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ABSTRACT: Dibenzophenazine was recently synthesized
mechanochemically at a high yield. On the basis of experimental
kinetics and theoretical vibronic coupling density analysis, this
efficient synthesis has been expected to involve two types of
reaction mechanisms. In this study, the reaction pathways,
including the catalytic effect of water, are determined using
density functional theory. The lowest-energy path involves
stepwise formation of two C—N bonds, and a concerted path
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with a higher barrier is also found. The highest-energy point along the latter path is not a transition state but a higher-order
saddle point. Therefore, the concerted path is not generally accepted as a reaction path. However, even a small mechanical force
dissolves imaginary frequencies so that the higher-order saddle point is changed to a transition state. This mechanical
dissolution of imaginary frequencies is a new feature of theoretical mechanochemistry.

1. INTRODUCTION

Mechanochemistry”* is the study of chemical phenomena
using mechanical actions such as grinding. In particular,
mechanochemistry related to friction is well known as
tribochemistry.” > Friction sometimes causes mechanical
excitation on the order of eV, leading to luminescence called
triboluminescence.® 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” can
be broken in mechanochemistry.® 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.”"

One typical example of mechanochemical reactions is the
synthesis of dibenzophenazine (DBPZ), a well-known quinoxa-
line-containing molecule (see Figure 1). The quinoxaline
structure is an important building block of organic semi-
conductors and pharmacologically active compounds."' DBPZ
has been synthesized in various ways."” > Conventional
syntheses require both a solvent and a catalyst. More

NH, O O : N/
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Figure 1. Synthetic scheme of dibenzophenazine (DBPZ) from o-
phenylenediamine (PDA) and 9,10-phenanthrenequinone (PQ).
DBPZ has a quinoxaline structure.

specifically, Bronsted acids,'>'>'®!$2>202830334% meta] oxide
nanoparticles, &1819:22,25,27,28,30,36,42,43 ,nq jonic
liquids'”#7%49*1%6 have been used. Recently, however,
Carlier et al. have synthesized DBPZ using only mechanical
ball-milling*® 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.”' > The yield obtained 24 h after mechanical
grinding is greater than that obtained immediately after
grinding.”’ 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.”
These experimental facts suggest the possibility of different
reaction mechanisms.

In our previous work,”> DBPZ synthesis was theoretically
investigated using vibronic coupling density (VCD) anal-
ysis.>*>> One of the reactants, o-phenylenediamine (PDA), has
a high-lying highest occupied molecular orbital (HOMO).
Another reactant, 9,10-phenanthrenequinone (PQ), has a low-
lying lowest unoccupied molecular orbital (LUMO). Accord-
ing to the frontier orbital theory,”®*” 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).>** VCD analysis has identified reactive regions in
fullerenes, nanographenes, and so on, for which the frontier
orbital theory is not effective.”* >>°*~°® We have applied VCD
analysis to PDA and PQ and successfully identified their
reactive sites.

PDA has two conformers with C, and C, symmetries
depending on the conformation of its two pyramidal amino
groups. C, PDA is the most stable one, whereas C; PDA is
unstable with one imaginary frequency. According to VCD
analysis, C, PDA favors stepwise formation of C—N bonds
between the two reactants, whereas C; PDA favors concerted
formation. Because the mechanical force must increase the
amount of C; 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 view-
point. In addition, more importantly, a novel concept of
mechanical modification of a reaction pathway is also
proposed: force-induced dissolution of imaginary frequencies.

2. 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 B3L§€I;/ 6-311G(d,p) level of theory using the Gaussian 09

program.”

3. 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
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Figure 2. Energy diagram with two reaction pathways. Values in blue
adjacent to transition states indicate activation energies in kJ mol ™%,
Initial species have different energies because PDA has different
conformers.

and their activation energies. The structures of the reactants
and products, intermediates, and transition states are shown in
Figures 3—35, respectively. The lowest-energy reaction path was

(a) (b) (c)

" DBPZ + 2H,0 DBPZ H,0

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

(a) (b)
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Figure 4. Optimized structures of (a) 11, (b) 12, (c) I1’, and (d) I3.
I1’ has a structure similar to that of 12 and C, symmetry with one
imaginary frequency. The red dashed line indicates a hydrogen bond.

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

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™!, which can be overcome by mechanical
excitation (on the order of eV)® but not by thermal excitation.

