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1. Long-range exchange interactions
in DFT




Density Functional Theory in QC

Fig. Annual variation of the number of papers published
in electric journals of chemistry (ISI Web of Science).
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Until early 90s:

Ab initio wavefunction theories had occupied QC calculations

Since mid-90s:

DFT calculations steadily increase and now occupy ~87% of QC calculations



DFT functionals in Quantum Chemistry

Fig. Trend transition of the use of new DFT functionals in QC calculations.
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functionals to provide chemical accuracy
(MAE ~1 kcal/mol), which is required to
discuss chemical reactions.



Long-range correction for DFT

Long-range correction (LC) for general exchange functionals.
[likura, Tsuneda, Yanai and Hirao, JCP, 115, 3540, 2001.]

| | | | 1 For the short-range part, a general exchange

. 1.75} 1 1-—erf(ur,) erf(ur,

5 1:2_ P r(ﬂ ) + (rﬂ 2) functional is adapted (a, = 1/(2k), k, = (97/K ) ) 1/3 ).

“5 12 12 12

. 1 8

2 E”=-2) [d’rp *"°K {1——a

z X 2;.[ pO' o 3 (o2

% o| i erf| +(2a, -4a,*)exp| - L 1 33 +4a°
2a_ cr 4a * ce

° intirelectrondistance r, ~  Forthe long-range part, HF exchange integral is used.
0CC 0cC . erf(ﬂr )
=——ZZZI [rd e, (0)g, (7)==, (), ()
12

LC has innovated the development of various sophisticated functionals:
CAM-B3LYP [T. Yanai, D.P. Tew, & N.C. Handy, CPL, 91, 551, 2004.]

LC-wPBE [O. A. Vydroy, J. Heyd, A. V. Krukau, & G. E. Scuseria, JCP, 125, 074206, 2006.]
BNL [E. Livshits & R. Baer, PCCP, 9, 2937, 2007.]

®B97-series [J.-D. Chai & M. Head-Gordon, JCP, 128, 084106, 2008.]

Tuned RSH [R. Baer, E. Livshits, & U. Salzner, ARPC, 61, 85, 2010.]



DFT problems that LC solved or improved

Weak bonds such as vdW bonds
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TDDFT calculations of electronic spectra

Fig. MADs in calculated Rydberg excitation energies.
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LC improves TDDFT excitation
energies and oscillator strengths.

[Tawada, Tsuneda, Yanagisawa, Yanai &
Hirao, J. Chem. Phys. 120, 8425, 2004.]



Charge transfer excitations
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Table. CT energy of ETFE at the dissociation limit.

Exp. LC-TDBOP TDB3LYP SAC-CI

(EFET_OO) 12.5 12.43 7.42 14.43

[Tawada, Tsuneda, Yanagisawa, Yanai & Hirao, J. Chem. Phys. 120, 8425, 2004.]
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Optical properties of long-chain polyenes

Longitudinal Fig. n-Dependence of nonlinear
- H . = polarizability optical properties of a long-
e LCBOP| _ : ¢ chain polyene.
" o— o H a,,,/unit cell — polyent
O X A2 5. Bigi . [Kamiya, Sekino, Tsuneda, &
’ 60— & RHF & t Hirao, JCP, 122, 234111, 2005.]
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Hyperpolarizabilities of radicals

Fig. Diradical y-dependence of [Kishi, Bonness, Yoneda, Takahashi, Nakano, Botek,
hyperpolarizabilities of p-quinodimethane Champagne, Kubo, Kamada, Ohta, & Tsuneda, J. Chem.
5 Phys. 132, 094107, 2010.]
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Weakly-bonded complexes
i_eN S H_C{T..NE [Sato, Tsuneda & Hirao,

. - A E— JCP 126, 234114, 2007.]
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Benchmark test for weakly-bonded systems

Table. Mean absolute errors
of various DFT methods of
van der Waals calculations
for S22 benchmark set
(including 22 weakly-
bonded systems).

