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A near linear-scaling, efficient and accurate Coupled-Cluster theory
using domain-based local pair-natural orbitals
oMasaaki Saitow!, Frank Neese?2
! Department of Chemistry, Nagoya University, Japan
2Max-Planck-Institut fiir Kohlenforschung, Germany

[Abstract] The Coupled-Cluster method truncated after single and double excitations with

perturbative triples (CCSD(T)) is regarded as a “gold-standard” approach, enabling to provide
reaction energies with chemical accuracy. Despite its high accuracy, the applicability of the
CC methods has been limited only to small molecules. In this talk, we show a reduced-scaling
implementation of the CC methods in the so-called domain-based local pair-natural orbital
framework (DLPNO-CCSD and DLPNO-CCSD(T)) and its extension to open-shell species.
The DLPNO-CC methods are applicable to large, real-life systems composed of a few
hundred atoms with triple zeta basis set. We further extend the current scheme into the various
first-order properties and show the hyperfine coupling constants calculated by DLPNO-CCSD
wave function are more accurate than the widely-used DFT-based ones.
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Application of Monte Carlo correction Cl method to multinuclear metal
complexes and highly excited states of small molecules

oYuhki Ohtsuka
Institute for Catalysis, Hokkaido University, Japan

[Abstract] We have proposed a selected Cl method in which important Slater determinants
(or configurations) can be selected quickly by sampling the first-order corrections to the
target-state wave functions. This Monte Carlo correction configuration interaction (MCCCI or
MC3I) method is applicable to the quasi-degenerate states and highly excited states because a
large active space can be used. In this study, we applied the MC3I method to multinuclear
metal complexes and highly excited states of small molecule. In some states, the
spin-symmetries were significantly broken, and assignment of the spin states became difficult.
We developed a method to adapt the spin-symmetries to the Slater determinant wave
functions. The MC3I results after spin-symmetry adaptation were comparable with the
DMRG values.
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Fig. 2. Convergence of MC3lI energies.
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Fig. 3. Relative energies of the
1 lowest 100 states using the SDs
_ | with S, = 0.5 for [Fe;Sa(SCHs)a]*
(@) MC3I before spin adaptation.
T (b) MC3lI after spin adaptation.
T The lowest two states in each spin
multiplicity are colored in red. The
3rd to 10th states are colored in
blue.
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Perturbative corrections to the initiator approximation
O Ladoczki Bence'. Seiichiro L. Ten-no”
! Graduate School of System Informatics, Kobe University
? Graduate School of Science, Technology, and Innovation, Kobe University

[ABSTRACT]

The Model Space Quantum Monte Carlo (MSQMC)[1] method based on the stochastic
sampling in Slater determinant space can be applied to solve the Schrédinger equation of a
many-body system. Parallel to Full Configuration Interaction QMC (FCIQMC) the initiator
approximation has been introduced to bridle exponential walker growth that would result in
large number of determinants with little occupation. The spawning restrictions of non-initiator
determinants lead to a truncated wave function that is similar to that of calculated by Adaptive
CI (ACI) methods. The variational energy is usually improved upon using second order
Epstein-Nesbet perturbation theory. Our research sheds light on a similar correction that
improves the i-MSQMC energy significantly. Namely, that whenever a walker is discarded
due to the initiator criteria a contribution to the second order correction[2] is accumulated.
The third order correction can be sampled in an analogous fashion and we report on these
calculation details as well.

[METHOD]

In the initiator adaptation, the truncated i-MSQMC wave function can be regarded as a similar
object to those sampled by ACI methods. Usually these results are improved upon using
perturbation theory. The second order Epstein-Nesbet energy correction can be expressed
using the following formula:

H%ﬁyzzf%%?%fﬁﬂ
adv var aa

In MSQMC, the walker population on a given determinant is proportional to the following
quantity:
Sa = —AT E HiaNi(T)
1€V

The walkers that don’t satisfy the initiator criteria are removed and the second order
correction to the initiator error can be sampled (after appropriate normalization) using these
walkers:

2 1§ Sa (1S ()
E( )(7') - (AT)Q CL%ZV Evar(T) _ Haa

Simply squaring the contribution introduces bias to the results and in order to avoid this we
use the previously introduced replica trick[3] to overcome this problem.



