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1) Brief Introduction.

2) Modeling solvation effects in real-space and real-time within DFT.

2.1) The basics of the Polarizable Continuum Model (PCM).
2.2) Regularization of the solvent potential in a real-space representation.
2.3) Ground and excited states: DFT & TDDFT + PCM.

2.4) Benchmark: Solvation energies and optical response of simple molecules in water.

3) Extended PCM to model a dye molecule in proximity to a semiconductor NP.

3.1) The generalized PCM response matrix.
3.2) Excited state oxidation potential (ESOP) of the dye LO in proximity to a TiO2 NP.

4) Conclusions and Perspectives.
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Dye-sensitized solar cells (DSSCs)

Typical architecture

Multi-scale system composed by:

GLASS

- .
— TR = TiO, mesoporous semiconductor film.

A e Sensitizer adsorbed onto the surface.

e Electrolyte solution with a redox couple.

TCO
Photoelectrode ® COUIltCI' GIGCtI'OdG llke platlnum.

Sunlight

Nazeeruddin et al. Sol. Energy 85, 1172 (2011)

Working principle

1. Photon absorption in the dye.

2. Electron injection into the NP.

Uo+—0

3. Dye regeneration.

4. Reduction of redox mediator.

(OLSOMO)]

Solvent polarization may

M. Gratzel, Inor. Chem., 44, 6841 (2005) .
influence all these processes
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Ultraftast charge separation dynamics

ARTICLE
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Quantum coherence controls the charge separation dynamics

in a prototypical artificial light-harvesting system - Science 344, 1001 (2014)

Carlo Andrea Rozzi'*, Sarah Maria Falke2*, Nicola Spallanzaniw, Angel Rubio?>, Elisa Molinari'3, Daniele Brida®, - Adv FunCt Mater’ 25’ 2047 (2015)

Margherita Maiuri®, Giulio Cerullo®, Heiko Schramm’, Jens Christoffers’ & Christoph Lienau?

Absorption spectrum of the RT-TDDFT -+ Ehrenfest
carotene-porphyrin-fullerene triad

nuclear dynamics
Nat. Commun. 4:1602 (2013)

Y
ot

1.0
0.8
3
O =
e
o] 0.6
o
5 K
@
b c S 04F
< < ‘:'_; N Free ions
5 2 o e Clamped carotene
» 3 (1]
4 S 5 0.2 e Clamped Cg,
é é Clamped aryl
g 5 " e Clamped porphyrin
c : < 0.0 - Q'/ Clamped all
00 50 600 300 400 500 600 1 T T IS I T ST ——
Photon wavelength (nm) Photon wavelength (nm) 0 1 0 20 30 40 50 60 70 80
Experimental Theory (TDDFT) Simulation time (fs)
(in toluene) n vacuo

Polarizability brainstorming session, QMI—UBC, April 10—14



The basics of PCM model J Tomasi et al. Chem. Rev. 105, 2999 (2005)

e The solvent 1s a continuous dielectric
medium polarized by the solute molecule.

e Solute molecule is hosted by the cavity
within the surface T'.

pm(r) = 0 for r out of the cavity (C)

® The shape of I should reproduced the
molecular shape.

Poisson equation + boundary conditions at T’

—V2V(I‘) = 47w pm (I‘) within C V(I‘) = VM (I‘) + UR(I')

_eV?2 V(I‘) — () outside C VR (r) :solvent reaction potential

—VzvR(r) — () in and outside C
Vi — V:)ut =0

(OV/ 07}, — € (OV/ ) gy = 0

[’UR] =0 mT

vr(r) — 0 at infinity
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Apparent surface charge method (ASC)

* pr(r) can be expressed in terms of an apparent surface charges:

/UR(r):/F :(_S)Slds \

e o(s) is the unique solution of the equation:
Cances et al. J. Math. Chem. 23, 309 (1998)

[Sg(2m + D) + (2m — Dg)Si)o = [SgS; ' (2r — Dr) — (2n — Dg)| Vu

(SI(E) 0)(x) =

=

Gre)(x,y)o(y)dy

(ﬁI(E) 0)(x) = [GI(E)VyGI(E) (X,¥) - ﬁ()’)} o(y)dy

—
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Apparent surface charge method (ASC): in practice
1- The cavity is defined by the union of 2- Cavity surface fessellation: projecting the

interlocking van der Waals spheres . faces of polyhedra inscribed in each sphere.

