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1. General introduction 

1.1 Computational Chemistry for Organic Oligomers 

The theoretical study of organic oligomers is important as a guideline for 

molecular design in efficient polymer synthesis. Additionally, in recent years, 

examples have been reported where organic oligomers themselves exhibit unique 

behavior due to their intrinsic molecular size and shape[A1]. As symbolized by 

Moore's Law, computational resources have exponentially increased over the past 

few decades. In parallel with hardware advancements, software development has 

also progressed. In the field of quantum chemistry, efficient algorithms has been 

developed year by year. This thesis focuses on two organic oligomer systems that 

have traditionally been computationally expensive. I performed quantum chemical 

calculations by leveraging modern computational methods and supplementing them 

with my own algorithms to address their shortcomings. The first topic is the 

calculation of reaction mechanisms for complex polymerization systems. Polymer 

synthesis using molecules with a single active site has been widely analyzed using 

quantum chemical calculations because it is easy to reduce to elementary 

reactions[A2]. However, tracking the reactions of irregularly quantified reactions 

involving multiple active sites has been a challenging task due to the exponential 

increase in intermediate structures with increasing polymerization. I analyzed the 

reaction mechanism of irregularly quantified reactions using the reaction path 

automatic search program GRRM method and identified the key elementary 

reactions from complex reaction pathway networks. The second topic is calculations 

on the conformational determination of spatially flexible organic oligomers. 
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Determining the conformation of compounds in various phases such as gas and 

solution phases is one of the most important challenges in chemical research, and 

this is no exception in organic oligomers. However, it has been difficult to determine 

the (absolute) conformation of organic oligomers, especially those without rigid 

chemical structures, based on experimental evidence. I determined the conformation 

of organic oligomer-cation complexes in the gas phase through a collaboration of 

experimental and computational approaches by correlating the collision 

cross-sections obtained from ion mobility-mass spectrometry with those calculated 

from snapshots obtained from molecular dynamics calculations. 
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1.2 Global Reaction Route Mapping Strategy 

It is important to investigate intrinsic reaction coordinates for understanding 

chemical reactions because in a static reaction transition states and IRCs define by 

them are like a compass that determine how a chemical reaction will proceed. 

However, a comprehensive search of the entire potential energy surface had been 

difficult due to the exponential increase in degrees of freedom as the number of 

atoms in the system increases. The GRRM strategy led to a solution to this 

difficulty by using the characteristics of chemical space. In 2004, Ohno and Maeda 

proposed the anharmonic downward distribution following (ADDF) method[A3], 

one of the automated reaction path search methods, based on a scaled hyper-sphere 

search (SHS) method. This method allows the IRC to “climb” from EQ and can be 

combined with conventional IRC calculations to discover TS in the chain reaction. 

The artificial force induced reaction (AFIR) method[A4] was proposed in later 

years by Maeda and coworkers to explore more efficiently the reaction paths. Direct 

illustration of AFIR method is often given by the push-and-pull image of two 

fragments. These automatic methods have contributed to a drastic reduction in the 

time and effort required to search for reaction pathways, which previously had to be 

manually investigated. 
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1.3 in silico CCS Calculation method 

 The collision cross section（CCS） is a physical quantity that appears as the 

energy integral of the momentum transfer cross section. in silico CCS predictions 

based on computational molecular modeling has been proposed by several method 

and have proven highly valuable as well. Among the available methods to compute 

CCS, the trajectory method (TM) is the most accurate[A5,A6]. Although TM is 

accurate, TM require repeating the process of tracing the gas scattering trajectories 

while calculating the ionic potentials of analyte every time in short time steps so 

that its computational cost is expensive. The projection approximation(PA) method, 

using projected cross sections, and the exact hard sphere scattering(EHSS) method, 

employing a hard sphere approximation, are models that avoid this problem. The PA 

method does not consider non-contact interactions with gas molecules (e.g. 

Coulomb interactions) and instead collision events with projected cross sections, so 

cross sections tend to be underestimated. On the other hand, the EHSS method 

considers collision events as collisions between rigid bodies, so collisions that 

should have been moderated by intermolecular interactions occur directly, and the 

collision cross section tends to be estimated overestimated. There was also a 

considerable research to overcome the weaknesses of these methods, such as the 

PSA(projected superposition approximation) method[A7], which improves the 

evaluation of the impact surface of the PA method, and the DHSS(diffuse hard 

sphere scattering) method[A8], which attempts to improve the EHSS method by 

giving real-gas-like reflection and diffusion effects to the colliding gas molecules. 
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1.4 Density Functional based Tight Binding method 

In quantum chemistry, the density functional theory(DFT) is now widely used because it 

can efficiently consider electron correlations in terms of electron densities. The 

fundamental  concept of DFT is accelerating the calculation of many-body electron 

systems by considering the Hamiltonian operator as a potential functional expressed in 

terms of electron densities. In the early ages, it was based on the Thomas-Fermi 

theory[A9] using the kinetic and exchange energy functional, but now it is replaced by a 

method for solving the Schrodinger equation based on the Hohenberg-Kohn theorem. 

