESI 37a) and 1-B (Pt-Pt distance = 3.698
A, Fig. ESI 37b). DFT calculations predict the aggregation of two
complex 1 to form dimer 1-A to be thermodynamically favored with
AAG=-20kJmol™? which is surprisingly close to the nucleation
enthalpy determined by thermodynamic experiments. We note that
the aggregation of two molecules of complex 1is energetically favored
(AAG=-20kJmol™); while the formation of dimer 1-B is not
(AAG =+1kJ mol™). This value is also within the margin of uncertainty
of the calculation of the AH,° of aggregates obtained from D1 during
the heating curve experiment (see ESI S35, Table 3). Hence, we spec-
ulate that short Pt-Pt distance in dimer 1-A stabilize the aggregate. The
effects of the metallophilic interactions are also noted in the predicted
spectroscopic properties of the dimers. SOC TD-DFT predicts for
dimer 1-A a S ~> T; transition (A,ps =469 nm; f>°=0.055) and a Sg > S;
transition (A,ps = 415 nm; > =0.016), and for dimer 1-B a Sp > T, tran-
sition  (Aups=465nm; f>*=0.0006) and a Sp~>S; transition
(Aaps =427 nm; f°*=0.043). Next, we compute the electronic proper-
ties of the dimers 1-A and 1-B in their optimized T, geometries; in the T,
state the Pt-Pt distance of 1-A is predicted to shorten to 3.153 A (Fig.
ESI 37¢); while in the T; state the Pt-Pt distance of 1-B is predicted to
increase to 3.940 A (Fig. ESI 37d). The shortening of the Pt-Pt distance
in the T, state of dimer 1-A affect the emissive properties of the dimer,
SOC TD-DFT calculations predict a bathochromic shift of the emission
(Adem =579 nm; £°°° = 0.0008) respect to dimer 1-B monomer complex 1
(Aem=546 nm; *=0.0001 and Aep,=541nm; f°=0.0004 respec-
tively for dimer 1-B and monomer complex 1). Based on these com-
putational results, we speculate that the energetically favored dimer
1-A characterized by short Pt-Pt, both in the So and T; states, is a good
approximation of the G aggregate, for which we found a bathochromic
shift of the emission (Aer, of 571 nm for G1 and 594 nm for G2) and
stability. Whereas dimer 1-B represent a metastable form, which does
not differentiate spectroscopically from the monomer, we suggest
dimer 1-B as an approximation to the D aggregate, also characterized
by the weaker of metallophilic interactions than 1-A*.

SEM analysis reveals that gel Gl (see ESI S38-S39) consists of
lightly curved fibers of complex 1 that intersect to form a network of
wires, with thicknesses ranging from tens to hundreds of nanometers.
These fibers are coated with a thick layer of amorphous material
composed of complex 2, the reducing agent, and byproducts. The
composition of the fibers and the amorphous material was determined
through EDX analysis, which provided elemental identification. The
fibers, containing Pt but not Cl, were confirmed to be made of complex
1, while the simultaneous presence of Pt and Cl identified the amor-
phous material as containing complex 2. In contrast, gel G2 (see ESI
S40) comprises thicker rods (hundreds of nanometers) coated with a
thinner layer of amorphous material. Upon transformation into their
thermodynamically stable forms (D1 or D2), the lightly curved fibers of
Gl and G2 evolve into straight rods with thicknesses reaching up to
2 pm (see ESI S41-S42).

Attempts to obtain gels starting directly from the Pt(Il) species
failed due to the insolubility of complex 1, which does not dissolve
even after thermal treatment or sonication. Solvents tested in these
experiments include toluene, THF, acetone, DMF, DMSO, and ACN.
Thus, using conventional methods such as varying temperature, con-
centration, and solvent/non-solvent ratios resulted in the precipitation
of complex 1 as an amorphous powder. To check if the presence of the
reducing agents or their byproduct plays a role in the gelation process,

samples of gels obtained from the reducing agent a, b and ¢, are dried
under vacuum and the attempt of gelation using thermal methods with
THF and ACN is repeated, but no gelation is observed. These obser-
vations suggest that the gel is a metastable kinetic state accessible
exclusively through the in situ chemical reduction of complex 2.

