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INTRODUCTION

Mechanochemistry 1,2 is the study of chemical phenomena using mechanical actions such as grinding. In particular, mechanochemistry related to friction is well known as tribochemistry. [START_REF] Hsu | The Nature and Origin of Tribochemistry[END_REF][START_REF] Boldyreva | Mechanochemistry of Inorganic and Organic Systems: What Is Similar, What Is Different?[END_REF][START_REF] Tysoe | On Stress-Induced Tribochemical Reaction Rates[END_REF] Friction sometimes causes mechanical excitation on the order of eV, leading to luminescence called triboluminescence. 6 Such mechanical excitation can also drive chemical reactions. Mechanochemical reactions have attracted much attention recently because of their eco-friendliness as no solvent is needed. In conventional reactions, thermal excitation is a driving force that overcomes reaction barriers. However, mechanochemical reactions are not always conventional thermal reactions. Mechanochemical conditions sometimes cause unexpected chemical reactions. For example, Hickenboth et al. have reported that the Woodward-Hoffmann rule [START_REF] Woodward | The Conservation of Orbital Symmetry[END_REF] can be broken in mechanochemistry. [START_REF] Hickenboth | Biasing Reaction Pathways with Mechanical Force[END_REF] To explain these unique features of mechanochemistry, Ribas-Arino et al. have proposed that mechanical force modifies the potential energy surface and changes the reaction barriers. [START_REF] Ribas-Arino | Understanding Covalent Mechanochemistry[END_REF][START_REF] Ribas-Arino | Covalent Mechanochemistry: Theoretical Concepts and Computational Tools with Applications to Molecular Nanomechanics[END_REF] One typical example of mechanochemical reactions is the synthesis of dibenzophenazine (DBPZ), a well-known quinoxaline-containing molecule (see Figure 1). The quinoxaline structure is an important building block of organic semiconductors and pharmacologically active compounds. [START_REF] Martins | Solvent-Free Heterocyclic Synthesis[END_REF] DBPZ has been synthesized in various ways. Conventional syntheses require both a solvent and a catalyst. More specifically, Brønsted acids, [START_REF] Minsky | Novel Polycyclic Dianions: Metal Reduction of Nitrogen Heterocycles[END_REF][START_REF] Niknam | Metal Hydrogen Sulfates M(HSO 4 ) n : As Efficient Catalysts for the Synthesis of Quinoxalines in EtOH at Room Temperature[END_REF][START_REF] Niknam | Silica Bonded S-Sulfonic Acid: A Recyclable Catalyst for the Synthesis of Quinoxalines at Room Temperature[END_REF][START_REF] Rashedian | Silica-Bonded N-Propyl Sulfamic Acid: A Recyclable Catalyst for the Synthesis of 1,8-Dioxodecahydroacridines, 1,8-Dioxo-octahydroxanthenes and Quinoxalines[END_REF][START_REF] Karami | Synthesis of Aza-Polycyclic Compounds: Novel Phenazines and Quinoxalines Using Molybdate Sulfuric Acid (MSA). Polycyclic Aromat[END_REF][START_REF] Kumbhar | Brønsted Acid Hydrotrope Combined Catalyst for Environmentally Benign Synthesis of Quinoxalines and Pyrido[2,3-b]pyrazines in Aqueous Medium[END_REF][START_REF] Karami | A Modified Synthesis of Some Novel Polycyclic Aromatic Phenazines and Quinoxalines by Using the Tungstate Sulfuric Acid (TSA) as a Reusable Catalyst Under Solvent-free Conditions[END_REF][START_REF] Khodabakhshi | A Rapid and Eco-friendly Synthesis of Novel and Known Benzopyrazines Using Silica Tungstic Acid (STA) as a New and Recyclable Catalyst[END_REF][START_REF] Sajjadifar | Facile Method of Quinoxaline Synthesis Using Phenol as a New, Efficient and Cheap Catalyst at Room Temperature[END_REF][START_REF] Zhang | Synthesis and Photophysical Properties of Three Ladder-type Chromophores with Large and Rigid Conjugation Structures[END_REF] metal oxide nanoparticles, 1 6 , 1 8 , 1 9 , 2 2 , 2 5 , 2 7 , 2 8 , 3 0 , 3 6 , 4 2 , 4 3 and ionic liquids [START_REF] Zare | Ionic Liquid 1-Butyl-3-methylimidazolium Bromide ([bmim]Br): A Green and Neutral Reaction Media for the Efficient, Catalyst-free Synthesis of Quinoxaline Derivatives[END_REF][START_REF] Mulik | Proficient Synthesis of Quinoxaline and Phthalazinetrione Derivatives Using [C 8 dabco]Br Ionic Liquid as Catalyst in Aqueous Media[END_REF][START_REF] Vahdat | Sulfonated Organic Salts: Recyclable Green Catalysts for the Facile and Rapid Route Synthesis of 2,3-Dissubstituted Quinoxaline Derivatives in Water[END_REF][START_REF] Vahdat | A Green and Efficient Protocol for the Synthesis of Quinoxaline, Benzoxazole and Benzimidazole Derivatives Using Heteropolyanion-Based Ionic Liquids: As a Recyclable Solid Catalyst[END_REF][START_REF] Sajjadifar | A Practical Efficient and Rapid Synthesis of New Quinoxalines Catalyzed by Citric Acid as a Trifunctional Brønsted Acid at Room Temperature Under Green Condition[END_REF][START_REF] Sajjadifar | Synthesis of Quinoxaline Derivatives Using Sulfonic Acid Functionalized Imidazolium Salts as Highly Efficient and Reusable Brønsted Acidic Ionic Liquids Catalysts Under Solvent-free Conditions[END_REF] have been used. Recently, however, Carlier et al. have synthesized DBPZ using only mechanical ball-milling [START_REF] Carlier | Use of Cogrinding as a Solvent-free Solid State Method to Synthesize Dibenzophenazines[END_REF] without any solvent or catalyst and have obtained a very high yield (>99%).

