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Modulating co-assembly behavior via a subtle structural difference in biomolecular partners holds great
potential, yet remains underexplored. Herein, we report an in-depth photophysical investigation,
revealing that guanine nucleotides (GMP, GDP, and GTP) direct the co-assembly of organoplatinum
complex (A), where the phosphate number controls the ribose—Pt(i) distance and yields distinct
supramolecular structures with unique chiroptical For the monophosphate guanine
nucleotide (GMP), the close distance between the chiral unit and the Pt(1) center enables efficient

ground-state chiral induction and leads to enhanced circular dichroism (CD). While the diphosphate

properties.

guanine nucleotide (GDP) adopts partially intercalated edge-associated geometry and enhanced
(PL) transition through facilitating
metallophilic interactions and restricting the rotational freedom. The triphosphate guanine nucleotide

photoluminescence efficiency by minimizing non-radiative
(GTP) gives rise to an asymmetrically organized assembly, and the chiral ribose units are completely
located outside the molecular layer, which lead to enhanced circularly polarized luminescence (CPL).

The multimodal optical outputs enable specific recognition of GMP, GDP, and GTP, respectively, offering
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Accepted 13th November 2025 a multifunctional strategy for molecular discrimination based on optical multi-channel responses. By

bridging the molecular-scale electronic structure, spatial interaction sites, and supramolecular packing,
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Introduction

Nucleotides, the fundamental constituents of DNA and RNA,
also serve as essential energy donors for life processes such as
ATP and GTP, where the number of phosphate groups decisively
governs their biological functions.' Yet, discriminating nucle-
otides with only one or two phosphate group difference (e.g:,
GMP, GDP, and GTP) remains a major challenge, because their
molecular frameworks are nearly identical and conventional
analytical techniques lack the ability to specifically characterize
the subtle molecular structure difference.?> In nucleotides, the
number of phosphate groups can regulate electrostatic inter-
action, coordination interaction, and the number of hydrogen
bonds at binding sites, thereby guiding the chiral
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this work highlights the underlying structure—function coupling that governs diverse optical outputs in
these nucleotide-directed co-assembilies.

supramolecular assemblies: changes in the phosphate number
can adjust binding geometries and intermolecular forces to
yield distinct assembly architectures. Assembly differences may
lead to different photoluminescence (PL) behaviors and
chirality characteristics, including circular dichroism (CD) and
circularly polarized luminescence (CPL), which can be applied
to molecular recognition through chiroptical characteristics of
the assembled system. Therefore, it is expected to realize
nucleotide recognition through nucleotide directed chiral
assembly.

Followed by this rationale, we adopt chiral molecule directed
co-assembly to amplify the structural differences.’ Chirality is
pervasive in biology, and many biomolecules possess defined
absolute configurations capable of templating supramolecular
order.* When a luminophore was co-assembled with a chiral
molecule, the chiral molecule can bias the packing geometry,
helical structure, and local environments of the co-assembled
luminophore. Even slight variations in phosphate number or
chiral context can change assembly pathways, which are
subsequently amplified into readily resolvable changes in the
PL quantum yield and chiroptical readouts (CD, CPL, etc.).***
Amplification addressed the molecular recognition bottleneck
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Scheme 1 Schematic illustration of chirality-induced supramolecular co-assembly and its multimodal optical recognition. (Top) molecular
structures of nucleotides show nearly identical frameworks, highlighting the intrinsic challenge in molecular recognition. (Middle) a chirality-
induced co-assembly process driven by the specific recognition between the guanine nucleotide and organoplatinum complex A. (Bottom)
schematic illustration of three different co-assemblies between GMP, GDP, or GTP and complex A, highlighting their distinct supramolecular
architectures. The co-assembly pathway enables the precise discrimination of three structurally similar nucleotides by multimodal optical

output.

of highly similar nucleotides, enabling sensitivity and selectivity
discrimination.

