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プレゼンターのノート
プレゼンテーションのノート
(8-min presentation)
�Hello, everyone. I’m Yoshiyuki Kageyama from Hokkaido, Japan. 

Firstly, I would like to thank the organizers for giving me this opportunity to speak here. 

Today, I will present my research results on the behavior of small systems that are far-from-equilibrium, similar in scale to a living cell. 

https://eprints.lib.hokudai.ac.jp/

‘What is “far-from-equilibrium” in chemical thermodynamics‘

Far-from-equilibrium system is a chemical system with fluctuation in composition.

Non-equilibrium chemical system

Equilibrated behavior g Far-from-equilibrium behavior
Equilibrium Structure Dissipative Structure
Apparently static Dynamic
Composition is apparently constant. Composition fluctuates.

The feature of far-from-equilibrium
is very different from equilibrium.
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First, let me talk about the definition of the terminology and summarize the achievements in nonequilibrium thermodynamics. 

The notable researcher in this field is Ilya Prigogine. His insight is very straightforward. 

In a nonequilibrium system, there are two types of behaviors: equilibrated behavior and far-from-equilibrium behavior. 

In an equilibrated system, the system appears static, and the composition seems constant. 
In contrast, in a far-from-equilibrium system, the composition continuously fluctuates, making the system dynamic. 
This self-continuous feature is related to Erwin Schrödinger's lecture on "What is Life?" 

Because I think the insight is not acknowledged in the field of systems chemistry, let me explain the basic aspects of Prigogine's discussion in the next two slides.



Brusselator, a model reaction system for chemical oscillation

Concept of Brusselator: a model for BZ-reaction If you cannot image the condition shown left......

A huge vessel
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X and Y cannot pass through the wall.

X and Y cannot pass through the wall.
The 3" step:
autocatalytic process [A], [B] are apparently constant.

where X promotes the decrease of V. [C],[D],[E],[F] are apparently zero.
The 2" step:

X causes the increase of V.
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Prigogine developed a set of reaction schemes known as the Brusselator to model the Belousov-Zhabotinsky reaction. 

The red box represents the system under consideration. It is an open system where compounds A and B flow in, and compounds C, D, E, and F flow out. 
The concentrations of A and B appear constant, while those of C to F are negligible. 

If you find it difficult to accept this condition, you can imagine a small object in a large vessel. 
Under this condition, the concentrations of A and B in the object can be considered constant, and the concentrations of C, D, E, and F in the object are negligible. 
Let's now simulate the product curve of X and Y.
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llya Prigogine found both Equilibrium Structure and Dissipative Structure in a chemical system with energy flow.
In the above example, [B] characterizes the behavior of the system. 4
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For the simulation, we used the values shown here. 

When the concentration of B is lower, the concentrations of X and Y become constant after an induction period. 
However, when the concentration of B is higher, the concentrations of X and Y oscillate continuously. 

We can represent this behavior on a plot as shown. 

The horizontal axis represents the concentration of B, and the vertical axis represents the range of concentration of X in the final state. 
When the concentration of B is smaller than 60 mM, the system reaches an equilibrium state. 
On the other hand, when the concentration of B is larger than 60 mM, the concentration of X oscillates. 

This figure clearly illustrates the boundary between equilibrium and far-from-equilibrium. 
It is also evident that whether the system achieves a far-from-equilibrium state is determined by the conditions of the system, not by the molecular structure.



My research results
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Now, I will discuss my research results. 

We constructed small far-from-equilibrium systems within a large vessel. 
We track one of them.


Self-continuous vesicular growth and division: Autocatalytic vesicle repro%
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The first example is autocatalytic vesicular reproduction. 
In this system, new vesicles are generated from an original vesicle due to chemical reactions occurring within the original vesicle. 

We employed autocatalysis for the chemical reaction, creating a self-continuous system where growth and division occur, self-sustainably.

Herein, each vesicle is considered as an independent system. 
Within a vesicle, the chemical reaction rate increases with its growth and decreases upon division. 

This is the first synthetic example of autocatalytic vesicular reproduction.


Light-driven self-oscillation of crystal
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The next example involves the light-powered self-oscillation of a crystal. 

These crystals consist of oleic acid and an azobenzene derivative. 
Under blue-light irradiation, the crystal repeatedly flips. 
With increasing light intensity, the frequency of flipping also increases. 