[RESULTS- EXPLANATION]

The second order Epstein-Nesbet correction (EN2) seem to compare well with other
corrections (Meisner, Pople, Davidson) as it is apparent from FIG. 1. We found that in many
cases it provides more accurate (relative to FCI) results than other a posteriori corrections and
also our studies show that it is less sensitive to calculation parameters such as the number of
walkers (Booster weights).
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FIG. 1. Calculation results for a Ne atom in cc-pVDZ basis (8,13) using 1000 Booster weights

Initiator approximation is necessary to reduce calculation costs for larger systems and the
error it introduces should be corrected. The proposed method can be applied for calculations
that are impossible to carry out without a truncation in the Hilbert space. As a rule of thumb,
such calculations can be run with the initiator threshold set to <16 and use the energy value
corrected by EN2. In the limit of infinite initiator threshold and in the single reference limit,
the i-MSQMC wave function consists of the reference determinant and its connected
subspace. The time-average of such a wave function is equal to the CISD wave function and
the corresponding energy is not size-consistent. Details regarding this issue of size-
consistency at finite initiator threshold with(out) a posteriori corrections will be discussed in

the talk. Calculation results on larger systems will be presented during the session and further
explanation will also be given.
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[Abstract] We aim to combine two major principles of chemical science, Schrédinger
equation and chemical formulas, to produce useful predictive theory in chemistry[1,2]. First,
we propose chemical formula theory (CFT) as a general electronic structure theory of atoms
and molecules that has a mathematical structure of chemical formula. Then, by applying the
FC theory to the CFT, we can obtain the solutions of the SE in the structure of the chemical
formula. This theory, FC-CFT, is not only accurate, but also useful for chemists since it
expresses the solution of the SE in the language of chemists. When we deal with only the
integratable functions of the FC-CFT, we obtain accurate useful variational theory called
FC-CFT-V. With the FC-CFT-V, extensive calculations are possible for design chemistry. We
explain the underlying concepts of the above theories and give some results.
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Table. Total Energy of CH molecule

HELTWA, Z0O FC-CFT O#f5iHE1x

N . iy X 21 stat 13- stat
B O3 LF— L VLA ML ETH D, (R=1.120 &) ettt &)
Z @*%GC\ E%E@ji/fﬁ%lﬁﬁéﬁ?%‘ﬂlﬁﬁﬁ < Total Energy AE  Total Energy AE
&) 6 a (1: 75§§7\753 6 . ﬂﬁ @F\[;ﬁﬁﬁlj l‘iﬂ‘fx & - (au) (keal/mol) (au) (keal/mol)

FC-CFT-V (n=0) -38.196 395 177.22 -38.199 555 158.12
FC-CFT-V (n=1) -38.310655 105.57 -38.295753 97.79
FC-CFT-V (n=2) -38.382956 60.23 -38.361116 56.80
FC-CFTexact  -38.477684 0.825 -38.450754 0.593
MRCI-SD -38.4217 35.93 -38.3942 36.06
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Theoretical study on slab modeling methods for solid surface simulation
based on linear response function
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[ Abstract]
Today, the slab model is often used when simulating solid surfaces. This model consists of a
vacuum layer and a solid layer, but there is no systematic way to determine the thickness of
the solid layer to obtain the reliable computational results.
In this study, we considered to determine the layer thickness by using the linear response
function. We implemented a program to calculate the linear response function in the periodic
system. Using the program, we calculated the linear response function of the slab model of
alkaline earth metal oxides for several layer thicknesses. As a result, there was correlation
between the linear response function and the desorption energy of oxygen.
In the future, by calculating the linear response function for various systems, we are going to
examine the universality of this result in order to construct a systematic layer thickness
determination scheme of the slab model using the linear response function.
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Abstract

The aggregation induced emission (AIE) of tetraphenylethylene (TPE) was studied
theoretically. The TPE has been known to exhibit the AIE, which is non-emissive in dilute
solutions but becomes highly emissive in solid or aggregated state. In this study, the AIE
mechanism of TPE was investigated by using electronic structure calculations, together with
molecular dynamics (MD) simulations. The results of electronic structure calculations showed
that potential energies of TPE for electronic ground (So) and first excited (Si) states are
degenerated at a conformation with the twist angle of 90° around its ethylenic C=C bond, which
can lead the fluorescence quenching of this molecule in dilute solutions. The results of MD
simulations revealed that the TPE in aggregated state tends to assemble in close contact, where
the ethylenic C=C bond rotation is markedly restricted, preventing the fluorescence quenching
via the So/S: conical intersection; the TPE in THF solution, however, proceeds the barrierless
non-radiative transition. These results gave a clear picture of the AIE mechanism of TPE.

