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Methodology:

ffective ragment otential method

Perturbation theory applied to non-interacting fragments

Einteraction = Ecoulomb ) long-range
T Epolarization - perturbation theory
+ Edispersion _
T Eexchange-repulsion } short-range
+ perturbation theory
Eintf

distributed approach
used for all terms

®\ Day et al, J. Chem. Phys. 1996, 105, 1968-1986;
- Gordon et al, . Phys. Chem. A 2001, 105, 293-307;
Eint Gordon et al, Ann. Rep. Comp. Chem., 2007, 3, 177-193;

Ghosh et al, J. Phys. Chem. A 2010, 114, 12739-12754
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EFP set-up

1. Preparation of EFP fragment parameters
general fragment: MAKEFP run (GAMESS)

a set of ab initio calculations on each unique fragment

=  Coulomb: set of point multipoles (DMA)

= Polarization: static polarizability tensors at LMO (coupled HF)
= Dispersion: dynamic polarizability tensors at LMO (TDHF)

= Exchange-repulsion: wave function & Fock matrix (HF)

2. EFP calculation (energy, optimization, MD, MC, ...)
= EFP-EFP interactions by (semi)-classical formulas
=  QM-EFP interactions via 1-electron terms in QM Hamiltonian
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S22 dataset of intermolecular interactions

H-bonded complexes:
ammonia water formic acid  formamide uracd 2-pyridoxine adenine
dimer dimer dimer dmer 2-ami ndme thrymme

N rr:: -*( (r( *}«
3.17 5.02 18.61 15.96 20 65 16.71 ; 16. 37

Dispersion complexes:
methane ethene  methane benzene pyrazine uracil indole adenine
dimer  dimer benzene dnmer d-mer d-mef benzene thymmc

OI ?;{ A % :?ﬁ‘ 12.23 .'

Mixed complexes:
ethene benzene benzene benzene benzene phenol indole
ethyne HCN ammenia water dimer dimer benzene

| 3 e = o 33’ 2
&

- &k K,E(I,r”(?d’

1.53 3.28 2.35 4.46 5.73 7.05
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S22: performance of popular methods

MAD, HB mixed overall

kcal/mol HF 3.29 3.15 4.56
B3LYP 1.77 2.64 3.54
PBE 1.13 1.66 2.44
MO6 0.89 0.67 0.85
MO06-2X 0.73 0.32 0.47
wB97X-D 0.27 0.42 0.33
MP2 0.24 0.61 0.88
SCS-MP2 1.54 0.37 0.80
SCS-CCSD 0.40 0.23 0.08 0.24
Amber 0.98 0.89 2.12
OPLSAA 1.07 0.56 1.98
MMFF94 0.73 0.60 1.61
EFP 0.57 0.35 0.89
10% error 0.48 0.39 0.74

J. Chem Theory Comp., 8 (8), 2835-2843 (2012)



S22: performance of force fields
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EFP vs SAPT
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EFP in a nutshell

* rigid-geometry fragment-based
polarizable force field

* all EFP force field parameters are
obtained from a separate ab initio
calculation: no fitted parameters

* provides physical insight into
intermolecular interaction

* accuracy: 10-15% relative error in
interaction energies (similar to MP2,
better than many DFT functionals,
superior to classical force fields)

* accuracy can be further improved
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LIbEFP: stand-alone EFP implementation

e written in standard C99 Dr. llya Kaliman
* uses native EFP data format _
generated by GAMESS http//WWW/IbeprI’g/

* 2-clause BSD license

* uses BLAS wherever possible
for better performance

64 4

° available as a shared or static ' smwer wwermotesi
library

* parallelization across multiple
nodes using hybrid MPI/ N
OpenMP .|

Kaliman and Slipchenko, JCC 34, 2284 (2013) T ivember of compute thrvads.
Kaliman and Slipchenko, JCC 36, 129 (2015)
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LIbEFP

LIBEFP EFP-only
. system
various
QM/EFP
methods

» distributed with
LIBEFP code

* molecular dynamics in
NVE, NVT, and NPT
ensembles

Gamess k|
S — : Tinker | *© MM/EFP schemes
Molcas ! | = ————— « free energy
— calculations with EFP

Lyudmila V. Slipchenko EFP: full embedding Excited state dynamics, Buffalo 2018



QM-LIbEFP interface

ab initio package

multipole integrals at MP <~ ——
l multipole integrals at XRP <———
SCF procedure

electric field at PP -

QM-EFP Coulomb energy

QM-EFP ex-rep energy

orbital energies

correlated energy (optional)

v

LibEFP

—————— coordinates of multipole points (MP)

