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A 100% longrangeexact exchange & dispersion.
A¥vYyB97, ¥B97IX, ¥B97X

A J.D. Chai, MHG, JCP 128, 084106 (2008)
A PCCP 44, 6615 (2008), CPL 467, 176 (2008)




2 new |longrange corrected B97 functionals
(JengDa Chai)

A @97: 100% longrange exact exchange

A B97X: also a fraction of sherange exact exchange

A For shortrange GGA, use the shadnge LSDA (Gill)

with new GGA parameters for the enhancement factor
m 2

R- -~ CX gx Ss [

as (1+gx Si)




Empirical atomatom dispersion-D) corrections

A Additional nonlocal correlation energy contribution:
C! __
C!

AC, are atomidC, factors;f damps at shomtange

A Greatly improves dispersietiominated interactions:
A R. Ahlrichs, R. Penco, G. Scoles, Chem. Phys. 19, 119 (1977)
A Q. Wu and W.T. Yang, J. Chem. Phys. 116, 515 (2002)
A'S. Grimme, J. Comput. Chem. 25, 1463 (2004)
A'S. Grimme, J. Comput. Chem. 27, 1787 (2006)

A We add this correction to wB97X &illy reoptimize




Test set performance (Jeda Chal)
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Ar,* dissociation (Jengpa Chai)
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Outline

Analyzing intermolecular interactions
A ALMO EDA/CTA: a new, welldefined method
A Energies, charge flow, donacceptor orbitals

A Dr. Rustam Khaliullin , Prof. Alex Bell (UCB)
A Khalliulin et al, JPC A 111, 8753 (2007);
A JCP 128, 184112 (2008); Chem. Eur. J. 15, 851 (2009)



Absolutely | ocali zed |r

A For molecular clusters and liquids, molecular fragment
are welldefined.

A Define absolutely localized molecular orbitals as:

Ta
TB
Tc

ATransformationT is moleculeblocked
AA L MO 6 snon@rthegonal
ANo charge transfdoetween fragments

ANoborrowingy our nei ghbor 6s basi
selfish variational purposes!




Energetics for water dimer (atgp-pVDZ basis)

——SCF
=+~ SCF CP
s~ P SCF MI




A single step correction for charge transfer

AALMO-SCF performed firsté
A Converged Fock matrix has occupigdual coupling
A So perform a single full diagonalization

A Energy change idefinedas linear in the density change

R.Z Khaliullin, MHG, A.T.Bell, J. Chem Phys. 124, 204105 (2006)



Improved energetics for the water dimer

——SCF
——SCF CP
~=~LP SCF M|
——LP SCF MI E2




Interaction energy analysis: an incomplete histor

A

T
=t O

T> T>o T T T

itaura and K. Morokuma, Int. J. Quantum Chem. 10, 325 (1976).

K. K
AMorokuma decompositiono

.S. Bagus, K. Hermann, C.W. Bauschlicher, J. Chem. Phys. 80, 4378 (198
CSOV anal ysi so

E.D. Glendening, A. Streitwieser, J. Chem. Phys. 100, 2900 (1994).
Anatural orbital decompositiono

Y.R. Mo, J.L. Gao, S.D. Peyerimhoff, J. Chem. Phys. 112, 5530 (2000).
ARnBLW EDAO

Alternative development is symmetaglapated perturbation theory (SAPT).
See e.g. B. Jeziorski, R. Moszynski & K. Szalewicz, Chem. Rev. 94, 1887
(1994); A.J. Misquitta, B. Jeziorski & K. Szalewicz, Phys. Rev. Lett. 91 (200



Analysis of binding energies

A Geometric distortion
A Nonrinteracting fragment densities p(0)

A Frozen electrostatics: Interaction energy using p(0)
A Coupling of permanent moments & exchange repulsion

A Polarization: treat by ALMESCF (new)
A Induction effects treated fully setbnsistently

A Donoracceptor interactions: chargiansfer correctiofnew).
A Can be decomposed into forward/back donation

A Higherorder charge transfer: full SCF
A Not decomposable

R.Z Khaliullin, R.Lochan, E.Cobar, A.T.Bell, MHG, J. Phys. Chem A 111, 8753 (2007)



Complementary occupiedrtual orbital pairs

A X, is decomposed intofy) intermolecular pairs:

A The principal orbitals for charge transfer are obtained
singular value decomposition N\(/Xéy)

X\(/)gy) - Vx X(X’y)U ,

//\\

o : Weight of each . :
Principal virtual doer:glﬁzt;lcceptor Principal occupied
(acceptor) orbitals bair (donor) orbitals

R.Z Khaliullin, A.T.Bell, MHG, J. Chem. Phys. 128, 184112 (2008)



Forward donation in (CQW-CO
(Rustam Khaliullin)

A AE(L M)= 101 kJ/mol
AAQ(L M)=0.04¢e

A 1st complementary orbital pa
A98% of AE
A97% of AQ
ABold: donor orbital
AFaint: acceptor orbital

R.Z Khaliullin, A.T.Bell, MHG, J. Chem. Phys. 128, 184112 (2008)



Backdonation in (CO)W-CO
(Rustam Khaliullin)

A AEM L)= 142 kJ/mol
AAQM L)=0.25¢

A 1st complementary orbital pa
A50% of AE o
A50% ofAQ
ABold: donor orbital
AFaint: acceptor orbital

R.Z Khaliullin, A.T.Bell, MHG, J. Chem. Phys. 128, 184112 (2008)



Form of the donor & acceptor orbitals

Donor orbital does no
rotate with rotation of
the donor molecule!




