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Switchable supramolecular polymers of a Pt(ll)
complex via diacetylene t—Ag" interaction

Yumi Park,® Woomin Jeong,® Ka Young Kim,© Jong-Man Kim {°
and Jong Hwa Jung (2 *2d

Controlling the driving forces during supramolecular polymerization represents a highly significant and
challenging approach for the development of tailored supramolecular polymer systems for various
applications. We report a switchable supramolecular polymerization system based on binuclear Pt(i)
complex (Pt,LY) containing a diacetylene moiety, mediated by m-Ag' interactions between the
diacetylene moieties and Ag* ions in a mixed DMSO/H,O (3:7 v/v) solvent system. The mw-Ag*
interaction functions as an additional driving force, significantly enhancing the strength of the
supramolecular polymerization. Notably, the introduction of Ag® into the solution of Pt,L! led to
a pronounced increase in photoluminescence intensity. The switchable behavior of the system was
modulated through the sequential addition of a secondary ligand and metal ion. Thermodynamic
parameters governing the supramolecular polymerization were elucidated by temperature-dependent
photoluminescence spectroscopy.

Introduction

Building blocks containing diacetylene moieties are highly
valuable components for the design of supramolecular
polymers.'® Diacetylene features a linear and rigid structure
composed of two consecutive triple bonds, which imparts
strong directionality and anisotropy.***° This characteristic
promotes the formation of well-defined one-dimensional
supramolecular architectures such as fibers or ribbons.”**"**
Notably, diacetylene moieties exhibit photopolymerizable
properties, enabling polymerization upon UV irradiation.®**>*”
This photoreactivity makes them particularly attractive for the
development of stimuli-responsive materials that exhibit color
changes, fluorescence variation, or altered electrical proper-
ties.**®' However, photopolymerization of diacetylene requires
precise molecular alignment, often referred to as topochemical
conditions.">** Specifically, the diacetylene units must be
arranged at an optimal distance (~4.9 A) and orientation (~45°)
relative to each other.”'>'® To achieve this, preorganization
through non-covalent interactions such as m-m stacking,
hydrogen bonding, hydrophobic effects, or metal-ligand coor-
dination is essential.**'"*#?°2% Therefore, when designing
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diacetylene-containing building blocks, functional groups such
as hydrogen bond donors/acceptors, aromatic rings, hydro-
philic chains, or chiral centers are often introduced to guide the
self-assembly and ensure appropriate alignment.*>*%>¢

More intriguingly, diacetylene moieties are capable of
forming m-acetylene complexes with transition metal ions such
as copper and silver.?”% In particular, t-complexation with Ag"
can act as an additional driving force in supramolecular poly-
merization by promoting molecular alignment and stabilizing
preorganized structures.>*** The physical properties and overall
stability of diacetylene-based systems can also be finely tuned
through strategic modification of substituents, while coordi-
nation with metal ions such as Ag" can facilitate both alignment
and activation of reactive sites.***> Supramolecular polymers
derived from diacetylene-functionalized building blocks exhibit
a range of advanced functionalities, including circularly polar-
ized luminescence (CPL), Forster resonance energy transfer
(FRET), and responsiveness to environmental stimuli.>***® These
attributes make them highly attractive for use in next-
generation functional materials, such as optical sensors,
smart coatings, and bioresponsive systems.'**%4-*3

Although numerous supramolecular polymers incorporating
diacetylene moieties have been reported over the past two
decades,** no studies to date have explicitly demonstrated the
m-interaction between diacetylene units and Ag"' ions as a novel
driving force in supramolecular polymerization. Therefore,
elucidating and validating the role of diacetylene-Ag" -
complexation offers significant value and represents a prom-
ising advancement in the field of supramolecular polymer
chemistry. Herein, we report a switchable supramolecular
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polymerization system based on a Pt(un) complex (Pt,L') con-
taining a diacetylene moiety in the presence of Ag' ions in
a mixed solvent of DMSO and H,O (3:7 v/v). Temperature-
dependent photoluminescence (PL) changes of the supramo-
lecular polymers, both in the presence and absence of Ag", were
systematically investigated to determine the Gibbs free energy
and elucidate the underlying mechanism of supramolecular
polymerization. Notably, the formation of a w-complex between
Pt,L" and Ag* was confirmed through thermodynamic analysis
and infrared spectroscopy. Furthermore, the reversibility of
supramolecular polymer formation was demonstrated by
introducing a secondary metal ion and ligand, highlighting the
dynamic and switchable nature of the assembly process.