Photoreduction

The UV-Vis absorption spectrum of the Pt(Il) complex 1 (see ESI S36)
features an intense band in the UV region, primarily attributed to
intraligand (IL) and metal-perturbed interligand charge transfer
(ILCT) states. Additionally, a broad band between 350-450 nm is
ascribed to a mixture of spin-allowed metal-to-ligand charge transfer
("MLCT) and intraligand ('IL) transitions, as commonly observed in this
class of compounds®?*. In contrast, the absorption spectrum of
complex 2 (see ESI S43) in dilute solution (10 M, ACN) shows intense
absorptions in the 250-350 nm range, attributed to 'IL and 'ILCT
transitions, while 'MLCT absorptions are presumed to be at very high
energies and are thus obscured by the ligand-centered transitions,
consistent with observations in other Pt(IV) complexes™. Interestingly,
irradiating a dilute solution of complex 2 (10™* M in ACN) with a deu-
terium lamp results in the reductive photodissociation of the chloride
ligands, forming complex 1, phenomenon already observed by Sharp
et al.*® on Pt(IV)Cl, substrates*”*®. This transformation is followed by
UV-Vis absorption spectra (see ESI S44), and the identity of the species
is verified by NMR spectroscopy on an intermediate point of the
photoreaction (see ESI S45, 75% conversion). When this photo-
conversion is performed in the same medium and concentration
where gels G1 and G2 are chemically formed, no gelation occurs;
instead, the growth of luminescent fibers is observed (see ESI S46-S50
for photophysical characterization). In this case, the gelation does not
take place because of the very slow rate of conversion compared with
the chemical reduction, which does not allow for the embedding of the
solvent. SEM analysis of the aggregates formed by photoreduction
reveals a network of lightly curved wires, similar to those obtained with
Gl and G2 (see ESI S51-S52). The self-assembly process triggered by
photoreduction can be monitored by fluorescence microscopy, as
shown in Fig. 3a and Supplementary Movie 3. After approximately
1min of irradiation, a bundle of fibers is generated only in the irra-
diated spot (Fig. 3b), allowing for the creation of patterns. For instance,
acircle can be drawn on a thin layer of a 2.6*10™ M solution of complex
2, deposited between two quartz plates, using a deuterium lamp
equipped with a beam-shaping mask (Fig. 3c).

Photoselection

Light-triggered self-assembly processes typically exploit the inherent
properties of photoactive components such as azobenzenes®*?,
spiropyrans®, diarylethenes**, triarylamines*®*° or the cis-trans iso-
merization of imines***' or overcrowded alkene* to cite some that are
either combined with or covalently functionalized by other self-
assembling motifs. In this case, as partially anticipated, the establish-
ment of ground state PteesPt metallophilic interactions causes a dra-
matic change in the photophysical properties of the assemblies
destabilizing the HOMO resulting in a bathochromic shift of both
absorption and emission spectra®. This peculiar characteristic of such
class of compounds makes the assembled structures better light har-
vesters compared to the monomeric unit, enabling the fibers to absorb
light up to approximately 550 nm. Conversely, the monomer complex
1 cannot absorb light with A >450 nm, and complex 2 exhibits the most
hypsochromic shift with absorption bands only in the UV region with
an absorption onset at 400 nm (Fig. 4a). This provides a basis for the
photoselective elongation (Fig. 4): by mixing assembled fibers with a
fresh solution of complex 2 and irradiating at A =555 nm, where only
the supramolecular fibers absorb light (Fig. 4c). The reduction of
complex 2 can occur solely through photoinduced electron transfer
(PET), a phenomenon common also to other Pt(I)(NNN)
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Fig. 3 | Photoreduction of Pt(IV) species observed via fluorescence microscopy.
a Snapshot of Supplementary Movie 2; photoreduction of 2 at 10> M in ACN/H,0
(2:1 ratio); light irradiation at A =385 nm, magnification x20. b Snapshot of a spot

previously irradiated at 385 nm (x10 magnification, A = 555 nm). ¢ Circle drawn with
a deuterium lamp equipped with a beam-shaping mask using a solution 2 in THF/
H,0 (11 ratio) at 2.6*10"2M concentration.
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complexes®*, In this setup, the aggregated form would synthesize its
own monomer 1, promoting the growth of the assembly rather than
formation new nuclei, as monomer 1 would be generated only in the
immediate vicinity of the existing fibers.

