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ABSTRACT
The supramolecular polymerization of porphyrin dyad (PD) shows the pathway complexity leading to the formation of kinetically
metastable nanoparticles (PDParticle) through rapid cooling and thermodynamically stable fibrous supramolecular polymers
(PDFiber) through slow cooling. The kinetically metastable PDParticle is gradually transformed to the thermodynamically stable
PDFiber. Due to the inherent achirality of PD, AFM images exhibited a random distribution of bothM and P helices. Introducing
chiral alkyl chains achieved a predominant helicity in PDFiber, with (S)-PD favoringM helices and (R)-PD favoring P helices. The
addition of chiral 2-methyl pyrrolidine (MePy) further influences this transformation by retarding the transition from PDParticle to
PDFiber through axial coordination with the zinc porphyrin units, affecting the helicity of the resulting supramolecular polymer.
By manipulating the cooling rates and environmental conditions, we demonstrate the reversible control over circular dichroism
(CD) and circularly polarized luminescence (CPL), providing insight into the relationship between structural chirality and optical
activity.

1 Introduction

Supramolecular polymers, formed through the reversible, nonco-
valent interaction of monomeric units, represent a dynamic and
versatile class of materials [1–3]. These polymers exhibit unique
properties such as tunable optical activity, mechanical robust-
ness, and environmental responsiveness, making them highly
attractive for applications in material science, nanotechnology,
and biomedical fields [3–6]. A critical aspect of supramolecular
polymer design is the control of helicity—the handedness of the
helical structures that these polymers can adopt [7–9]. Helicity
control is not only fundamental to understanding the assembly
process but also crucial for dictating themacroscopic properties of

thematerial, such as its optical activity, particularly in the context
of circular dichroism (CD) and circularly polarized luminescence
(CPL). The ability to precisely control helicity in supramolec-
ular polymers allows for the design of materials with specific
chiroptical properties, which are essential for applications in
enantioselective sensing, chiral photonics, and optoelectronic
devices [10, 11].

Controlling the polymerization pathway is crucial for tailoring
the structural and functional properties of the supramolecular
materials. For instance, S. J. George and coworkers showed that
in supramolecular polymerization based on chiral monomers,
metastable assemblies grow into thermodynamically stable fiber
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structures over time, and implemented fiber lengths that can
be controlled by the ratio of seed concentration to monomer
concentration through seeded living supramolecular polymeriza-
tion [12]. Afterward, in 2024, a study on the precise synthesis
of supramolecular polymers with CPL functionality in aqueous
solutions was reported, and they implemented fixed CPL proper-
ties through length control and chiral information transfer [13].
Porphyrins, well known for their rich photophysical character-
istics and structural versatility, have emerged as ideal building
blocks for constructing complex supramolecular assemblies.
Their ability to participate in diverse noncovalent interactions
enables the formation of elaborate supramolecular polymers,
making them excellent platforms for investigating pathway
complexity in supramolecular polymerization processes [14–18].
The interplay between different noncovalent forces can lead to
multiple assembly pathways and kinetic traps. Understanding
and exploiting these pathways is critical to precisely controlling
the structure and function of supramolecular polymers.

This study investigates the supramolecular polymerization of
porphyrin dyads (PDs; Figure 1a), focusing on the pathway com-
plexity involved in their assembly process. Due to this pathway
complexity, PDs can form both kinetically metastable nanopar-
ticles (PDParticle) and thermodynamically stable helical fibers
(PDFiber). The optical properties, specifically absorption and
emission, of these two distinct supramolecular structures were
systematically investigated. By tuning kinetic parameters and
environmental conditions, we aim to control helicity of the result-
ing fibrous assemblies, thereby advancing our understanding
of structure–property relationships in dynamic supramolecular
systems. Notably, this work differs from previous studies by
directly correlating the assembly pathway with ON/OFF control
of the CPL, achieved through the use of chiral auxiliaries and
temperature control. In this way, the study introduces a new
dimension of functional control, namely, the modulation of
optical activity based on the supramolecular assembly pathway.