Results and discussion

We synthesized a bis(terpyridine)-based platinum(u) complex
incorporating diacetylene moieties (Fig. 1). Initially, compound
1 was obtained through a copper(i)-catalyzed oxidative homo-
coupling of propargyl alcohol in the presence of N,N,N',N'-
tetramethylethylenediamine (TMEDA) and molecular oxygen in
acetonitrile, followed by oxidation with Jones reagent to yield
the corresponding dicarboxylic acid. In parallel, a terpyridine-
based amine intermediate was prepared by nucleophilic
substitution of 4’-chloro-2,2:6',2"-terpyridine with 3-amino-1-
propanol in DMSO under basic conditions. This intermediate
was subsequently coupled with compound 1 vie EDC-HCI-
mediated amidation in the presence of HOBt and NaHCO; in
DMF, affording the diacetylene-bridged bis(terpyridine) ligand
L'. The final platinum(u) complex, Pt,L', was synthesized by
coordinating Pt,L' with cyclooctadiene platinum(i) dichloride
in methanol. The structure and purity of the resulting complex
were confirmed by spectroscopic techniques, including NMR
and mass spectrometry.

The formation of supramolecular polymers (SPs) was evalu-
ated in various solvents, including pure DMSO, methanol, THF,
and acetonitrile. Pt,L' (100 uM) was readily soluble only in
DMSO, but was insoluble in methanol, THF, and acetonitrile.
Accordingly, UV-vis absorption and photoluminescence (PL)
spectra of Pt,L" were recorded in mixed DMSO/H,O at varying
volume ratios to investigate its supramolecular polymerization.

A

cucl,
TMEDA, 0,
HO~Z ———
ACN HO.

9
=z OH _Jones reagent = OH
Z Acetone HO. Z
1 2
o
NH,
N
a NH, o N [ z
P AoH A 2 J P NJ\/O N \N‘
) I S, —_— N H P H l
OOV KOH, DMSO Sy Ny EDC-HCI N A N. Z N
N N N N A HOBt ( o/\r
3 NaHCO;  NF © )
OMF 4 N
7N
=N

9 2
O ool = NJ\/O‘R e
— H _ N R= —( N—Pt
1eOH R;o/\rN 7 /
2 N
° PtL! &

B c
o H
O, R = —
rohEn o S

P12 e}

Fig. 1 (A) Synthetic procedures for Pt L. (B and C) Chemical struc-
tures of Pt,L? and L® used in this study.
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With increasing water content, the intense high-energy
absorption band in the 250-320 nm region—attributed to
intraligand [t — 7¥*] transitions within the terpyridine moie-
ties—decreased a marked decrease (Fig. 2A and C), consistent
with enhanced w-7 stacking between terpyridine units during
supramolecular polymerization.**-”

In contrast, the absorption bands observed between 350 and
490 nm, corresponding to a metal-to-ligand charge transfer
(MLCT) transition [dm(Pt) — m*(terpyridine)], as well as
a ligand-to-ligand charge transfer (LLCT) [w(terpyridine) —
mt¥(terpyridine)] contribution, exhibited only minor changes.
Notably, the PL intensity of Pt,L' (100 uM) increased signifi-
cantly around 564 nm in DMSO/H,0 mixtures of 3:7 and 1:9
(v/v) (Fig. 2B and C), consistent with MLCT emission. These
results strongly suggest that Pt,L' undergoes supramolecular
polymerization in aqueous-rich DMSO mixtures, particularly at
3:7 and 1:9 DMSO/H,O0 ratios.