B FiR

7T F7 7 =)= F L TPE (JEREEFHEF L (Aggregation Induced Emission; AIE)
ERTENOETH Y, HERER I B LI IRRE TOEOEE IR (D) fE1E 0.0024
T DN, BHE L TR -oREEmIc 72 5 & OefilX 049 £TERT D [1]. 2D TPE
D379 AIE IZ DWW T, 163k, SECIREETIZ 4 DD 7 = = )L LA D 4y - PN [Blifix E )
(2 &0 b = L X — A R TR T D A3, BEEEIRIE CIT Ay T & OMEERIZ
KV 7 = =V EE D [RHAEB) 2N KIF 6] S 305 72 DI & O EEFE R N HE ST
BHTHEEZONTE . L LT, TPE ERERIZ AIE 233 V7 ) AF Ry
FHER CN-MBE (23T, ethylenic C=C & D57 FWNEIHLER)AY AIE THERESE
R ENEEROMIEIC L > THL MR > TS [2].
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Figure 1. Chemical structures of TPE
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Figure 2. Snapshot picture and free-energy profile of TPE in THF solution
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Figure 3. Snapshot picture and free-energy profile of TPE in aggregated state
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[Abstract] Molecules with fluorescence in the “second near-infrared window” (1000-1700 nm)
have recently captured attention for improving the performance of bio-imaging, yet are
underexplored. Theoretical studies hold a valuable role in accelerating the development of these
potential bio-imaging probes by providing information of the excitation; however, high-
accuracy determination of state energies is required for meaningful analyses with the energy
range being very narrow. Furthermore, these molecules are generally handled in solution, hence
consideration of the solvation effect is also essential upon computation. Conventional methods
such as PCM-TD-DFT were unable to describe these systems yielding results far from
experimental data. Here, we have developed a new method to enable the theoretical analysis of
these molecules by combining a solvation theory of a statistical mechanical approach (RISM)
and a multi-reference perturbation theory (CASPT2) with the extension of the density matrix
renormalization group (DMRG) reference states and have obtained results of higher accuracy.

[Introduction] Advances in bio-imaging have been facilitated by the development of new
fluorescent molecules. Recently, fluorescence in the so-called “second near-infrared (NIR)
window,” approximately 1000-1700 nm, have captured attention acquiring higher permeability,
yet are underexplored. The difficulty of handling excited states experimentally gives theoretical
approaches a vital role in accelerating the development of these molecules by providing
information of the excitation. The challenge is that the photochemical properties lie in a narrow
energy range requiring highly accurate calculations for meaningful analyses. Additionally, these
molecules are generally handled in solution, hence consideration of the solvation effect is also
essential. Earlier studies showed that the desired accuracy is not provided by widely used
methods such as PCM-TD-DFT. To enable the theoretical study of the molecules of interest, we
have developed a new method by employing the complete active space second-order
perturbation theory (CASPT2) and the reference interaction site model (RISM) with the
extension of the density matrix renormalization group (DMRG) reference states.

[Methods] The Helmholtz free energy of the solute in solution computed by the CASPT2
method was defined as,

o = (U| H|V) + Ey + Ap,

where the operator H is the Hamiltonian defined in the gas phase, ¥ is the CAS reference
function determined by a complete active space self-consistent field method (CASSCF)
calculation, E> is the second-order energy from a CASPT2 calculation, and Au is the solvation
free energy obtained from RISM-SCF-SEDD [1]. W is determined with the following solvated
Hamiltonian,



HY = H+ > V'[E+ (m -1 'R},afaq.

Pq
Pq

Vi is the electrostatic potential on the i-th solute site induced by the solvation structure, a;ﬂ and

a, are the creation and annihilation operators respectively, and the remaining matrices are as
defined in previous work [1].

