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Effect of proton disorder
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Theoretical approaches
MBPT
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Quasi-particle equation: (Step 2)
Lars Hedin 1965

1 .
(5 V2 + VI VNPT (7 w) + [ 2, 0) 8 (7 w)dr = B2 () U7 (7 w)

G: single particle Green’s function
W: screened Coulomb interaction
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Theoretical approaches

DFT

1)

Ground state properties Optical spectra
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TDDFT




Step 3: calculation of optical spectra within the
Bethe Salpeter Equation

Bethe Salpeter Equation (BSE)
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e-h exchange bound excitons




Ab-initio: (NOT “one puts nothing in,
one gets nothing out”!!)

*Generality, transferability 0D-3D

*Detailed physical informations

- EGOOOG”OM””I 715 ,

L

l' 5,“.;’&' 0 'l'..'.:'
RS S e




*Theoretical approaches

-Ic Ice (bulk)

- Tce Ih surface




H20 phase diagram
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It is a metastable form of
ice that can be formed, by
condensation of water
vapor, at ambient pressure

but low temperatures

Cubic ice (lc) — diamond Ilattice
153 Kdown to 113 K

G. Pastori Parravicini et al., Phys. Rev. B 8, 3009 (1973)
L. Resca et al., phys. stat. sol. b 81, 129 (1977)
W. Y. Ching et al., Ferroelectrics 153, 25 (1994)




Proton disordel

obeying Pauling ice rules

«Each oxygen is covalently bonded to two hydrogens
at distance of about 1.8 a.u. (molecular solid)

«Each oxygen atom is hydrogen bonded to two hydrogens
belonging to surrounding molecules

-Only one hydrogen atom lies along each O-O axis

JAll possible configurations satisfying the preceding
conditions are equivalent

L. Pauling, J. Am. Chem. Soc. 57, 2680 (1935)




Simulation unit cell
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DFT ‘Fermi Golden rule’ (DFT-RPA-NLF)

exciton 75
% |

— proton disordered
— proton ordered
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Fig. 3. The absorption spectra of cubic (a, b) and

amorphous (¢, d) ice. After Watanabe et al.: [4]. Ice

formed and measured at: (a) 7' = —120, {(b) —133,
(e) —166, (d) —196 °C
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Theoretical approaches
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Effect of disorder on the optical
absorption spectrum

Exciton binding energy = |

electronic gap —optical gap
Ice Ic ordered : 2.1 eV

Ice Ic disordered : 1.7 eV -




EXCITON WF

e-h pair localized on the 1stshell: short range order
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Increasing the disorder...
liquid water

Configurations of 17 molecules in a box with 15 a.u.
side obtained with classical molecular dynamics
simulations™

* TIP3P; 40ns simulation run; snapshots every 2ns, NVTensamble Performed by Michele Cascella (EPFL)



V. Garbuio, M. Cascella, L. Reining, R. Del Sole and O. Pulci, PRL 97, 137402 (2006)

Experimental
gap:

8.7+ 0.5 eV

Bernas et al., Chem.
Phys. 222, 151 (1997)




Calculations done on 20 snapshots




Flocronic gap (GW)

Disorder effects:
Shrinking of the electronic gap
Bound exciton almost not affected

Cancellation effect




*Theoretical approaches
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lce |h(0001) surface

Side View

From F. Baletto, C. Cavazzoni, S. Scandolo, PRL 2005 8 molecules per bilayer, 4 bilayers, 96 atoms




DF T-band structure

=

I Egap~4.5 eV
2| (Egap bulk Ih~5.6 eV)




Can optics help in understanding
the surface geometry?

Preliminary results for the Striped surface
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5 10 15 20 25
Energy (eV)

Energy (eV)
DFT/PW91




Lonclusions & perspectiv,

« Electronic and optical properties of bulk ice Ic slightly
modified by proton disorder: differences in density of states,
band structures, electronic gap, and optical absorption
spectrum

« “Similar” behavior of liquid water

. Effect of disorder: shrinking of the electronic gap not
followed by bound exciton that remains almost unaffected.