To investigate the efficient mechanochemical synthesis of DBPZ, experimental and theoretical studies have been reported. [START_REF] Carlier | Greener Pharmacy Using Solvent-free Synthesis: Investigation of the Mechanism in the Case of Dibenzophenazine[END_REF][START_REF] De Oliveira | Comprehensive Experimental Investigation of Mechanically Induced 1,4-Diazines Synthesis in Solid State[END_REF][START_REF] Haruta | Reaction Mechanism in the Mechanochemical Synthesis of Dibenzophenazine: Application of Vibronic Coupling Density Analysis[END_REF] The yield obtained 24 h after mechanical grinding is greater than that obtained immediately after grinding. [START_REF] Carlier | Greener Pharmacy Using Solvent-free Synthesis: Investigation of the Mechanism in the Case of Dibenzophenazine[END_REF] That is, the product is generated even after grinding is complete. The yield obtained immediately after grinding is proportional to the grinding time, whereas the yield obtained 24 h after grinding is not. In addition, the reaction heat flow has two peaks, that is, early and delayed ones. [START_REF] De Oliveira | Comprehensive Experimental Investigation of Mechanically Induced 1,4-Diazines Synthesis in Solid State[END_REF] These experimental facts suggest the possibility of different reaction mechanisms.

In our previous work, [START_REF] Haruta | Reaction Mechanism in the Mechanochemical Synthesis of Dibenzophenazine: Application of Vibronic Coupling Density Analysis[END_REF] DBPZ synthesis was theoretically investigated using vibronic coupling density (VCD) analysis. [START_REF] Sato | Vibronic Coupling in Naphthalene Anion: Vibronic Coupling Density Analysis for Totally Symmetric Vibrational Modes[END_REF][START_REF] Sato | The Jahn-Teller Effect: Fundamentals and Implications for Physics and Chemistry[END_REF] One of the reactants, o-phenylenediamine (PDA), has a high-lying highest occupied molecular orbital (HOMO). Another reactant, 9,10-phenanthrenequinone (PQ), has a lowlying lowest unoccupied molecular orbital (LUMO). According to the frontier orbital theory, [START_REF] Fukui | A Molecular Orbital Theory of Reactivity in Aromatic Hydrocarbons[END_REF][START_REF] Fukui | Recognition of Stereochemical Paths by Orbital Interaction[END_REF] the regioselectivity should be indicated by these frontier orbitals. However, the HOMO of PDA is strongly delocalized over the molecule. Thus, the frontier orbital theory fails to predict its regioselectivity.

