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Abstract

Recently, mechanical ball milling was applied to chitin depolymerization. The me-
chanical activation afforded higher selectivity toward glycosidic bond cleavage over
amide bond breakage. Hence, the bioactive N-acetylglucosamine (GlcNAc) monomer
was preferentially produced over glucosamine. In this regard, the force-dependent
mechanochemical activation—deactivation process in the relaxed and pulled GlcNAc
dimer undergoing deacetylation and depolymerization reactions was studied. For the
relaxed case, the activation energies of the rate-determining steps (RDS) proved that
the two reactions could occur simultaneously. Mechanical forces associated with ball-
milling was approximated with linear pulling and was introduced explicitly in the RDS
of both reactions through force modified potential energy surfaces (FMPES) formalism.
In general, as the applied pulling force increases, the activation energy of the RDS of
deacetylation shows no meaningful change, while that of depolymerization decreases.
This result is consistent with the selectivity exhibited in the experiment. Energy and
structural analyses for the depolymerization showed that the activation can be at-
tributed to a significant change in the glycosidic dihedral at the reactant state. A lone
pair of the neighboring pyranose ring O adopts a syn-periplanar conformation relative
to the glycosidic bond. This promotes electron donation to the o*-orbital of the gly-
cosidic bond, leading to activation. Consequently, the Brgnsted—Lowry basicity of the

glycosidic oxygen also increases, which can facilitate acid catalysis.

Introduction

Chitin, one of the abundant naturally available carbohydrates, is a polymer of N-acetylglucos
-amine linked by [-glycosidic linkages. The said biopolymer is conventionally derived from
the base digestion of the exoskeleton of arthropods, such as crabs and shrimps,'? followed
by deproteination using alkaline proteases and proteolytic bacteria.?™

The chitin monomer, N-acetylglucosamine, is typically obtained via acid hydrolysis of the

polymer. Unfortunately, the acid-catalyzed hydrolysis of chitin produces two major products:



N-acetylglucosamine and glucosamine.® Glucosamine results from N-deacetylation during

the depolymerization.
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Figure 1: Possible chitin hydrolysis products. Glucosamine is derived from the hydrolysis of
the acetyl group. N-acetylglucosamine is obtained by the hydrolysis of the glycosidic bond.

The structures of chitin, N-acetylglucosamine and glucosamine are shown in Figure 1.
Of the two possible products, N-acetylglucosamine is of higher value in comparison to
glucosamine. The value of N-acetylglucosamine lies to its diverse utility. It has been
used as a starting material in the synthesis of N-containing compounds.” Furthermore, N-
acetylglucosamine is a bioactive molecule that plays a role in cell signaling.® The pharmaco-
logical activities of this molecule have also been proven, including inflammation inhibition
activity and a potential anti-cancer activity.*!® Hence, selective depolymerization is desired
for industrial purposes. In conventional processes, a high concentration of acid catalyst is
employed to achieve a significant selectivity toward the desired N-acetylglucosamine product
which produces high acid wastes.

Recently, ball milling was employed to acid-impregnated chitin to increase the selectivity
toward depolymerization.*! This process afforded the desired selectivity with significantly
low acid catalyst requirement. A theoretical study on mechanochemical activation of lignin
was investigated by East and colleagues.!? Ball milling is a preparative grinding technique

which falls under the mechanochemical paradigm. Mechanochemistry can be defined as the



interaction of external mechanical forces with a chemical system. An in-depth review on

3 and

the theoretical aspects of mechanochemistry was written by Marx and Ribas-Arino,?
more recently, by Stauch and Dreuw.* In comparison to the different modes of activation,
such as the thermochemical activation and photochemical activation, mechanochemistry
activates chemical reactions using a force vector. A typical example is single-molecule force-
mediated activation in atomic force microscopy (AFM) experiments.4 16 As this technique
allows a specific part of the atom to be pulled in a specific direction, the translation in
the computational approach is direct and intuitive. In comparison, techniques such as ball
milling, apply forces in a random fashion. Friction, compression, and shearing are also
associated with ball milling. In addition to these, the impact of the ball is expected to
increase temperature for minute instance. Therefore, an exact quantum chemical simulation
has not been conducted.