Based on the time profile of the flipping motion, one cycle of oscillation comprises four steps. 
The durations of step 1 and step 3 depend on the light intensity, indicating that they are photochemical processes. 
Further investigation led us to conclude that step 1 is for increasing the cis-form, step 3 is for decreasing the cis-form, and steps 2 and 4 involve phase transitions with showing flipping motion. 
In this cycle, these phase transitions alter the photochemical reaction kinetics.


https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS1.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS1.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS1.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS1.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS2.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS2.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS2.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS2.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS2.mov
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201600218&file=anie201600218-sup-0001-MovieS2.mov

Life-like functions of light-driven self-oscillatory crystal A
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- Powerstroke due to multimolecular process (phase transition)
- Symmetry breaking in motion (exception of scallop theorem)

270
Y. Kageyama, et al. arXiv 2301.09873 (2023).

Note: Condition characterizes the behavior of the system.
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The light-driven autonomous crystal exhibits life-like functions, due to its multimolecular cooperative behavior.

For instance, it demonstrates self-propulsion. 
As seen in the video, the crystals exhibit self-propulsion, with the swimming direction determined by the shape of each crystal. 
Due to the collective behavior of numerous molecules, the crystals perform power strokes, breaking the symmetry of the motion. 

We recently discovered a memory effect in the flipping motion. 
Both videos show flipping motion under polarized light with a polarization angle of 150 degrees. 
The difference between them is the previous polarization angle: the left video changed clockwise, while the right one changed counterclockwise. 
You can observe the difference in frequencies, indicating that the motion reflects the previous conditions. 
The existence of a memory effect suggests that the crystal could potentially function as a molecular-based calculator. 

Unfortunately, the paper on this topic has not been accepted yet. 
It is common for our paper that editors and reviewers reject citing the lack of novelty in the molecular structure. The fact that the condition characterizes far-from-equilibrium behavior is not shared within the current community of chemists. 
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Non-equlllbrlum chemical system

Equilibrated behavior Far-from-equilibrium behavior s

Composition becomes apparently constant.
Catalytic/photocatalytic reactions

Light-driven self-oscillatory & self-propulsive crystal

Molecular-level motors _ [Kageyama, ACIE 2016; Small 2022]
[Nobel Prize in Chemistry 2016]

Light-responsive materials

Autocatalytic vesicle reproduction (Self-replication)
Vesicular self-reproduction [Takahashi, Sugawara, ChemComm 2010]
[Sugawara, Nat. Chem. 2011; Nat. Commun. 2013, &s] [Devaraj, PNAS 2015]
Dissipative self-assembly

Self-oscillatory assembly
Self-assembly in dissipative condition [Hermans Nat. Nanotechnol. 2018, Fletcher Nat. Chem. 2022]

Composition fluctuates.

Behaviors difficult to classify due to the flamework of thermodynamics
1. Sustainable relaxation dynamics that does not reach equilibrium [Kageyama, Soft Matter 2015]
2. Continuous behavior with self-shadowing mechanism due to the directionality of the energy resource [Broer, Nature 2017]
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In conclusion, I have discussed the two types of behaviors in non-equilibrium chemical systems: equilibrated behavior and far-from-equilibrium behavior. 
The difference lies in the behavior of the composition. 

I have presented examples of far-from-equilibrium behavior, namely light-driven self-oscillation and autocatalytic vesicle production. 
Recently, Hermans and Fletcher have also reported self-oscillatory systems, and I’m looking forward to their advanced studies. 

On the other hand, most of the recent works claiming dissipative are categorized to equilibrated behaviors. 

It should be noted that we should not consider Prigogine's definition to be perfect: for instance, continuous mechanical behaviors can be observed even if the system is not far-from-equilibrium. Even though, we should acknowledge his achievements in chemical thermodynamics.



Summary 2 (Perspectives and Comments) .

My perspectives:

Systems chemistry is an important research field that enables us to create life-like dynamics and gain insights into the intrinsic
features of life.

Systems chemistry shows indeterministic behavior: this point is inherently different from supramolecular chemistry where
molecular structure dominantly characterizes the feature of the objects.

The significance in systems chemistry is in its deviation from common perspectives in chemistry.

My concerns:

Currently, at embryo stage of systems chemistry, discussions ignoring the achievement in physical chemistry are more likely to be
published and cited.

- This trend must lead to the decline of this challenging and exciting field.

- This trend must force young chemists to pay their efforts on non-essential research goals.

