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Accomplishment Abstract:

The results of theoretical studies of gas phase elementary reactions and carbon nanostructure
growth reactions are reported for Development and Application of Liouville-von Neumann
Dynamics Method, Collaboration with the AFRL, Development of Global Reaction Route
Mapping (GRRM) Strategy for Automatic Search of Potential Energy Surfaces and its
Application to Photochemical Reactions, and QM/MD Simulations of Carbon Nanostructure
Growth Reactions. The most important accomplishments are development of the GRRM
strategy for automatic search of chemical reaction pathways and its applications. GRRM
consists of two search methods. ADDF (anharmonic downward distortion following) and AFIR
(artificial force induced reaction) methods, and allows automatic and unbiased determination of
the critical structures, such as minima and transition states as well as minima of seam of
crossing and conical intersection between two surfaces. The strategy has been applied to
photodissociation reactions of ketene, methylamine, formic acid, methyl ethyl ketone, acetone
and NO3. For instance, for NO3, a totally unknown photodissociation mechanism through 100%
roaming on an excited state has been predicted and later confirmed experimentally.

Accomplishments:
A. Development and Application of Liouville-von Neumann Dynamics Method for

Efficient Direct Dynamics Calculations.

Previously we developed a novel first principles molecular dynamics method, called LvNMD,
based on the Liouville-von Neumann equation for density matrix propagation and the Magnus
expansion of the time evolution operator. In this funding period, we applied this method using
the scc-DFTB (self-consistent charge density functional tight-binding) method to growth and
collisions of carbon nanostructures. In paper 18 (in the archived publication list at the end of the
report) LYNMD method has been adapted on a GPU.

In paper 22 the collision-induced fusion reaction of two C60’s. was studied with LYNMD. In
agreement with experimental data, the highest probability of fusion was found for collisions with
incident energy range of 120-140 eV. In this energy region, fusion occurs by way of the
formation of hot, vibrationally excited peanut-shaped structures within 1 ps. These nanopeanuts
further undergo relaxation to short carbon nanotubes and are cooling by evaporation of short
carbon chains during the next 200 ps. The size of the fusion product after the evaporation
agrees well with the average size of carbon clusters experimentally detected after collisions on
the microsecond time scale. In paper 10 LYNMD studies of the initial phase of bulk C2
condensation into carbon nanostructures are reported. The time-dependent quantum
mechanical approach leads to faster formation of carbon nanostructures than analogous Born—
Oppenheimer simulations. These findings suggest that the condensation of bulk carbon is
nonadiabatic in nature, with the critical role of electronic stopping as in ion-irradiation of
materials. In paper 9 an approach for performing real-time dynamics of electron transfer in a
prototype redox reaction that occurs in reactive collisions between neutral and ionic fullerenes
is discussed. The LYNMD show that the electron transfer occurs within 60 fs directly preceding
the collision of the fullerenes, followed by structural changes and relaxation of electron charge.
The consequences of real-time electron dynamics are fully elucidated for the far-from-
equilibrium processes of collisions between neutral and multiply charged fullerenes.



B. Collaboration with the AFRL.

Collaboration with the Viggiano group at AFRL at Hanscom AFB continued during this funding
period. In paper 20 proton affinity and fluoride affinity of nerve agent VX at all of its possible
sites were calculated by high-level QM methods. The protonation leads to various unique
structures, with H+ attached to oxygen, nitrogen, and sulfur atoms; among which the nitrogen
site possesses the highest proton affinity of -AE ~ 251 kcal/mol, suggesting that this is likely to
be the major product. In addition some H2, CH4 dissociation as well as destruction channels
have been found, among which the CH4 + [Et-O-P(=0)(Me)-S-(CH2)2-N+(iPr)=CHMe] product
and the destruction product forming Et-O-P(=0)(Me)-SMe + CH2=N+(iPr)2 are only 9 kcal/mol
less stable than the most stable N-protonated product. For fluoridization, the S-P destruction
channel to give Et-O-P(=0)(Me)(F) + [S-(CH2)2-N-(iPr)2]- is energetically the most favorable,
with a fluoride affinity of -AE ~ 44 kcal. Various F- ion-molecule complexes are also found, with
the one having F- interacting with two hydrogen atoms in different alkyl groups to be only 9
kcal/mol higher than the above destruction product. These results suggest VX behaves quite
differently from surrogate systems. In paper 26 and 16, theoretical calculations provided
spectroscopic data supporting experiments.