Limitations to the size of the active space in CAS calculations have been eased by
employing the DMRG. The DMRG method projects the wavefunction onto the special
entanglement structure existing in low-energy physical quantum states. This results in a
contracted product of tensors, and the tensorial objects are optimized variationally by repetitive
diagonalization of the Hamiltonian in the renormalized basis [2]. For usage of the DMRG with
the RISM-CASPT2 method, the reference wavefunction is simply replaced by the active-space
DMRG wavefunction |Wpmgre); this is denoted as the RISM-DMRG-CASPT2 method [3].

[Results and Discussion] The newly developed 0 N
method was assessed by calculating the molecules \©ij
given in Scheme 1. MQZ was selected as a molecule No

with high solvatochromism in absorption, and CY3 |

and ICG were selected as molecules with long n- N-Methyl-6-oxyquinolone (MQZ)
conjugated systems. The calculated absorption

energies of MQZ in dimethyl sulfoxide (DMSO), D Q
acetonitrile (ACN), methanol (MET), and water PN

(WAT) are summarized in Table 1. Results show that N N

the newly developed method successfully illustrated K )

the solvatochromism in absorption and reproduced
the experimental values with errors within 0.2 eV.

The error in calculated absorption energies O ‘
relative to experimental values of CY3 and ICG are
summarized in Figure 1. With the TD-DFT based O O
methods, errors were approximately 0.65 eV. This NT NN
exceeds the range of interest, the “second NIR | |
window,” which only spans for 0.5 eV. Our method Modeled indocyanine green (ICG)
succeeded in reducing the error to within 0.2 eV

which seems to be sufficient for the analysis of these
systems. Furthermore, the active spaces of CY3 and ICG

Modeled indocarbocyanine (CY3)

Scheme 1. Target molecules.

were (20e,190) and (32¢,310) which cannot be handled 10
with the conventional CASSCF/CASPT2 methods, e =
illustrating the high applicability of RISM-CASPT2 ¢ 08 RISM-DMRG-CASPT2 wem
together with the DMRG. g
w06
Table 1. Absorption energies of MQZ in various solutions [eV]. %
2 04
DMSO ACN MET WAT <
RISM-CASPT?2 2.38 238 273 3.21 g o2
Exp. 244 245 2838  3.03 "
0.0
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[Re Figure 1. Error in calculated absorption
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[2] T. Yanai et al., Int. J. Quantum Chem. 115, 283 (2015). experimental values.
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[ Abstract] The surface hopping method is a general methodology for nonadiabatic
molecular dynamics simulations. It allows trajectories running on an adiabatic potential
surface to hop onto another surface (nonadiabatic transition) according to a transition
probability and therefore takes into account the behavior of branching trajectories. A recent
novel surface hopping method uses a practical multidimensional extension of the
Zhu-Nakamura theory, which provides a complete solution of the one-dimensional linear
curve crossing problem. This method is free from the calculation of nonadiabatic couplings
with high computational costs and thereby applicable to large complex systems. However, the
method leads to inaccurate solutions in some cases. We invented a way of overcoming the
defect of the method and applied it to the investigations of the photoisomerization dynamics
in azobenzene and in a novel light-driven molecular motor whose rotational mechanism is yet
to be known. The results obtained for the molecular motor suggest a rapid trans-to-cis
isomerization pathway on picosecond timescales.
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EEATLEERETHR THD, 2016 F/ —NWALFEEZE LIy TE—4 —
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L T surface hopping ¥£23& 5, ZAUIMIEVR T > vy LiimzED H#M N T V=7 b
VIEB MR Z 52 THOMEART v vy Vil ~DR v 7 (BF) #2452 T
W B DI 2 T 5 FETH D, I
4 surface hopping 12— T IEW BT O
SEefi# T D Zhu-Nakamura BEGm % £ ko0
WZPRER L CTHLD A 2 & T, dE nEg
FHE 2 X h DR E VVEFIRAERH FERTEES &
DFHl 2 RENZ LT FENRRE S 2 [2],
Z DITHEITAEHER O W ENE) /) R & v
BRI LN, AT vy ABERICE - TR
BEEHER O 2R D 5600 5, ’

FITC, BAFIZoOMEY SR LUK E Fig. 1. First light-driven unidirectional molecular
WA B LT-[3]. AT, R motor reported by Koumura et al. [1].
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Fig. 2. Unsuccessful application case of the
method developed in Ref. 2.

Fig. 3. Isomerization (trans to cis) of a
novel molecular motor with two five-
membered rings linked by a double bond.
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