—————— coordinates of ex-rep points (XRP)

coordinates of polarizability points (PP)

induced dipoles
v
< EFP-EFP and QM-EFP polarization energy

—————— coordinates of dyn. pol. points (DPP)

_____ -> QM-EFP dispersion energy

Total QM/EFP energy

Gradient at QM atoms

geometry optimization / MD module

EFP-EFP energy: Coulomb, dispersion,
exchange-repulsion

<€ — — — — forces and torques at EFP fragments



ISpIEFP: GUI and job manager

molecular > computational
Structure resource

<€
iSpiEFP l

y
€<—— = molecular visualization / :
animation / editor tool EFPdb
—D - = job workflow editor /

, manager / scheduler
local machine = Java applet with

integrated Jmol
molecular viewer / editor
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ISpIEFP: EFP workflow

molecular
Structure main X | md

Title: lysine

/ Run Type: md
. Format: xyzabc
fragmentation

Elec Damp: screen

Disp Damp: overlap

Server: test
run_type md

preparing fragment § tlm‘:.:pﬁ’mp .
parameters R -
| o
prevare EFPinput (G
A e step’
submit job to computational g
resource

|

visualization, animation, analysis
Lyudmila V. Slipchenko EFP: full embedding

v Terms: elec, p... v
- Pol Damp tt v
- Pol Solver: | iterative v
v
Download Input Next
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Fragmentation of covalent systems

Selection Mode Control
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Fragmentation of covalent systems

iSpiEFP

O O

| |
~C_H-C-NH-C,H~{~C-NH-C,H-

3 | | |
3& % R R R

|(|) /cap with H \ |(|)

—CiaH—C—NH—Cl)aH—H
R RV

automated O ‘1’

|
-C

H-C-NH-C,H
a a
| | N )

R R
Lyudmila V. Slipchenko

EFP: full embedding

H-C-NH-CH-
compute EFP \l' |
parameters R
remove caps |(|3
redistribute C-NH-C_H-
residual charge ( p I?
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EFPdb parameter database

| official official parameters
EFPdb | parameters open to the world

user group

parameters
user group parameters

user group open to users within
parameters the group

Fragment info user group * group is defined during
parameters GUI registration
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Fragment search

search local directories I D’:I

search EFPdb database *”f:['EJ

N
'd

v

a list of fragments with user-defined
tolerance on RMSD

selection of a fragment

69 default: smallest RMSD
s"
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Solute-solvent tete-a-tete

Solvatochromism = differential solvation of the ground
and excited states of a chromophore
Influence of solvent on properties of solute

S i

cyclohexane toluene dioxane THF ethyl acetate CHCI; CH,Cl, acetone DMF
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‘ solvent \

HEFP + HQM/EFP

[_ccfph/ng term

H exch-rep

electrostatic full |
embedding polarizable embedding
embedding
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Self-consistent polarization

QM region EFP region

static
multipoles

v

induced
dipole

nucle

" nduced dipole L “, =0%me1% total field |

% polarizability tensors ]

[Flotal = % (qult + Find)} + [Fai + [Fai-nuc J

Epol = 1/, 3 u (qult + Fai—nuc) +15 Y u [Fai
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Polarization within HF cycle

H=0 Exit

No Yes

Compute ¥ |«

Is ¥ converged?

HF
self-consistent
cycle

Y

Compute F,

l

Compute Fp

Yes

Is py converged?

polarization
v elf-consistent
cle

Compute p
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QM/EFP for the electronic excited states

f Generally, each excited state
C#O (? has different electron density
& charge distribution ==y
different response from
environment == state-
C} specific perturbative treatment

Polarization correction to the excitation energy due to polarizable
environment (using one-electron excited state density):

A Epol — Epol,ai( Mex) _ Epol,gr( Mgr) _&Mex/_ Mgr) Fai, ex]

Thompson & Schenter, JPC 99 leading correction to the interaction
6374 (1995) between u®* and W ex
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Solvatochromism in para-nitroaniline

Para-nitroaniline (pNA) — a chromophore with bright low-
lying charge-transfer state

absorption spectrum

l v ‘: Al :— l L) Ll L] L] I L]
s ‘é‘ E OQN/’O
% = & ~
charge-transfer = 2% ¢ a
* ngn Q (a] :'.; 9 :_:E
n->7" transition 8- 7 oz .
£ g
> el
c o
2
g
@
L
©
. . / - T -
Kovalenko, Schanz, Farztdinov, Hennig, L<.....ccoo =™
Ernsting, CPL 323, 312 (2000) 3.0 3.5 4.0 eV
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Solvatochromic shifts in pNA

water 5 water
1.02 eV dioxane
10- expt: 1.0eV [ B c-hex
‘ B
0.8 N £
Q.
Dr. Dmytro I @
Kosenkov 0.6 - 0 o
3 - . dioxane
© A illEe 1 o044ev
] _ ‘expt: 0.72 eV
0.2 - c-hexane
. 0.20eV
1 'expt: 0.41 eV
0.0 [ SRAlI NS S