Based on these results, the optimal condition for supramo-
lecular polymerization was identified as a 3:7 (v/v) mixture of
DMSO and H,0.

To gain insight into the morphology of the SP derived from
Pt,L", atomic force microscopy (AFM) was employed in a mixed
DMSO and H,0 (3:7 v/v). As shown in Fig. 3, the AFM image
reveals a network of fibrillar structures with heights ranging
from 1 to 2 nm (Fig. S1), along with partially two-dimensional
(2D) sheet-like architectures (Fig. 3B) formed through the
well-ordered arrangement of fibrils. Furthermore, the quantum
yield (QY) and fluorescence lifetime (7) of the SPs in a mixed
DMSO and H,O (3:7 v/v) were determined to be 0.024 and 8.0
ns, respectively (Fig. S2). Therefore, the enhanced PL intensity
of Pt,L" at approximately 564 nm in a mixed DMSO and H,O (3 :
7 v/v) further supports the occurrence of supramolecular poly-
merization, corresponding to MLCT.

To elucidate the role of intermolecular hydrogen bonding in
the assembly of SPs, Fourier transform infrared (FT-IR) spec-
troscopy was employed. The amide I band (C=O) of the SP
based on Pt,L" prepared in mixed DMSO/H,0 (3 : 7 v/v) appears
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Fig. 2 (A) UV and (B) PL spectra of Pt,L! at the varying solvent ratio
(DMSO/H,0) (C) Plot of PL intensity and absorbance vs. content of
H,O.
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Fig. 3 AFM Images of Pt,L* (100 uM) in the (A and B) absence and (C)
presence of AgNOs (2 equiv.) and (D) upon addition of L® (10 equiv.) in
a mixed DMSO and H,O (3:7 v/v).

at 1666 cm " (Fig. S3), whereas that of the SP prepared in pure
DMSO appears at 1740 cm™*. This pronounced red shift indi-
cates that Pt,L' forms supramolecular polymers through
intermolecular hydrogen-bonding interactions (C=O---H-N)
between amide groups. Supplementing these observations, "H
NMR studies performed in DMSO-de¢/D,O (3:7 v/v) at 298 K
showed broadening of the aromatic proton peaks for Pt,L'
(Fig. S4), a feature attributed to the assembly of these molecules
into supramolecular polymers. At elevated temperature (363 K),
these aromatic proton peaks displayed more pronounced low-
field shifts and improved resolution, signifying the disas-
sembly into monomeric species. Taken together, these FT-IR
and 'H NMR spectral data strongly support the notion that
intermolecular hydrogen bonding, along with m-m stacking
interactions, serve as the principal driving forces underlying the
formation of these SPs. Also, three peaks for self-assembled
Pt,L' were observed at ¢ = 4.64, 8.89, and 19.5 nm ™' by XRD
observation (Fig. S5A), corresponding to real-space spacings of
d =1.35,0.71, and 0.34 nm, respectively. The 1.35 nm spacing is
smaller than the fully extended molecular length (3.31 nm) of
Pt,L', indicating that the self-assembled Pt,L' forms a mono-
layer structure with a slightly tilted molecular orientation.
Based on UVwis, FT-IR, '"H NMR and XRD analyses, the
proposed packing model for the Pt,L'-based SP is shown in
Fig. S6. The molecular length is approximately 3.31 nm
according to DFT calculations.

The SP adopts a monolayer structure stabilized by intermo-
lecular hydrogen bonding between amide groups and m-m
stacking interactions.