Building on this principle, organoplatinum complexes are
powerful luminescent materials for chiral co-assembly due to
their high luminescence and directed chiral co-assembly prop-
erties.® Their rich photophysical properties, driven by complex
electronic structures, and square-planar d® centers with strong
spin-orbit coupling, enable efficient room-temperature phos-
phorescence.” A key advantage lies in their highly sensitive
metal-to-ligand (MLCT) and metal-metal-to-ligand (MMLCT)
charge-transfer transitions, coupled with strong m-m stacking
and Pt---Pt interactions, which endow organoplatinum
complexes with directed chiral co-assembly characteristics.®
The above-mentioned features of organoplatinum complexes
make them an ideal model for investigating excited-state
chirality and hierarchical supramolecular photophysical
behavior, offering a distinct advantage in molecular recognition
of specific nucleotides by providing highly sensitive and
amplified photophysical information.’

Chem. Sci.

In this research, three guanine nucleotides, GMP, GDP, and
GTP, were selected to modulate their co-assembly behavior of
a phosphorescent organoplatinum complex (complex A),
yielding three supramolecular co-assemblies with unique
optical or chiroptical properties and enabling multimodal
molecular recognition of GMP, GDP, and GTP based on their
different CD, PL, and CPL results (Scheme 1). Through
comprehensive photophysical analyses and electronic structure
calculations, the results elucidate how the number and position
of phosphate groups govern molecular packing, Pt---Pt
distances, and ground- and excited-state chirality induction
between guanine nucleotides and complex A. Notably, A + GMP
yields the strongest CD signal due to enhanced ground-state
chiral induction near the Pt(u) center; A + GDP exhibits the most
intense phosphorescence, driven by partial intercalation of GDP
into complex A and optimizes metallophilic interactions; while
A + GTP obtains the most pronounced CPL via enhanced
excited-state chirality. This research constructs a multi-channel
molecular recognition model of guanine nucleotides (GMP,
GDP, and GTP) with amplified optical or chiroptical responses

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and reveals how the electronic behavior and supramolecular
geometry of co-assemblies affect their optical or chiroptical
properties. Besides, the research also paves a versatile platform
for designing photofunctional materials with precise control on
molecular and supramolecular scales.

Results and discussion
Self-assembly behaviour of complex A

The organoplatinum complex A consists of a tridentate N*"N~C
ligand and an isocyanide group coordinated to the Pt(u) center
(Fig. S1). The square-planar d® configuration of Pt(u) facilitates
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Pt---Pt interactions through a d,» orbital overlap, while the
aromatic N*N~C ligand enables m— stacking. These synergistic
interactions promote aggregation in aqueous media via hydro-
phobic effects. As reported in Fig. S2-S4, complex A exhibits
a solvent-dependent emission: an *MLCT-based band at ~550
nm in methanol and a red-shifted *"MMLCT emission around
700 nm in water, reflecting the formation of Pt---Pt stacked
aggregates. The solvent-induced spectral shift highlights the
self-assembly behavior of complex A driven by metal-metal and
-7 interactions.

As the water content increases in MeOH/H,O mixtures (Fig.
S5a), a broad absorption band associated with aggregated
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Fig. 1 Multimodal optical responses of complex A upon interaction with various nucleotides. (a) CD spectra of complex A in the presence of
different nucleotides, revealing distinct ground-state chiral induction effects by GMP. (b) PL spectra showing emission enhancement depending
on GDP. (c) CPL spectra of complex A upon co-assembly with various nucleotides, demonstrating enhanced CPL intensities by GTP. (d) Polar plot
summarizing the gcp, emission intensity (///5 — 1) at 700 nm, and gium. highlighting guanine-induced multimodal optical responses. (€) HOMO-
LUMO energy levels of complex A and nucleotides, indicating optimal orbital alignment and complementary energy gaps that facilitate efficient
charge transfer between complex A and the guanosine nucleotide. (f) DFT-calculated electrostatic potential (ESP) maps of complex A and
guanine nucleotides, revealing charge complementarity that underlies selective co-assembly.
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species appears, which is absent in pure methanol, indicating
ground-state aggregation driven by Pt---Pt interactions and -7
stacking (MMLCT). Correspondingly, phosphorescence spectra
show a solvent-dependent red-shift: in methanol, the emission
is *MLCT-dominated, whereas in water-rich solutions, a new
intense *MMLCT emission emerges with a higher quantum
yield and a longer lifetime (Fig. S5b, ¢, Table S1 and Fig. S6). The
CIE coordinates reflect the color change consistent with optical
observations (Fig. S5d), and dynamic light scattering confirms
larger aggregate dimensions in aqueous solution (Fig. S7).
These results highlight the critical role of solvent polarity in
modulating the self-assembly and photophysical behavior of
complex A.