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8
Kosenkov & Slipchenko, JPCA, 115, 392 (2011);

Kovalenko et al, CPL 323 (2000) 312; eV

Morgan et al, JCP 115 (2001) 912
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Vertical ionization energy of hydrated thymine

>
()]
"
g _ % 04 ] A
Dr. Debashree @ - ]
Ghosh @ -0.6 — ° -
S o AN 1
@ <-0.8__--------——————.> ﬁ_.__l
-1.0 T T - T T - T 1T ]
electron acceptor, 0 1 2 3 4 5 6
increases VIE No of hydration shells

EOM-IP-CCSD/EFP

Ghosh, Isayev, Slipchenko, Krylov,
JPCA 115, 6028 (2011)

Excited state dynamics, Buffalo 2018

electron donor,
decreases VIE
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VIE of hydrated thymine

] I 1 I L} I Ll
0.8 —=— |E without polarization

04 —e— |E ith polarization

AVIE, eV

T I T T ]
0 5 10 15 20 25
Snapshots

Polarization of environment is
extremely important!

Error, eV

s T ' T 7
10 15 20 25
Snapshots

(b)

o
o —
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A closer look at

solvatochromism

Electrostatic terms (dominant in Short-range “cavity
polar or polarizable solvents) - terms” (dominant in non-polar

stabilize the electronic state solvents

with larger partial ch:
larger dipole momen QM/EFP

electronic state of

electrostatic, dispersion,
| polarization exchange- |
® repulsion S

EFP: full embedding Excited state dynamics, Buffalo 2018
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QM / EFP: toward full embedding

@ ‘ solute \ ‘solvent\

H =HQM +HEFP +HQM/EFP

/
®
®VE?; ®H® coupling term ]
H OMIEFP = H +H" + H exehrer

Smith, Ruedenberg, Gordon,
Slipchenko, JCP 136, 244107 (2012);

lipchenko, Ruedenberg, Gordon;
CA 2017, 121, 9495-9507
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Long-range perturbation theory

H’ = H* + H?
A B !
o pA)PE() drd
Atreglr — 1
E°=E* + E®

E' = <()0 | H' |0()> electrostatic e

; (00 | H' | mn)X mn | H' 1 00)
E =_E O _ g9

E (00 | H' | m0Y(mO | H' 100)

: : : : E O
L> polarization (mductlon)
energy (00 | H' 10n)(0n | H' 100)
2 EB _ EB
~ _E (00 | H' | mn){mn | H'100)
dispersion energy dip &L pA_EP_pA_EP

n=0
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Dispersion energy between EFP fragments

Applying multipole expansion to classical fragments A and B, the
perturbation H becomes:

H' =Tq"q" + T,(q"ng — p4q") — Taphfp 1+ -
T, Ta and Tap are the electrostatic tensors of zero, first, and second rank

The leading term (C6): (04] pA Im)(m|ﬂ§1| OA)(OB |ﬂg |n)(n|,a§|03)

EdiSp — z TABTAB
e Enmo + Eno
mmn=+0 1B
Introducing Casimir-Polder identity: 158 = @D T D dw

and notatio 1\ 3R,Rz —R?8,, Wmo{0]e |m){m|ps [0)
dynamic po1 Tap = VgVa ( ) RS ‘ 7 :

R A(Wmo — w?)
F) ] ] I X,¥Y,Z co
rincipa dlsp 4 a .
fragment-fragment = T 5= z T 3 aay(lw)a;’?a (lw)dw
energy aByS
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Approximations in EFP-EFP dispersion term

« Distributed polarizabilities (on ap (o) > Y aj,(io)
LMOs): JeB

* |sotropic and spherical-atom Agp (iw) = a@(inw)dgqp
approximation for polarizabilities:

. EFP-EFP C6 coefficient o~
computed using 12-point Corki = ;Wi A=y (e te)
quadrature:

 Damping function using inter- f$=1-5(1 —2In|S| +2In°|S])
fragment overlap integrals: —