The Kohn-Sham method[A10], which is an exact formulation of Hohenberg-Kohn 

theorem [A11] adopts the idea of considering a matrix wavefunction instead of a kinetic 

energy functional. The energy functional is a solution of the Kohn-Sham equation as 

follows. 

𝐸[𝜌] = 𝑉[𝜌] + 𝑇𝑠[𝜌] + 𝐽[𝜌] + 𝐸𝑥𝑐[𝜌] 

where 𝑉[𝜌], 𝑇𝑠[𝜌], 𝐽[𝜌], and 𝐸𝑥𝑐[𝜌] is a electron-nucleus potential functional kinetic 

energy functional, Coulomb potential functional and exchange-correlation potential 

functional, respectively. A huge challenge facing DFT is that we don't know what the 

universal functional corresponding to the exact electron energy was generated. 

The Density Functional Tight-Binding(DFTB) method [A12] is a semi-empirical 

method based on DFT. The total energy of the DFTB is obtained by Taylor expansion of 

the Kohn-Sham energy in terms of electric density. DFTB1 is defined without charge 

fluctuation terms, DFTB2 is defined with terms up to the second order, and DFTB3 is 

defined with terms up to the third order. DFTB3 is a popular method because of its 

computational level, capable of describing the electrification fluctuations of atoms and 

hydrogen bonding. The total energy expression of DFTB3 is as follows: 
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𝐸𝐷𝐹𝑇𝐵3 =  ∑ 𝑉𝐴𝐵
rep

atom

𝐴>𝐵
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where 𝑃𝜇𝜈, Δ𝑞𝐴 is density matrix and Mulliken charge of atom A, respectively. Other 

variables are parametrized on the basis of DFT calculated values, and then all charges 

are determined self-consistently. 
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1.5 Overview of This Thesis 

  This thesis is composed of four chapters. Chapter 1 is general introduction and 

reflected on the analytical methods of chemical mechanisms used in this thesis. In  

Chapter 2, I show the application of chemical reaction path analysis to the amorphous 

oligomerization of organic molecules. I succeeded in discovering the key elementary 

reaction of the complex oligomerization reaction of organic molecular called HMF to 

apply a systematic search algorithm. In Chapter 3, I developed a theoretical calculation 

scheme of collision cross section that corresponds to ion mobility mass spectrometry, 

which is a spectroscopic method for measuring collision cross sections. I applied this 

scheme to IM-MS spectra of polyketone systems with multiple metastable structures 

and clarify the origin of the splitting of the IM- MS spectral peaks. Chapter 4 is a 

general conclusion, and I summarized this thesis. 
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2. Reaction Path Analysis of humin formation 

from 5-(hydroxymethyl)furfural under basic 

condition 

2.1 Introduction 

Efforts to reduce dependence on fossil-derived chemicals due to limited resources are 

a key aspect of sustainable development. Inedible biomass resources are being explored 

as alternatives to fossil fuels [B1]. Such challenges have become less imaginary with 

the development of recent years. The biomass market is growing, and the current 

bio-based chemical and polymer production is estimated at around 90 million 

tons[B2].There is also a keen interest in research. The number of publications on 

ethanol, which is a popular biobased chemicals, has increased 25 times in last 

decade[B3]. There are various types of chemicals obtained from biomass conversion, 

depending on the feedstock and the progress of conversion (Fig. B1). For example, CO2 

platform mainly yields C1 compounds such as methanol, urea, and formic acid, while 

the syngas platform yields various carbohydrates including ethanol and isobutane. The 

sugar platform is by far the largest platform of all, and the platform that plays a 

mainstream role in biomass conversion. The reason is that a wide variety of C5-C6 

compounds can be synthesized from the sugar platform, leading to the generation of 

various chemicals for polymer production, fuel synthesis, and other applications. 

Furan-2,5-dicarboxylic acid (FDCA) [B4] is particularly significant in biomass 

chemistry as it serves as a feedstock for polyethylene terephthalate (PET) substitutes 

from inedible biomass. Polymerizing FDCA produces polyethylene furanoate, which 

exhibits superior gas barrier properties compared to PET, replacing fossil-derived 
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chemicals with more valuable biomass chemicals. The oxidation of 

5-(hydroxymethyl)furfural (HMF) to FDCA (Fig. B2) has garnered global interest and 

research [B5–B8]. However, the complex reaction network involved in this process 

often leads to the undesirable solid byproduct humin, reducing the efficiency of FDCA 

conversion and hindering large-scale industrial production [B9]. Understanding the 

reaction mechanism leading to humin formation through quantum chemical calculations 

is crucial for designing conditions (e.g., catalysts, temperature, solvent) for efficient 

FDCA production, yet this area remains largely unexplored due to the lack of 

methodologies for analyzing intricate reaction networks systematically. 