The concentration-dependent self-assembly of complex A in
aqueous solution was examined by absorption and emission
measurements (Fig. S5e, f and S8). Increasing the concentration
enhances the MMLCT absorption and emission, reaching
a maximum at intermediate concentrations due to strength-
ened Pt---Pt interactions and w-m stacking.' At higher
concentrations, excessive aggregation disrupts optimal metal-
metal and w-m interactions, leading to reduced electronic
coupling and quenched emission. These results indicate that
self-assembly and the resulting photophysical behavior of
complex A are strongly concentration-dependent.

Chirality-induced co-assembly and specific recognition of
guanine nucleotides

Nucleotides, with inherent chirality and conformational flexi-
bility, serve as ideal chiral templates in supramolecular
assembly. Among twelve natural nucleotides, complex A selec-
tively co-assembles with GMP, GDP, and GTP under chiral
induction, forming distinct supramolecular structures with
diverse optical and chiroptical properties, as revealed by CD, PL,
and CPL spectroscopy. Equimolar mixtures (5 x 10~* M) of
complex A with each nucleotide further confirmed this selec-
tivity, showing pronounced optical responses only for the
guanine-containing species, highlighting their unique selec-
tivity for complex A. As shown in Fig. 1a, CD spectroscopy
revealed a strong CD signal for A + GMP, characterized by
a prominent negative Cotton effect at ~480 nm and the most
intense positive signal at ~380 nm, according to the MMLCT-
and MLCT-induced charge transfer transition. In comparison,
other monophosphate nucleotides exhibited significantly
weaker CD signals, indicating specific CD response of complex
A to GMP (Fig. S9). Moreover, the ground-state chirality of the
solid assemblies was assessed using diffuse reflectance circular
dichroism (DRCD) spectroscopy (Fig. S10). The DRCD spectra
reveal distinct chiral responses among the different assembled
powders. Notably, the A + GMP complex exhibits a pronounced
positive DRCD signal around 340 nm, indicating a strong
ground-state chiral induction that is not caused by light scat-
tering effects. Meanwhile, fluorescence detected -circular
dichroism (FDCD) spectra reveal prominent chiral signals upon
nucleotide binding (Fig. S11). While complex A alone shows
negligible signals, the A + GMP assembly displays a pronounced
positive band at 280-350 nm, indicating strong chiral
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induction. In contrast, A + GDP and A + GTP remain nearly
silent, suggesting weaker chirality transfer under identical
conditions. These observations highlight the pivotal role of
GMP in promoting a robust ground-state chiral environment
within the assembly.

PL measurements revealed that GDP induced the most
pronounced phosphorescence enhancement at ~670 nm, along
with the highest quantum yield, extended excited-state lifetime,
and exceptional selectivity among all nucleotides (Fig. 1b, S12-
S15 and Table S1). CPL spectroscopy offered an additional
detection channel, with GTP inducing a distinct CPL signal at
680 nm—significantly stronger than the negligible responses
from other nucleotides (Fig. 1c and S16). The relative |gcpl
values, emission intensities (I/Iy — 1), and gy, values (Fig. 1d
and S17) further emphasize the strong and selective responses
of GMP, GDP, and GTP across multiple optical outputs. These
distinct chiroptical responses enable multimodal molecular
recognition, offering a robust strategy for precise analyte iden-
tification based on signal-channel specificity.