The frontier orbital theory takes into account only stabilization due to charge-transfer (orbital) interaction and does not consider any molecular deformation. In contrast, the VCD theory takes into account stabilization due to molecular deformation. The VCD can be regarded as a reactivity index in the framework of the conceptual density functional theory (DFT). [START_REF] Parr | Density Functional Approach to the Frontier-electron Theory of Chemical Reactivity[END_REF][START_REF] Geerlings | Conceptual Density Functional Theory[END_REF] VCD analysis has identified reactive regions in fullerenes, nanographenes, and so on, for which the frontier orbital theory is not effective. [START_REF] Haruta | Reaction Mechanism in the Mechanochemical Synthesis of Dibenzophenazine: Application of Vibronic Coupling Density Analysis[END_REF][START_REF] Sato | Vibronic Coupling in Naphthalene Anion: Vibronic Coupling Density Analysis for Totally Symmetric Vibrational Modes[END_REF][START_REF] Sato | The Jahn-Teller Effect: Fundamentals and Implications for Physics and Chemistry[END_REF][START_REF] Sato | C 60 Bearing Ethylene Moieties[END_REF][START_REF] Haruta | Chemical Reactivity in Nucleophilic Cycloaddition to C 70 : Vibronic Coupling Density and Vibronic Coupling Constants as Reactivity Indices[END_REF][START_REF] Haruta | Vibronic Couplings in Cycloadditions to Fullerenes[END_REF][START_REF] Sato | Vibronic Coupling Density and Related Concepts[END_REF][START_REF] Haruta | Regioselectivity in Multiple Cycloadditions to Fullerene C 60 : Vibronic Coupling Density Analysis[END_REF][START_REF] Haruta | Reactivity of Endohedral Metallofullerene La 2 @C 80 in Nucleophilic and Electrophilic Attacks: Vibronic Coupling Density Approach[END_REF][START_REF] Haruta | Reactivity Index for Diels-Alder Cycloadditions to Large Polycyclic Aromatic Hydrocarbons Using Vibronic Coupling Density[END_REF] We have applied VCD analysis to PDA and PQ and successfully identified their reactive sites.

PDA has two conformers with C 2 and C s symmetries depending on the conformation of its two pyramidal amino groups. C 2 PDA is the most stable one, whereas C s PDA is unstable with one imaginary frequency. According to VCD analysis, C 2 PDA favors stepwise formation of C-N bonds between the two reactants, whereas C s PDA favors concerted formation. Because the mechanical force must increase the amount of C s PDA during grinding, the concerted reaction is considered to be possible under mechanochemical conditions.

Although VCD analysis predicts both stepwise and concerted mechanisms, these reaction pathways and their energy barriers, which are indispensable for quantitative and even qualitative discussion, have not been determined to date. Our goal in this study is to identify all the transition states and their reaction barriers and then propose reaction pathways under mechanochemical conditions from a theoretical viewpoint. In addition, more importantly, a novel concept of mechanical modification of a reaction pathway is also proposed: force-induced dissolution of imaginary frequencies.

COMPUTATIONAL DETAILS

We performed geometry optimizations and vibrational analyses of all the reactants, intermediates, transition states, and products using DFT calculations. We calculated the intrinsic reaction coordinates to confirm the validity of the obtained transition states. We also calculated the internal energies, enthalpies, and Gibbs free energies of all the species at 298.15 K and 1.0000 atm to examine the thermochemistry. All the energies presented in this paper include zero-point vibrational energy corrections. These DFT calculations were performed at the B3LYP/6-311G(d,p) level of theory using the Gaussian 09 program. [START_REF] Frisch | Revision C.01[END_REF] 