The formation of humins from HMF has been experimentally studied. Horvat et al. 

propose that under acidic conditions, acid-catalyzed hydrolysis leads to a furan 

ring-opening reaction to form humin [B10,B11]. Patil and Lund demonstrate that 

polymerization to form humin occurs by the aldol addition of the ring-opened product 

(2,5-dioxo-6-hydroxy-hexanal) with HMF [B12]. The structure of humin has been 

analyzed by one-dimensional (1D) and two-dimensional (2D) solid-state nuclear 

magnetic resonance (NMR) [B11,B12]. Recently, biomass processing using ionic liquid 

solvents has attracted significant attention [B14]. However, HMF is degraded to humins 

even in ionic liquid solvents, and its structure has been revealed by analytical 

techniques, such as Fourier-transform infrared (FT-IR) spectroscopy, 13C-NMR, and 

X-ray photoelectron spectroscopy (XPS) [B16]. Furthermore, it has been reported that 

humin is formed even in pure HMF [B17]. Nakajima et al. have reported that 

HMF–acetal, which is produced by the reaction of HMF with 1,3-propanediol (PD), 

exhibits high thermal stability against thermal degradation [B9]. The oxidation and 

oxidative esterification of HMF–acetal affords FDCA and its esters in excellent yield 
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and selectivity, even in concentrated solutions (> 10 wt%) [B18]. These reactions 

proceed under basic conditions because the acetal compounds undergo hydrolysis under 

acidic or neutral conditions. Additionally, a base is added to dissolve FDCA with low 

solubility as a neutralizing salt. Further clarification of the humin formation mechanism 

based on quantum chemical calculations is desirable for the effective use of HMF in the 

future. 

In this study, I conduct a comprehensive reaction-path search for humin formation 

under the conditions of FDCA formation by the oxidation of enriched HMF using the 

artificial-force induced reaction (AFIR) method, which is a part of the global reaction 

route map (GRRM) strategy of Maeda et al. [B19–B23]. The multi-component (MC) 

AFIR method is applied to candidate bimolecular reactions in the oligomerization of 

HMF, which enables the systematic exploration of association reactions. Considering 

the basic reaction conditions, the following reactions are identified as candidates for the 

initial elementary reactions: HMF + HMF, HMF + H2O, HMF + OH−, and HMF + O2. 

By repeatedly applying the MC-AFIR method to the reaction of HMF with the newly 

obtained chemical species, the formation process of HMF oligomers can be obtained. 

The results show that humin formation is unlikely to occur when only HMF and H2O 

are present in the reaction system: the barrier for the reaction between HMF and HMF 

or HMF and H2O is at least 186.5 kJ mol−1. In contrast, the reaction between HMF and 

OH− yields many intermediates with a low barrier. Thus far, I have obtained a trimer of 

HMF in the simulations under basic conditions. We conclude that these reactions are the 

initial steps in the formation of humin from HMF under basic conditions. Furthermore, 

the mechanism of the suppression of humin formation in concentrated solutions by 

acetal protection is computationally investigated. 
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Fig. B1. Variety of biomass conversion platforms 

 

 

 

 

 

 

 

Fig. B2. Synthetic route of FDCA synthesis from sugars via HMF 
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2.2 Computational detail 

The Gaussian16 software package [B24, B25] with Grimme’s D3 dispersion correction 

[B24]. The 6-31+G(d) basis set [B27–B30] was used for all atoms. Water solvent effects 

were considered using the integral equation formalism variant of the polarizable 

continuum model (IEFPCM) [B31].The obtained Gibbs Energies are shown in Fig,B3. I 

also calibrated the electronic energy by single-point calculations with the 

wB97x-D/aug-cc-pVTZ level of theory. The obtained Gibbs Energies are shown in Fig. 

B2. While the energy values are different to some extent, the following discussion 

remains qualitatively the same for values in either Figure. 

To systematically search for reaction paths, I employed the AFIR method implemented 

in the GRRM17 program [B21], which induced a reaction by applying an artificial force 

between two moieties. The following procedure was employed to analyze the multistep 

polymerization reactions because the AFIR method implemented in GRRM17 cannot 

directly handle multistep reactions with different participating molecules (Fig. B4). First, 

the reactions listed in Table B1 were selected as candidates for the initiation reactions in 

a basic aqueous solution. The intermediates derived from these reactions were obtained 

using the MC-AFIR method [B18]. Thereafter, the reactions of these intermediates with 

HMF were selected as candidates for new bimolecular reactions and examined using the 

MC-AFIR method. For some intermediates, such as ring-opening systems, further 

single-component (SC)-AFIR calculations were performed to identify intramolecular 

rearrangements and conformational changes. By repeating these steps, I could 

comprehensively investigate the process from the initial humin formation to the HMF 

trimer. Parameter γ, which represents the magnitude of the artificial force used in the 

AFIR method, was set in the range of 200–500 kJ mol−1. The number of samples was 
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set to increase as the size of the system increased or as the system was considered more 

important. Specifically, the number of samples was set to 100–500 for the initial 

reaction, 300–600 for the dimerization reaction, and 500–2000 for the trimerization 

reaction. The reactions obtained by the MC-AFIR method were clustered into 

elementary chemical reactions, i.e., if the reactants and products of the two reactions 

were the same in the canonical simplified molecular-input line-entry system (SMILES) 

representation, these reactions were considered to be chemically identical. The 

conversion of molecular geometry into canonical SMILES was performed using the 

Open Babel program [B32,B33] 
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Fig. B3. Gibbs energy diagram for Fig. B6 up to dimer formation. Red and blue lines indicate the 

energies of [HMF + OH]− and [2HMF + OH]−, respectively. 