DFT calculations were conducted to probe the molecular
energy levels underlying complex A's selective co-assembly with
guanine-based nucleotides. As shown in Fig. 1e, f and S18, the
distinct chiroptical responses—CD for GMP, PL for GDP, and
CPL for GTP—arise from a synergistic match of electrostatic
complementarity and electronic energy alignment, a feature not
observed with other nucleotides.'> Complex A, featuring a posi-
tive electrostatic potential and low-lying HOMO/LUMO levels,
preferentially engages with the negatively charged phosphate
groups and electron-rich guanine sites (N and O of guanosine)
of G-series nucleotides. The close energy-level alignment
between GMP and complex A, combined with electrostatic
complementarity, drives the formation of a unique supramo-
lecular architecture through electrostatic interactions. In
contrast, A + GDP and A + GTP benefit from stronger phosphate-
driven interactions and minimal energy gaps (0.015 and 0.014
eV vs. 0.121 eV for A), promoting efficient energy transfer.
Despite similar energy gaps (e.g., ATP, UTP, etc.), other nucle-
otides show insufficient electrostatic interaction and energy-
level compatibility with complex A, resulting in inefficient
electronic transitions and limited supramolecular co-assembly.

Elucidation of interaction modes between guanine
nucleotides and complex A

The morphological characteristics of the assemblies formed by
complex A with different guanine nucleotides were thoroughly
investigated using scanning electron microscopy (SEM).
Samples were prepared by depositing onto silicon wafers, fol-
lowed by solvent evaporation. As shown in Fig. S19A, the SEM
image of complex A in water reveals a self-assembled structure
composed of uniformly aligned nanowires. Upon interaction
with GMP, the SEM image (Fig. S19B) exhibits a transformation
from linear nanowires to slender helical structures that further
aggregate into clusters—these helices serve as the origin of
chirality in the supramolecular system. In contrast, the A + GDP
mixture (Fig. S19C) shows a network of interwoven nanofibers
forming a highly interconnected architecture. The A + GTP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of molecular interactions governing the co-assembly of complex A with guanosine nucleotides. (a—c) High-resolution
XPS spectra show the binding energy change in (a) P 2p, (b) N 1s, and (c) O 1s regions of complex A before and after co-assembly with different
guanosine nucleotides (GMP, GDP, and GTP). (d—f) Partial *H NMR spectra (700 MHz, 298 K) of complex A (0.5 mM in D»O) upon stepwise
addition of (d) GMP, (e) GDP, and (f) GTP (0—0.2 equiv.). (g) Molecular structures of GTP (as a representative guanosine nucleotide) and complex
A, indicating potential coordination and hydrogen bonding sites involved in the co-assembly. (h) PXRD patterns of co-assemblies formed by

complex A with GMP, GDP, and GTP.

mixture (Fig. S19D) exhibits petal-like helices with significantly
larger dimensions than those in both A + GMP and A + GDP
systems, consistent with dynamic light scattering (DLS) data
(Fig. S20), indicating the formation of larger aggregates. These
distinct morphologies result from different coordination modes
and molecular lengths of the nucleotides, which govern the
extent of -7 stacking and Pt---Pt interactions. Consequently,
the helical architectures of the GMP and GTP assemblies lead to
stronger chiroptical responses (CD and CPL), whereas the net-
worked GTP structure, with partial disorder, shows weaker
optical activity and lower emission intensity. These structural
and dimensional variations suggest different interaction
mechanisms between complex A and the three guanine
nucleotides.

To investigate the interaction between complex A and

guanosine nucleotides (GMP, GDP, and GTP), Xray

© 2025 The Author(s). Published by the Royal Society of Chemistry

photoelectron spectroscopy (XPS) was employed to analyze the
chemical environments of key elements (Fig. 2a-c). The P 2p
XPS spectra provide direct evidence of phosphate-metal inter-
actions in the supramolecular assemblies. In both A + GMP and
A + GTP systems, well-resolved doublets corresponding to P 2pg,
» and P 2p,,, were observed, indicative of chemically distinct
phosphate environments. The shift toward lower binding
energies suggests enhanced coordination between phosphate
groups and the Pt(u) centers. The deconvoluted peaks at lower
and higher binding energies were assigned to the coordinated
P-O-Pt species and the non-coordinated (or hydrogen-bonded)
P=O0 groups, respectively. This behavior arises from distinct
spatial arrangements of the nucleotides: GMP inserts fully
between molecular layers, allowing uniform Pt(u) coordination,
whereas the longer GTP adopts a twisted conformation with its
guanine and ribose moiety excluded from the Pt-stacked region.