The insights gained from this research contribute to the broader
field of supramolecular chemistry, offering strategies for the
rational design of functional materials with programmable and
responsive properties.

2 Results and Discussion

2.1 Molecular Designs of PDs and Helical
Fibrous Assembly Formation

Zinc porphyrin–based PDs were specifically designed as
monomeric building blocks for supramolecular polymers [19].
Alkyl chains were introduced to the zinc porphyrin units to
enhance the solubility of the PDs. The two planar zinc porphyrin
units are connected via a rigid diacetylene bridge, which
maintains a consistent spacing between the porphyrin units.
In addition, two amide bonds link the porphyrin units to the
diacetylene bridge, facilitating hydrogen-bonding interactions
that drive the formation of fibrous assemblies.

Upon heating the PD in methylcyclohexane (MCH) to 373 K,
a sharp Soret band absorption with a maximum wavelength
(λmax) at 417 nm was observed, indicating the disassembly of

the PD into its monomeric form (PDMono) (Figure 1b). When
the solution was gradually cooled to 293 K at a rate of 1.0
K/min, the sharp Soret absorption band of PD gradually broad-
ened and split into two distinct bands (λmax = 409 and 429
nm). Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) revealed the formation of fibrous supramolec-
ular polymers (PDFiber) (Figure 1c). According to exciton coupling
described by Kasha’s principle [20, 21], the splitting of Soret
band is attributed to exciton coupling between two orthogonally
oriented transition dipoles of the porphyrin units within PDFiber.
During the formation of PDFiber, the porphyrin building blocks
adopt a twisted stacking, leading to the formation of helical
supramolecular polymers (Figure 1d). The diacetylene bridge
ensures sufficient spacing between the porphyrin units, enabling
the clear observation of helical handedness in AFM images.
Because PD is inherently achiral, the AFM images exhibit a
random distribution of bothM and P helices with a regular pitch
of approximately 32 nm [19].

2.2 Pathway Complexity of Supramolecular
Polymerization

The absorption ofPDwasmonitored upon cooling and successive
heating between 373 and 293 K. Upon subsequent heating at
the same rate of 1.0 K/min, the absorption spectrum of PDFiber
gradually reverted to that of PDMono. The spectral changes
observed during the transition from PDMono to PDFiber and back
exhibited thermal hysteresis, suggesting that the supramolecular
polymerization and depolymerization pathways are not identical.
To quantify these changes, the temperature-dependent degree of
aggregationwas estimated bymonitoring the apparent absorption
at 418.0 nm under different cooling and heating rates (Figure
S1). When the cooling rate was increased to 10.0 K/min, more
pronounced thermal hysteresis was observed compared to the
slower cooling rate. In contrast, the heating curves remained
consistent in shape regardless of the heating rate, indicating that
the depolymerization pathway is relatively insensitive to the rate
of temperature change.

Given the increased thermal hysteresis with faster cooling rates,
a rapid cooling experiment was conducted by immersing a hot
solution of PDMono in ice-cold water directly and resting for
5 min to fully cool down. The fast-cooled product displayed
a distinct feature: a redshifted Soret band absorption with
λmax at 430 nm (Figure 2a). Furthermore, AFM and scanning
electron microscopy (SEM) imaging of the fast-cooled product,
spin-coated onto a mica substrate, revealed the formation of
spherical nanoparticles (PDParticle) (Figure 2b). These obser-
vations demonstrate that the cooling rate significantly affects
the supramolecular polymerization pathways, with slow cooling
favoring the formation of PDFiber and rapid cooling leading
to the formation of PDParticle, thereby explaining the pathway
complexity inherent in the supramolecular polymerization of PD
as depicted in Figure 2c [15].