 

 

Fig. B4. Gibbs energy diagram for Fig. B7 up to dimer formation. Red and blue lines indicate the 

energies of [HMF + OH]− and [2HMF + OH]−, respectively. 
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Figure B5. Reaction search scheme using multi-step MC-AFIR method. 
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2.3 Result and Discussion 

The reaction paths obtained from the series of AFIR calculations are summarized in 

Fig. B6. Also reaction route map calibrated the electronic energy by single-point 

calculations with the wB97x-D/aug-cc-pVTZ level of theory show in Fig. B7. The 

values in parentheses next to the labels are Gibbs energies (in kJ mol−1) relative to the 

reactants. Each arrow represents an elementary reaction, and the value above it is the 

Gibbs activation energy (in kJ mol−1). The following subsections provide detailed 

discussions of each process.I focused HMF+OH- in the following discussion because 

activation energies of the other reactions quite high. Furthermore, the qualitative 

discussion will remain the same so that I discussed based on Fig. B6. 

2.3.1 Initial Step of Humin Formation 

Previous experimental studies have demonstrated that HMF, ranging in purity from 

97% to 99%, degrades to a dimer within approximately two weeks, even under room 

temperature conditions [B17]. At 473 K, this degradation process is nearly complete 

within 2 hours [B9]. Initially, the interactions between two HMF molecules were 

investigated using the MC-AFIR method, resulting in the identification of a total of 79 

transition states (TSs), including three elementary bimolecular addition reactions. The 

energy profiles of these reactions are depicted in Fig. B8. Among these, the bimolecular 

reaction with the lowest activation energy was a Diels-Alder type reaction, requiring 

186.5 kJ mol−1, which is significantly high for room temperature conditions. Despite 

considering the influence of a water solvent in the calculations, the results remained 

consistent when varying the solvent to HMF, with dielectric constant (ε) and solvent 

radius (Rsolv) parameters determined as ε = 26.38 and Rsolv = 3.384 Å, respectively, 

based on molecular dynamics simulations. Therefore, the initial degradation of HMF is 
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attributed to a reaction with impurities. Among the initial reactions of HMF monomers 

as listed in Table B1, the reaction with OH− exhibited the lowest activation energy of 

30.7 kJ mol−1, while reactions with H2O and O2 (triplet) had activation energies of 

209.9 and 135.7 kJ mol−1, respectively. The energy profiles of these reactions are shown 

in Fig. B9 and Fig. B10. MC-AFIR calculations for the reaction of HMF + OH− 

revealed 30 TSs. For chemical reactions with activation energies below 100 kJ mol−1, 

three hydroxylation reactions were observed at carbons 3 and 5 of the furan ring and the 

formyl carbon, yielding HMF_OH_5, HMF_OH_4, and HMF_OH_3, respectively (Fig. 

B6). This is consistent with chemical intuition, as a negative charge on the oxygen atom 

of the formyl group would induce a resonance structure with a positive charge on one of 

these three carbons. Additionally, a reaction involving the carbon at position 4 was 

identified in the MC-AFIR calculation; however, its activation energy was 121.6 kJ 

mol−1, considerably higher than the aforementioned energies and thus not depicted in 

Fig. B6. Among these reactions, the formation of HMF_OH_3 was found to be 

favorable in terms of activation and reaction energies. HMF_OH_3 represents the 

anionic form of 5-hydroxymethyl-2-furancarboxylic acid, which leads to the production 

of FDCA. However, HMF_OH_4 induced ring-opening and dehydration reactions, 

resulting in the formation of more stable intermediates, HMF_OH_2 and HMF_OH_1, 

respectively, with relatively low activation energies. Consequently, the reaction of HMF 

with OH− yielded five intermediates (i.e., HMF_OH_X, X = 1-5) with activation 

energies below 100 kJ mol−. The labels "HMF_OH_X" are numbered based on the 

stability of the species, with HMF_OH_1, produced by the dehydration of HMF_OH_4, 

being the most stable. 
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Figure B6. Reaction route map for the initial steps of humin formation under basic conditions; red 

arrows show the pathway leading to the most stable trimer, and blue arrows show the pathway 

leading to the most stable dimer. 
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Figure B7. Reaction route map for the initial steps of humin formation under basic conditions 

calibrated the electronic energy by single-point calculations with the wB97x-D/aug-cc-pVTZ level 

of theory. 
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Table B1. Candidates of the initial reactions for which the reaction-path searches were conducted 

Candidate 
Lowest activation energy /kJ 

mol−1 

HMF + HMF 186.5 

HMF + H2O 209.9 

HMF + OH− 30.7 

HMF + O2 (singlet) 111.6 

HMF + O2 (triplet) 135.7 

 

 

 

Figure B8. Gibbs energy diagram for the reactions of HMF + HMF under neutral 

conditions (298 K, 1 atm) 
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Fig. B9. Gibbs energy diagram or the reaction of HMF + H2O under neutral conditions 

(298 K, 1 atm). 