C. Development of Global Reaction Route Mapping (GRRM) Strategy for Automatic
Search of Potential Energy Surfaces.
The largest accomplishment during this funding period is the A VR
development of Global Reaction Route Mapping (GRRM) strategy for "/ __/
automatic and unbiased exploration of potential energy surfaces for
chemical reactions and its applications to a variety of photochemical -
reactions. Recent reviews of the strategy has been published as paper 5. /E N\ YA
The first method in GRRM strategy is the ADDF (anharmonic downward @%% N

distortion following) method, originally developed by Ohno and Maeda
for a single potential energy surface (PES). As illustrated in Fig. 1, the T
ADDF method starts with a minimum (EQ) on a PES and, using '/éé\‘-@-\/;_—'é\
anharmonic downward distortion as the guide, walks up the PES to all 9 J
the normal coordinate directions until TSs are reached; once a TS is | Fig. 1 PrlnC|pIe of

found, it walks down along the intrinsic reaction coordinate (IRC) to | the ADDF method

reach a next minimum or a dissociation limit. From every new minimum
new search is repeated. When the code cannot find any new minimum
or TS, the search is terminated, We extended the applicability of the :&; 24—

et~

method to crossings of multiple PESs (paper 25) as well as to large
complex reaction systems; with this extension we can find automatically
and without guesses all minimum conical intersections (MECIs) between | . __

two PESs of the same spin as well as minimum energy seams of

crossing (MESXs) between different spin states. The application of this v\/—
extension will be discussed in the next section.

The second and more powerful method in the GRRM strategy is the
AFIR (artificial force induced reaction) method (papers 23, 15, . In this
method, as illustrated in Fig. 2, two molecules are pressed using artificial
force acting on a particular pair of atoms between the two molecules. %
With an appropriate magnitude of the force, the potential curve for
interaction becomes barrierless and can easily be optimized; the | Fig.2 Principle of
minimum and a wiggle on the PES with force are good starting points for | the AFIR method
further optimization of the true (without force) minimum and TS,
respectively. When all relevant atom pairs are examined with all possible relative orientations,
all possible pathways for reactions between the two molecules are considered to have been

F(rag) = E(rag) * arag

No barrier




determined. This method is convenient for A + B — X type (addition) and its reverse
(dissociation) reactions. The AFIR method has been extended to finding MECIs and MESXs
The AFIR method is substantially faster than ADDF or any other approach and has been
applied to many reaction systems, including several catalytic reactions. The AFIR method has
been applied to nonadiabatic ignition pathways of unsaturated hydrocarbons (paper 19). The
method successfully found the best full catalytic pathway of the reaction of HCo(CO)3 catalyst
with ethylene, carbon monoxide and H2 (paper 12), The best pathway found out of ~90
intermediates and TS structures is the hydroformylation pathway, the experimentally
established pathway. The important fact is that this pathway was found automatically without
assumption of any order of reactions and in less than a week with two PCs! The AFIR method
has been combined to the ONIOM hybrid method and is now applicable to large and complex
molecular systems (paper 6). The AFIR method has recently been extended to reactions of
excited state molecules (paper 2).

D. Application of GRRM Strategy to Photochemical Reactions.

The most impact-making applications of the GRRM strategy in connection to the present
AFOSR project are for the nonadiabatic photodissociation mechanisms of small gas phase
molecules. For such reactions MECIls and MESXs control the nonadiabatic processes; however
it was very difficult to find these critical points manually. The GRRM strategy automatically finds
these points with prejudice and therefore may totally unexpected MECIs and MESXs have been
found and resulted in proposals of new reaction mechanisms.