Several fundamental methods have been developed to calculate the potential energy sur-
face under an external force, such as COGEF (constrained geometries simulate external
force),!” FMPES (force-modified potential energy surface),'®!¥ EFEI (external force is ex-
plicitly included),?® and EGO (enforced geometry optimization).*! However, the complexity
of simulating ball milling experiments hindered mechanistic calculations for related phenom-
ena. A fundamental chemical understanding of this phenomenon is necessary to guide the
further development of related processes. In this regard, the effect of ball milling on chitin
hydrolysis reactions has been studied via theoretical simulations. This work is focused on
the electronic structure understanding of the mechanochemical causality of selectivity in
acid-catalyzed chitin hydrolysis under an external force. Furthermore, this work offers a

simplified approach to treating forces for ball milling simulations.



Methods

Density functional theory (DFT) calculations were conducted to investigate the depolymer-
ization selectivity afforded by ball milling in competing chitin hydrolysis reactions. B3LYP
was selected as the exchange-correlation functional.?? All calculations were carried using
6-311G(d,p) basis sets.?® The chitin dimer was modeled using a N-acetylglucosamine (Gle-
NAc) dimer. The solvation model used in this study is a mix of implicit and explicit water
environments. This mixed model was successfully applied to calculate the potential energy
surface of the acid-catalyzed hydrolysis of cellobiose.?* A total of 15 water molecules was in-
troduced around the GlcNAc dimer. In addition, a polarizable continuum model (PCM)?2527
with the dielectric constant of water (78.3553) was used. To simulate the acidic environment
in the experiments, a singly protonated system (+1) was adopted.

The depolymerization and deacetylation reaction mechanisms were examined step-wise.
Potential energy profiles were calculated with the computational setting described above.
Transition states were verified using frequency and intrinsic reaction coordinate calcula-
tions.?® Natural population analysis was utilized for partial charge determinations. Donor—
acceptor orbital interactions were analyzed using second-order perturbation theory analysis
of the Fock matrix in the natural bonding orbital (NBO) basis.?% 34

The mechanical forces applied by ball milling were simulated using explicit addition of
pulling forces to selected atoms in the dimer through the force modified potential energy
surface (FMPES) formalism.'® The multi-directional forces associated with the impact of
the ball were simplified to linear pulling. That is, a single effective resultant vector can be
derived from the variety of mechanical forces experienced by molecules due to ball milling.
The forces given by the ball with respect to the molecular plane can be considered as coplanar
or non-coplanar. The non-coplanar forces can be attributed to mainly break and reform
interchain hydrogen bonding which can result to amorphization in experiments.3® Coplanar
forces would exist as a set of radially outward vector from point of impact as shown in Figure

S1. Since these vectors are additive, there exist a resultant linear vector passing through the
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Figure 2: Three sets (A,B, and C) of the pulling directions (arrows) and pulling points
(circles) in the model structure

molecular model. Hence, linear pulling can approximate ball milling. In this study, three
pulling coordinates were sampled in the rate-determining steps (RDS) of the competing
hydrolysis reactions. The pulling scheme is illustrated in Figure 2. Pulling direction A is
along the glycosidic linkage of the polymer chain, Pulling Direction B samples with a direction
force vector which is non-parallel to both hydrolyzable groups, while Pulling Direction C
includes the hydrolyzable acetyl group, which captures the effect of other pulling coordinates
concerning the elongation of C-N bond in the RDS of the deacetylation reaction. In all
cases, hydrogen atoms were pulled because of the stability of C-H bond against pulling. It
was observed that in the limits of the sampled force magnitude and directions, the pulled
hydrogen atoms remained intact and were not broken in a purely mechanical manner; hence,
the application of forces in C-H bonds to study depolymerization and deacetylation is a
justifiable approach.