 

 

 

Fig. B10. Gibbs energy diagram for the reactions of HMF + O2
 under neutral conditions 

(298 K, 1 atm). 
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2.3.2 Global Reaction Network of Humin Formation 

The dimerization process was observed for HMF_OH_1, HMF_OH_2, and 

HMF_OH_3. the dimerization of HMF_OH_5 was not investigated in this study due to 

its high minimum barrier height of 196.2 kJ mol−1. The most stable dimer, 

HMF2_OH_1, was formed through an aldol-like reaction of HMF_OH_2 with HMF, 

with a barrier height of 55.5 kJ mol−1. The dimerization reaction with the lowest barrier 

involved HMF_OH_1 + HMF, where O−attacked the formyl group of the new HMF 

molecule, yielding HMF2_OH_2 with a barrier of 29.6 kJ mol−1. The trend of the 

lowest activation energy for dimerization at the formyl carbon was similar to that 

observed for the reaction of HMF + OH−. These dimers exhibited negative relative 

energies and are likely important intermediates contributing to humin formation. For 

HMF_OH_3, two dimerization pathways were identified, leading to HMF2_OH_3 and 

HMF2_OH_4, with relative energies considerably higher than those of other dimers. 

Since HMF_OH_3 is a derivative of 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA), an intermediate in FDCA synthesis, its formation may not lead to humin 

formation. Additionally, eight pathways for trimer formation were identified based on 

the chemical structures shown in Fig. B11. The reaction barriers for trimer formation 

were all above 60 kJ mol−1, indicating that trimer formation is slower than dimer 

formation under basic conditions. 
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Figure B11. Trimer structures obtained in this study; the last attacking HMF is shown in 

red. 
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2.3.3 Effect of Acetal Protection 

2.3.3A. Comparison between HMF Hydroxylation and PD-HMF Hydroxylation  

In order to investigate the impact of acetal protection, the reaction of PD-HMF (HMF–acetal 

protected by PD) with OH− was analyzed computationally. Figure B12 illustrates the 

hydroxylation pathways at carbons 3 and 5 of the furan ring of PD-HMF and the protected 

formyl carbon, leading to the formation of PD-HMF_OH_5, PD-HMF_OH_4, and 

PD-HMF_OH_3, respectively. The protection provided by the acetal group directly hinders 

hydroxylation at the formyl carbon, resulting in an activation energy of 175.2 kJ mol−1 to obtain 

PD-HMF_OH_3, approximately 145 kJ mol−1 higher than the activation energy required to 

obtain HMF_OH_3. Notably, the acetal protection increased the activation energies for 

obtaining PD-HMF_OH_4 and PD-HMF_OH_5 by approximately 70 and 100 kJ mol−1, 

respectively. This increase can be attributed to the loss of π-conjugation with the formyl C=O 

group, which destabilizes the products. Additionally, this phenomenon can be explained in terms 

of electrophilicity. Figure B13 presents the results of the natural population analysis [B34,B35] 

for HMF and PD-HMF, computed at the B3LYP-D3/6-31+G(d) level, with the same IEFPCM 

solvation model used for the energy calculations. Acetal protection reduced the charge on the 

carbons at positions 3/5 of the furan ring from -0.159/0.324 to -0.311/0.274, indicating 

inhibition of the reaction with OH− at these positions. Thus, acetal protection was theoretically 

demonstrated to stabilize HMF. 

2.3.3B. Discussion on the FDCA formation from HMF and PD-HMF under basic 

condition 

In the conversion of HMF to FDCA, the oxidation of the aldehyde represents the first step. 

Among the three initial pathways, the activation energy for the formation of HMF_OH_3 was 
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the lowest. Byproducts of the hydroxylation reaction, particularly HMF_OH_4 and the 

subsequent HMF_OH_1 and HMF_OH_2, may contribute to humin formation, a side reaction 

of FDCA formation. Notably, the activation energy for HMF_OH_4 formation was below 60 kJ 

mol−1, suggesting that this side reaction could occur at room temperature, consistent with the 

observation that the side reaction becomes more prominent with increasing HMF concentration. 

Conversely, in the conversion of PD-HMF to FDCA, the initial reaction was not with OH−, but 

with the oxidation of alcohol. This indicates that in the reaction involving PD-HMF, all 

reactions with OH− observed for HMF were suppressed by acetal protection, leading to the 

guidance of the initial reaction by alcohol oxidation and avoiding humin formation. 