Pascual et al. J. Comp. Chem. 11, 1047 (1990) i~
There are many other algorithms. :

H discretized equations

Mﬂ

O'
wmE) = /\r—syds ]r—sk\ Z\r—skl

[SE(27T1+D_>;) + (27’(’1 — DE)S]] A_lq — [SESI_l(Qﬂ'I — D]) — (27‘(’1 — DE)} VM

k=1
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Apparent surface charge method (ASC): in practice
1- The cavity is defined by the union of 2- Cavity surface fessellation: projecting the

interlocking van der Waals spheres . faces of polyhedra inscribed in each sphere.

Pascual et al. J. Comp. Chem. 11, 1047 (1990) i~
There are many other algorithms. :

H discretized equations

Mﬂ

O'
vR(r) = /\r—syds ]r—sk\ Z\r—sk\

= {[Sp(2rI+ D}) + (271 — Dg)S;] A~ '}~ [SgS; (271 — D;) — (271 — Dg)| Vu

/
N e Q -~ PCM response matrix.

1= Q(E)V o VMIp% 0"] = VHartree 0] + Vz[p"]

k=1
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IEF-PCM equations: Molecule + solvent

solvent

Green functions

1
r—r'[ G, [eVG -7
I

Gi(r,r') =

L1
) o Esolv |I' _ I./|

Gg(r,r

S and D matrix elements

A7 1

I /

I _ ;i 1— 0,

S,U k Ai(SJ +( 5‘7)|Sz' sj|

E __ ol solv

VAT A, (si —s;)-n(s;)
D.I.:—k—Z(SZ-- 1—9;)— J 12 A
Z , 2R1 J—i_( ]) ’SZ‘—Sj|3

J
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IEF-PCM equations: Molecule + solvent

solvent

Green functions PCM response matrix

1
N —
GI(rar)_lr_r/| G,[EVG?A%] |
E— q = Q({s}, €V)Vn
R
GE(I',I‘) - gsolv |I' _ I./|
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PCM + DFT

e The starting point 1s the free energy functional:

Glot "l = Elp] + 5 [ e g () {onlp?](x) + onlp )}

b g [ ") (Rl )) + o))}

0G[p°, p"]
op°(r)

e By taking the functional derivative

vs[p®, p")(r) = vg[p°](r) + vr[p°](r) + vr[p"](r)

Kohn-Sham Egs.

(—%24—@ +§T:[ |r_sz|( )D%(I’):&“js@j(r)

/ :
4
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PCM + DFT: real-space (RS) representation

¢ Finite-differences methods are robust and accurate.

T
_ q“(si) +q"(si)
e Potentials and orbitals are directly evaluated in RS. vr(r) = Z

| = ‘I‘ - SZ‘
e Well suited for massive parallel computing. Tt
e Center for Theor. and Comput. Chemistry, Norway. H
Real-space numerical grid methods in quantum chemistry . .
Phys. Chem. Chem. Phys. 17, 31357 (2015). Coulomb singularity: r — S;
We used Gaussians to regularize the reaction field
Q(Sz) A. Delgado et al. J. f’h. Phlys. ]4.?, 144]I11 (20|]5) | | | | |
Y + Plil? + Pzﬂi
q(Si)  _jr—si?/aa; X 000 Gl
plesi) = o isae I L W @) = Lt e+ g £ paa’ |

F(x)

i \ :
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Results: set of molecules for testing PCM implementation

® Real-space calculations performed with Octopus (www.tddft.org)

e Solvent = water

® Benchmark with similar calculations obtained with GAMESS

ek F e L

molorts ‘mol016 | mok036 | mol069 | mol-200

e

~ mol-142 . mol160 - mol-140

Iy ’C‘;
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Solvation free energies in water

e Density functional e RSgrid: R=5AA=0.15A e GTO: 6-311+G(d,p)
GGA - PBE Octopus GAMESS
0 l 1 1 1 1 1 | | | 1
1 1 ; e n e f n | - a i
| AGe =Glpko, "] = Elprac, p7] i
] b
— -3 = .'1 C B
= _
E 5 jetes ;
S 5 : -
< h
o 6 - i -
EE y R R S M SO | SO PO W SV S— YT— L
S -
< i " i
-9 - : k . N
_:Il? _1'[.]1 ............................................................................. | kcal/mOI _ 0043 oV E
11 10 9 8 -7 6 5 -4 -3 -2 -1 0
AGy>? (kcal/mol)