[T. Tsuneda and T. Taketsugu,
“'m-Stacking on Density
Functional Theory: A
review”’, in t-Stacked
Polymers and Molecules, Ed.
T. Nakano, 245 - 270
(Springer, 2013).]

Methods

®BI7X-D
BLYP-D3
®BI7X-2
LC-BOP+LRD
B2PLYP-D3
RSH-+RPAX
MO06-2x

BLYP-D

B97-D

B3LYP-D
MP2/CBS
VVO9(HF)
MO5-2x
vdW-DF(rPW96)
VV09(rPW96)
vdW-DF(revPBE)
vdW-DF(HF)

Corrections

LC + classical vdW
Classical vdW
LC + perturbation
LC + vdW functional
Classical potential + perturbation
LC + AC/FDT
Classical potential
Classical potential
Classical potential
Classical potential
Perturbation
vdW functional
Classical potential
vdW functional
vdW functional
vdW functional

vdW functional

MAE (kcal/mol)

0.22
0.23
0.26
0.27
0.29
0.32
0.44
0.55
0.61
0.70
0.78
0.89
0.90
1.03
1.20
1.44
2.80



Orbital energies:
The solution to the
Kohn-Sham equation

Orbital energy calculations

[Tsuneda, Song, Suzuki, & Hirao,

~ “ J. Chem. Phys. 133, 174101, 2010.]
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Physical meaning of orbital energies

Energy linearity theorem for fractional occupations
[Perdew, Parr, Levy, and Balduz Jr.,, PRL, 49, 1691, 1982; Yang, Zhang, Ayers, PRL, 84, 5172, 2000.]

0 0 q-p The total electronic energy varies
E (n + —j =—E(n+1)+ E(n)| linearly as a function of its fractional

9 q occupation number
A Janak theorem [Janak, Phys. Rev. B 103, 7165, 1978.]
E(n : : .. .
(n) : : The derivative of the total electronic
0 : : oE energy with respect to the
_ on. occupation nhumber of an orbital is
P identical to the orbital energy.
: OE : . .
: a—(An =+0): Energy linearity theorem + Janak theorem
?r}LUMO : = Generalized Koopmans theorem

HOMO energy €,opmo = —IP
LUMO energy € ,uo = —EA

Sham-Schliter theorem
> [Sham and Schliiter, Phys. Rev. B 32, 3883, 1985.]
1 0 +1 Outermost orbital energy is independent of
n occupation number




Energy linearity for fractional occupations
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Only LC-DFT gives an almost linear
dependence of the total energy both for
increasing and decreasing the occupation
number

Other DFTs give concave dependences

Total electronic energy variance

[Tsuneda, Song, Suzuki and Hirao,
J. Chem. Phys. 133, 174101, 2010.]
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Orbital energy dependence on occupations

Fig. Outermost orbital energy variance of C,H, molecule in terms of the occupation number
for-1 < An <0 (left) and 0 < An < 1 (right).
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Dependence of Kohn-Sham orbital energy on occupation number

[T. Tsuneda, J.-W. Song, S. Suzuki and K. Hirao, J. Chem. Phys. 133, 174101, 2010.]
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Self-interaction error in exchange integral kernel f,=5°E,/5p? causes
the orbital energy dependence on the occupation number
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Main problems in LC-DFT calculations

Atomization energies

Overestimation of
atomization energies
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Self-interaction correction for LC-DFT

Regional self-interaction correction (RSIC) :

Replacing exchange energy density with exchange self-interaction one only for the

region where electrons have no electron-electron interaction.
[Tsuneda Kamlya & Hirao, J. Comput. Chem. 24, 1592, 2003.]