A dispersion of aggregates obtained by photoreduction (20 pL,
starting from a 10 M solution in ACN/H,0 2:1) is added to a solution of
2 (1 mL, same solvent, and concentration), then, 20 pL of the obtained

mixture are deposited on a quartz plate. A group of two fibers is iso-
lated and irradiated at 555nm under fluorescent microscope. The
results are shown in Supplementary Movie 4 and Fig. 4a. In the initial
minutes, we observe an increase in the thickness and emission inten-
sity of the fibers, followed by rapid elongation. Unlike in Supplemen-
tary Movie 3, no new fibers appear; instead, the two original fibers
simply grow longer. Repeating the experiment in a 1mm quartz
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a Quantitative analysis of selective elongation of Pt(Il) aggregates via UV-Vis
monitoring the Pt(IV) depletion over irradiation with UV light (1 =403 nm) and
green light (A= 517 nm); initial condition: compound 2 at 2*10°M concentrationina
2:1 ACN/H,0 solvent mixture (1 mm cuvette). b SEM analysis of the Pt(ll) fibers and

residual Pt(IV) mixture obtained at the end of the second run of the selective
aggregates elongation experiment (1cm cuvette, same solvent and initial con-
centration as picture a). ¢ EDX mapping of Pt in the same spot of the SEM analysis.
d EDX mapping of Cl in the same spot of the SEM analysis.

cuvette under identical solvent mixture at 2*10M concentration, the
depletion of complex 2 was monitored using UV-Vis analysis (Fig. 5a).
In the first phase of the experiment, the sample was irradiated with
green light (see Methods section for details) for 30 min, during which
no depletion of complex 2 was observed. This result further supports
the inertness of complex 2 toward green light irradiation. Subse-
quently, the sample was irradiated with UV light for 3 min, resulting in a
detectable depletion of complex 2. During this time, a portion of
complex 2 was converted into fibers of complex 1, which are capable of
absorbing green light. When the resulting aggregates were irradiated
again with green light in the presence of the remaining solution of
complex 2, the signal corresponding to complex 2 gradually decreased
over time.

In a follow-up experiment conducted in a 1cm quartz cuvette,
samples of the aggregates were collected after their formation under
UV light and after their elongation process under green light irradiation.
SEM analysis of these samples (see ESI S53 and S54 as representative

starting point of selective elongation of fibers; ESI S55, S56 for the end
point) revealed that the fibers increased in both thickness and length
during the elongation process. Additionally, images taken after elon-
gation (see ESI S55, S56) showed structures resembling secondary
nucleation. However, EDX confirmed that the fibers lacked Cl-related
peaks, indicating that they were composed of complex 1. In contrast,
the crystals, which appeared similar to secondary nucleation, exhibited
clear Cl peaks, identifying them as being made of complex 2 (see ESI
S57, S58, Table S4). Additionally, EDX mapping Pt and Cl atoms is
conducted on a spot of the sample as an additional proof of the nature
of the objects observed (Fig. 5b-d). The kinetics of this elongation
process can be explained by the deposition of Pt(ll) on the surface of the
fibers. As the fibers grow, the conversion of Pt(IV) to Pt(ll) increases,
accelerating the elongation process. The establishment of PteesPt
metallophilic interactions and the geometric transformation from Pt(IV)
to Pt(Il) are central to this study. These findings could be extended to
redox-active organic molecules with aggregation-induced emission
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(AIE) or those capable of forming H- or J-aggregates, opening new
avenues for precision macromolecular engineering.

Methods

General

All the reactions were carried out under an inert atmosphere of argon
(Schlenk technique). All the solvents and chemicals were used as
received from Aldrich or Fluka without any further purification. The
compounds were purified by column chromatography by using either
silica gel 60 (70-230 mesh) or neutral alumina as stationary phase. 'H,
and “C{'H} spectra were recorded on a Bruker AVANCE III spectro-
meter equipped with a BBO probe, while “F{H} NMR were recorded
with a Bruker 200 MHz equipped with a QNP probe. 'H, and 2C che-
mical shifts were referenced relative to residual solvents peaks while
F chemical shifts were referenced using indirect referencing’®. The 'H
NMR chemical shifts (6) are given in ppm and referred to residual
protons on the corresponding deuterated solvent. All coupling con-
stants (/) are given in Hertz (Hz). All deuterated solvents were used as
received without any further purification. HR-MS spectra were recor-
ded on a Thermo Q-Exactive™ equipped with an ESI source. Mass
spectra were recorded in positive mode. Elemental analyses were
recorded by the analytical service of physical measurements and
optical spectroscopy at the University of Strasbourg.