2.3 Transformation From PDParticle to PDFiber

The absorption spectrum of PDParticle (2.0 µM inMCH), obtained
through rapid cooling, was monitored at 293 K to investigate its
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FIGURE 1 Molecular structures and fibrous supramolecular polymer formation. (a)Molecular structures used in this study, (b) absorption spectral
changes of PD (2.0 µM in MCH) upon cooling from 373 to 293 K at a rate of 1.0 K/min, (c) TEM and AFM images of supramolecular polymers, and (d)
AFM images for typicalM and P helices.

stability. Over time, the absorption spectrum gradually shifted,
matching that ofPDFiber, indicating thatPDParticle is a metastable
state (Figure 3a). Morphological analysis using AFM further
confirmed this transformation, revealing the gradual conver-
sion of spherical particles into helical fibers (Figure 3b). This
suggests that PDParticle, formed via fast cooling, is a kinetic
product that gradually transitions into the more thermodynam-
ically stable PDFiber. To further explore this transformation,
concentration-dependent studieswere conducted at 293K (Figure
S2). Interestingly, the transformation rate was independent of
concentration, implying that the transformation from PDParticle
to PDFiber is an off-pathway process. This suggests that PDParticle
does not directly convert into PDFiber. Instead, PDParticle first
dissociates into PDMono, which then undergoes supramolecu-
lar polymerization to form PDFiber, as depicted in Figure 3c.
Temperature-dependent studies using a 2.0 µM solution of PD
were also conducted to examine the effect of temperature on the

transformation rate (Figure 3d). In this experiment,PDParticle was
first prepared by fast cooling and then immediately transferred to
a temperature controller-equipped UV-Vis spectrometer, where
the time-dependent changes in the absorption spectrum were
monitored at a controlled temperature. The absorbance at 309.5
nm was specifically tracked to quantify the formation rate of
PDFiber, as this wavelength corresponds to the characteristic
absorption of the fibrous state. The results showed that the
transformation rate from PDParticle to PDFiber accelerated with
increasing temperature.

The thermodynamic parameters for the supramolecular polymer-
ization of PDMono into PDFiber were previously estimated from
temperature-dependent aggregation curves, yielding values of ΔH
= −87.1 kJ/mol and ΔS = −134 J/mol⋅K [19]. Since PDParticle
is a kinetic metastable product, the ΔH for its formation is
expected to be less exothermic than −87.1 kJ/mol. However,
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FIGURE 2 Pathway complexity of PD. (a) Absorption spectra of PDMono, PDParticle, and PDFiber, (b) AFM and SEM images of PDParticle, and (c)
schematic expression of pathway complexity.

due to its metastable nature, a precise estimation of ΔH and
ΔS for PDParticle formation was not possible. Given that the
transformation from PDParticle to PDFiber involves an off-pathway
process, this transformation can be understood as a two-step
mechanism: (1) dissociation of PDParticle into PDMono and (2)
supramolecular polymerization of PDMono into PDFiber. The first
step is endothermic and is likely the rate-determining step in
the overall transformation process. If the polymerization step
(second step) is much faster than the dissociation step, the
transformation kinetics can be approximated as a first-order
reaction. Using this assumption, the rate constants for the
transformation from PDParticle to PDFiber were estimated from
temperature-dependent transformation curves through nonlin-
ear curve fitting of first-order kinetics. The activation energy
(Eact) for the dissociation step was then calculated using the
Arrhenius equation, yielding a value of 116.7 kJ/mol. This Eact
is slightly higher than the ΔH for PDFiber formation, high-
lighting the energetic barrier associated with the dissociation
process.