* 4/3 factor to account for higher- | pdisp ~ _ 4 z Jij f"f
order terms 3 Gty B

Amos et al, J. Phys. Chem. 1985, 89, 2186-2192;
Adamovic & Gordon, Mol. Phys. 2005, 103, 379-387;
Slipchenko and Gordon, Mol. Phys., 107, 999 (2009)
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QM-EFP dispersion

Applying multipole expansion to classical fragment B, while A remains

uantum, the perturbation H’ is: ,
’ P H = fT s oA (r)dr
disp _ _ z (0T, plm){(m|Tgp?|OXOlug In){(n|ug|0)
mn=0 E;;llo t Eno

Again, using Casimir-Polder identity and gathering terms for dynamic
polarizability tensor on fragment B:

X,V,Z

ESEPEFP z Z(O|Tap |m)(m|TBpA|O f(a) )Z_I_wzagﬁ(ia))da)
mo

m#0 af
Approximating the sum-over-state expression by the orbital-based

summation, obtain the principal expression:
occ vir X,Y,Z

gll\;lspEFP S‘S‘S‘S‘(kIT |7"> |Tﬁ|k j(wA Y2 1 o2 aﬂ(lw)da)

JEB k r
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QM-EFP dispersion

occ vir X,Y,Z

ESEPEFP 777 7(k|T |r) |TB|k J (k. )2 +a)2 aﬁ(lw)da)
/N

JEB k r
T —v (l) __Re electric fleld integrals in computed using
* “\R R3 occupied-virtual block 12-point quadrature

(“transition” electric field)

» Distributed polarizability tensors (on fragments) are used
* Information from the QM subsystem: electric field integrals, orbital

energies
« Additive correction to SCF energy of the QM-EFP system

Slipchenko, Ruedenberg, Gordon,
JPCA 2017, 121, 9495-9507

Excited state dynamics, Buffalo 2018
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Simple tests

o Ar dimer ) /, Water dimer

' / -10
14 ==SAPT d ~SAPT

-=EFP-EFP 12 -
16 ~+QM-EFP +QM-EFP

-14

-2 T T T 1 -16 T T T 1
- -0.5 0 0.5 1 -1 -0.5 0 0.5 1

12 ] / CH4 dimer : ;17/// HF dimer

-2.5
4 ~SAPT o ~SAPT
3 - - y “EFP-EFP
+QM-EFP +QM-EFP

35 -12

Dispersion energy, kcal/mol

-4 T T T 1 -14 T T T 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

! R-R,, Angstrom
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Favorite test: benzene dimer

6 0 0

&

= 4 2

S

X 2 -4 / .

5 B T-shaped . Sa ndWI(.Zh

GCJ . benzene dimer . // benzene dimer
) . “~SAPT 10 // ~“-SAPT

o =EFP-EFP !/ =EFP-EFP

‘5 | “+QM-EFP " +QM-EFP

| -

O

Q| 7 ‘ ‘ ‘ ‘ ‘ -14 ‘ ‘ w w w w w
(£ 4.5 5 5.5 6 6.5 7 3 3.5 4 4.5 5 5.5 6 6.5
O

Rcom: Angstrom
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Benchmarking on S22 dataset

QM-EFP EFP-EFP
MSE MUE Rel. error MSE MUE Rel. error
H-bonded 0.43 0.73 0.10 1.12 1.13 0.16
dispersion 0.87 1.08 0.13 -0.62 0.85 0.10
mixed 0.54 0.62 0.15 0.20 0.38 0.09
all 0.63 0.82 0.13 0.20 0.79 0.12

values in kcal/mol

QM-EFP and
EFP-EFP
dispersion terms
perform similarly

-12

-16

Dispersion energy, kcal/mol

'20 T T T 1
-20 -16 -12 -8 -4 0
SAPT, kcal/mol
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Practical aspects of using QM/EFP dispersion

Dependence on DFT functional

O | 000 0.00
E ¢ 6-31+G* . . 6.314G" .
=, "esunoGdi) CH4 dimer e ME3LLG(3A2) MeOH dimer
O
X
.
S | 040 -1.00
GCD -0.60 - -1.50 . .
© o . . .
S -0.80 = o ) .
= .
qL) -1.00 ‘ Q_ 50 | | |
o
R72) o al > o 0 al
LL M — (30 L n > =
T O m a8 T o o8 0
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Dispersion for the ground electronic state

occ vir X,Y,Z

gll\jpEFp 7777("“1 |7'> |T/3|k j(wA Y2 1 o2 aﬁ(lw)da)