Although I did not consider the catalyst or molecular oxygen on the metal support in this study, 

the results shown in this paper suggest a deeper understanding of humin formation in various 

basic solutions and the effect of acetal protection on HMF [B36–B38]. 
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(a)                                       (b) 

 

Figure B12. Gibbs energy diagrams of the reactions of (a) HMF + OH− and (b) PD-HMF + 

OH− (298 K, 1 atm) 

 

 

Figure B13. Natural electron populations on furan rings of (a) HMF and (b) PD-HMF 
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2.4 Conclusion 

In this study, I conducted a comprehensive analysis of the reaction pathways leading to 

humin formation from HMF under basic conditions. Despite reports of humin formation 

even with pure HMF, the direct addition reaction path (HMF + HMF) was found to have 

a barrier of at least 186.5 kJ mol−1, suggesting it is unlikely to occur at room 

temperature. In contrast, the reaction of HMF + OH− revealed three pathways with 

barriers of less than 65 kJ mol−1. Notably, HMF_OH_4 emerged as a critical 

intermediate leading to HMF dimers with a low reaction barrier, while trimerization was 

found to have a higher barrier than dimerization. Additionally, AFIR calculations were 

performed using PD-HMF instead of HMF to investigate the impact of acetal protection 

on reactivity. The results showed a significant increase in activation energies for 

reactions involving the protected formyl carbon and the other two initial reactions. This 

finding explains the experimental stability of PD-HMF under basic conditions and 

strengthens the validity of the initial reaction pathway for humin formation identified in 

this study. This study underscores the utility of the MC-AFIR method in computational 

chemistry for elucidating complex, multistep reactions. 
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3. Conformation Determination of Polyketone 

Compounds Using Molecular Dynamics  

3.1 Introduction 

3.1.2 Length-controlled organic oligomers : potential of Aliphatic 

polyketones 

Length-controlled organic oligomers, which were synthesized by Inokuma and 

co-workers[C1] are aliphatic polyketones with string-like flexibility. The origin of 

its flexibility comes from the alternating sequence of 1,3- and 1,4-diketones, which 

can achieve a wide range of conformations as it does not have a rigid planar 

structure like vicinal polyketones. An interesting behavior of these oligomers is that 

they show assembly with metal cations in gas phase. This is a rope-wrapping 

dynamics that cannot be confirmed by observation in a small molecule or polymers. 

Elucidating the detailed conformation of this assembly is an interesting topic that 

will guide the precise control of molecular dynamics of this molecule, which 

exhibits unique behavior. There are several methods for determining the 

three-dimensional structure of molecules in the solid and liquid phases, such as 

NMR and X-ray diffraction. Nevertheless, structural analysis in the gas phase is still 

limited. Ion mobility mass spectrometry (IM-MS)[C2-7] is a method to determine 

the three-dimensional structure of molecules in the gas phase using collision cross 

sections (CCS). Specifically, the collisions of molecules within the detector are 

caused, and the momentum change due to the collision is detected as the arrival 

time. Arrival times are converted to CCS by the Mason-Schamp equation[C8]. The 

traditional approach to determining structure from CCS obtained by IM-MS 
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consisted of preparing candidate structures, performing in silico CCS calculations 

and comparing them with the obtained CCS. This workflow is effective for IM-MS 

spectra with unimodal distribution. However, IM-MS spectra of polyketones with 

large number (>8) were found to have the multimodal distribution. In addition, the 

many potential of ion-carbonyl coordination configurations made it difficult to 

arbitrarily prepare structures. Thereafter, I need to develop specific workflow for 

this analysis. 

3.1.2 Ion Mobility Mass Spectrometry 

Ion mobility mass spectrometry (IM-MS) is a spectroscopic method that combines 

mass spectrometry (MS) and ion mobility spectrometry (IMS). It is widely used to 

separate analyte ions in gas phase, especially mixtures of ions with the same molecular 

weight. Although structural and stereochemical isomers that show the same signal 

patterns in MS, they can be distinguished by difference in the ion mobility arrival times 

in IM-MS. Experimental arrival time can be treated as a structural feature by converting 

it to collision cross section (CCS). The Mason-Schamp equation is often used to 

calculate the analyte ion’s CCS from arrival time, where Ω is the CCS, 𝑧 is ion charge, 

𝑒 is elementary charge, 𝑘𝑏 is Boltzmann’s constant, 𝑇 is drift region temperature, 𝑚𝐼 

is mass of an analyte ion, 𝑚𝑁 is mass of buffer gas, 𝐿 is length of ion mobility cell, 𝑃 

is pressure in cell, N is number of buffe gas molecules in a unit constant volume, and 

𝑡𝐷 is arrival time. 