To introduce the pulling forces during geometry optimizations, the Gaussian 093¢ opti-
mization cycle was modified. This in-house version executes the algorithm given in Figure 3

using the External function of G09. Process A is the parent G09 process and determines the
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Figure 3: Force modification algorithm. SPE means single point energy calculation

progression of the geometry optimizations. Process B is the daughter G09 process and serves
as an external quantum chemical calculator for atomic forces and energies. Before process
B passes atomic coordinates, energy, and forces to process A, an external force is added to
the force of the pulling points by a python code. The addition of an external force vector
to the calculated nuclear atomic force components effectively includes the effect of pulling
along the selected directions. A more detailed description of the FMPES implementation is
included in SI.

Results & Discussion

There are two possible hydrolysis reactions of chitin, both of which can be catalyzed by an
acid: (1) deacetylation and (2) depolymerization. The mechanisms of these two reactions
are illustrated in Figure 4.

Deacetylation starts with the protonation of the carbonyl oxygen, which increases the
positive charge of the carbonyl carbon (A_Intl). This is followed by a nucleophilic attack
of water (A_Int2). It was found that the incoming water molecule simultaneously loses a

proton, which was also determined by Zahn and co-workers in another theoretical study.37:38



Figure 4: Acid-catalyzed deacetylation (green) and depolymerization (red) reaction mech-
anisms. (A - deacetylation, P - depolymerization, Int - intermediate and TS - transition
state)
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tion. Activation energies are shown in parentheses.



Proton transfer to the amide nitrogen follows (A_Int3), after which acetic acid is dissociated
(A_Products).

Depolymerization is led by the hydrolysis of the glycosidic bond. This is initiated by
the protonation of the glycosidic oxygen, which simultaneously breaks the glycosidic bond
producing a carbocation (P_Int2).3® To complete the reaction, a solvent water molecule
attacks the carbocation to form two GleNAc products (P_Products).

The energy diagrams for the deacetylation and depolymerization are shown in Figure 5.
The RDSs were determined as the elementary reaction step with the highest energy require-
ment. For the deacetylation reaction, the nucleophilic attack of water was determined to be
the RDS with an activation energy (FE,) of 18.7 kcal-mol™'. Conversely, the formation of
the carbocation was considered as the RDS of the depolymerization reaction with an F, of
17.9 kcal-mol™!. In the experiments, these steps were also determined as the RDSs of the
respective reactions. The calculated values are comparable to the experimental activation
energies which were 24.3(+1.7) kcal-mol™!, and 26.3(£1.5) kcal-mol~! respectively.® The rel-
ative energies of A_TS2 (23.4 kecal-mol™') and P_TS2 (24.0 kcal-mol™") could be regarded as
apparent activation energies. These values are close to the experimental ones. As revealed by
the calculated F,s of the corresponding RDSs, the two reactions could occur simultaneously
due to the similar barrier heights. The results also correspond to the experimental results,
indicating the loss of the high value product which is N-acetylglucosamine. The optimized

structures for the RDS of the depolymerization and deacetylation are included in SI.
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The force modification algorithm was used to determine the optimized structures of the
reactants and transition states in the RDSs of the deacetylation and depolymerization reac-
tions. From the calculated E,s in FMPES, a sudden drop in £, by 8 kcal-mol~! was observed
in the depolymerization, as shown in Figure 6, which suggests that the mechanochemical per-
turbation activated the depolymerization reaction. The effect of the pulling directions was
manifested with the difference in the required force to induce the activation. The direction
dependence of mechanochemical activation has been studied and proven in several experi-
mental and theoretical studies.*®*? In addition to activation, it was also proven that it is
possible to deactivate a reaction coordinate by controlling the direction of the force vector.4?
The importance of the direction in this case is minor as the three directions all resulted in
the activation of the reaction. In contrast, no characteristic change was observed in the F,s
of the deacetylation RDS with the introduction of pulling forces. Hence, the deacetylation
was found to be unsusceptible to the effect of mechanical pulling in these directions within
the range of the applied pulling force. The selected force modified structures are appended
in SI.