Exchange self-interaction energy density
=Exchange energy of hydrogen-like atoms - RSIC

2r

gfc',(r):—i[l—(ﬂar)e‘zm] ozzM

20,

=Pseudospectral (PS) exchange energy density ->PSRSIC (PR)
[Nakata, Tsuneda & Hirao, J. Phys. Chem. A 114, 8521, 2010.]
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HOMO & LUMO energies of H and rare-gas atoms

[Nakata, Tsuneda & Hirao, J. Chem. Phys. 139, 064102, 2013.]

Fig. Errors in HOMO (left) & LUMO (right) energies of H and rare-gas atoms. Aug-cc-pVTZ basis.
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PSRSIC clearly improves HOMO energies of H and rare-gas atoms, which are
underestimated by LC-DFT, while it keeps the accuracy of LUMO energies.
Only LUMO energy of H atom cannot be accurately reproduced.

& LUMO of H has no electron correlation.



Core 1s orbital energies

Fig. Errors in the core 1s orbital energies of the second- (left) and third-row (right) atoms
of typical molecules. Aug-cc-pVTZ basis.
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HOMO & LUMO energies

Fig. Errors in HOMO (left) and LUMO (right) energies of typical molecules. Aug-cc-pVTZ basis.
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Core excitation energies

Fig. Errors in calculated core excitation energies of
the second-row atoms in typical molecules (eV).

Fig. Errors in calculated core excitation energies
of the third-row atoms in typical molecules (eV).
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1.

Conclusions of the first part

Long-range correction (LC) for exchange functionals have solved many problems in DFT:
e.g., charge transfer excitations, van der Waals interactions, nonlinear optical properties.
In particular, LC-DFT enables us to calculate orbital energies quantitatively for the first
time ever.

Orbital energies are proven to have physical meanings irrespective of the type of theory:
HOMO and LUMO energies are identical to the minus ionization potential and electron
affinity, respectively. LC-DFT provides accurate orbital energies due to the self-
interaction-free nature of the exchange integral kernel, 5%E,/6p?.

LC-DFT has been reported to have several problems: e.g., overestimation of atomization
energies, underestimation of core orbital energies and core excitation energies, poor
charge transfer excitation energies in metal complexes, and orbital energies of large
systems. However, the underestimation of core orbital energies and core excitation
energies are clearly solved by a regional self-interaction correction.



2. Significance of
long-range exchange interactions
in chemical reactions



Errors of calculated isodesmic reaction enthalpies

Isodesmic reactions of long-chain alkanes

Fig.

(kcal/mol)

Errors in calculated isodesmic reaction enthalpies of n-alkanes

to ethane for various methods at 0 K. 6-311+G(p,d) basis.
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[Song, Tsuneda, Sato & Hirao,
Org. Lett. 12, 1440, 2010.]
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Most functionals overestimate
the reaction enthalpies as the
chain becomes long

Only LC+vdW(LRD) and LDA
provide the correct dependence
of the reaction enthalphies on
the chain lengths

Semi-empirical functionals (M05-
2x, M06-2x, BMK) provide
vibrating enthalpies dependent
on the number of the chains
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B3LYP poorly reproduce any reaction

Isomerization reactions

[Song, Tsuneda, Sato & Hirao, Theor. Chem. Acc. (Imamura Festschrift), 130, 851, 2011.]
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Condensation reactions

[Singh, Tsuneda & Hirao, TCA (Nagase Festschrift) 130, 153, 2011.]

Aldol reaction

OH
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Isogyric reaction

—OH +

—NHz +

NH;

OH

+ —OH
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(10)

(11)

(12)

B3LYP does not give
guantitative enthalpies
for condensation
reactions [Wheeler et
al., JPCA, 113, 10376,
2009.]

LC-DFT comprehensively
provides accurate
reaction enthalpies for
these condensation
reactions

Table. MAE of condensation reaction enthalpies (kcal/mol).