Chem. Sci.
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This spatial orientation reduces steric hindrance and enables
its phosphate groups to interact with the Pt center same as
GMP. In contrast, the A + GDP assembly showed a single
broadened P 2p peak, likely due to its intermediate molecular
length placing the phosphate moieties near the layer edge,
where steric hindrance limits effective coordination and yields
electronically averaged environments. Notably, the stronger
coordination in GMP and GTP assemblies not only stabilizes
distinct phosphate states but also enhances supramolecular
chirality, as the phosphate groups contribute to chiral induc-
tion, consistent with the emergence of well-defined P 2p,),
features. Concurrently, the N 1s region revealed a characteristic
feature consistent with guanine nitrogen coordination. The free
complex A exhibited a dominant peak at ~400.4 eV (imide N),
with a minor shoulder near 399.0 eV of the C=N=C environ-
ment. Upon nucleotide binding, a pronounced increase at
~399.0 eV and a shift in the higher binding energy peak were
observed, suggesting electron donation from the guanine
nitrogen to the Pt(u) center. The progressive enhancement of
this signal from GMP to GTP supports a multidentate interac-
tion model, where both phosphate and nucleobase nitrogen
atoms participate in binding. Moreover, the appearance of
a new O 1s peak at 533.0-534.0 eV, attributed to the carbonyl
oxygen of guanine, supports the existence of w-m interactions
between the guanine moiety and the aromatic ligand of complex
A. The whole survey spectra and other elements are shown in
Fig. S21, and C 1s and Pt 4f signals collectively suggest that both
the phosphate group and guanine nitrogen atoms play key roles
in whole interaction with complex A.*®

To further identify the specific reactive sites within the
nucleotides, NMR titration experiments were conducted
(Fig. 2d-f). The "H NMR spectrum of complex A exhibited
a broad peak in the range of 6.5-7.5 ppm, suggesting the
occurrence of self-assembly. This broadening is attributed to
the exchange of protons among the four aromatic rings, indi-
cating the presence of strong m-m stacking interactions and
Pt---Pt interactions. In contrast, the signal corresponding to Ha
(as shown in the molecular structure in Fig. 2g) on the pyridine
ring appeared as a distinct and sharp peak, demonstrating that
the core structure of complex A remained intact in the assem-
bled state. Upon incremental addition of GMP (0.02-0.2 eq.) to
complex A (Fig. 2d), significant upfield shifts were observed for
the proton signals of GMP, particularly for H,, H,, H3, and H,
(4.7-5.2 ppm), Hs (6.6 ppm), and Hg (7.9 ppm), which
contribute to non-covalent m-m binding between the phenyl
ring of complex A and ribose or guanine. The interaction
mechanism between GDP and complex A (Fig. 2e) follows
a similar pattern to GMP. However, due to the increase in
phosphate groups, the overall molecular length increases and
the driven proton transfer of the base moiety weakens, which
are reflected in the broadened and less intense signals of Hs and
Hg. Meanwhile, when GTP was added to complex A (Fig. 2f),
a distinct broadening of the signals corresponding to H;, H,,
H;, and H, was observed, indicating that these protons partic-
ipated in molecular aggregation. This broadening effect
suggests that GTP enhances the overall assembly, leading to
a more compact supramolecular packing.** Combined evidence
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from NMR titration and XPS analysis reveals that the assembly
of guanosine nucleotides with complex A is primarily driven by
three types of noncovalent interactions: electrostatic interaction
between the phosphate groups and the cationic Pt center, -7
stacking involving the ribose ring and aromatic ligands, and
weak coordination between guanine nitrogen atoms and the
ligand. These synergistic interactions govern the stability and
chiral organization of the resulting supramolecular structures.