RESULTS AND DISCUSSION

3.1. Reaction Pathways. DBPZ synthesis consists of two C-N bond formations and two dehydration processes. Figure 2 shows the obtained energy diagram of the reaction pathways and their activation energies. The structures of the reactants and products, intermediates, and transition states are shown in Figures 345, respectively. The lowest-energy reaction path was found to be the stepwise path, which involves successive formation of two C-N bonds. In the stepwise path, both the first and second C-N bond formations have almost the same high reaction barriers: 161.8 and 141.4 kJ mol -1 , respectively. Furthermore, the subsequent dehydration process requires higher energy than these C-N bond formations. Thus, the first dehydration process seems to be the rate-determining step. Note, however, that a water molecule produced in the same or a neighboring system catalyzes both the first and second dehydration processes, as discussed later. The catalytic water greatly reduces the activation energies. In addition to the stepwise path, a concerted one was also identified; it involves simultaneous formation of two C-N bonds. In the concerted path, the formation of two C-N bonds has the highest energy barrier. Because the subsequent dehydration processes have much lower barriers, they are considered to occur rapidly. Although the concerted path has a higher barrier than the stepwise path, the difference is only 184.9 kJ mol -1 , which can be overcome by mechanical excitation (on the order of eV) 6 but not by thermal excitation.

Regarding the concerted path, we should note that PDA, TS1′, and I2′ have C s symmetry with the imaginary frequencies of a″ modes, which are symmetry-lowering modes. Thus, the concerted path is not generally accepted as a reaction path (see Figure 6) because a transition state should have only one imaginary frequency by definition. Later, we show that the instability of this path can be resolved by applying an external mechanical force.

Table 1 shows the calculated heat of reaction. This reaction is exothermic and produces a large amount of heat because of aromatization and hydrogen-bond formation between DBPZ and two water molecules (see Figure 3d). These hydrogen bonds stabilize the final product by 51.4 kJ mol -1 . The energy of hydrogen-bond formation was found to account for ∼40% of the overall heat of reaction. The rest can be attributed mainly to aromatization.

3.2. Catalytic Effect of Water. Hydrogen bonds can be broken under mechanochemical conditions because the bond energies are smaller than the mechanical energy. The free water molecules interact with reaction centers such as -OH and -NHgroups and catalyze the dehydration steps. An energy diagram including the catalytic effect of water is shown in Figure 7. The structures of the related species are illustrated in Figure 8. The catalytic water lowers the activation energies of the dehydration steps by 60-90 kJ mol -1 . Therefore, neither dehydration step is the rate-determining step. In DBPZ synthesis, the formation of the two C-N bonds is rather important for its kinetics.

On the basis of the obtained results, we discuss plausible reaction mechanisms under mechanochemical conditions. All the reaction barriers are too high to be overcome by thermal energy. This reaction is therefore difficult under conventional thermal condition without any catalyst. This is consistent with many experimental reports. However, under mechano- Although water catalysis requires breaking of a hydrogen bond, the bond energy is sufficiently small (∼25.7 kJ mol -1 ), as shown in Table 1. Values adjacent to transition states indicate activation energies in kJ mol -1 . chemical conditions, mechanical action can generate sufficient energy (on the order of eV) locally. 6 Therefore, both the stepwise and concerted paths are possible during grinding. After grinding, the energy difference between the two paths cannot be ignored. The stepwise path, with its lower barriers, must be favored. However, even these barriers are too high. In solid-state reactions, energy transfer can occur among neighboring reactants, intermediates, and products. Therefore, the supplied mechanical energy and large heat of reaction can be reused to conduct the reaction successively. This is in contrast to reactions in a solution, in which solvents separate reactant molecules from each other. We recently reported a detailed analysis of the experimentally observed reaction heat flow and kinetics that supports the findings of the present study. [START_REF] De Oliveira | Comprehensive Experimental Investigation of Mechanically Induced 1,4-Diazines Synthesis in Solid State[END_REF] 3.3. Removal of Instability by External Force. The obtained concerted path has the imaginary frequencies of the a″ modes, which are symmetry-lowering modes. They originate from the instability of C s PDA (see Figure 9a). Consequently, the concerted path is not generally accepted as a reaction path. We are interested in whether the instability is conserved under mechanical conditions.

During mechanical grinding, a random external force is applied to each reactant inside microcrystalline grains or at the interface of the grains. We should herein pay attention to whether an external force removing the instability of the concerted path is possible or not. If possible, such an external force can be applied at a certain moment, thereby opening the concerted path. At other moments, an external force might be useless for opening the concerted path, and hence the stepwise path is preferred.