JEB k r af

oCC Vir

OCC

Vir

Lyudmila V. Slipchenko EFP: full embedding Excited state dynamics, Buffalo 2018



Dispersion for the excited electronic state

occ,virt

Suppose CIS formalism: ¥ =d, + Z Cia P
L,a

oCC I/\a“ Vir

OCC
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Dispersion for the excited electronic state

occ,virt

Suppose CIS formalism: ¥ =d, + Z Cia P
L,a

OCC

vir
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Dispersion for the excited electronic state

occ,virt

Suppose CIS formalism: ¥ =d, + Z Cia P
L,a

OCC

vir
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Dispersion for the excited electronic state

dis
E p

QM—EFP,ex

occ vir
=__22 Ez(cmcm) z (17 1e) (c|r] j(wA)2+ o) (i0)do

JEB @B
wca
+Z(a|Tof | J(a)g‘l — aﬁ(lw)da)
+z |Tj|k |T] (A()Uzk:_ - aﬁ(lw)dw
0

] ] [ Cuﬁa
_ Z(am{ |k) <k|Tﬁ] |a> j @) + w2 aﬁ(lw)da)
0

k

o il ( wéi
+(L|Td’|a)<a|T[;|l>f 0h)2 02 aB(l&))d(z))
0 l

a
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Dispersion energies, kcal/mol

Ground Triplet state
state HF CIS
Water dimer -1.72 -2.94 -3.47
Ammonia dimer -1.73 -3.58 -2.95
Ethene dimer -2.03 -2.07 -1.89
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Solvatochromism in pNA: revisited
QM/EFP: polarizable embedding + dispersion

QM/EFP dispersion in the ground state: -1.26 eV

eV | Excitation | Dispersion Total
energy | correction | energy

5.26 -0.29 4.97

PNA in small

benzene cluster _ _
Repulsion between QM and EFP regions

CIS/6-31+G* /[EFP is a MUST!
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QM / EFP: toward full embedding

@ solute solvent
J |~ [~

H HQM +HEFP +HQM/EFP

H® coupling term ]
H OM/EFP — H" +H" +H" +
Annu. Rev. Phys. Chem., 64,

553-78 (2013);
Iquez-Rojas and
Slipchenko, in prep
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QM-EFP exchange-repulsion

A: EFP B: EFP

EFFPRERR () = ; Ej EQM=EFP(j) = (W|B;exp (—a;(r — R))?)|¥)

« 3-center-1-electron integrals are computed

* Need a pair of parameters for each unique LMO

« Parameterization is done based on comparison to
SAPTO ex-rep and total energies and EFP ex-rep
energies for molecular clusters extracted from high-
temperature MD trajectories

« Exchange-repulsion in QM/EFP1 (EFP1: water
potential) is done similarly

Claudia Viquez-Rojas
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Solvatochromism in pNA: revisited 2

Full-embedded QM/EFP
QM/EFP dispersion in the ground state: -1.22 eV

eV | Excitation | Dispersion Total
energy correction | energy
9.35 -0.21 5.14
S8 7.97 -0.51 7.46 \

PNA in small

benzene cluster Full-embedded QM/EFP provides qualitatively
CIS/6-31+G* //EFP correct description of Rydberg states

Lyudmila V. Slipchenko EFP: full embedding Excited state dynamics, Buffalo 2018




Full QM/EFP energies for S22 dataset
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Conclusions

* EFP is first-principles based polarizable force field

°* LIBEFP is a stand-alone EFP implementation designed for
interfacing with ab initio and dynamics software

* QM/EFP: full embedding scheme for describing electronic
structure in heterogeneous environments

* Excited state dynamics?

= Missing analytic gradients: state-specific polarization and excited
state dispersion contribution. Can they be ignored?

= Need QM dynamics driver. Limited possibilities exist in GAMESS,
Q-Chem,... We are interested in collaborations!

Lyudmila V. Slipchenko EFP: full embedding Excited state dynamics, Buffalo 2018




Acknowledgements

Group members:
Dr. Danil Kaliakin
Pradeep Gurunathan
Yen Bui

Yongbin Kim

Claudia Viquez Rojas
Nikita Dubinets
Hanjjing Xu

Jia Lin Cheoh
Ryan DeRue

Group alumni:
_ Dr. Carlos Borca
$88: Dr. llya Kaliman

NSF CTMC Dr. Dmytro Kosenkov
NSF SI12-SSl
NSE AIRTT Dr. Ben Nebgen
' Dr. Mandy Green
National Science Foundation Dr. Mike Hands

" WHERE DISCOVERIES BEGIN  Dr. Frank Emmert

Lyudmila V. Slipchenko EFP: full embedding Excited state dynamics, Buffalo 2013