The first successful applications were for carbonyl compounds. In the previous funding
period, we found a new MESX between the lowest triplet and the ground state for formaldehyde,
the molecule extensively be most modern experimentally techniques and high-level theoretical
calculations for the last 30 years. The new pathway through this newly found MESX forced to
change the long-accepted reaction pathway of photodissociation of formaldehyde. In
acetaldehyde, in paper 24, structures of TSs as well as MESXs for PESs of acetone of the SO,
S1, and T1 states were explored. On the basis of the results, we propose a new mechanism,
slow intersystem crossing from S1 to T1 without seam of crossing, followed by CH3 dissociation
via a TS on T1; this slow pathway will be overtaken by a more efficient S1 pathway for higher
energy. This is consistent with the observed long lifetime of the S1 species. Moreover, four
channels, including three new ones, were found to regenerate the ground state acetone from
the S1 PES, and they all may be involved in the roaming channel that has been proposed
recently as a new route of CO generation in a 230 nm photolysis. There are significant
differences in MSX structures and energies between the present CASPT2 results and previous
CASSCEF results. For application to methyl ethyl ketone and
an early review, see papers 21 and13, respectively.

To elucidate the photodissociation mechanism of |
HCOOH, reaction pathways starting from the first excited I
singlet state (S1) have been explored systematically by using !
automated reaction path search methods. All critical points,
that is, minima, transition states, minimum energy conical

Conformation Specific Dynamics
E LUk

1/S5-Conical Intersect FC-cis (S;)

intersections, and minima on seam of crossing, for the SO, T1,
and S1 PESs obtained in the present search were optimized
at the CASPT2 level. The structure list obtained by the
search explained all experimentally reported photolytic
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channels. A new mechanism for the previously suggested but ‘;?9*3' Mechanism of
unexplained conformational memory in the 193 nm photolysis | conformational memory
is proposed, which involves two steps: partial dissociation | preservaton in  HCOOH

and succeeding roaming of one of H atoms on the S1 PES,
followed by intramolecular recombination on the SO PES after

photodissociation




radiationless transition through a conical intersection at a partially dissociated geometry. The
photodissociation mechanisms of ketene and methylamine have also been studied using the
GRRM strategy in detail in paper 7 and 4.
The most impact-making work in /7’100%rcaming
photodissociation in the present funding k;j;%”;’;e S
period was the discovery of the “excited
state 100% roaming” mechanism in NO3
photodissociation. Roaming mechanisms
have recently been observed in several
chemical reactions alongside trajectories, in
which an almost dissociated atom (or group)
roams around the residual fragment and Time (fs)
eventually extracts an atom to dissociate as | Fig.4 “Excited state 100% roaming” mechanism
a molecule, which takes place on the ground | of photodissociation of NO3
state PES and as a minor channel where
direct path is the dominant channel. In paper 17 we predicted the first roaming dynamics that
occurs as the exclusive (100%) channel and on an excited-state potential energy surface, not a
minor channel on the ground state as in the previous examples. In the photodissociation of a
nitrate radical, a systematic GRRM search at the CASPT2 level for nonadiabatic reaction
pathways reaction path search showed that the photodissociation takes place on the first
excited doublet D1 has a structure in which one O atom is nearly dissociated (Fig. 4). However,
O cannot dissociate but roams around the remaining NO2 group through the D1 minimum. The
system can eventually reach to D1-TS. This TS leads to the dissociation product O2 + NO with
a large O2 vibrational energy. Some of the trajectories roaming on D1 can cross to the DO state
via the low energy D1/DO-MECI. The DO state can dissociate also to O2 + NO, but the O2
produced is low in vibrational energy. These findings explained recent experiments by North et
at. Who found two distributions of O2 vibrational excitation without being able to explain the
origin of these two channels. Our work clearly explained two vibration distributions, assigning
high vibrations to the DO channel and low vibrations to the D1 channel. These predictions since
then has been confirmed by a new experiment b North, resulting in a joint theoretical and
experimental paper in Science (paper 11). Many D1 and DO potential energy points have been
calculated and fit to analytical functions in paper 7. Improved fits and classical MD calculations
(paper 4) now explain experimental vibrational and rotational distributions quantitatively. Thus
the new concepts of “100% roaming” and “excited state roaming” have been established.
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E. QM/MD Simulations of Carbon Nanostructure Growth Reactions
We continued our quantum mechanical molecular dynamics (QM/MD) simulations of carbon
nanostructure growth reactions. For technical reasons, most of the research along this line was

performed using personal and computational resources in Japan.