Synthesis of [Pt(Cl),(DMSO),]

This compound is synthesized accordingly with a modified literature
procedure®. An aqueous solution of K,PtCl, (1.24 g, 3 mmol in 10 mL)
is filtered into a 50 mL beaker through paper. This procedure removes
impurities due to metallic Pt and/or K,PtCls. DMSO (0.64 mL, 9 mmol)
is added to this solution, and, after a gentle hand mixing, the solution is
left to stand at room temperature until complete precipitation of
yellow needles (36 h). The precipitate is filtered, washed 3 times with
10 mL of water, ethanol, and diethyl ether, and dried in vacuo for 4 h.
The yield is 1.10 g (87%).

Synthesis of pyridine-2,6-bis(carboximidhydrazide)

This compound is synthesized accordingly with a literature
procedure®. Ina 500 mL round bottom flask 2,6-pyridinedicarbonitrile
(10.0 g, 77.45 mmol) was dissolved in 200 mL of ethanol then 80 mL of
hydrazine monohydrate were added, and the flask closed with a rub
septum. The resulting solution was stirred for 3 days at room tem-
perature. The solution was then filtered and the slightly yellowish solid
washed with ethanol (50 mL) and dried. The compound was used
without further purification. Yield 14.6 g (97.5%).

Synthesis of 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyr-
idine (L1-2H)
This compound is synthesized accordingly with a literature procedure®.
Pyridine-2,6-bis(carboximidhydrazide) (228g, 11.8 mmol) was sus-
pended in 25 mL of diethylene glycol dimethyl ether and sonicated until
a fine white suspension was formed. Trifluoroacetic anhydride (3.6 mL,
26 mmol) was slowly added to the mixture at room temperature. Upon
addition, the suspension dissolves and the solution turns yellow in color.
The solution was stirred for 10 min at room temperature then slowly
heated up using a silicon oil bath until reflux. The progress of the reac-
tion was followed by TLC using acetone as the eluent and was complete
within 1 h from reflux. After cooling down to room temperature, 70 mL
of distilled water followed by 2 mL of concentrated HCl were added and
the mixture overnight heated at 90 °C. The solution was then cooled
down to room temperature and stirred for additional 2 h. The white
precipitate was filtered and abundantly washed with water and petro-
leum ether, then dried overnight at 70 °C. The compound was used
without further purification. Yield (3.0 g, 74.5%).

'H NMR (acetone-d®, 400 MHz, ppm): §=8.33-8.40 (m); “C{'H}
NMR (acetone-d®, 100 MHz, ppm): §=156.42 (s), 156.04-154.88 (q,

J=39 Hz), 146.05 (s), 141.36 (s), 124.55-116.53 (q, ] = 268 Hz), 123.82 (s).
F{'H} NMR (acetone-d®, 376 MHz, ppm): 6 = 65.80 (s, CF3). HR-ESI-MS
(m/z): C;iHsF¢NsNa [M + Na] +, calcd. 372.040, found 372.035.

Synthesis of [Pt(I)(L1)(py)] (1)
Complex 1 is synthesized via a modified literature procedure”.
[PtCl,(DMSO),] (100.0 mg, 0.2368 mmol) and 1.0 eq. of L1-2H
(82.7 mg, 0.2368 mmol) are suspended, under Ar atmosphere, in
20 mL of ACN, followed by the addition of 2.0 eq of DIPEA (61.2 mg,
0.4736 mmol, 82.6 pL). The initial heterogeneous slurry quickly turns
into a yellow solution that is left under stirring at RT for 10 min.
Afterwards, 1.3 eq. of pyridine (24.3 mg, 0.3078 mmol, 24.8 pL) are
added to the solution, and an orange precipitate starts forming. The
heterogeneous orange mixture is stirred at 70 °C overnight turning
into a bright yellow suspension. The filtration of the solid, followed by
washing with cold ACN and n-hexane, afford the product as a yellow
powder which is then dried under vacuum overnight. Yield 73%
(107.4 mg 0.1729 mmol). The full NMR characterization can be found
in the original paper”. The 'H NMR in CDCl; is reported below for sake
of comparation with compound 2.