2.4 Helicity Control of Supramolecular Polymers

As previously discussed, achiral PD exhibited a random distribu-
tion of both M and P helices, as observed on AFM images. This
result was supported by the results of CD measurement, which
show a CD-silent spectrum, indicating the absence of chirality
(Figure S3). To achieve controlled helicity in supramolecular
polymers, chiral alkyl chains were introduced into the PDs,
producing two distinct variants: (S)-PD and (R)-PD (Figure 1a),
corresponding to the enantiomers of the chiral alkyl groups

employed. Upon slow cooling of the solution of these chiral
PDs from 373 to 293 K, the formation of fibrous supramolecular
polymers (PDFiber) was observed. Likewise, fast cooling of the
chiralPDs resulted in the formation ofPDParticles. The absorption
changes during fast and slow cooling processes of (S)-PD and
(R)-PD were identical to that of achiral PD, indicating that
both (S)-PD and (R)-PD exhibit the same pathway complexity as
achiral PD (Figure S4).

Despite the thermal behavior of chiral PDs being identical to that
of achiral PD, the introduction of chiral alkyl groups effectively
induced the preferential formation of a specific helical sense.
Specifically, (S)-PDFiber favored the formation ofM helices, while
(R)-PDFiber favored the formation of P helices. AFM images of
(S)-PDFiber and (R)-PDFiber demonstrate the preferences of M
and P helices, respectively (Figure 4a). Based on the helical
handedness observed in AFM images, (S)-PDFiber exhibited an
enantiomeric excess (ee) of 45% for P helix, while (R)-PDFiber
showed an ee of 40% for M helix. These results indicate that
the introduction of chiral side chains induces a clear chiral bias
in the supramolecular polymerization process. CD spectra of
PDFibers formed by (S)-PD and (R)-PD also exhibited strong
Cotton effects with opposite signs, confirming the formation of
chiral assemblies (Figure 4b). In contrast, the solutions of (S)-PD
in tetrahydrofuran (THF) showed no CD signal, indicating the
CD signals originated from supramolecular assembly formation
(Figure S5). These results indicate that the stereo genic centers
of the chiral alkyl chains direct the twisted helical stacking
of porphyrin units along the diacetylene bridges, resulting in
supramolecular structures with defined helices. On the other
hand, (S)-PDParticles formed by fast cooling did not show CD
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FIGURE 3 Transformation from PDParticle to PDFiber. (a) Absorption spectral change from PDParticle to PDFiber at 293 K for 24 h with 30 min
intervals, (b) AFM images of morphological transformation from PDParticle to PDFiber

. The solution of PDParticle (2.0 µM in MCH) was stored at 293
K without any disturbance. (c) Pathway diagram of transformation from PDParticle to PDFiber, and (d) Absorption change at 409.5 nm under various
temperatures.

FIGURE 4 Helicity control of PDs by the introduction of chiral alkyl chains. (a) AFM images of PDFibers obtained from (S)-PD (left) and (R)-PD
(right), and (b) CD spectra of (S)-PDFiber and (R)-PDFiber.

signals, indicating the chiral alkyl chains did not influence the
ordering of porphyrin units in PDParticles (Figure S5).

Zinc porphyrins are known for their ability to coordinate
with various ligands through axial coordination, which can
significantly influence their physicochemical properties [22–
25]. The coordination of ligands to the central zinc ion can
alter the steric environment of the porphyrin, thereby affecting

supramolecular polymerization [26, 27]. If these ligands bind
tightly to the porphyrin building blocks, they may inhibit the
formation of PDFiber. To investigate this, the supramolecular
polymerization of PD was explored in the presence of 2-methyl
pyrrolidine (MePy; Figure 1a). To estimate the binding con-
stant of this axial coordination, MePy was spectroscopically
titrated with monomeric porphyrin PM (Figure 1a), a structural
fragment of PD. The absorption spectrum of PM showed a
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FIGURE 5 Helicity control of PDFibers by axial coordination of chiral ligands. (a) Induced CD signals of PDs by axial coordination of chiral MePy,
and (b) CD spectral change of PD from (S)-MePy-coordinated PD to P helicity-enriched PDFiber. AFM image of PDFiber formed in the presence of (c)
(S)-MePy and (d) (R)-MePy.

red shift by the addition of MePy with isosbestic points at
424.0, 555.0, and 587.5 nm (Figure S6). The binding constant
was determined to be 2.5 × 105 M−1 at 20◦C through non-
linear curve fitting using commercial Hypspec software, with
a calculated ΔG of −29.3 kJ/mol. The ΔG for MePy binding
to zinc porphyrin was smaller than that of supramolecular
polymerization.