Regarding the concerted path, we should note that PDA,
TS1’, and I2’ have C, symmetry with the imaginary
frequencies of a4” 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

e

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.

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™". 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 —NH-— groups and catalyze the dehydration steps. An

Table 1. Obtained Heat of Reaction”

AE AU AH AG
factor (I mol™) (K mol™) (K mol™)  (kJ mol™)
two hydrogen —51.4 —49.1 —54.1 18.7
bonds
aromatization =70.3 —65.3 —62.8 -92.9
overall —-121.7 —114.4 —116.9 —74.2

“AE, AU, AH, and AG denote the change in electronic and nuclear—
nuclear repulsive energies, change in internal energy, change in
enthalpy, and change in Gibbs free energy, respectively, at 298.15 K
and 1.0000 atm.

energy diagram including the catalytic effect of water is shown
in Figure 7. The structures of the related species are illustrated
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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™"), as shown in Table
1. Va%ues adjacent to transition states indicate activation energies in kJ
mol ™.

—
DBPZ + 2H,0
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Figure 8. Optimized structures of (a) 14, (b) TS3’, (c) 15, (d) I6, (e)
TS4', and (f) DBPZ with two water molecules produced by water
catalysis. The red dashed lines indicate hydrogen bonds.

in Figure 8. The catalytic water lowers the activation energies
of the dehydration steps by 60—90 kJ mol™". 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-



chemical conditions, mechanical action can generate sufficient
energy (on the order of eV) locally.’ 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.”

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; 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.

(a) (b)
A

;T

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

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.”'’ Mathematically, this can be under-
stood 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; 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 4” mode becomes real when C, 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

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

totally symmetric deformation

=~ 0 1 2 3 4

frequency of a”(1) mode (cm™) 250i 167i S0 148 166
“The optimized geometry of C; PDA is the reference geometry.

its symmetry. That is, the deformed C, PDA is always fully
optimized with respect to the a” mode.

The strength of the applied force can be estimated using a
potential gradient dE/0Qy, where E denotes the total electronic
energy with the nuclear—nuclear potentials, and Qg is a mass-
weighted coordinate of the a’ deformation mode. As shown in
Figure 10a, the strength of the force is proportional to the
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Figure 10. (a) Relation between the totally symmetric mechanical
force acting on C, PDA and its molecular deformation. (b) Curvature
0”E/0Q” 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.

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; 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 (~107* 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, and Q. 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
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Figure 11. Model potentials determined using the obtained fitting parameters. The values of the cubic force constant y were (a) 0, (b) 1, and (c) 2

times the DFT-based value.

E= Ea(Qa) + E[i(Qﬂ) + Ea[j(Qa; Qﬂ) (1)

The frequency of mode « is imaginary, and thus, E, is a double
minimum potential

1 1
E(Q,) = zijaz + Z@,Qa“ (@, <0,8,>0)
(2)

where @, denotes the frequency of mode @, and J,, is a quartic
force constant. By contrast, the frequency of mode f is real,
and thus, Ej is a single minimum potential

N P 2
E/}(Qﬁ) = Ewﬁ Qy (@y” > 0) 3)
where @y is the frequency of mode f. Furthermore, a cubic
force constant y was considered as the intermode coupling

1o
Eaﬂ(Qa) Q/}) - ZYQ,, Q/; (4)
Application of an external mechanical force shifts the
equilibrium point. Applying a deformation Qz = A is
equivalent to applying the force given by

OE

F, =
B
aQ

ﬂQ”

2
= wy A
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The potential curve under the condition Q4 = A is obtained as

E=E,(Q,) + Es(A) + E4(Q,, A)
_ 1 2 2 1 4 1 520
= E(w" +yA)Q, + i Q. + Ecoﬂ A

4 (6)

Consequently, the curvature of mode a depends on F; owing
to the cubic force constant

0’E
[aQ 2] Sl trasals ok
@ Jq,~0q,-a g )

The DFT-based potential surface of PDA was numerically
fitted by the model potential, and the fitting parameters were
determined as follows: @, = 1.14i X 10~ a.u,, 5, = 3.47 X 107%
au, g =774 X 103 au, and y = 6.73 X 1077 a.u. Figure 11
shows the model potentials obtained using these parameters.
The values of the cubic force constant y 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.

4. 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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