To elucidate the distinct assembly behaviors of complex A
with the three guanosine nucleotides, powder X-ray diffraction
(PXRD) analysis was conducted on the samples before and after
mixing. The PXRD pattern of complex A exhibits five sharp
diffraction peaks at 260 = 6.7°, 11.5°, 13.3°, 17.6°, and 20.0°,
corresponding to the (100), (110), (200), (210), and (300) crystal
planes, respectively (Fig. S22A). These reflections confirm that
complex A adopts a 2D hexagonal lattice structure with a lattice
parameter of a = 1.32 nm, as determined from PXRD analysis.
Additionally, a diffraction peak at 20 = 26° (d = 0.38 nm)
indicates the presence of Pt---Pt or -7 stacking interactions
within the self-assembled structure, consistent with a Pt---Pt
distance of 3.38 A" (Fig. $23). Among the guanosine nucleo-
tides, GMP exhibits pronounced diffraction peaks, indicating
its high crystallinity, while GDP and GTP display amorphous
characteristics due to the presence of multiple phosphate
groups, which induce stronger electrostatic repulsion and
greater molecular flexibility (Fig. S22B). Upon reacting with
complex A, the (100) diffraction peak shifts to lower angles, with
the interlayer spacing increasing from 1.28 nm to 1.50 nm. This
shift can be attributed to the intercalation of nucleotide mole-
cules into the interlayer region of complex A through electro-
static interactions, leading to expanded interlayer spacing
(Fig. 2h). Furthermore, the low-angle diffraction peaks broaden
and exhibit slight splitting after nucleotide binding,
a phenomenon particularly pronounced in the GDP and GTP
systems. This can be ascribed to the larger molecular size and
stronger interactions induced by their multi-phosphate groups,
which result in structural inhomogeneity in the interlayer
stacking. Notably, a new peak appears at around 26 = 8.2° for
both GDP and GTP systems, with interlayer spacings of 1.12 nm
and 1.18 nm, respectively, consistent with the sizes of nucleo-
tide molecules, indicating their role in generating new layered
structures. Differences in phosphate group number markedly
affect the molecular size of the nucleotides, resulting in notable
modulation of interlayer distances and potentially driving
distinct two-dimensional packing arrangements in their
assemblies with complex A. Despite these structural differences,
the diffraction peak near 26 = 26°, attributed to Pt---Pt and -7
stacking interactions, exhibits a slight shift to lower angles
accompanied by peak broadening upon nucleotide incorpora-
tion, suggesting a disruption of the original supramolecular
order and an expansion in interlayer spacing.

Comparative analysis of multi-optical outputs of the co-
assemblies

To gain further structural insight, we calculated the van der
Waals dimensions of complex A and three guanosine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the three guanosine nucleotides based on Bondi's atomic radii. (b) Self-assembly of complex A and the assembly model. (c) Co-assembly with
GMP, GDP, and GTP yields distinct supramolecular packing modes—inside, edge, and outside insertion—leading to selective enhancement of

CD, PL, and CPL, respectively.

nucleotides based on Bondi's atomic radii (Fig. S24)."* The
resulting size differences provide insight into their distinct
supramolecular packing modes, offering a structural explana-
tion for the different assembly behaviors observed in the three
co-assemblies (Fig. 3). From a molecular geometry perspective,
all three guanosine nucleotides (GMP, GDP, and GTP) adopt
a bent “7-shaped” conformation, in which the phosphate group
forms the tail of the structure. As the number of phosphate
groups increases from GMP to GTP, the overall molecular
conformation becomes increasingly curved, with the terminal

© 2025 The Author(s). Published by the Royal Society of Chemistry

phosphates bending closer toward the nucleobase. This leads to
distinct molecular dimensions and spatial arrangements for
each nucleotide. Upon interaction with complex A, the nega-
tively charged phosphate groups are drawn toward the posi-
tively charged metal center via electrostatic interactions and
insert into the interlayer space of the Pt assembly. Meanwhile,
the nucleobase and ribose moieties adopt different positions
depending on the molecular length and structure of the
nucleotide.

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07250f

Open Access Article. Published on 14 November 2025. Downloaded on 12/25/2025 5:51:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

a b A + GDP c
] . 084
§ 0.6+ F __ GDP g“
& — N ~04
1 i 04 - g
2 e . e ,
x |
x < ol X »
S ks - k] :
E - E -3 | o
Q a o | --Noise tonet
g 1600 14'00 12'00 10'00 800 g 1600 1400 1200 1000 800 g 1600 1400 1200 1000 800
d Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
>«
- o9
9 o
LUMO oo
]
. &
HOMO M.‘MQQ‘D
[ 2aa®
l o 2
vo.
A GMP GDP GTP

Fig. 4 Probing chiral differences in nucleotide—complex A assemblies. IR absorption spectra (top curves) and the corresponding vibrational
circular dichroism (VCD) spectra (bottom curves) of (a) GMP, (b) GDP, and (c) GTP, before and after interaction with complex A; black and green
dashed boxes represent characteristic stretching vibration absorption of C-O and P-O/P=0, respectively, highlighting the chiral source in these
vibrational regions. (d) HOMO and LUMO frontier orbital electron density distributions of complex A, GMP, GDP, and GTP. Red and blue iso-
surfaces represent positive and negative wave functions, respectively. The distributions of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) reveal the electronic properties of each component in intermolecular interactions.