H.-B. Li, A. J. Page, S. Irle, and K. Morokuma, Temperature Dependence of Catalyst-Free Chirality-Controlled Single-Walled
Carbon Nanotube Growth from Organic Templates, J. Phys. Chem. Lett. (2013). Doi:10.1021/jz4015647; H.-B. Li, A. J. Page, S. Irle,
and K. Morokuma, Revealing the Dual Role of Hydrogen for Defect Healing and Growth Inhibition In Polycyclic Aromatic
Hydrocarbon Formation with QM/MD Simulations, J. Phys. Chem. Lett., 4, 2323—-2327 (2013). DOI: 10.1021/jz400925; A. J. Page, Y.
Wang, H.-.B Li, K. Morokuma, and S. Irle, Nucleation of Graphene Precursors on Transition Metal Surfaces: Insights from
Theoretical SimulationsJ. Phys. Chem. C, 117, 14858—14864 (2013). 10.1021/jp4042952; K. R. S. Chandrakumar, A. J. Page, S.
Irle and K. Morokuma, Carbon Coating Precedes SWCNT Nucleation on Silicon Nanoparticles: Insights from QM/MD ; A. J. Page,
C.-P. Chou, B. Q. Pham, H. Witek, S. Irle and K. Morokuma, Quantum Chemical Investigation of Epoxide and Ether Groups in
Graphene Oxide and Their Vibrational Spectra, Phys. Chem. Chem. Phys. 15, 3725-3735 (2013). doi: 10.1039/c3cp00094j; K. R. S.
Chandrakum ar, A. Puretzky, C. Rouleau, J. D. Readle, D. B. Geohegan, K. More, V. Krishnan, G. Duscher, B. Sumpter, S. Irle, and
K. Morokuma, High-Temperature Transformation of Fe-Decorated Single-Wall Carbon Nanohorns to Nanooysters: A Combined
Experimental and Theoretical Study, Nanoscale, 5, 1849—1857 (2013), DOI:10.1039/C2NR31788E.; A. J. Page, T. Isomoto, J.
Knaup, S. Irle, and K. Morokuma, Effects of Molecular Dynamics Thermostats on Descriptions of Chemical Non-Equilibrium, J.
Chem. Theo. Comp. 8, 4019-4028 (2012). D0i:10.1021/ct3004639; H.-B. Li, A. J. Page, S. Irle, and K. Morokuma, SWCNT Growth
from Chiral Carbon Nanorings: Prediction of Chirality and Diameter Influence on Growth Rates, J. Am. Chem. Soc. 134, 15887—