Notably, the induced difference in E,s also follows the experimentally observed results,

that mechanical activation leads to depolymerization selective hydrolysis. ! To determine the
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origin of the sudden decrease in the activation energy of depolymerization, the energy changes
of the reactant and transition states were compared. From Figure 7, it is evident that the
depolymerization activation can be attributed to the reactant state destabilization. At the
applied force of 0.3-0.8 nN, the energy of the reactant state became unstable discontinuously

by approximately 6-8 kcal-mol~!, while no such change was found in the transition state.
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Figure 7: Relative energies of the depolymerization (A) reactant and (B) transition state as
a function of the applied force

As the molecular geometric configuration dictates the energy, it is necessary to investigate
the structural changes with respect to the relative energy along with the applied forces. To
study the effect of the force in the location of the global minima in the hypersurfaces,
root mean square displacements (RMSD) was chosen to quantitatively depict the structural
progressions. The RMSD calculations were performed to compare two structures, X and Y,
with different applied forces, x and y, respectively. X and Y can denote the reactant and

transition states. The RMSD is defined as

A 2
RMSD = % (1)

where A = Ry, — Ry,. Rx, and Ry, are the atomic coordinates and Ny, is the number
of atoms included in the system. The RMSD is minimized by maximizing the overlap of
the X and Y structures. This analysis visualizes the structure changes between the reactant
states, transition states, and reactant-transition states with different applied forces, which

is useful for determining the divergence or convergence of the two states as the applied force
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increases.

The RMSD matrix in Figure 8(a) shows the structural deviation among the reactant
states with different external forces. A striking color change was observed at an applied
force of 0.3 nN, which indicates the abrupt change in the structure of the reactant state
at an applied force of 0.3 nN. In contrast, Figure 8(b) shows the gradual change in the
transition state structure with an increase in the applied force. These matrices reflected
the energy changes in pulling direction A (Figure 7). Figure 8(c) summarizes the similarity
between the reactant and transition state at different applied forces. It can be seen that
the reactant structure approaches the transition state structure. The horizontal rectangular
orange region below 0.3 nN shows that the structures of the reactant states are less similar to
those of the transition states at any applied force. In contrast, over 0.3 nN, the RMSD of the
corresponding reactant and transition state structures start exhibiting structural similarity.
As stated earlier, the reactant structure changes at this applied force. This follows the
Hammond postulate, which states that the activation barrier for the reaction decreases when
the similarity between the reactant and transition state structures increases.**** Similar

trends were observed for pulling directions B and C, which are appended as Figures S4 and

S5 in SI.
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The changes in the RMSD and energy are associated with the glycosidic dihedral angle,
C5-05-C1-01 (Figure 9). The change in the dihedral angle was greater than 30° for all

12
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the pulling directions (Table 1). To confirm that the glycosidic dihedral angle is indeed the
associated internal coordinate needed for the activation, constrained geometry optimizations
with the C5-O5-C1-0O1 angle fixed to —94.3° without external applied force were performed
for the reactant and transition state. The calculated activation energy in this case was
determined as 11.0 kcal-mol™!, similar to those of the external force activated cases (~10
kcal-mol ™).

It is also noted that the transition state structure was preserved during the introduction of
the external forces. This is evidenced by the lower values of calculated RMSD values shown in
Figure 8(b). Furthermore, the imaginary frequency varied minimally within computational
accuracy. Thus, it can then be interpreted that the original intrinsic reaction coordinate was
also preserved around the transition state.

Similar RMSD matrices for the deacetylation were also prepared, analyzed, and are shown
in Figure S6 of SI. It should be noted that the diagonal elements of the RMSD matrix for
the reactant—transition state remained similar, as shown in in Figure S6(c). This indicates
that the structural differences of the reactant and transition state remain similar upon the
application of a pulling force.