Application of an external mechanical force is theoretically equivalent to deformation of the equilibrium structure. A molecular deformation corresponding to an external force reportedly modifies the potential energy surface and changes the reaction barriers. [START_REF] Ribas-Arino | Understanding Covalent Mechanochemistry[END_REF][START_REF] Ribas-Arino | Covalent Mechanochemistry: Theoretical Concepts and Computational Tools with Applications to Molecular Nanomechanics[END_REF] Mathematically, this can be understood as the Legendre transformation of the potential energy surface as position r → force f.

To simulate application of a mechanical force to PDA, we considered a deformation of C s PDA defined as a change in the planarization of the pyramidal amino groups to the opposite direction (see Figure 9b). This deformation is described in detail in the Supporting Information. This mode is orthogonal to the a″ mode with the imaginary frequency because it has a′ symmetry. As shown in Table 2, we found that the imaginary frequency of the a″ mode becomes real when C s PDA is deformed by this a′ mode. Note that even if the a′ deformation is applied, the force along the a″ mode is still zero because of its symmetry. That is, the deformed C s PDA is always fully optimized with respect to the a″ mode.

The strength of the applied force can be estimated using a potential gradient ∂E/∂Q d , where E denotes the total electronic energy with the nuclear-nuclear potentials, and Q d is a massweighted coordinate of the a′ deformation mode. As shown in Figure 10a, the strength of the force is proportional to the deformation. Figure 10b shows that increasing the force makes the curvature of the a″ mode positive. The positive curvature is equivalent to a real frequency. A conceptual illustration is shown in Figure 10c.

This result shows that if C s PDA is mechanically deformed by the a′ deformation mode, then the a″ instability in the concerted path is resolved. That is, the mechanical action leads to a new reaction path. In practical terms, this effect could be attributed to the interfacial stacking of microcrystalline grains of PDA and PQ under mechanical pressure, as illustrated in Figure 10d. This effect is not possible under conventional thermal conditions. The mechanical force necessary to remove the instability is small (∼10 -4 a.u.). Accordingly, it does not significantly change the obtained energy barriers of the concerted path.

3.4. Origin of Instability Removal. To elucidate the origin of the force-induced dissolution of the imaginary mode, a simple model potential was constructed, which depends only on two mass-weighted normal coordinates, Q α and Q β . In this study, the two coordinates can be regarded as the normal coordinate of the a″ imaginary mode and a′ deformation coordinate, respectively. The model potential E is given by a The optimized geometry of C s PDA is the reference geometry. 
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The frequency of mode α is imaginary, and thus, E α is a double minimum potential
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where ω α denotes the frequency of mode α, and δ α is a quartic force constant. By contrast, the frequency of mode β is real, and thus, E β is a single minimum potential
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where ω β is the frequency of mode β. Furthermore, a cubic force constant γ was considered as the intermode coupling

E Q Q Q Q ( , ) 1 2 2 γ = αβ α β α β (4) 
Application of an external mechanical force shifts the equilibrium point. Applying a deformation Q β = Δ is equivalent to applying the force given by

F E Q Q Q 0, 2 i k j j j j j j y { z z z z z z ω = ∂ ∂ = Δ β β β = =Δ α β (5) 
The potential curve under the condition Q β = Δ is obtained as
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Consequently, the curvature of mode α depends on F β owing to the cubic force constant
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The DFT-based potential surface of PDA was numerically fitted by the model potential, and the fitting parameters were determined as follows: ω α = 1.14i × 10 -3 a.u., δ α = 3.47 × 10 -8 a.u., ω β = 7.74 × 10 -3 a.u., and γ = 6.73 × 10 -7 a.u. Figure 11 shows the model potentials obtained using these parameters. The values of the cubic force constant γ were 0, 1, and 2 times the DFT-based value, which correspond to weak, intermediate, and strong coupling, respectively. The obtained result clearly illustrates that the cubic force constant is essential for the force-induced dissolution of the imaginary mode.

CONCLUSIONS

The reaction pathways in mechanochemical synthesis of DBPZ were investigated using DFT. According to our computational results, the minimum-energy path involves stepwise C-N bond formations between two reactants. In addition, a concerted path with a higher energy barrier was also found. The latter is generally not accepted as a reaction path because the highest-energy point along the path is not a transition state but a higher-order saddle point. However, even a small mechanical force dissolves the imaginary frequencies so that the higher-order saddle point is changed into a transition state. The mechanical force identified here is one example of how to make the imaginary frequencies real. To find such forces in a mechanochemical reaction may become a central problem in theoretical mechanochemistry.
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Figure 1 .