15896 (2012). Doi:10.1021/ja305769v; S. Irle, A. J. Page, B. Saha, Y. Wang, K. R. S. Chandrakumar, Y. Nishimoto, H.-J. Qian, K.
Morokuma, Atomistic mechanism of carbon nanostructure self-assembly as predicted by QM/MD simulations, in eds. J. Leszczynski
and M. Shukla, “Practical Aspects of Computational Chemistry: An Overview of the Last Two Decades and Current Trends”, 103-
172 (2012): Springer-European Academy of Sciences. ISBN 978-94-007-0922-5 ; Y. Wang, H.-J. Qian, K. Morokuma, and S. Irle,
Coupled Cluster and Density Functional Theory Calculations of Atomic Hydrogen Chemisorption on Pyrene and Coronene as
Model Systems for Graphene Hydrogenation. J. Phys. Chem. A 116, 7154—7160 (2012). doi: 10.1021/jp3023666; H.-B. Li, A. J.
Page, Y. Wang, S. Irle, and K. Morokuma, Sub-Surface Nucleation of Graphene Precursers near a Ni(111) Step Edge. Chem.
Comm. 48, 7937-7939 (2012). doi:10.1039/C2CC32995F ; J. Kim, A. J. Page, S. Irle, and K. Morokuma, The Dynamics of Local
Chirality during SWCNT Growth: Armchair versus Zigzag; Nanotubes, J. Am. Chem. Soc. 134, 9311-9319 (2012). doi:
10.1021/ja301299¢t; M. A. Addicoat, A. J. Page, Z. E. Brain, L. Flack, K. Morokuma and S. Irle, Optimization of a Genetic Algorithm
for the Functionalization of Fullerenes, J. Chem. Theo. Comp. 8, 1841-1851 (2012). doi:10.1021/ct300190u; H.-B. Li, A. J. Page, S.
Irle, and K. Morokuma, Theoretical Insights into Chirality-Controlled SWCNT Growth from a Cycloparaphenylene Template.
ChemPhysChem 13, 1479-1485 (2012). doi: 10.1002/cphc.201200055; Y. Nishimoto, Z. Wang, K. Morokuma, and S. Irle, Molecular
and electronic structures of endohedral fullerenes, Sc,C,@C3,-Cs2 and Sc,@Cs,-Csz: Benchmark for SCC-DFTB and proposal of
new inner cluster structures, Phys. Status Solidi B, 249, 324-334 (2012). doi:10.1002/pssb.201100767; J. M. Knaup. K. Morokuma
and S. Irle, A simulation of possible carbon nanotubes slitting in a CMOS compatible way, Mater. Express, 1, 343-349 (2011). DOI:
10.1166/mex.2011.1034; Y. Okamoto, F. Kawamura,Y. Ohta, A. J. Page, S. Irle and K. Morokuma, SCC- DFTB/MD Simulation of
Transition Metal Catalyst Particle Melting and Carbide Formation, J. Comp. Theo. Nanosci. 8, 1755-1763 (2011). DOI: 10.1166/
jctn.2011.1879; B. Saha, S. Irle, and K. Morokuma, Hot giant fullerenes eject and capture C, molecules. QM/MD simulations with
constant density. J. Phys. Chem. C, 115, 22707-22716 (2011). Doi: 10.1021/jp203614e; J. Kim, S. Irle and K. Morokuma,
Determination of Local Chirality of Irregular Single-Walled Carbon Nanotube Based on Individual Hexagons. Phys. Rev. Lett. 107,
175505/1-5 (2011). DOI: 10.1103/PhysRevLett.107.175505; A. J. Page, K. R. S. Chandrakumar, S. Irle and K. Morokuma, Thermal
Annealing of SiC Nanoparticles Induces SWNT Nucleation: Evidence for a Catalyst-Independent VSS Mechanism.
PhysChemChemPhys, 13, 15673-15680 (2011). Doi: 10.1039/ c1cp21236b ;S. Irle, G. Zheng, Z. Wang and K. Morokuma,
Dynamics Simulations of Fullerene and SWCNT Formation, in Spectroscopy, Dynamics, Moelcular Theory of carbon Plasmas and
Vapors, Eds. L. Nemes and S. Irle, World Scientific, 375-416 (2011). ;A. J. Page, Y. Wang, K. R. S. Chandrakumar, S. Irle and K.
Morokuma, Mechanisms of Single-Walled Carbon Nanotube Nucleation, Growth and Chirality-Control: Insights from QM/MD
Simulations, in J. M. Marulanda, ed. “Electronic Properties of Carbon Nanotubes", Intec, pp. 521-558 (2011). ISBN 978-953-307-
499-3 ; H.-J. Qian, A. van Duin, K. Morokuma and S. Irle. Reactive Molecular Dynamics Simulation of Fullerene Combustion
Synthesis: ReaxFF vs DFTB Potentials. J. Chem. Theo. Comp. 7, 2040-2048 (2011). DOI: 10.1021/ct200197v; A. J. Page, K. R. S.
Chandrakumar, S. Irle, and K. Morokuma, Do SiO, and Carbon-Doped SiO, Nanoparticles Melt? Insights from QM/MD Simulations
and Ramifications Regarding Carbon Nanotube Growth, Chem. Phys. Lett. 508, 235-241 (2011). doi:10.1016/j.cplett.2011.01.07; A.
J. Page, K. R. S. Chandrakumar, S. Irle, and K. Morokuma, SWNT Nucleation from Carbon-Coated SiO, Nanoparticles via a Vapor-
Solid-Solid Mechanism. J. Am. Chem. Soc. 133, 621-628 (2011). DOI: 10.1021/ja109018h; A. J. Page, H. Yamane, Y. Ohta, S. Irle,
and K. Morokuma’' QM/MD Simulation of SWNT Nucleation from Transition-Metal Carbide Nanoparticles, J. Am. Chem. Soc. 132,
15699-15707 (2010). doi: 10.1021/ja106264q; A. J. Page, Y. Ohta, S. Irle and K. Morokuma, Mechanisms of Single-Walled Carbon
Nanotube Nucleation, Growth and Healing Determined Using QM/MD Methods, Acc. Chem. Res. 43. 1375-1385 (2010). DOI:
10.1021/ar100064g; A. J. Page, S. Minami, Y. Ohta, S. Irle and K. Morokuma, Comparison of Single-Walled Carbon Nanotube
Growth from Fe and Ni Nanoparticles using quantum chemical molecular dynamics methods, Carbon, 48, 3014-3026 (2010).
doi:10.1016/ j.carbon.2010.04.001; B. Saha, S. Irle and K. Morokuma, Formation mechanism of polycyclic aromatic hydrocarbons
(PAH) in the benzene flame: Density functional tight binding molecular dynamics simulations, J. Chem. Phys. 132, 224303 (2010)
DOI: 10.1063/1.3447895 ; A. J. Page, S. Irle, and K. Morokuma, Polyyne Chain Growth and Ring Collapse Drives Ni-Catalyzed
SWNT Growth: A QM/MD Investigation, J. Phys. Chem. C 114, 8206-8211 (2010). DOI: 10.1021/jp100790e