Energy decomposition analysis (EDA) was performed to account for the role of each

13
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fragment in the model. This also allows the determination of the behavior of stressed Gle-
NAc dimer with increasing force. The decomposition scheme is illustrated in Figure 10.
The decomposition was conducted by separating different fragments in the chemical model.
Specifically, this corresponds to 1) the GlcNAc dimer, 2) the attacking hydronium molecule,
and 3) the solvent molecules.

Aside from the single point energies (SPE), the two-body interaction energy (IE) was
calculated as

IB5(F) = Eap(F) — Ea(F) — E(F) (2)

where E is the total electronic energy, F is the applied external force, and A, B € {H,O, H;0™*,
GleN Ac dimer, Solvent}

Analyzing the two-body interaction energies in the depolymerization reactant state, it
was found that the trend in the total electronic energy follows that of the GlcNAc-solvent
interaction (Figure S7). This change can be attributed to the conformational change in the
GleNAc dimer which disrupted the orientation of the water cluster, effectively changing the
solvent interaction.

As the change in the depolymerization activation energy is dictated by the reactant
destabilization due to the change in the GlcNAc-solvent interaction, the calculated change

in E, could be affected by the solvent model used in the study. However, the EDA result for

14
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dimer in the (A) reactants and (B) transition states of the depolymerization as a function
of the external force

the GlcNAc dimer fragment (Figure 11) shows that the energy of the reactant state increases
with the applied force, while that of the transition state decreases. Hence, the activation of
the depolymerization also originates from the energy change in the GlcNAc dimer fragment.
Considering only the GlcNAc fragment, the activation energies as function of applied forces

(F) were recalculated as

ECL(F) - E(F)giNAcDimer - E(F)gfgﬁgztDimer (3)

Figure 12 shows that the GlcNAc fragment is intrinsically activated upon pulling along all
the sampled directions.

In the case of the deacetylation, the result of EDA revealed that the energy contribution
of the GleNAc dimer increases with the magnitude of the applied force, as shown in Figure
S8. The amount of increase in the reactant state is close to that in the transition state.
The structural analysis in Figure S6 also shows that the structural difference between the
reactant and the transition state remains the same. This verifies that the deacetylation
reaction, within the limits of the sampled forces in this research, is insusceptible to either

mechanical activation or deactivation.
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Figure 12: Change in the activation energy with an applied force in the GlcNAc fragment.

The electronic structure of the active sites were then analyzed via NBO calculations.? As
previously mentioned, in the RDS of the deacetylation reaction, the active site is the carbonyl
carbon of the N-acetyl arm of the GlcNAc dimer, while that of the depolymerization reaction
is the glycosidic oxygen of the same molecule. Using the second order perturbation theory
analysis, the stabilization due to the electron delocalization among the NBOs was calculated.
In this paradigm, E(2) is the associated stabilization energy when an electron is donated from
an occupied NBO to an empty NBO. We note that E(2) is a measure of the orbital interaction
and does not directly interpret the destabilization of the reactant state under the applied

force.

* *
no12 — 0ci10s Nos2 — 0ci01

Figure 13: Selected donor—acceptor natural bonding orbitals of the GlcNAc dimer in the
relaxed reactant state of the depolymerization
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In the case of the deacetylation, there was no significant change in the electron delocaliza-
tion in the NBO basis. The selected donor—acceptor, orbital occupancy, and partial charges
for the deacetylation are summarized in Tables S1 and S2 in SI. This was expected, as the lo-
cal geometry in the model was maintained under the applied force. Consequently, the orbital
occupancy and partial charges remained similar to the relaxed reactant state which corre-
sponds to the unsusceptibility of the deacetylation to mechanical activation—deactivation in
the range of the sampled applied forces.