A. Delgado et al. J. Chem. Phys. 143, 144111 (2015)
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Showing the singularity effects: calculations in Cl

e Density functional e RSgrid: R=5AA=0.15A
GGA - PBE Octopus
VR(I‘) QO
[C il DA O UR(r et
100000 - A R(r) E
— “. :{J .I‘ r8 r L
O 1 o .‘| - 7
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© _ - -
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= _ ' r re |
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dmin (A)

A. Delgado et al. J. Chem. Phys. 143, 144111 (2015)
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Dependence on the parameter o

A E®et (kcal/mol)

e Density functional e RSgrid: R=5AA=0.15A e GTO: 6-311+G(d,p)

-3.3
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A. Delgado et al. J. Chem. Phys. 143, 144111 (2015)
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Optical properties: TDDFT + PCM

Real-time propagation of KS orbitals (time domain)

i1, (r.1) = Hics[p](r. ) (r. 1)

Perturbation at t = 0: Vext(r,t) = —er - Ko(¢)
. ot
@, (r, 0%) = exp {—% / dt[Hf){S —er- K5(t)]} @;(r,07)
— explier - K /R)p; (r,07)

propagate in time ﬂ D(t) = —e/d3r rp°(r,t)

1

ars(w) = = [ dt [Dy(0) = Dy(07 e

o(w) ~ Im{a(w)}
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Optical properties: TDDFT + PCM

Real-time propagation of KS orbitals (time domain)

i1, (r.1) = Hics[p](r. ) (r. 1)

Perturbation at t = 0: Vext(r,t) = —er - Kd(t)
propagate in time H

Solvent response in real-time

S. Corni et al. J. Phys. Chem. A, 119, 5405 (2015)

>~ ~  dw ey
q(t) = /_ dt' f(t —t)QVm(t) [ft—1t)= /_ %G_W(t—t ) f(w)
e(w) = €4+ % (Debye solvent)

~

Q) : is frequency independent. Singling out the frequency in IEF-PCM
1s possible but not trivial. Take a look at the reference above.
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Optical properties: TDDFT + PCM

Real-time propagation of KS orbitals (time domain)

i1, (r.1) = Hics[p](r. ) (r. 1)

Perturbation at t = 0: Vext(r,t) = —er - Kd(t)
propagate in time H

Solvent response in real-time

S. Corni et al. J. Phys. Chem. A, 119, 5405 (2015)

>~ ~  dw ey
q(t) = /_ dt' f(t —t)QVm(t) [ft—1t)= /_ %G_W(t—t ) f(w)
e(w) = €4+ % (Debye solvent)

By considering €4 = €

q(t) = QVu(?)

- solvent polarization equilibrates p° (%)

- Good approximation for weakly polar solvents
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Optical properties: TDDFT + PCM

RT propagation of KS orbitals (time domain)

i1, (r.1) = Hics[pF)(r. 1), (x. 1)

Perturbation at t = 0: Vext (r,t) = —er - Kd(t)

propagate in time H

Solvent response in real-time

q(t) = QVm(t)
1

ars(w) = g [ dt Dy = Dy(07 e

o(w) ~ Im{a(w)}
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Optical properties: TDDFT + PCM

RT propagation of KS orbitals (time domain)

i1, (r.1) = Hics[p](r. 1) (r.1)

Perturbation at t = 0: Vext (r,t) = —er - Kd(t)

propagate in time ﬂ

Solvent response in real-time

q(t) = QVm(t)

|

ars(w) = g [ dt Dy = Dy(07 e

o(w) ~ Im{a(w)}
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Optical properties: TDDFT + PCM

RT propagation of KS orbitals (time domain) Linear response approx. (frequency domain

z‘h%@j(r,t) = Hks|p®|(r,t)p;(r,1) lg i] [?] = [_01 2] [ﬂ

Perturbation at t = 0: Vext(r,t) = —er - KJ(¢)
Auivi = Oabij(€a — i) + Kaipj

propagate in time H Bai,bj = Kcm;,jb
Solvent response in real-time a,b (unoccupied)
q(t) = QV(t)
ﬂ 2,7 (occupied)

KS orbitals

1 oC .
ays(w) = 7 /O dt [D,(t) — D, (07)]e~®t | Kaipj = Kayp; + /F ds'ds ©q;(s")Q(e, 8", 5) Do, (s)

o(w) ~ Im{a(w)} Bi(s) = /dr pa(r)e;(r)

s — x|
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Optical properties: TDDFT + PCM