Archival publications (published) during reporting period:

1. H. Xiao, S. Maeda and K. Morokuma, A CASPT2 Study of Photodissociation Pathways of
Ketene. J. Phys. Chem. A, 117, 7001-7008 (2013). DOI: 10.1021/jp312719a

2. S. Maeda, T. Taketsugu, and K. Morokuma, Exploring Pathways of Photoaddition Reactions
by Artificial Force Induced Reaction Method: A Case Study on the Paternd-Buchi
Reaction. Zeit. Phys. Chem. (2013). DOI: 10.1524/zpch.2013.0401

3. H. Xiao, S. Maeda and K. Morokuma, Theoretical Study on the Photodissociation of
Methylamine Involving S1, T1, and SO States, J. Phys. Chem. A 117, 5757-5764 (2013).
doi: 10.1021/jp404326d

4. B. Fu, J. M. Bowman, H. Xiao, S. Maeda, and K. Morokuma, Quassiclassical Trajectory
Studies of the Photodissociation Dynamics of NO3 from the DO and D1 Potential Energy
Surfaces, J. Chem. Theo. Comp. 9, 893—-900 (2013), doi: 10.1021/ct3009792

5. S. Maeda, K. Ohno and K, Morokuma, Systematic Exploration of the Mechanism of Chemical
Reactions: the Global Reaction Route Mapping (GRRM) Strategy by the ADDF and AFIR
Methods, Phys. Chem. Chem. Phys. 15, 3683-3701 (2013), doi: 10.1039/c3cp44063]

6. S. Maeda, E. Abe, M. Hatanaka, T. Taketsugu, and K. Morokuma, Exploring Potential Energy
Surfaces of Large Systems with Artificial Force Induced Reaction in Combination with
ONIOM and Microiteration, J. Chem. Theo. Comp. 5, 5058-5063 (2012).
doi:10.1021/ct300633e



7. H. Xiao, S. Maeda and K. Morokuma, Global Ab Initio Potential Energy Surfaces for Low-
lying Doublet States of NO3, J. Chem. Theo. Comp. 8, 2600-2605 (2012). DOI:
10.1021/ct3004035.

8. S. Maeda, T. Taketsugu and K. Morokuma, Automated Exploration of Photolytic Channels of
HCOOH: Conformational Memory via Excited State Roaming, J. Phys. Chem. Lett. 3,
1900-1907 (2012). D0i:10.1021/jz300728q

9. J. Jakowski, S. Irle,. B. Sumpter, and K. Morokuma. Modeling charge transfer in fullerene
collisions via real time electron dynamics simulations. J. Phys. Chem. Lett., 3, 1536-1542
(2012). doi: 10.1021/jz3004377

10. J. Jakowski. S. Irle and K. Morokuma, Time—dependent quantum dynamical simulations of
C2 condensation under extreme conditions, Phys. Chem. Chem. Phys. 14, 6266-6272
(2012). doi:10.1039/C1CP22035G.

11. M. P. Grubb, M. L. Warter, H.-Y. Xiao, S. Maeda, K. Morokuma, S. W. North, No Straight
Path: Multistate Roaming as the Only Route for the NO3 — NO + O2 Reaction, Science,
335, 1075-1078 (2012). doi: 10.1126/science.1216911. Featured in Pserspective, M. J. T.
Jordan and S. H. Kable, Roaming Reaction Pathways along Excited States, Science, 335
1054-1055 (2012)

12. 732fe. S. Maeda and K. Morokuma, Toward Predicting Full Catalytic Cycles Using Automatic
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