To determine the thermodynamic parameters, temperature-
dependent PL spectral changes were examined in a mixed
DMSO and H,O (3:7 v/v) solution. With increasing tempera-
ture, the PL intensity corresponding to the MLCT band at
approximately 564 nm decreased (Fig. 4), whereas it gradually

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Temperature-dependent PL spectra (A) PL Spectra of Pt,L* (50
uM) in DMSO/H;0 (3 : 7 v/v) about heating data. (B) Plots of PL Intensity
at 564 nm.

increased with decreasing temperature. These PL spectral
changes are attributed to the reversible transition between SP
formation and monomer dissociation. The heating and cooling
profiles of Pt,L"' (50 uM) exhibited sigmoidal behavior with no
observable hysteresis between the two curves (Fig. 4), indicating
a rapid and reversible disassembly into monomers. These
results suggest that the supramolecular polymerization follows
an isodesmic mechanism. Therefore, the thermodynamic
parameters were determined by curve fitting based on the iso-
desmic model using MatLab. The Gibbs free energy (AG),
enthalpy (AH), and binding constant (K) were calculated to be
—25.5 k] mol ™", —65.7 k] mol*, and 3.55 x 10% respectively
(Table S1). In addition, the cooperativity value (¢ = K,/K.) is
approximately 1, further confirming that the SPs follow an
isodesmic model.

To reinforce supramolecular polymerization through the
formation of 7-Ag" interactions in Pt,L', various concentra-
tions of Ag* ions were added to a Pt,L" solution (100 puM) in
a mixed DMSO/H,O (3 : 7 v/v) solvent system. As shown in Fig. 5,
the PL intensity of Pt,L' exhibited a slight increase with Ag*
concentrations below 1.0 equivalent, and no precipitation was
observed (Fig. S7), despite the presence of Cl™ anions.

Notably, when the Ag" concentration exceeded 1.0 equiva-
lent, the PL intensity sharply increased up to 2.0 equivalents,
indicating the formation of w-Ag" interactions involving the
diacetylene moieties. Therefore, at 1.0 equiv. of Ag’, a single
C=C site is preferentially engaged in a monocoordination
bond. In contrast, at 2.0 equiv., Ag" coordinates to both C=C
sites, acting as a bridging node that links neighbouring ligands
and triggers supramolecular polymerization. The quantum
yield (QY) and fluorescence lifetime (t) of the SPs in the pres-
ence of Ag" (2.0 equiv.) were also determined to be 0.022 and 9.5
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Fig. 5 (A) PL spectral changes of Pt,L! by addition of AGNOs from
0 equiv. to 3 equiv. in DMSO and H,O (3: 7 v/v). (B) Plot of PL Intensity
at 564 nm.
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ns, respectively, in a mixed DMSO and H,O (3 :7 v/v) solution
(Fig. S8).

To confirm the formation of T-Ag" interactions involving the
diacetylene moiety, FT-IR spectroscopy was employed to
monitor the vibrational changes of the diacetylene group in
Pt,L"' upon the addition of Ag" (2.0 equiv.). In the absence of
Ag', the C=C stretching band of the diacetylene group
appeared at approximately 2071 cm ™" (Fig. S9). However, upon
addition of Ag", this band disappeared, suggesting that the
vibrational mode became IR-inactive due to the formation of
a m-Ag' complex. This spectral behavior is consistent with
previously reported studies involving m-metal
interactions.””*** Upon heating, the aromatic protons shifted
downfield (Fig. S10A). Interestingly, the sharp single peak (2.18
ppm) of proton H9 at 293 K split into two distinct peaks at 333 K
(Fig. S10B). Thus, the peak of H9 at 293 K corresponds to the
supramolecular polymer with Ag* ions, whereas the new peak at
2.21 ppm is assigned to the monomeric Pt,L" species generated
by disassembly. These findings suggest that Ag" ions are coor-
dinated to the acetylene moiety of Pt,L. Also, upon addition of
Ag', a new peak appeared at ¢ = 19.5 nm™* (d = 3.2 A) by XRD
observation (Fig. S5B), which likely corresponds to m-Ag"
interactions. Furthermore, the AFM image of the SPs in the
presence of Ag' (2.0 equiv.) reveals spherical nanostructures
with heights ranging from 15 to 30 nm (Fig. 2C and S11). To
remove Ag* bound to the acetylene moieties, Cl~ or L? (5 equiv.)
was added to the spherical solution. As a result, the PL intensity
was restored to that of the original Pt,L' solution (Fig. 6 and
S12). Furthermore, the spherical nanostructures transformed
into fibrous structures upon the addition of Cl~ or L? as
a secondary ligand (Fig. 2D), both of which exhibit high affinity
for Ag", indicating that the supramolecular polymerization
could be modulated by Ag” or L.