In the case of GMP, the phosphate-to-base distance
measures approximately ~0.51 nm with a molecular width of
~0.65 nm. Notably, this size is shorter than the Pt-arene
spacing (~0.7 nm) within complex A. As a result, the entire GMP
molecule is capable of embedding in the Pt interlayer region.
Given the slightly larger molecular width of GMP relative to the
intrinsic interlayer distance (0.34-0.46 nm) (Fig. S23), the
insertion of GMP leads to expansion of the Pt---Pt stacking
distance. This is consistent with the observed shift of the (100)
diffraction peak in PXRD patterns toward higher angles, indi-
cating a larger interlayer spacing. Furthermore, the complete
incorporation of the chiral nucleotide into the Pt layers enables
strong chiral induction on the Pt center. Consequently, A + GMP
assembly exhibits pronounced ground-state chirality, as re-
flected by the significantly enhanced CD signals.

With a molecular length of ~1.27 nm, GDP coordinates to
the Pt center while allowing its nucleobase moiety to extend
beyond the molecular layer. This configuration leads to the
formation of a new crystal plane, as evidenced by the emergence
of a diffraction peak corresponding to an interlayer spacing of
1.12 nm. Consequently, in the A + GDP assembly, the nucleo-
base moiety of GDP is situated near the edge of the molecular
layer, where steric hindrance restricts molecular motion and
suppresses non-radiative decay pathways, thereby enhancing
the photoluminescence. However, the inferior molecular length
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spatially limits chirality transfer, resulting in weaker CD and
CPL signals. As the longest nucleotide (~1.31 nm), GTP adopts
an extended conformation that leads to the full exclusion of its
nucleobase and ribose units from the Pt---Pt interlayer region.
This distinct packing mode induces the formation of a new
layered structure, as evidenced by the emergence of a diffraction
peak at d = 1.18 nm in the PXRD data. Steric confinement
imposed by the intercalation of GDP and GTP molecules within
the complex A packing structure during co-assembly can result
in molecular distortion and slight variations in length,
accounting for the appearance of additional peaks in the PXRD
pattern. Remarkably, although GTP's chiral group does not
significantly perturb the ground-state structure (hence showing
weak CD), its exposed positioning facilitates efficient excited-
state chirality transfer, yielding the most intense CPL signal.
These findings unveil how subtle variations in phosphate group
number among guanosine nucleotides translate into
pronounced differences in molecular conformation and spatial
dimensions, which in turn dictate the packing geometry,
supramolecular chirality, and optical output. This mechanistic
understanding offers valuable insights into the structure-
function relationship in chiral co-assemblies, providing a theo-
retical foundation for the rational design of functional supra-
molecular materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mechanistic insights into multimodal optical recognition

To obtain deeper insight into the chiral induction mechanism
within the co-assemblies of complex A and guanosine-based
nucleotides, detailed analyses of vibrational circular dichroism
(VCD) spectra were conducted (Fig. 4a-c), which demonstrate
ground-state chiral induction patterns that align with their
different stretching vibrations. For the A + GMP assembly,
a strong pair of opposite-sign VCD signals is observed in the
1170-1120 cm™ " region, corresponding to the stretching vibra-
tions of the C-O groups in the ribose unit. The pronounced
signal indicates that the chiral center lies in close proximity to
the Pt(u) core, resulting in strong ground-state chiral induction
and a significantly enhanced CD response. In comparison, the A
+ GDP and A + GTP assemblies show weaker or single-sign
features in the C-O region but exhibit broader negative VCD
bands in the 1000-900 cm ' range, associated with the
stretching vibrations of phosphate (P=O and P-O) groups.
These results suggest that GDP and GTP induce chirality
primarily via interactions involving their extended phosphate
chains, rather than through direct ribose coordination, and as
a consequence the resulting ground-state chiral induction is
notably weaker compared to that observed for A + GMP.*