 1 Figure 1. Synthetic scheme of dibenzophenazine (DBPZ) from ophenylenediamine (PDA) and 9,10-phenanthrenequinone (PQ). DBPZ has a quinoxaline structure.

Figure 2 .

 2 Figure 2. Energy diagram with two reaction pathways. Values in blue adjacent to transition states indicate activation energies in kJ mol -1 . Initial species have different energies because PDA has different conformers.

Figure 3 .

 3 Figure 3. Optimized structures of (a) C 2 PDA, (b) C s PDA, (c) PQ, (d) DBPZ coordinated by two water molecules, (e) DBPZ, and (f) a water molecule. The red dashed lines indicate hydrogen bonds.

Figure 4 .

 4 Figure 4. Optimized structures of (a) I1, (b) I2, (c) I1′, and (d) I3. I1′ has a structure similar to that of I2 and C s symmetry with one imaginary frequency. The red dashed line indicates a hydrogen bond.

Figure 5 .

 5 Figure 5. Optimized structures of (a) TS1, (b) TS2, (c) TS1′, (d) TS3, and (e) TS4. The red dashed line indicates a hydrogen bond. Note that TS1′ has C s symmetry with the imaginary frequencies of a″ modes as well as the a′ reaction mode.

Figure 6 .

 6 Figure 6. Schematic representation of stepwise and concerted pathways on potential energy surface. A concerted path with multiple imaginary frequencies is not generally accepted as a reaction path. However, an external force can dissolve imaginary frequencies.

a

  ΔE, ΔU, ΔH, and ΔG denote the change in electronic and nuclearnuclear repulsive energies, change in internal energy, change in enthalpy, and change in Gibbs free energy, respectively, at 298.15 K and 1.0000 atm.

Figure 7 .

 7 Figure 7. Energy diagram showing the catalytic effect of water. The energy of an additional water molecule was properly subtracted.Although water catalysis requires breaking of a hydrogen bond, the bond energy is sufficiently small (∼25.7 kJ mol -1 ), as shown in Table1. Values adjacent to transition states indicate activation energies in kJ mol -1 .

Figure 8 .

 8 Figure 8. Optimized structures of (a) I4, (b) TS3′, (c) I5, (d) I6, (e) TS4′, and (f) DBPZ with two water molecules produced by water catalysis. The red dashed lines indicate hydrogen bonds.

Figure 9 .

 9 Figure 9. (a) a″(1) normal mode of C s PDA with an imaginary frequency of 252i cm -1 . (b) Totally symmetric deformation mode with the planarization of the pyramidal amino groups in the opposite direction.

Figure 10 .

 10 Figure 10. (a) Relation between the totally symmetric mechanical force acting on C s PDA and its molecular deformation. (b) Curvature ∂ 2 E/∂Q 2 of the a″(1) mode as a function of the mechanical force. (c) Conceptual illustration of potential energy surface as a function of a normal coordinate of the a″(1) mode and the mechanical force. (d) Illustration of interfacial stacking of microcrystalline grains of PDA and PQ under mechanical pressure.
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 1 Baron, M. Towards a Greener Pharmacy by More Eco Design. Waste Biomass Valorization 2012, 3, 395-407.

Figure 11 .

 11 Figure 11. Model potentials determined using the obtained fitting parameters. The values of the cubic force constant γ were (a) 0, (b) 1, and (c) 2 times the DFT-based value.

Table 1 .

 1 Obtained Heat of Reaction a

	factor	ΔE (kJ mol -1 )	ΔU (kJ mol -1 )	ΔH (kJ mol -1 )	ΔG (kJ mol -1 )
	two hydrogen bonds	-51.4	-49.1	-54.1	18.7
	aromatization	-70.3	-65.3	-62.8	-92.9
	overall	-121.7	-114.4	-116.9	-74.2

Table 2 .

 2 PDAs Deformed by the Totally Symmetric Deformation Mode and the Frequencies of the a″(1) Normal Mode a

	totally symmetric deformation (10 -2 Å)	0	1	2	3	4
	frequency of a″(1) mode (cm -1 )	250i	167i	50	148	166