Reaction LC-BOP LC-wPBE  CAM-B3LYP  B3LYP BMK MO06-2x
Aldol 1.7 1.9 3.0 7.6 3.4 1.7
Mannich 1.1 2.9 1.9 6.3 0.9 1.3
a-Aminoxylation 2.8 1.5 1.4 2.4 3.8 39
Isogyric 3.7 4.8 2.0 1.9 2.3 4.0
Total 2.2 2.8 2.2 5.0 2.6 2.6
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Diels-Alder reactions
B3LYP also cannot give quantitative

Ib Z}i\}(ﬁufo Ie
O [? H{ LA Diels-Alder reaction enthalpies
° /

5w © [Pieniazek et al., Angew. Chem. Int. Ed.

;L*@{ 47,7746, 2008.]
RN "“*{ N/ GGA & B3LYP results are surely poor

w M e Semi-empirical functionals, M06-2x &
Al b BMK, provide accurate enthalpies

" LC-DFT also give accurate enthalpies,
though these are poorer than semi-
empirical ones
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[Singh, Tsuneda, Song &
Hirao, J. Comput. Chem. 34,
379, 2013.]
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N = Nreactant (eV)

reactant (ha rtree)

E-E

Global hardnesses in Diels-Alder reactions
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Fig. Calculated global hardnesses (the
halves of HOMO-LUMO gaps) of 1,3-
butadiene+ethylene complex on IRCs
and the corresponding reaction

energy diagram.
[R. K. Singh & T. Tsuneda, J. Comput. Chem,,
34, 379, 2013.]

B3LYP: monotonically-increasing

LC-BOP:
almost constant (precursory)
rapidly-increasing (successive)

Constant 77 & Electron transfer



Conventional theoretical reaction analyses

Reaction energy diagram
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Total energy-based reaction analysis
Wide applicability
Quantitative discussions
lgnorance of explicit electronic
states
Many reactions proceeding to
higher barrier heights
Several probable paths

Intrinsic reaction coordinate (IRC)

Orbital-based reaction analysis
Easy-to-understand
Explicit electronic states
Narrow applicability
Hard to get orbital energies

Orbital energy
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Frontier orbital theory diagram
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Frontier orbital theory

Ansatz of Frontier orbital theory

1. Reactivities are mainly
determined by the

{—} 8—8 HOMO stabilization energies from

LUMO

electron delocalization in

{ l the transition states.
8@8 2. Frontier orbitals (HOMO &
{—}» LUMO) chiefly contribute

to electron delocalization.

HOMO

EEFE
\

Reactivity indices

Electrophilic reactions:  pyomo (1)

Nucleophilic reactions:  p;ymo (1)

Radical reactions:  [pgomo () + prLumo (1) 1/2



Conceptual density functional theory

[R. F. Nalewajski & R. G. Parr, J. Chem. Phys. 77, 399, 1982]
U

Legendre transformation (variable transformation)
Hohenberg-Kohn theorem:
Energy functional E[V: intensive] - E[p: extensive]

|4
E : independent of external poten% V variation in reaction pathways
Levy constrained search formulation = Finding optimum chemical potential
u = (0E/on)
Maxwell relation (in classical thermodynamics)

0 <6F> 0 <0F> F: arbitrary thermodynamics potential

0_xj a_xl - 0x; axj X;, X;: natural variables
$ u=(E/on)&p = (0E/aV)
Chemical potential variance wrt structural

f= a_ﬂ _ a_P change with a constant occupation #
av . on .

= Density variance wrt occupation #
with no structural change




Conceptual density functional theory

[Tsuneda, Int. J. Quantum Chem.: Special issue on “Theoretical chemistry
in Japan”, 115, 270, 2014 (Open access).]