'H NMR (300 MHz, CDCls, 298K): 6=9.74 (dd, ¥,;=6.6, Hz
Yun =13 Hz, satellites *p,=13.2Hz, 2H; ortho py), 8.14 (pseudo t,
Y =7.6 Hz, 1H; para pyLl), 8.08 (dd, ¥Jun=8.4Hz, Yuu=7.5Hz 1H;
para py), 7.89 (d, >un =7.9 Hz, 2H; meta pyL1), 7.70 (dd, *,;=7.7 Hz,
3Jun = 6.5 Hz 2H; meta py). 'H NMR (400 MHz, THF-d®) §=9.7223 (d,
J=5.8,2H),8.2372(q,)=8.2,2H),7.89(d,) =7.8,2H), 7.76 (t,) = 6.7, 2H)
ppm. *C{'H} NMR (101 MHz, THF-d®) 6§ =154.65, 150.03, 145.04, 141.31,
127.68, 119.46 ppm. “F{'H} NMR (377 MHz, THF-a®) 6 =-65.61 (s) ppm.
HR-ESI-ToF-MS (positive scan, m/z): [M + H]+ calcd. 622.0491; found
622.0481.

Synthesis of [Pt(IV)(CI)»(L1)(py)] (2)
[Pt(II)(L1)(py)] (1) (100 mg, 0.1609 mmol) and 2 eq. of PhICI, (88.5 mg,
0.3219 mmol) are suspended in 5 mL of EtOAc and stirred at T=70°C
for 1 h. The initial bright yellow suspension turns into a homogeneous
pale-yellow solution. After the addition of 5 mL of hexane, the reaction
mixture is filtered through a short silica pad using a 1:1 mixture of
EtOAc/hexane as eluent. The product is dried under vacuum at 40 °C for
4 h to yield 74.6 mg (0.1078 mmol) of a pale-yellow powder. Yield 67%.
'H NMR (300MHz, CDCl;, 298K): & (ppm)=9.59 (dd,
3un = 6.8 Hz, Yy =1.4 Hz, satellites 3/up. = 11.8 Hz, 2H; ortho py), 8.39
(dd, 3y =8.6 Hz, 3y = 7.2 Hz, 1H; para pylLl1), 8.33-8.19 (m, 3H; para
py and meta pyLl1), 7.91-7.81 (m, 2H; meta py). *C{"H} NMR (75 MHz,
CDCl3, 298 K): 6=160.5 (s; ipso triazole), 153.6 (q, ¥Jcr=39.7 Hz; ipso
pyLl), 152.6 (s; ortho py), 146.2 (s, satellites %cp, = 2.8 Hz; ipso pyLl),
145.5 (s; para pylL1), 142.1 (s; para py), 127.6 (s, satellites */cp, = 12.8 Hz;
meta py), 121.0 (s, satellites *cpc=8.4Hz; meta pyLl), 119.2
(9, Ycr =272.1Hz, CF3). F{'H} NMR (188 MHz, CDCl3, 298 K): 5 =-64.8
(s, 6F; CF3). Elemental analysis cald. (%) for C;¢HgCl,F¢NgPt: C 27.76, H
116, N 16.19; found: C 28.55, H 1.64, N 16.17. micrOTOF m/z [M +H]*
calcd. 691.9874; found 691.9976.

General procedure for gel formation G1,2

A solution 2.6*102 M of 2 is made in organic solvent (THF or ACN), and
an equal volume of water solution of 2 eq. of reducing agent (sodium
ascorbate (a), sodium dithionite (b), GSH (c)) is quickly added. The gel
formation occurs within seconds, and it is stable-to-inversion of a
test tube.

Computational analysis

All calculations were performed with ORCA v 6.0.1°%. Molecular geo-
metries were optimized without any symmetry constrain in the gas
phase using the BP86 functional. Scalar relativistic effects were mod-
eled using the Zeroth Order Regular Approximation (ZORA)*° with the
ZORA-Def2-SVP basis set®® and the SARC-ZORA-TZVP® for platinum