To further assess the impact of MePy, 10 equivalents of MePy
were added to a 2.0 µM PD solution. This solution was then
slowly cooled down from 373 to 293 K at a rate of 1.0 K/min.
The PD solution exhibited redshifted absorption, indicating the
binding of MePy to the zinc porphyrin units in PD. The axial
coordination of MePy to PD suppressed the growth of PDFiber.
It is noteworthy that the binding of MePy to the zinc porphyrin
was characterized by a ΔG of −29.3 kJ/mol, which is greatly
less negative than the ΔG for the supramolecular polymerization
process, as inferred from the thermodynamic parameters of
ΔH = −87.1 kJ/mol and ΔS = −134 J/mol⋅K. Therefore, the
equilibrium should eventually shift toward PDFiber formation.
As expected, the PD solution containing 10 equivalents of MePy
gradually formed PDFiber, although it required a much longer
time. As shown in Figure 5a, the CD signals of PD initially
show different shapes with PDFiber, which is caused by the
axial coordination of chiral MePy to porphyrin building blocks.
The initial CD signal of PD was gradually changed to the
shape of PDFiber, indicating the generation of thermodynami-
cally stable PDFiber (Figure 5b). This slow, gradual formation
suggests that a kinetic barrier to polymerization is present but

is eventually overcome as the system reaches thermodynamic
equilibrium.

In addition, because MePy is a chiral compound, its presence
during the slow transformation into PDFiber influences the
helicity of the resulting supramolecular polymer. Specifically, PD
favored the formation of M helices in the presence of (R)-MePy,
whereas the formation of P helices was favored in the presence
of (S)-MePy. The chirality of MePy induces a preference for the
formation of one helical sense over the other. This observation
was confirmed by CD spectroscopy, where the initial PD solution
containing both (R)-MePy and (S)-MePy exhibited induced CD
signals due to the axial coordination of chiral ligands with oppo-
site signs (Figure 5a). Over time, the CD signals were gradually
shifted toward those characteristic of M helices or P helices,
depending on the chirality of MePy (Figure 5b). These results
highlight MePy’s dual role as both a kinetic inhibitor and a chiral
inducer that directs the helicity of the resulting supramolecular
polymer. AFM observation further supported these findings,
revealing distinct helical structures for PDFibers formed in the
presence of (R)-MePy and (S)-MePy. The AFM images showed
clear M helices in the samples with (R)-MePy and P helices
with (S)-MePy, with the helical pitch remaining consistent with
those observed in the achiral PD system (Figure 5c,d). The
combination of CD and AFM data indicates the precise control
over helicity that can be achieved through the introduction of
chiral MePy, confirming that the supramolecular polymeriza-
tion process can be finely tuned to produce enantioselective
assemblies.
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FIGURE 6 Kinetic control of CPL emission. (a) CPL emission of PDFibers and PDParticles (b) CPL control by fast and slow cooling.

2.5 Circularly Polarized Luminescence of
Helical PDFibers

After successful control of the handedness of the helical
supramolecular polymer formed from chiral PD, we observed
strong fluorescence from the resulting helices (Figure S7). Based
on these results, we presumed that chiral PDFibers may emit
CPL. To investigate this, we measured the CPL emission of
both PDFibers and PDParticles. The PDFibers derived from (S)-
PD and (R)-PD exhibited opposite CPL signals, reflecting their
enantioselective helical structures. The anisotropy factor of CPL,
glum, quantifies the degree of chiral dissymmetry in emission,
calculated using the equation:

𝑔lum =
2 (𝐼L − 𝐼R)