My proposals: they are no further from general ethics for scientists.

Science is a process of continually advancing while making mistakes and correcting them.

Accepting this fact and contributing for further development are the roles of scientists including students.

Specifically, | propose,

1. When drawing graphs, be sure to indicate the axis labels to prevent errors. Many papers in this field contain unclear
potential curves.

2. Respect diverse perspectives, as systems chemistry is a multidisciplinary area of chemistry.

Do not blindly trust journal reputation: Quantitative evaluations reflect the world’s situation but do not guarantee legitimacy.

4. Consider what we leave behind for the next generation: Researches for temporary fame are not creative.

w

The presentation slides are available from HUSCAP (https://eprints.lib.hokudai.ac.jp/). 10
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As a secondary summary, I would like to share my perspectives.
 
From my viewpoint, many claims in supramolecular chemistry with dissipative dynamics lack scientific relevance, and the fact prevents young researchers from better research works. 
I think it is important to consider what we should pass on to the next generation from multidisciplinary viewpoints.

(Closing the presentation)


We know breaking microscopic reversibility shifts the distribution. ——

Initial state

) rail
Directional Directional Directional
Under the motion motion motion
presence of ATP »
) rail
Final state
under the presence of ATP
(if there is no further processes)
( rail

Breaking of microscopic reversibility results in a distribution shift.

The behavior of the distribution shift is up-hill relaxation* but not far-from-equilibrium.
(If the rail extends infinitely or is circular, the molecules may operate eternally, even though it is not far from equilibrium.)

* up-hill relaxation: relaxation process that transitions a system towards a likely state, resulting in an increase in the internal energy of the system. 11



‘Continuous dynamics is not only in far-from-equilibrium

4

We can observe dynamics while relaxation process.

If the span of the relaxation process becomes eternal, we can observe continuous mechanical dynamics.
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When the size of the target system is extended, "behavior that continues to move as long as energy and substrate continue to flow in" is realized.
Molecular assembly is an example. The dynamics can be categorized in relaxation.

https://www.rsc.org/suppdata/c5/sm/c5sm00370a/c5sm00370a2.mpg
https://www.rsc.org/suppdata/c5/sm/c5sm00370a/c5sm00370a2.mpg

Molecular assembly proceeds step-by-step |
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If we had drawn a picture like the one below, it would be more intuitive to the readers and the paper might have been more attractive.

However, the diagram below is incorrect in chemical thermodynamics.
We are now facing to a conflict problem of sensory clarity taking precedence over academic accuracy.

Undesirable figure
- @/@\ Reasons why it is undesirable:
g @ [If the figure is for a reaction coordinate]
& ~ surfactant 1. We should illustrate the transition structures (saddle-point structures).
Kinetically 2. We should illustrate unifying the components including water of hydration.
trapped Metastable 3. Another reasons, read https://arxiv.org/abs/2211.06147

Stable [If the figure is for the total energy of a system]

1. We cannot illustrate activation energy as shown in energy-landscape.

Kageyama et al. Soft Matter, 11, 3550-3558 (2015). 2. Another reasons, read https://arxiv.org/abs/2211.06147 13
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Illustrating a potential diagram to explain non-equilibrium behavior is very difficult. 

Potential diagrams are typically developed to explain systems approaching equilibrium.


https://arxiv.org/abs/2211.06147

“photochemical process is special” is for microscopic reversibility 4

Regarding molecular level behavior = It is very different from a thermal chemical process.
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By following recent studies, I expect that the next subject of misunderstanding is related to what I have depicted here.


Consider simply 4

System becomes equilibrium
under constant energy supply

Reaction scheme Reaction velocities Ratio of the components D
Energy supply % Constant
C ke ek Pk,
E / k v.=k_[P] [S] k. Far-from-equilibrium system
where composition fluctuate
Energy dissipation
. y [P]
o : Apparent density of receiving energy _— Fluctuate
k., k_: Apparent reaction kinetic constants [S]
How to design a self-continuous system:

Strategy 1: Fluctuation of o, (apparent density of receiving energy) If the fluctuations occur with internal
phenomena, the system can be regarded as
autonomous.

Strategy 2: Fluctuation of k, and/or k_(apparent kinetic constants) We can fluctuate the parameters externally: but

we should not regard it as autonomous.

The term of “feedback” is common but somewhat difficult to understand. The key is fluctuation in kinetic constants. 15
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