Ω =
√18𝜋

16

𝑧𝑒

√𝑘𝑏𝑇
√

1

𝑚𝐼
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1
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 To analyze experimental CCSs obtained here, it is necessary to compare them with 

accurate CCSs in the database or calculated CCSs. 
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3.1.3 in silico CCS Calculation 

 in silico CCS calculation method is essential to discuss the structure from the 

experimentally measured CCS. There are broadly categorized into three approaches.  

First approach is straightforward method for cross sections that consider the projected 

area of the candidate structure. It called projection approximation (PA) method and can 

be performed faster once the structure has been determined. On the other hand, it tend to 

underestimate the CCS value relative to the measured one because of the lack of 

consideration for collision effects with gases. Second approach is simulation of 

collisions between ion and buffer gas. It usually performed by classical molecular 

dynamics calculations and fully evaluate ion and buffer gas interactions. It called 

trajectory method (TM) since MD trajectory directly leads to CCS value. The last 

approach is a recently appearing method using machine learning to make predictions. 

The first two approaches are implemented in common CCS calculation methods (e.g., 

Mobcal[C9] and IMoS[C10]) and widely used. A significant aspect of using these 

methods is that they compute the CCS of a single point structure, i.e., the result depends 

on the input structure. This means an appropriate initial structure is necessary to obtain 

reliable calculation results. 
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3.2 Computational Method 

 The computational workflow adopted in the present study consists of three steps: 

conformation sampling, CCS evaluation, and clustering. Details are as follows. 

 

3.2.1 Conformation Sampling with DCDFTB program 

As a first step, the author performed MD simulations using the density-functional 

tight-binding(DFTB) Hamiltonian[C11], a semi empirical Hamiltonian that allows rapid 

MD simulation with quantum chemical potential. The author used the DCDFTBMD 

program and employed the 3ob third-order parameter sets. MD simulations were 

performed at 398 K adopting Nosé-Hoover chain thermostat with a time step of 0.25 fs. 

Inital structures was created as follows. First. MD was performed with only aliphatic 

polyketone chains without a sodium ion. Next, 10 structures was randomly extracted 

from the trajectory, and a sodium ion was placed in rectangular volume enclosing the 

string. The author extracted snapshots every 200 fs from the trajectories, yielding a total 

of 6000 structures. 

3.2.2 in silico CCS Calculation refined from PA Method 

As mentioned in the previous section, the most accurate method for calculating 

collision cross sections in silico is the TM. However, in this study, we employed the PA 

method for calculating cross sections, considering the need to compute cross sections 

for tens of thousands of structures and the importance of qualitatively reproducing the 

spectra. Nevertheless, the naive projection area method showed a large deviation from 

experimental values. Therefore, I adopted a modified PA method that includes a 

correction for the volume of a simple collision gas outside the molecule (Fig.C1). 
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3.2.3 Clustering  

To investigate the characteristics of the obtained structures, I performed clustering 

based on structural features. We utilized the CCS and distance between Na+ ion and O 

atoms as descriptors and employed the Mean Shift method[C12]. The mean-shift 

clustering is similar to the K-means clustering, but it does not require the number of 

clusters to be specified a priori. This was necessary because the number of distinct 

structural species within the structural ensemble was unknown. The results of the 

clustering were visualized using Principal Component Analysis (PCA), and the validity 

of the clustering was discussed. 
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Fig. C1. Schmatic illustration of correction of CCS for buffer gas. 
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3.3 Result and Discussion 

3.3.1 CCS Calculation for Polyketone hexamer 

The MD simulations conducted for [1 + Na]+ yielded 11,000 conformations, with 

calculated CCS values ranging from 255 to 330 Å2. While these values differ from those 

obtained through IM-MS, the MD calculations effectively replicated the experimental 

CCS distribution for [1 + Na]+. The CCS versus frequency plot exhibited an almost 

unimodal distribution (Figure C2.b). Most of the simulated conformations indicated that 

the Na+ ion was coordinated by 5 to 6 oxygen atoms, including the terminal carbonyl 

oxygen O1 (Figure C3). The other terminal portion of 1 did not contribute to cation 

coordination, suggesting that the relatively broad distribution of CCS for [1 + Na]+ 

arises from the conformational flexibility of the uncoordinated polyketone terminal. 
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Fig. C3. PCA visualization of 11000 6-mers and typical structures 

Fig. C2. a)Structural formula of a polyketone 6-mer b)Theoretical CCS 

distribution of a polyketone 6-mer c)The experimental spectrum of a 

polyketone 6-mer 
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3.3.3 CCS Calculation for Polyketone octamer 

The MD simulations for [1 + Na]+ generated 6000 conformations and their calculated 

CCS values varied in the range of 300–420 Å2. Although there are shift in the range 

between calculation and experimental data, calculated CCS distribution reproduces the 

multimodal distribution. The PCA visualization of the octamer was shown in Fig.C4. 