Nature Communications | (2025)16:4316


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58890-4

with the RI®* approximations and the related auxiliary basis sets (SARC/
)%, The D3 dispersion correction® with Becke-Johnson damping®®
was used. All optimized structures were verified as true minima by the
absence (Nimag=0) of negative eigenvalues in the harmonic vibra-
tional frequency analysis. Time-dependent DFT calculations including
spin-orbit effects (SOC TD-DFT) calculations were performed in the
gas phase using the PBEO functional®. Scalar relativistic effects were
modeled using ZORA with the ZORA-Def2-TZVP basis set®® and the
SARC-ZORA-TZVPP®'  for platinum with the RI-SOMF(1X)
approximations®® with the related auxiliary basis sets (SARC/)). For the
TD-DFT calculations 25 roots were computed including both singlet
and triplets SOC effects (DOSOC=true) and the Tamm-Dancoff
approximation (TDA =true) to speed up the calculations. Structures
were visualized with Chemcraft (https://www.chemcraftprog.com).
Further information on the computational level of the theory and the
xyz coordinates are reported in the supporting information.

Photoreduction and fluorescence microscopy

The photoreduction kinetic of 2 is made on a quartz cuvette with 2 at
10™*M concentration in ACN and irradiation with a deuterium lamp
(AvalLight-DH-S; Wavelength Range UV 175-400 nm, Vis 360-2500 nm,
Lamp Power UV 78 W/0.75 A, Vis 5W/0.5 A). The cuvette is irradiated
for fixed amount of time and the conversion is analyzed via UV-Vis. The
sample is kept in the dark between the irradiation and the analysis. The
same equipment and settings are applied to a 2.6*102M solution of 2
(THF/H,0 1:1) obtaining aggregates of 1.

The photoreduction is observed via fluorescence microscopy
(Axio Observer 7) using 20 pL of a solution of 2 at 10> M in ACN/H,O
2:1 deposited on a coverslip and covered with a quartz petri dish
(Hamamatsu) to prevent solvent evaporation. The sample is irradiated
at A =385 nm (Light Source Colibri 5 Type RGB-UV; Wavelength Range:
UV 385 +15 nm, blue 469 +19 nm, green 555 + 15 nm, 631+ 16.5 nm).

A thin layer of a 2.6*1072 M solution of 2 (THF/H,O 1:1) is deposited
between two quartz slits and irradiated with a deuterium lamp
equipped with a circular beam-shape mask. The reduction of 2 to 1
occurs within 15 min of irradiation.

Photoselective elongation

Fibers of 1 obtained by photoreduction of 2 are dispersed into 20 pL of
a107Msolution of 2in ACN/H,0 2:1and irradiated at A = 555 nm (Light
Source Colibri 5 Type RGB-UV; Wavelength Range/Bandwidth: UV 385/
30 nm, blue 469/38 nm, green 555/30 nm, 631/37 nm).

The UV-Vis analysis of the selective elongation of the fibers is made
by using a 1cm quartz cuvette containing a solution of 2 at 10 M con-
centration in ACN/H,O 2:1 and irradiating it for determined period of
time with green or UV light with a “Stage light; model ZQ01137” (Wave-
length Range/Bandwidth: green light 517/140 nm, UV light 403/120 nm).

Preparation of samples

Samples for photophysical measurements in solution are obtained by
dissolution of 3.1mg (0.005mmol) of complex 1, or 3.4mg
(0.005 mmol) of 2, in 50 mL volumetric flask and then diluted to a final
concentration of 10 M, using THF, or ACN as solvent.

Samples for photophysical measurements of gels are obtained by
direct deposition of 20 pL of organic solvent containing the Pt (IV)
complex at 2.6*102M concentration, and an equal volume of the
desired reducing agent at 5.2*102M concentration, directly on the
plate cuvette. Samples for integrating sphere were obtained by
abstraction with a spatula from a preformed gel.

Samples for SEM analysis were prepared accordingly with photo-
physical measurements procedures using a silicon fragment as support.

Temperature-dependent absorption spectra (cooling curve)
A solution 10 M of 1in a mixture THF/H,0 40%, or ACN/H,0 50% into
a lcm quartz cuvette and analyzed via UV-Vis equipped with a Peltier

temperature regulator. The initially heterogeneous mixture was
heated to 313 K when THF was used as organic solvent, 333 K with ACN.
Then, the UV-Vis spectrum was registered at various temperature
under thermodynamic control: 15min of equilibration time with
another spectrum acquired after 5min until the analysis are super-
imposable. Cooling rate with THF/H,O 40% mixture: 2K every
15-30 min of equilibration time. Cooling rate with ACN/H,0 50%: 2K
every 15-30 min of equilibration time until 318 K, then 1K per step until
333 K. Minimum temperature for THF/H,0 40% = 285K, and for ACN/
H,0 50% =300 K.