« Optics may probe the order of Ice surfaces




Thanks to:

» Viviana Garbuio (Roma2)
 Rodolfo Del Sole (Roma2)

Michele Cascella (Uni Berne)

» Erio Tosatti (ICTP, Trieste)
« Sandro Scandolo (ICTP, Trieste)
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tlhhar nlhhaeceAas
Jther Prases
Ice Ic ord | Ice Ic disord | Ice |h disord | Liquid water **
DFT gap 5.76 eV 5.61eV 56eV 51eV

GW gap 9.6 eV 9.1eV 10.1 eV 8.4 eV
Optical gap 7.4eV 7.3 eV 6.9 eV 6.0 eV

Experiment

1 | 1 | 1 | 1
10 11 12 131
E[eV]

DFT-GGA

rT 111117 T 1T Tr1T 1T T T 11T 1T 1T 1T T T°71
10 15 20 25
Photon energy [eV]










Bulk ice Ic - RPA - local fields

npwmat=33, npwwfin=3071. lomo=9, nbands=70, broad gauss 0.1, 64k in [BZ
4 | | | | | | | |

Ice Ic ordered

Ice Ic disordered
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12 13 14 15 16 17 18

E [eV]




It Is a metastable
form of ice that can be
formed, by
condensation of water

vapor, at ambient
pressure but low
temperatures




DFT, GW and Excitonic Effects

Assess the accuracy/ability of MBPT versus the more
conventional (and efficient) TDDFT



Quasi-particle equation: (Step 2)
Lars Hedin 1965

1 .
(5 V2 + VI VNPT (7 w) + [ 2, 0) 8 (7 w)dr = B2 () U7 (7 w)

G: single particle Green’s function
W: screened Coulomb interaction




GW approximation

®&\W = 6'_1\/ 5(3,(;'((11(0)

Has to be inverted!!!!
(limit: 16000x16000)

‘ Empty states summation:
~100-1000 empty states have to be included

Electronic gaps (I-A) in good agreement with exp.



DFT, GW and Excitonic Effects
MBI

Assess the accuracy/ability of MBPT versus the more
conventional (and efficient) TDDFT



Step 3: calculation of optical spectra within the
Bethe Salpeter Equation

Absorption spectra

A photon excites an electron from an occupied
state to a conduction state

hv Ef
v h

Bethe Salpeter Equation (BSE)

Kernel;: 2=V — W
/ \

e-h exchange bound excitons




-Optical spectra of water

-Minimal Base Schiff Model

. indole in water solution:, " .
a QM/MM approach - . ©




the solvent! water

Liquid water is a
disordered system

impossible to study within MBPT

the optical absorption of such
a large systeml!



Liquid water is a
disordered system

'

Huge _mdcell

20 molecular dynamics snapshots
and average of results.

Configurations of 17 molecules in a box with 15 a.u.
side obtained with classical molecular dynamics
simulations™

* TIP3P; 40ns simulation run; snapshots every 2ns, NVTensamble Performed by Michele Cascella (EPFL)






TDLDA does not work for IH50

4 | ¥ (] " i
1 -snapshot Optical absorption spectra

TDLDA: No improvement with respect to DFT




-Optical spectra of water

-Minimal Base Schiff Model

- indole in water solution: N
a QM/MM approach .- %




Retinal

‘ N K\f._\_\fszgﬁ-
> N
TRANS
Lys296
| Conical Intersections .
2-state model state model
S
D\
" 3
5 S
- 2
A3
S, S,
=30 60 90 120 150 0 %W 30 60 90 120 150 15
Cfs diedral angle [degrees] TR ANS C?S diedral angle [degrees] TR ANS

Kobayashi, Saito, Ohtani, Lett. to Nature, 414, 531 (2001)




ETSF

European Theoretical
Spectroscopy Facility

Optical isomerisation of baseschiff retinal

all-trans form TRANS




M. Garavelli, P. Celani, F. Bernardi, M. A. Robb, and M. Olivucci

J. Am. Chem. Soc., Vol. 119, No. 29, 1997
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...some further theoretical works

MINIMAL BASE MODEL
F. Schautz, F. Buda, C. Filippi, J. Chem. Phys., 121, 5836 (2004)
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MBPT RESULTS

DET+GW+BSE (this work)

."‘EHC:SQ
l--lEKC:Sl
l--lEKC:SE

i
-
L
D
o
1
3
=
il

7
6
A
g
3
2
1

I&.}.',:|||||||¢|||




MINIMAL BASE MODEL  TDDFT
different TDDFT kemnels

& -A GAUSSIAN B3LYP

A A GAUSSIAN BLYP

L} -0 MCSCF (Olivucci et al.)
@ -® DFT+GW+BSE
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A. Mosca Conte, L. Guidoni, R. Del Sole, and O.P. in preparation
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-Optical spectra of water