Outline

A 4th order scaling, removes systematic MP2 errc

A JCP 121, 9793 (2004PCCP 8, 2831 (2006);
JCP 126, 164101 (2007); JCTC 3, 988 (2007);



Wavefunctiorbased levels of theory

A Uncorrelated (meafield) level.
AHartreeFock (HF) / Single excitation Cl (CIS)
ACheap (~M), seltinteraction free, and quite inaccurate

A Second order pair correlation treatment.
AMP2 for ground state. Mcost, fair accuracy.
ACIS(D) and related methods are excited state analogs

A Self-consistent pair correlation treatment (& beyond!)
ACoupled cluster theory for ground state
ALinear response/equatiaf-motion coupled cluster
A Systematic framework for high accuracy (high cost) M



Improved MP2: scaled opposite spin (SOS) MP.

— (2) (2)
EI\/IPZ - EHF tEog Tt Ess

— (2)
E&)S— MP2 EHF +C S

A A 1l-parameter empirical modification of MP2
AMoti vated by Gr-parametedSICME2methadi c a |

A (Statistically) better chemistry:
A Scaled (by 1.3) to correct systematic deficiencies of MP2

A Cheaper cost:
A SOSMP2 has only 4th order computational cost scaling!

Y. Jung, R. Lochan, A.D. Dutoi, and MHG, J. Chem. Phys. 121,-9392 (2004).



Atomization energies (Rohini Lochan)

Alndependently assess ato

A 148 molecules from the G2 database
ACompare against CCSD(T) (/TZ basis)

A SOSMP?2 is significantly better (and cheaper) than MF

MP2
RMS de 14.9

Max dev 38.1



SOSMP2 energy timings

A t/seconds (Opteron 2 GHz).-p¥DZ basis.
A Tight cutoffs (12/9)

A SOSMP2 is 4th order scaling.

A Faster than RMP2 for large system

For MP2 energy

time

e
HF MP2 RIMP2 SOSMP2
(alanine)4 (3D) 2340 3087 245 282
(alanine)8 (3D) 15729 47480 5392 3394
(alanine)l6 (3D)| 711/8 145600 48630




SOSMP2 analytical gradient timings

A t/seconds. B1G** basis. Tight cutoffs (12/9)

A SOSMP2 is faster for large systems.

A Advantage increases with size time
for force
HF MP2
(alanine)4 1704 9160
(alanine)8 9596 121473
(alanine)16| 46305




What to do about large radicals?

A HartreeFock theory can suffer large spin contaminatio

A Which causes MP2 (and S@&P2) to perform poorly

A Cure? Optimize orbitalawith scaled opposite spin
second order correlatio®@ methodk

Eo, = B + GBS

R.C. Lochan and MHG, J. Chem. Phys. 126, 164101 (2007)




Performance of the O2 method

A 148 atomization energies (kcal/mol): choose c=1.2

1.1 1.3
RMS dev 9.9 18.5
A 12 bond lengths (doublet diatomic radicals) (A)
HF MP2
RMS dev 0.043 0.030
A 12 harmonic frequencies (doublet radicals)-&m
HF MP?2

RMS dev 292 380




Large unsaturated radicals

g

MP2 1.9238

MP2 2.9198 -5.96

R.C. Lochan and MHG, J. Chem. Phys. 126, 164101 (2007)




Outline

Scaled opposite spin (SOS) CIS(D), CISdp
A Excited state analog of ground state MP2
A 4th order scaling, better than CIS(D) error
A Dr. Young Min Rhee, Dr. David Casanova
A JCP 111, 5314 (20073CP 128, 164106 (2008);
A JCTC (in press)



Excited state CIS(D): Spicomponent scaling?

AClI S(D) energy can also b
E oy = B + B + ES5O

A And thus we can define an opposite spiraled method:

active Spectator

Egs aspy = BEas T QEos +CrEqe

A 2 parameters are involvedone for each of the 2 terms
Afl s p e c paiadoreelations are scaled as the ground stat:
AR a c tpainvcerlations will be scaled differently, by

Aﬁlth order scaling of computational cost



Examples: CIS vs CIS(D) vs experiment

A 0 0 excitations. augc-pVTZ. HF/CIS structures/ZPE

CIS

4.67
4.57
5.53
4.99
5.33
4.95
4.81
4.20
3.15
2.33



Same examples: CIS(D) vs SO(D)

A 0 0 excitations. augc-pVTZ. HF/CIS structures/ZPE

SOS-
CIS(D)

4.85
4.78
434
4.77
4.28
3.99
3.62
3.51
2.38
2.47



Statistics: 43 adiabatic excitation energies

A Significant improvement over CIS(D): scale factor is 1

gl
2

SOSCIS(D):




Computational costs for 10 lowest excited state

A augcc-pVTZ basis (except for ZnBBC: 6-31G*)
A Timings on 1CPU of a 2.0 GHz Opteron processor.

SOSCIS(D)

4

25
55
109
352
528
3010



Conical intersections between excited states

/\ /\
Non-degenerate: Quastdegenerate:
SOSCIS(D) falls SOSCIS(D,) is OK

D. Casanova, Y.M. Rhee and M. He@drdon, J. Chem. Phys. 128, 164106 (2008).