A dispersion of aggregates obtained from D1, after having been
washed with plenty of water to remove any traces of reducing agent or
byproducts, at 10*M concentration in a mixture THF/H,0 40%, was
transferred into a 1cm quartz cuvette and analyzed via UV-Vis equip-
ped with a Peltier temperature regulator. The initial temperature of the
experiment is 288 K. The sample was analyzed via UV-Vis, then the
temperature was raised of 4 K at a time stirring the solution for 1 min
before leaving the system to equilibrate for another 15min and
repeating the acquisition every 5 min until two consecutive spectra are
superimposable between 288 and 298 K, then 2K per step until 327 K.
Maximum temperature 327 K.

The data analysis was made via Eikelder-Markvoort-Meijer
model®.

Photophysical measurements

Absorption spectra were recorded, and baseline corrected, with a
Varian Cary 100bio UV-VIS spectrophotometer in 10 mm quartz cuv-
ettes filled with non-degassed solution of investigated compounds.
Emission and excitation spectra were recorded with a Photo-
luminescence Spectrometer (Edinburgh Instruments, FLS1000)
equipped with a 450 W Xe lamp and an air-cooled single-photon
counting photomultiplier (Hamamatsu R13456). The gel samples were
directly formed onto a quartz plate cuvette, while 1 and 2 solutions
were analyzed in a 10 mm quartz cuvette. Emission and excitation
spectra were corrected for source intensity (lamp and grating) and
emission spectral response (detector and grating) by standard cor-
rection curves. The absolute photoluminescence quantum yields
(PLQY) were measured on a Hamamatsu Absolute PL quantum yield
spectrometer Cl1347 Quantaurus QY integrating sphere in air-
equilibrated condition using an empty quartz Petri dish as a refer-
ence. Lifetimes were obtained on a FLS1000 in a quartz plate cuvette in
air equilibrated condition. Decay curves were analyzed with the
Fluoracle Software using the IRF convolution fitting (for lifetime in ns
range) or the tail-fitting for longer lifetimes.

SEM analysis and X-rays microanalysis

SEM analysis of gels and aggregates was performed with a Zeiss Sigma
HD microscope, equipped with a Schottky FEG source, one detector
for backscattered electrons and two detectors for secondary electrons
(InLens and Everhart Thornley). The microscope is coupled to an EDX
detector (from Oxford Instruments, x-act PentaFET Precision) for
X-rays microanalysis, working in energy dispersive mode, the EDX
spectra were acquired at 20 kV.

Single crystal X-ray diffraction (XRD) experiments

Single crystals suitable for X ray diffraction analysis were obtained by
evaporation of the solvent from concentrated chloroform solution of
the compound. The crystallographic data for compound 2 were
obtained by mounting a single crystal on aloop fiber and transferring it
to a Bruker D8 Venture Photon Il single crystal diffractometer working
with monochromatic MoKa radiation and equipped with an area
detector. The APEX 3 program package was used to obtain the unit-cell
geometrical parameters. The raw frame data were processed using
SAINT and SADABS to obtain the data file of the reflections. The
structure was solved using SHELXT®’ (Intrinsic Phasing method in the
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APEX 3 program). The refinement of the structure (based on F2 by full-
matrix least-squares techniques) was carried out using the SHELXTL-
2018/3 program’®. The hydrogen atoms were introduced in the
refinement in defined geometry and refined “riding” on the corre-
sponding carbon atoms. Crystallographic data for the structure
reported in this Article have been deposited at the Cambridge Crys-
tallographic Data Centre, under deposition numbers CCDC 2371629.
Copies of the data can be obtained free of charge via https://www.ccdc.
cam.ac.uk/structures/.

Data availability

Numerical values of data shown as graphs, as well as all additional data,
are available from the corresponding authors. The authors declare that
the data supporting the findings of this study are available within the
article and its Supplementary Information files. The Cambridge Crys-
tallographic Data Centre (CCDC) website contains the Supplementary
crystallographic data for this paper under identifiers 2371629 for com-
plex 2. These data can be obtained free of charge at www.ccdc.cam.ac.
uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033. Source data are provided
with this paper.
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