-Minimal Base Schiff Model

- indole in water solution: N
a QM/MM approach - . @




QM/MM Method+MBPT




Ground-state properties: DFT/MM:

T U™ (1) + Ve (1) [ (1) = ey (x)

nat(QM) 7 ion nat (MM ) qe _
U QM /MM (l‘) _ Z (QM)i 4 Z (MM)
i=1 ‘r_R(QM)i‘ j=1 ‘r _R(MM)J"

Excited state properties: VIBPT/MV

TV, () + U™ () (1) + [dre S (e, 68 Wy, (1) = ew (1)
1st perturbation:
P (polarization)
e (QP energies) > ‘ BSE (electron-hole interaction)

W (screened potential)




SOLVENT SHIFT

Solvent shift: shift of the optical absorption
from vapor phase to solution (environment dependent)

Exp. solvent shift of indole in water: redshift ~ 0.2 eV

IN VAPOR PHASE IN WATER (13.08 ps)

Slight distortion of the rings due to the presence of water



Calculating absorg

Extracting snapshots and calculate
excitation energies and oscillator
strengths within the MM external field.

2000 water molecules
Shift 6W is found ~ the same for all the
snapshots

averaging over 6 snapshots the
optical spectra

" |—= BSE @n solution ._ — TDGGA in solution
BSE in vapor phase . TDGGAIn vapor phase

0.2 eV

Energy (eV) Energy (eV)

A. Mosca Conte, E. Ippoliti, R. Del Sole, P. Carloni, and O. Pulci, JCTC 5, 1822 (2009)




Conclusions

o Electronic gap of water: 8.4-8.6 eV (exp: 8.7 + 0.5 eV)
o Optical absorption spectrum of water - important excitonic
effectsll!

g o MBPT on Base Schiff Model for retinal: agreement with
post-Hartree Fock and QMC

o QM/MM scheme +MBPT: indole in water

solvatochromism in good agreement with experiments

o heavy calculations, GW is the bottleneck

This scheme opens the way to further applications
(other biorelevant molecular environment, such as proteins)



In collaboration with:

Viviana Garbuio (Roma Tor Vergata)
Adriano Mosca Conte (Roma Tor Vergata)
Rodolfo Del Sole (Roma Tor Vergata)

Lucia Reining (LSI, Ecole Polytechnique Palaiseau)
Michele Cascella (EPFL Lausanne)
Emiliano Ippoliti (SISSA, Trieste)

Paolo Carloni (SISSA, Trieste)
Leonardo Guidoni (Univ. Aquila, and Romal)

Codes used:

CPMD Car-Parrinello

Espresso PWSCF http://www.pwscf.org
6W, EXC, DP: http://www.nanoquanta.eu
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Calculation d

Liquid water

Average over 20 classical MD snapshots
32 water molecules - 8 k-points (no G)
GGA-PW91 pseudo - E_cut=50 Ry

600 cond. states

>x: 19933/20163 pw - Xc: 13997/20163 pw
Haydock - resonant — W diagonal

2 molecules/cell - 2176 k-points
GGA-PW91 pseudo - E_cut=60 Ry
500 cond. states

Sx: 3215/3414 pw - Sc: 721/3414 pw
Haydock - resonant - W_diag

Codes:

PWscf code: http://pwscf.org
GW-Nanoguanta code

BSE-EXC code: http://bethe-salpeter.org
Dp code: www.dp-code.org




Jther phases







It has been shown 41, 10] that the choice of the I' point (k=(0,0,0)) as a single
sampling point has a partiealarly slow convergence with respect to cell size. The
interaction between neighboring cells leads to a k dependence of the electronic bands
related to cos(kr). In order to minimize this effect, it is necessary to consider a finite
st of k-points which zero the cosine for at least the nearest-neighbor eells. To this
aim, we sampled the first Brillouin zone with 8 k-points:

11 1 111 1 1 1
k=== |, il B Y (B
=(771) = (-771) b=(3-71)

and those obtained by inversion, in units of 27 /o




€ (=]

1 k-point, 256 molecules

8 k-points, 32 molecules

[10] — D. Prendergast, J.C. Grossman, G. Galli., J. Chem. Phys 123, 014501 (2005)