Fukui functions

Electrophilic reactions:  f~ = (dpuomo/0n)v = puomo(r)  Densities are not
so sensitive to
structural change
Radical reactions: % = (0psomo/on)y in reactions

~ [promo (1) + prLumo (1) 1/2

Nucleophilic reactions:  f* = (dpLymo/9M)v = prumo (T)

Janak theorem (&: outermost orbital energy)

u= G_E —c m) |f= (2_;’) Orbital energy variance wrt structural
n

on change with a constant occupation #

Reactivity can be analyzed using orbital energy variance for structural change



Reaction analysis based on orbital energies

[Tsuneda & Singh, J. Comput. Chem., 35, 1093, 2014.]
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Fig. Normalized reaction diagram
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Normalized IRC

1. Plot LC-DFT valence orbital energies on
IRC (the predictor-corrector method).

2. Select the contributing orbital pair:
occupied and unoccupied orbitals having
the most varied orbital energies.

3. Construct the normalized reaction
diagram by plotting the normalized orbital
energy gap on the normalized IRC.

4. Calculate the orbital energy gap
gradient at the initial reaction stage as a
“reactivity index”.

Reactions with small index (< 0.25)
= Electron transfer-driven
Reactions with large index (> 0.25)
= Structural change-driven



Reactivity index for forward processes

Hydrogen Transfer Reactions

Fig. Fundamental

reactions
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Reactivity index for backward processes

Hydrogen Transfer Reactions
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Large-index reactions for forward processes

Symmetric reactions

Large-index (structural change- () H+HClI -«——» HCl+H
driven) reactions: Four types

(6) H,+H <—>» H+H,
(20) cis-CsHy <—— cis-CsHy
Sy2 reactions (22) H+HF <——» HF+H
(25) F+CH;C1 <«——» CI'+CH;3F =
-
(26) OHCH; +F° <«—— OH + CH;F (36) ‘
F XN
CH; reactions X =4
(38) -
(4) CH;+OH -=—— CH; +H,0 y N

(8 CHy;+Cl -——» (CH;+HCI _ ] _
Ring opening reaction

(23) H+FCH; <«——3> HF +CHj4
3 || | e—

/ \




CH; reactions

Table. CCSD(T) barrier heights, experimental reaction rates and orbital energy
gap gradients of reactions containing CH; and giving large reactivity indices.

Barrier height k(298K, Exp. .
No. Reactant Product (CCSD(Tf from NIS'IE) Gradient
donor acceptor kcal/mol) data) of Agap
4 CH, + OH > CH; + H,0 6.70 6.77E-15  0.297
CHs; + H,O - CHy + OH 19.60 1.49E-25 -0.068
(8) CH, + Cl - CH; + HC 7.90 1.07E-13 1.262
CH; + HCI - CH, + (Cl 1.70 4.49E-14 -0.020
(23) H + FCH; - HF + CH; 30.38 2.31E-18 0.681
HF + CH; - H + FCH; 57.20 - -0.668
(31) CyH, + CHs - C3Hy 6.85 1.27E-18 0.410
CsHy - GCHs + CH; 32.97 7.92E-26 -0.140
;T_i- Porpendicutar All reactions but (8) simply proceed to
' lower barrier heights.
&) _,wf””’%)I An experimental study questioning
N —— g s the intrinsic reaction path of

(e fnil
e
Rebounding

CH, + CI - CH; + HCl reaction [Simpson
et al., J. Chem. Phys. 103, 7313, 1995].



CH, + Cl - CH; + HCl reaction

o Experimentally-
Minimum energy path (MEP) proposed path

,}s 02% 3;)2% > @ a 4

e B Poem
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1 +\\ P !‘\-\.j _5
Structural 0.8

-@-forward
change-driven ~e-backward

' Ainitial)

- A|n|t|al)

Electron transfer- /
driven

(A_Ainitial)/

Experimentally-proposed path: small index in the initial stage of the forward process
Minimum energy path: large index

= Experimental path has priority over the MEP due to the initial electron transfer.



E — Ecqerant (kKJ/mol)

CI= + CH,l & CHLCl + I S 2 reaction

[Tsuneda, Maeda, Harabuchi & Singh, Computation "~ '50th Anniversary of the
Kohn-Sham Theory — Advances in Density Functional Theory”’, 4, 23, 2016.]