In contrast, the depolymerization case, which is activated upon the application of an
external force, showed a significant change in the electron donor—acceptor interaction on
the onset of activation. In Table 1, the interactions concerning the glycosidic bond and the

depolymerization active site are tabulated with orbital naming following that in Figure 13.46

Table 1: Stabilizing interaction E(2) (kcal'mol™!) for the depolymerization reac-
tant state at different directions and forces

Pulling Interaction Applied Force (nN)
Direction Donor Acceptor  0.00 0.50 1.00 1.50 2.00 2.50 3.00

noi-1  Oiios 319 234 237 257 269 269 275

noi—s  Oijos 222 488 500 507 501 522 552
A nos—1 0o, 296 <050 <050 <050 <050 <050 < 0.50

nos—s 0o, 347 1839 1827 18.03 17.76 1736  16.55

Dihedral angle® -155.9 -94.3 -96.2 -98.4  -100.6 -103.2 -107.3

noi-1 Obos 319 1.06 081 176 153 <050 4.44

noi—s  Ofjos 222 419 478 501 565 616  0.62
B nos-1 Oior 296 <050 <050 <050 <050 <050 < 0.50

Nos—2  Oiqo, 34T 1463 1474 1440 1415 1520  17.59

Dihedral angle® -155.9 -1206 -120.3 -118.6 -119.5 -119.01 -93.9

noi-1 Ot 319 270 122 085 073 061 053
noi—2  Olos 222 282 334 365 364 376  3.70

C nos-1 Ot 296 272 0.64 <050 <050 <050 < 0.50
nos—2 Oty 347 421 1364 1847 1899  19.72  19.96

Dihedral angle® -155.9 -153.3 -125.3 -107.2 -105.9 -102.0 -102.2
% Dihedral angle, C5-O5-C1-O1, in degrees. See Figure 9 for atomic labels.

On the onset of activation, which is also marked by the change in the dihedral angle

17



highlighted in blue in Figure 9, there is a corresponding significant change in the stabilizing
E(2) energy. Table 1 shows that the conformational change due to the mechanical force
accompanies electron donation from the non-bonding lone pair nos_o orbital to the glycosidic
anti-bonding o, orbital (See Figure 13). For example, in pulling direction A, the E(2)
for nps—2 — 0401 shows a discontinuous increase from 3.47 kcal-mol~! to 18.39 kcal-mol™*
when the applied force changes from 0.0 nN to 0.5 nN. The same trend is followed for the
other pulling directions. Hence, the activation can be attributed to this donor—acceptor

interaction.

Table 2: Selected orbital occupancy for the depolymerization reactant state at
different pulling directions and forces

Pulling Orbital AppliedForce (nN)

Direction 0.00 050 1.00 1.50 2.00 2.50 3.00

Otoy  0.048 0.085 0.085 0.085 0.084 0.083 0.081
Otos  0.036 0.037 0.041 0.048 0.042 0.042 0.043

B Otoy  0.048 0.077 0.078 0.075 0.075 0.082 0.079
0tnos  0.036 0.036 0.036 0.039 0.040 0.038 0.041

ocior 0.048 0.050 0.075 0.089 0.092 0.095 0.096
ocios  0.036  0.036 0.035 0.034 0.033 0.033 0.033

A

C

To further probe the changes in the electronic structure, the orbital occupancies along
the glycosidic bond are summarized in Table 2. For the depolymerization reaction in which
an abrupt change was observed in the stabilizing energy F(2), an expected increase in the
occupancy of the o, orbital was also observed. In the case of pulling direction A, the
occupancy of o/, increases at the applied force of 0.5 nN, while no such change was
found in that of of;o5. The same trend was observed in other pulling directions. The main
contributing donor—acceptor interaction can then be inferred to be nps_2 — 0519, (See
Table 1).

Upon the application of a limiting force in a pulling manner, the reactant structure was
destabilized, and the 0., occupancy was increased. In our result, the occupancy of oo,

increased by a factor of > 1.5 in all pulling directions. Since there is an increase in the

18



occupancy of the said anti-bonding orbital, the corresponding glycosidic bond decreases its
bond order, rendering this bond weaker. As these suggest that the electron density in the
active site is increased, an increase in the Brgnsted—Lowry basicity of the glycosidic oxygen
is expected as a consequence.