5) ALDA does not work for liquid H,O

1-snapshot Optical absorption spectra

—— DFT-RPA
| |= TDDFT-ALDA
- BSE

ALDA: No improvement with respect to DFT




Experimert

OFT-GCA

L 5 10 15 20 25 30
Fhiolon enerny [BY]

Hahn P.H. et al., PRL. 94, 037404 (2005)




RORO kernel

L. Reining, V. Olevano, A. Rubio, 6. Onida, Phys. Rev. Lett. 88, 066404 (2002)

a =4.615¢"-0.213

w W]

FIG. 1. Silicon, optical absomption battom), and refraction in-
dex (lop panel) spectra. Dots: experiment. Dot-dashed curve:
TDLDA result.  Dashed corve: result obtaned through the
Bethe-Salpeter methed, Continuous curve: TDDET result us-
ing the long-range kernel derived in this work.
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Details of calcula:

1st level - DFT (fhi98md code - Berlin)
8 k-points, 600 conduction bands, energy cut-off 50 Ry

2nd level - GW corrections (Godby-Reining code)
>, -19933/20163 plane waves
2.-13997/20163 plane waves

GW corrections independent on the configuration!!!

3rd level - excitonic effects (Exc code- Palaiseau)

Haydock - 200 iterations - 100 conduction states - 48 valence states
Screen: energy cut-off 50 Ry, 13997/20163 plane waves

Absorption spectra independent on the “screen configuration”lll




RPA-NLF spectra
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Z:Z&s +ZI28(V + T )x

f.. contains gap opening and e-h attraction
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m--m exp - g=0.19 au.
— — RPA - g=0(17 mol)
|+ -+ exp - q=0.69 a.u.
— RPA - g=0 (32 mol)

32 molecules GGA
vs. 17 LDA

energy loss

15 20 25 30 35 40

E [eV]
Exp: Hayashi et al., J.Chem.Phys. 108, 823 (1997)




— 5 snapshots
= 10 snapshots
—— 20 snapshots
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Radial Distribution Function

==
EA

O -0
O O-HL
Exp O-0O
Exp O-H

=

&
~ B




= |7 molecules
= 37 molecules {




Ground State properties (Total energy):

N
7N

1
(g ¥+ VL VI 4 V)85 (5) = 595 ()

1 particle excitations (photoemission)

N
E, - EN—l,j //0\

(—-v2 vest + VEYORP(R) + [5(7, 7, e9D)UPF (F)dr! = 27020 (7)

2 particle excitations (absorption)

electron—hole

interaction
(exciton)
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Ground State properties (Total energy):

(—%V"’ + V4 VI 4V, )pK5(7) = eKSpkS(7)

1 particle excitations (photoemission)

EN _EN—l,j = /0\

(__V2+Vext+VH)lIJQP (7) -l—fE(?" .r.f QP)‘IJQP ) d?’ _gQPlIJQP(_)

2 particle excitations (absorption)

electron—hole

interaction
(exciton)




Electronic tra
*Charge transfer
*Chemical reaction

*Optical properties ...



'Indole in water (QMIIVIIM 10 snapé) e
relaxed in vacuum e |

DFT/MM

Energy [eV]

indole in vacuum (GW —
indole in water (QV/MM + GW) =——

DFT+GW/MM

Energy [eV]

BSE WFULL-RESONANT =

BSE WDIAG-RESONANT
BSE WFULL-COUPLING

QM/MM
(19.08 ps)

Energy [eV]

299 12077 1-300 a'varage over 7 snaps willl couplinglg
299 12077 1-300 IN VACUUM wiull coupling

EXP in vacuum
EXPin Ar

55
Energy [&V]




‘Indole in water (QM."MIM 10 snapé) —
relaxed in vacuum

45
Energy [eV]

Inldolein v'acuum — Inldolein v'acuum —
GEC-WATER (0.60 ps) = Indole in water QMMM (0.60 ps)  m—

Energy [eV] Energy [eV]




T ] ! — Indole in vacuum  m—
QMMM (2 WET) Hg:gj Ei} — Indole in water QM/MM (8 snap) =

IN VaCUUIM  —

QM/MM (2000 WAT) (13.04 ps) =

Energy [eV] Energy [eV]

Indole in water GEO-WATER (B snap) Indole in vacuum s

Indole in water QM/MM (8 Snap) — Indole in water GEO-WATER (8 Snap) —

Energy [eV] Energy [eV]