Based on the coordination and CCS features, the MD-simulated structure for  [1 + 

Na]+ cation complexes were classified into cluster 1-4. Complexes in the cluster 1 

typically chelate the Na+ ion with 5 oxygen atoms of 1 at the O3, O4, O5, O9, and O10 

positions. The non-coordinating sites of the polyketone chain (O11–O16) were more 

likely to be folded by intramolecular hydrogen bonding interactions, thus showing 

relatively sharp peaks of calculated CCS mostly in the range of 310–350 Å2.  

Complexes in the cluster 2 chelated the Na+ ion at the central sites of the polyketone 

chain using 4–6 oxygen atoms: e.g. O4, O5, O10, O12; O5, O6, O9, O10, O11; O5, O6, 

O7, O8, O11, O12; for tetra-, penta-, and hexacoordinated complexes, respectively. 

Because the terminal parts of the polyketone chain did not contribute to the coordination, 

various conformations were observed to show rather broad distribution of CCS in the 

range of 310–370 Å2. Cluster 3 exhibited the narrowest distribution of CCS in the range 

of 305-330 Å2. Complexes in this cluster adopted macrocyclic conformations 

characterized by the cooperative Na+ ion coordination using terminal carbonyl oxygen 

atoms O1 and O16. The narrow distribution of CCS is attributed to the loss of degrees 

of freedom due to the formation of macrocyclic conformations. The coordination modes 

of the complexes in cluster 4 were almost similar to those in cluster 1. However, the 
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uncoordinated part of the polyketone chain was not well-folded, and different chain 

conformations were found, giving a wide distribution of CCS.  
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Fig. C4. a)Structural formula of a polyketone octamer b)Theoretical CCS 

distribution of a polyketone octamer c)The experimental spectrum of a 

polyketone octamer 
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Fig. C5. a)PCA visualization of 6000 8-mers b) CCS distribution for each 

cluster 
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Fig. C6. Typical structure of each cluster 
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In ion mobility-mass spectrometry (IM-MS) experiments, detected ions traverse the drift tube 

over milliseconds, necessitating the averaging of observed collision cross-section (CCS) values 

over the flight time. To approximate this time-averaging effect in our simulations, we computed 

the average CCS values for 150 consecutive snapshot structures from each trajectory, 

corresponding to an average over 29.8 picoseconds. The resulting CCS distribution, compared 

with the non-averaged distribution in Fig. C7, demonstrates that time averaging serves to 

narrow the distribution of each peak. While our approach does not fully replicate the magnitude 

and shape of the experimental distribution, partially due to the limitations of the averaging time 

feasible in MD simulations, the CCS values for the snapshot structures were adjusted to 

qualitatively reproduce the distribution, including its bimodal structure. 
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Fig. C7. Time-averaged CCS distribution of a polyketone octamer 
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3.4 Conclusion 

In this study, the author developed a MD-based conformational simulation method that 

can reproduce CCS distribution of structurally flexible molecular ions. This method 

allowed analyzing the length-dependent sodium cation binding modes of discrete 

polyketones oligomer in gas phase. Even CCS distributions obtained by IM-MS are 

broad and multimodal, comprehensive conformational analysis could provide 

reasonable understanding of target ion conformations. While there are many analyzed 

examples and CCS simulation methods for proteins, this method would be arguably 

applicable to the overall spectrum shape of rather small and structurally flexible 

molecules. Therefore, the MD-simulation protocol would make IM-MS analysis more 

useful and user-friendly as a gas phase structural analysis. 
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4. General Conclusion 

 I did theoretical research on two organic molecules in this doctoral thesis. In Chapter 2, 

I employed the global reaction route map (GRRM) method for analyzing amorphous 

oligomerization of 5-(hydroxymethyl)furfural (HMF). The artificial force induced 

reaction (AFIR) method was applied step by step to the oligomerization system in 

which the number of atoms in the system increases incrementally to investigate the 

reaction, and key reactions in the reaction path network of HMF oligomerization was 

specified. Hydroxylation of the carboxyl group of the HMF did not lead to much 

oligomerization and hydroxylation of furan ring is important for generation of variety 

intermediate. Although some initial reactions were predicted based on organic chemical 

insights, this is the first example to demonstrate that the other competing reactions do 

not exist based on systematic analysis. In Chapter 3, I develop a theoretical calculation 

scheme of collision cross section to identify the conformation of aliphatic polyketones 

with multiple ion mobility mass spectrometry peaks. The scheme consists of fast 

molecular dynamics (MD) sampling using semi-empirical methods, CCS evaluation 

using my original Python program and clustering method to determine the number of 

clusters a priori. This scheme successfully reproduced both the one-peak polyketones 

hexamer spectrum and the two-peak polyketones octamer spectrum. This study implies 

that the conformation can be identified from MD sampling for systems with many 

metastable conformations and IM-MS peaks.  

These studies are applications showing that the advance of computational chemistry 

had made it possible to analyze complex systems that were previously challenging, and 

also cases in which the combination of experimental chemistry, computational 
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chemistry, and informatics has produced new insights. I hope that the outcome of this 

thesis will contribute to the understanding of the related field, and look forward to 

further increasing the number of such a cross-field application. 
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