Furthermore, to better understand the origins of chiral
induction and its correlation with the observed optical
responses, we analyzed the HOMO and LUMO electron density
distributions of individual components. As shown in Fig. 4d,
the LUMO of complex A is mainly localized over its conjugated
aromatic ligands and metal center, indicating a strong m-elec-
tron density associated with the Pt(un) chromophore. The HOMO
is also largely delocalized across the ligand framework, sug-
gesting that complex A itself is capable of participating in effi-
cient -7 stacking and potential charge-transfer interactions
upon supramolecular assembly. In GMP, the LUMO is distrib-
uted predominantly over the guanine moiety, while the HOMO
spans the guanine base and partially the ribose unit, reflecting
a compact electronic structure centered around the chiral core.
This localized orbital distribution implies that upon co-
assembly with complex A, the ribose and guanine bases are
positioned in close proximity to the metal center, facilitating
strong local chiral induction. This explains the distinct VCD
signals in the C-O region and the enhanced CD response
observed experimentally for A + GMP.

In contrast, GTP exhibits a HOMO predominantly localized
on the phosphate chain, particularly over the P—0O and P-O
moieties, whereas its LUMO is mainly distributed over the
guanine base. For GDP, the HOMO shows partial localization on
the guanine unit, while the LUMO similarly resides on the
guanine ring. This extended delocalization of unoccupied
orbitals highlights the phosphate groups as key electrophilic
regions capable of engaging in long-range non-covalent inter-
actions—such as hydrogen bonding or electrostatic contacts—
with complex A. These features help rationalize the broad VCD
bands observed in the phosphate stretching region for the A +
GDP and A + GTP systems. The greater number of phosphate
groups enhances the polarizability and potential for
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supramolecular interaction, enabling a more distributed chiral
environment even without strong ribose-metal coordination.

Collectively, the combined analysis of VCD spectra and
frontier molecular orbitals offers a coherent mechanistic
understanding of the multi-channel chiroptical responses
observed in the supramolecular assemblies. The pronounced
paired VCD signals in the ribose-associated C-O stretching
region for GMP, together with its compact HOMO localization
on the guanine base and ribose unit, point to strong local chiral
induction near the Pt(n) center, consistent with the significantly
enhanced CD response. In contrast, GTP exhibits broadened
VCD bands in the phosphate stretching region and displays
markedly extended HOMO delocalization over the triphosphate
chains. These features suggest that long-range phosphate-
mediated interactions dominate chiral perturbation in this
system, accounting for the intense CPL signal in A + GTP. These
findings highlight how structural variations in nucleotide
phosphates dictate the spatial origin and nature of chiral
induction—whether localized or extended—thereby modu-
lating the optical activity across ground and excited states in
a mode-selective manner.”>"” These insights provide a solid
foundation for the rational design of chiroptical materials
based on nucleotide-mediated co-assembly, enabling advanced
applications in multimodal molecular recognition, signal
discrepancy, and intelligent sensing platforms.

Conclusions

We present a structure-guided recognition strategy in which the
number of phosphate groups in GMP, GDP, and GTP direct
different binding geometries with organoplatinum complex A,
yielding multimodal optical discrimination. GMP, bearing
a single phosphate, undergoes full intercalation that positions
its chiral center in close proximity to the metal core, resulting in
the strongest CD signal through efficient chirality transfer. In
contrast, GDP adopts a partially intercalated configuration near
the edge of the molecular layer, which restricts its rotational
freedom and suppresses non-radiative transition, leading to
enhanced phosphorescence. While GTP forms a spatially
separated assembly, wherein the chiral guanine and ribose
units are positioned outside the layered structure, facilitating
long-range electrostatic interactions that amplify excited-state
chiral asymmetry and yield the most intense CPL signal. By
directly linking molecular-scale electronic interactions with
supramolecular organization, this work establishes a structure-
dependent recognition mechanism and highlights the potential
of supramolecular engineering to develop programmable,
phosphate-sensitive chiral materials with tunable photonic
functions.
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