In the presence of AgNO; (2.0 equiv.), AG and AH of the SP
were —27.5 k] mol ' and —106.8 k] mol ", respectively (Fig. S13
and Table S1). The o value was calculated to be approximately 1,
confirming that the SP formed in the presence of Ag" follow an
isodesmic polymerization model. These results indicate that
the introduction of Ag" significantly enhances the stability of
the SP. As a control experiment, the PL intensity of the self-
assembled Pt,L*> complex, which lacks a diacetylene moiety,
was monitored upon the addition of Ag" (1.0 and 2.0 equiv.) in
a mixed DMSO and H,O (3:7 v/v) solvent system. Notably, no
significant changes in PL intensity were observed (Fig. S14),
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Fig.6 (A) PL spectral changes of Pt,L! (100 uM) in the (a) absence and
(b) presence of AgNOs (2.0 equiv.) and (c) upon addition of L® (5.0
equiv.) in DMSO/H,0 (v/v = 3:7). (B) The circular diagram of switch-
able T—Ag* interaction.
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further supporting the conclusion that Ag" ions specifically
interact with the diacetylene moiety of Pt,L' through m-Ag"
coordination.

To reversibly modulate the PL intensity during supramolec-
ular polymerization as shown in Fig. 6, a secondary ligand (L?,
5.0 equiv.) was introduced into the SP solution containing Ag"
(2.0 equiv.) (Fig. 6). This addition was intended to sequester Ag"
ions coordinated to the diacetylene moiety of Pt,L'. Conse-
quently, the PL intensity at approximately 564 nm and the
morphology reverted to the level observed in the absence of Ag",
indicating that L? effectively captured Ag® through a ligand
exchange process. Subsequently, Zn>* ions were added to the
solution to induce re-coordination of Ag" to Pt,L" by displacing
it from the L’>-Ag* complex (Fig. S15). As anticipated, the PL
intensity increased to the same level observed in the initial
Pt,L'/Ag" system (Fig. S15), consistent with the formation of
a stronger Zn**-L* complex compared to the L*-Ag" complex,
thereby liberating Ag* to rebind with Pt,L'. Finally, tetra-
methylammonium chloride (20 equiv.) was introduced to the
Pt,L'-Ag" solution to effectively sequester Ag" ions. Upon this
addition, the PL intensity returned to nearly the same level as
that of the original SP solution without Ag" (Fig. S16), con-
firming the complete removal of Ag’. These findings demon-
strate that the PL intensity of the supramolecular architectures
can be reversibly modulated through the strategic introduction
of secondary metal ions and ligands, enabling a switchable
optical response (Fig. 6B).

Conclusions

We have developed a switchable supramolecular polymerization
system based on a binuclear Pt(i1) complex (Pt,L') bearing di-
acetylene moieties, wherein 7w-Ag" interactions between the
diacetylene units and Ag" ions serve as an auxiliary driving force
in a mixed DMSO/H,O (3:7 v/v) solvent system. These w-Ag"
interactions not only promote supramolecular polymerization
but also represent a novel strategy for enhancing polymeriza-
tion efficiency through metal-w coordination. The resulting
supramolecular polymer of Pt,L' assembles via an isodesmic
mechanism. Furthermore, the polymerization process can be
reversibly modulated by the addition of a secondary ligand and/
or metal ion, demonstrating a switchable behavior. Thermo-
dynamically, the Gibbs free energy for the polymer formed in
the presence of Ag' is slightly higher than that without Ag',
suggesting a subtle stabilization effect. Notably, the introduc-
tion of Ag" also induces a significant enhancement in the
photoluminescence intensity, highlighting the dual functional
role of Ag" in both structural and optical modulation of the
supramolecular polymer. Thus, we anticipate that this approach
will serve as a versatile and robust framework for developing
switchable supramolecular polymers, opening new avenues for
applications in materials chemistry and beyond.
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