𝐼L + 𝐼R

where IL and IR are the intensities of left- and right-handed
circularly polarized emissions, respectively [28, 29]. The glum
value for the PDFibers was estimated to be 1.2 × 103, comparable
to other supramolecular assemblies reported in the literature [30–
34]. In contrast, PDParticles obtained from (S)-PD and (R)-PD did
not exhibit CPL, indicating that the porphyrin units within the
PDParticles are randomly oriented without a chiral arrangement.
On AFM images from Figure 4a, (S)-PDFiber and (R)-PDFiber
showed 45% and 40% ee values, respectively. Although these
values do not represent complete helicity bias, they indicate a
preference for one helical sense, which is consistent with the
observed CD signals. This helicity bias, combined with the strong
fluorescence of porphyrin moieties, supports the emergence of
CPL activity. The estimated glum value is modest but comparable
to those reported for other supramolecular CPL systems. Because
the stereogenic center is located on the peripheral alkyl chains, far
from the porphyrin building blocks, it has a limited effect on the
chiral arrangement of the porphyrin fluorophores. We anticipate
that future studies, introducing the stereogenic center closer to
the porphyrin core, could enhance both helicity bias and CPC
efficiency.

Given the pathway complexity of PDs, CPL emission can be
kinetically regulated by manipulating the cooling rate of the
solution (Figure 6a). Specifically, repeated cycles of fast and
slow cooling resulted in the reversible control of CPL emission,
allowing it to be switchedONandOFFmultiple times (Figure 6b).

In addition, the helicity of PDFibers formed from achiral PD
was controlled by the presence of chiral MePy, leading to dis-
tinct CPL signals. CPL measurements conducted after the slow
transformation of a PD solution containing MePy into PDFibers
revealed that the PDFibers exhibited CPL consistent with the
helicity induced by the chiral auxiliary. Specifically, the PDFiber
formed in the presence of (R)-MePy emitted CPL with a negative
sign corresponding to M helices, as observed via AFM and
CD spectroscopy. In contrast, PDFibers formed in the presence
of (S)-MePy showed a positive CPL signal, aligning with the
formation of P helices (Figure S8). This correlation between CPL
signals and the helicity of the PDFibers indicates that the chiral
supramolecular polymerization process directly influences the
material’s luminescence properties. The CPL activity highlights
the significant role of the chiral environment provided by MePy,
which not only dictates the structural chirality of the fibers but
also imparts optical activity at the macroscopic level.

3 Conclusion

This study on the supramolecular polymerization of zinc PDs
features the profound influence of molecular design and envi-
ronmental conditions on the assembly and optical properties
of the resulting structures. The ability to control the helicity
of PDFibers through the introduction of chiral alkyl chains
and external ligands like MePy demonstrates the versatility of
supramolecular systems in producing enantioselective assem-
blies with distinct optical activities. Our findings highlight the
complexity of supramolecular polymerization pathways, where
the rate of cooling and the presence of chiral auxiliaries dictate
the formation of either helical fibers or spherical particles. The
transformation from kinetically trapped PDParticles to thermody-
namically stable PDFibers further elucidates the energy landscape
governing these processes, offering a deeper understanding of the
factors that drive and inhibit supramolecular assembly. More-
over, the observation of CPL in helical PDFibers emphasizes the
potential of thesematerials for applications in chiroptical devices.
The ability to reversibly switch CPL emissions ON and OFF
by controlling the polymerization kinetics opens new avenues
for the development of smart materials with tunable optical
properties. The correlation between the helicity of supramolec-
ular polymers and their CPL emission underscores the sig-
nificance of chirality in designing functional supramolecular
systems.
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The ability to achieve and control CPL in these supramolec-
ular systems has significant implications for the development
of advanced chiroptical materials. Such materials are of great
interest in fields ranging from optoelectronics to bioimaging,
where the control of light polarization is crucial. The results
presented here demonstrate that by carefully selecting chiral
auxiliaries likeMePy, it is possible to fine-tune both the structural
and optical properties of supramolecular polymers, paving the
way for new applications in these emerging technologies.
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