Fig. The potential energy curve of the overall CI- + CH;l — CH,CI + I S, 2 reaction, which

is calculated by the reaction path search method in the GRRM program with
LC-BOP+LRD/D2f2-TZVPD.
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There is the IRC of the precursory process called “roundabout path” just before

the usual Sy2 process



Normalized orbital energy gap
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Fig. The normalized reaction diagrams of the three steps of the CI- + CH;l — CH,CI + |-

S\ 2 reaction, which is calculated by LC-BOP+LRD/D2f2-TZVPD.
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Orbital energy-based reaction analysis— Dispersions play a significant role in
S\2 reaction and the roundabout path is driven by structural change, i.e.
dynamically, in contrast to the Sy 2 process driven by electron transfer



Gas-phase vs solution reactions
Figs. Potential energy curves & glcl)bal hardnesses by LC-BLYP/aug-cc-pVTZ.

Sy2 reaction: NH; + CH;Cl - NH,CH; + Cl
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Conclusions of the second part

1. LC-DFT has solved and improved the reaction enthalpies and reaction barriers in
various types of chemical reactions: e.g., isodesmic, isomerization, condensation,
and Diels-Alder reactions. In the reaction calculations, dispersion corrections are
found to play more significant role than expected.

2. In Diels-Alder reactions, it was found that LC-DFT provides almost constant
HOMO-LUMO gap for the precursory processes. Based on this finding, we
developed an orbital energy-based reaction analysis theory using a new reactivity
index, which is the gradient of orbital energy gaps contributing to reactions. This
index has revealed that many reactions initially proceed through electron
transfers between orbital pairs, which are often not HOMO-LUMO pairs.

3. The index using LC-DFT orbital energies also suggested that some reactions may
not take the minimum energy paths. For the CH, + Cl - CH; + HCl reaction, an
experiment indicates another reaction path, which is found to provide a small
index. For a Sy 2 reaction, it was found that the lack of dispersions may cause the
large index and the structural change-driven roundabout path exists just before
the usual process.
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Molecular orbitals in experiments

by generalized MO tomography.
Nature Phys. 7, 822, 2011]

DFT calculation
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Molecular orbital imaging
[Itatani et al., Nature 432, 867, 2004]:
Computed tomography scans of molecules
that dissociates an electron from orbitals by
tuning the laser from all directions to
measure the scattering angles of the electron

Fig. Molecular orbitals of PTCDA.
Phys. Rev. B 7, 235427, 2011]
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Anti-activation energy reactions

Table. CCSD(T) barrier heights, experimental reaction rates and calculated orbital
energy gap gradients for the reactions proceeding to higher barrier heights.

Barrier height k(298K, Gradient of

No. Reactant Product (CCSD(T), Exp.from orbital
donor acceptor kcal/mol) NIST data) energy gap
(3) CHy + H - CH; + H; 15.30 1.64E-19 -0.134
CH3 + H, - CHy; + H 12.10 8.41E-21 -0.400
(8) CHy + Cl - CH; + Hd 7.90 1.07E-13 1.262
CH3 + HCI > CHy + Cl 1.70 4.49E-14 -0.020
(15) OH + Cl - O + HCl 10.40 6.62E-16 0.301
HCI + O - Cl + OH 9.80 1.54E-16 1.177
(29) HCO - H + CO 22.68 3.30E-22 0.019
coO - H - HCO 3.17 1.09E-34 0.294
(32) HCN - HNC 48.16 6.93E-22 0.496
HNC - HCN 33.11 : 0.561

All reactions but (8) give smaller gradients for forward processes.
Initial electron transfers may accelerate the reactions passing higher
barriers for anti-activation energy reactions.



Orbital energy gap gradient on IRC

[Tsuneda & Singh, J. Comput. Chem., 35, 1093, 2014.]
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