'Indole in water (QMIIVIIM 10 snapé) e
relaxed in vacuum e |

DFT/MM

Energy [eV]

indole in vacuum (GW —
indole in water (QV/MM + GW) =——

DFT+GW/MM

Energy [eV]

BSE WFULL-RESONANT =

BSE WDIAG-RESONANT
BSE WFULL-COUPLING

QM/MM
(19.08 ps)

Energy [eV]

299 12077 1-300 a'varage over 7 snaps willl couplinglg
299 12077 1-300 IN VACUUM wiull coupling

EXP in vacuum
EXPin Ar

55
Energy [&V]




'Indole in water (QIVI!MIIVIJ 0 SNaps) =——— ' ' indole in vacuum (GW ' —
relaxed in VACUUIM  me— indole in water (QV/MM + GW)  s—

DFT/MM : | DFT+GW/MM

6 7
Energy [eV]

Energy [eV]

' ' ' ' 299 12077 1-300 a'varage over 7 snaps willl couplinglg
BSE WFULL-RESONANT - i
ESE WDIAG-RESONANT . 299 12077 1-300 IN VACUUM wiull coupling

BSE WFULL-COUPLING BRF [yaous —%

55
Energy [eV] Energy [eV]
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Appli ca1' QA to indolein Water solution
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Bridging Structural Biology to
Biomolecular properties

Other techniques in Biophysics, Biochemistry and Molecular

X-rays, NMR, Electron Microscopy Computational Molecular Biophysics Biology

- Protein dynamics and folding

- Enzyme Kinetics

- Infra Red Spectroscopy

- Raman Spectroscopy

- Electron Paramagnetic
Resonance (EPR)

- Light/Protein interactions:

absorption and emission specitra,

photoreactions, etc...

- Electron Transfer properties
- Other...




SOLVENT SHIFT indole in water

excitons BSE
I ! I !

e QM/MM 2000H.,0
m— vapor phase

Energy (eV)
Average over 6 QM/MM snapshots




' GW+BSE: in water

~ GW+BSE: in vacuum

EXP ~ Olev TDDFT: in vacuum
TDDFT: in water -

0.2eV
<=mm)




2000 H,0O molecules

*Car-Parrinello dynamics
(20 ps)

‘Environment conditions:
300 K, 1 atm

.EGAP(HZO):7'O eV
*E;p(ind)=4.3 eV




o QM MM ?
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QM simulations: MM simulations:
*Electronic properties *Dynamics

*Magnetic properties *Atomic coord. relaxation

*Optical properties *Protein folding

Parametrization of forces and

charges:
Advantage:

Computationally less
expensive




Charge distribution
(isovalue=0.1)

0.25

IND+2WAT; IND; 2WAT

1]

02 |

01 F

Indole + 2 water molecules

ALL-QUANTUM
CALCULATION ot -

0.05 |

Energy [eV]

0.25

| 120563 pw, 13.04 ps, 200 bnd, wiull, codpling. broad=0.1 =———
PW: 2 subsystemsy (200 bnd)

.'_

02
IND+2WAT;

2 ISOLATED
015 | SUBSYSTEMS

) . 01 | \

() u 0.05 |
Charge difference 0 . . . .
(isovalue=0.001) 0 2 4 6 8 10

Energy [eV]







— QM/MM 2000 H,O
— — - vapor phase

— QM/MM 2000 H,O
— — - vapor phase

Energy (eV)




solvent shift indole in water
excitons BSE 13.08ps snapshot

distorted, no water

vapor phase
QM/MM 2000 HO

Energy (eV)

Inclusion of water important to get
the right sign in the solvent shiftlll

A. Mosca Conte, E. Ippoliti, R. Del Sole, P. Carloni, and O. P., submitted







Optical isomerisation of baseschiff retinal I
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Optical isomerisation of baseschiff retinal
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-Optical spectra of water

-Minimal Base Schiff Model

- indole in water solution: N
a QM/MM approach .- %
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*Theoretical approach
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e

-Ic Ice (bulk) hpt B

- Ice Ih surface




Proton disorder plabjla




« Hexagonal ice (Ih) — wurtzite lattice

“Natural ice” - 273 K down to 153 K
o Cubic ice (Ic) — diamond lattice
153 Kdownto 113 K
o Ice XI — proton ordered ferroelectric phase
At about 72 K
« Amorphous — below 113 K