To assess the change in the Brgnsted-Lowry basicity, the relative electrostatic interaction
energy (AFE) of the glycosidic oxygen with a point charge (q = +1) at the typical hydrogen
bonding distance of 2 A was calculated as

(+DAQ

r

AE = (4)

where » = 2 A and AQ is the NBO partial charge difference of the stressed and relaxed

(F' = 0) structures in the reactant state. This is a reasonable measure because hydrogen

bonding originates from electrostatic interactions.*”
0.0 —

@ 05

[=]

€

g -1.0

2

§2 15

>

o

E -2.0

e ®

E 25 @, B . VRN, — @asandhgsasan P

g

2 30

ki

2 35

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Applied Force (nN)
Pulling Direction ®A B C

Figure 14: Relative energy associated with the electrostatic interaction with increasing ap-
plied force. See Eq. 4 for the definition.

Figure 14 summarizes the electrostatic interaction calculated according to Eq. 4. A sig-
nificant increase in the electrostatic interaction up to —3 kcal-mol~! was found with the
application of external force, which is consistent with the changes in the second order energy

in Table 1 and the orbital occupancy in Table 2. Thus, it can be concluded that the basicity
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of the active site was increased; consequently, the proton affinity and, therefore, the reac-
tivity were also increased. As the partial negativity of the glycosidic oxygen increases, the
protonation should be relatively easier due to the electronic structural change caused by the
applied force. It is also known that the other hydroxyl oxygen sites of the GlcNAc dimer are
more basic than the glycosidic oxygen; hence, these sites compete for the proton at low acid

concentrations.® Thus, this increase in basicity is important for the acid catalysis to occur.

Conclusions

The electronic structural effect of mechanochemical pulling, on the competing chitin hydrol-
ysis reactions was investigated by DFT calculations with an externally applied force. In
the calculations without force, the RDSs of deacetylation and depolymerization have similar
activation energies, which reflect the non-selective acid hydrolysis observed experimentally.?

The mechanical pulling exerted different effects on the competing reactions. In the
deacetylation reactions, the energies of the reactant and transition state increased mono-
tonically, resulting in an almost constant deacetylation activation energy with increasing
applied force up to 3 nN. In the mechanistic studies, the RDS of deacetylation is the nu-
cleophilic attack of H20, not the C-N bond cleavage. This is one of the reasons why the
deacetylation is insusceptible to the external pulling. Contrastingly, the depolymerization
activation energy significantly decreased with the application of sufficient pulling force with

respect to the sampled directions.
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Figure 15: Scheme of mechanochemical activation toward chitin depolymerization

The activation of depolymerization can be mainly attributed to the destabilization of the
reactant state upon the introduction of sufficient pulling force. A graphical representation
of the activation of depolymerization is shown in Figure 15. The mechanical stress changes
the GIcNAc dimer conformation. In the depolymerization active site, the glycosidic dihe-
dral angle, C5-O5-C1-0O1, rotates by more than 30° degrees which induces a syn-periplanar
conformation of an Ob5 lone pair to the C1-O1 bond pair. This results in a significant in-
crease in the charge transfer interaction from the O5 lone pair (nps_2) to the glycosidic bond
anti-bonding orbital (0%,0), Nos—2 — %101, leading to a higher occupancy of the o0,
orbital. Partial negative charges were found to increase at the glycosidic oxygen increasing
its Brgnsted—Lowry basicity, which facilitates the acid catalysis.

The results of this study showed that a mechanochemical pulling simulation, which repre-

sents a part of complex mechanical forces, can successfully interpret the selectivity enhance-
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ment of depolymerization. It should be noted, however, that the complexity addressed in
this work revolves in the geometric deformation due to the mechanical pulling forces while
neglecting the other components of mechanical force and instantaneous finite temperature

effects associated with ball milling.

Supporting Information Available

Additional details for the FMPES implementation in G09. Force vector diagram of a ball
bombarding to a molecular plane. Selected optimized structures for the deacetylation and
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lation pulling simulations (Pulling Direction B). GlcNAc dimer IE as function of the applied

force. Energy decomposition analysis and NBO analysis for the deacetylation reaction.
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