RT propagation of KS orbitals (time domain) Linear response approx. (frequency domain

z‘h%@j(r,t) = Hks|p®|(r,t)p;(r,1) [g i] [?] = [_()1 (1)] [ﬂ

Perturbation at t = 0: Vext(r,t) = —er - KJ(¢)
Agivi = Oabij(€a — i) + Kaipj

propagate in time H
Baivi = Kaijb

ds'ds ®,;(s")Q(e, s, 8)Dp;(s)

- - p— O. .
Solvent response in real-time Kainj = Kaip; + /

q(t) = QVm(t)

|

ﬂ w, p1(r,w)

1 [ N1 —iwt
) = 27 | 4 D26 = Dy(0 )l o(w) ~ S lalrli) Xia(w) + (ilr]a)Yia (o)

o(w) ~ Im{a(w)}
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Absorption spectra

e XC = PBE e RS-DFT:R=5AA=0.19 A e LR-TDDFT: 6-311+G(d,p)
RT-TDDFT: Tmax=30 fs At=1.7 as

04 : : 1 L 1 L 1 i
vacuo
035 | solvent (a) | | 0.9 - S;ﬂ’c;unc: RT-TDDFT (a) |
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av] 0 < 0
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vacuo
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+ 0.25 —~ 081
o, o, |
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Solvatochromic shifts: RT-TDDFT .vs. LR-TDDFT

03 | 1 1 | 1 | l
mol-013 ® ;
02 4. mol-016 O S SN I, !
' mol-079 A
0.1 1.mol-206 & . ________________________ i
> °
o 0 [ S SN D S DU~ SRR T S I
-
o
201 o B e -
- :
o
s 0.2 - :
o) a
7
0.3 4 ----------------------------------------------- -
T T T S — SR :
0.5 . . . .

05 -04 03 -02 01 0 01 02 03
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Back to dye-sensitized solar cells (DSSCs)

Typical architecture

Multi-scale system composed by:

GLASS

- .
TR = TiO, mesoporous semiconductor film.

A e Sensitizer adsorbed onto the surface.

e Electrolyte solution with a redox couple.
TCO

Photoelectrode ® Counter GIGCtI'OdG llke platlnum.

Sunlight

Nazeeruddin et al. Sol. Energy 85, 1172 (2011)

Working principle

1. Photon absorption in the dye.

2. Electron injection into the NP.

3. Dye regeneration.

4. Reduction of redox mediator.

Solvent and NP polarizations may

M. Gratzel, Inor. Chem., 44, 6841 (2005) .
influence all these processes
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ESOP as a key parameter in DSSCs

1. Photon absorption in the dye.

2. Electron injection into the NP.

Energy levels picture

E A
[M;)|NP)
I
EA H
Electron injection (1~fs)
AVAVAVAVEE —
[MZ)INP™)
I | NP y
[Mo)|NP) M

AGT-11 <0 ESOP
AGui-n = —E., + [GIS/IJr — Gy — Eg_;

Our goal:

To compute the ESOP of a dye molecule
accounting for the polarization effects of
both, the solvent and the nanoparticle.
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IEF-PCM equations: Molecule + solvent + NP

solvent

1
G[ (I‘, I'/) = ;
‘I‘ -t ‘ A. Delgado et al. J. Chem. Phys. 139, 024105 (2013)
1 &0 a2n—|—1 ENP _ Esolv a a
Gr(r.r') = Grr’—Z—CP cost) — ___ =
E( ? ) 6solv I( ’ ) — (bc)n—I—l‘ n n( ) NP + esolv C‘I‘ _ (CL2/C)I'/| ch
;:: ';x"
NP 1 NP 1
C, = (€77 —eM)n _ (€ =) 7 Legendre polynomials

(GNP + Esolv)n + 6solv 6NP + esolv
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IEF-PCM equations: S and Dy matrix elements

A

(Sg - o) :LerGE(r,r’)a(r’)dr’

NP + eV ¢; | |s; — (a?/cj)s;| b

1 09 2n—+1 NP _ _solv 1 1
SE — {S-I- = Z C'L CrnPp(cost) — ‘ <4 —] }

o0 2n+1 A
E I a Cn | —(n+1)[(sj —rs) - n(s;)]
Dij — Dz‘j - prt1 { n+3 P

n=1

I (n 4+ 1)(Ppy1(cosf) — cosOP,(cosh)) [[(sZ — 1) - n(s;)]

n+1 20
;" (cos?0 — 1)

B (Sj — I‘s) - (Sz' — rs) [(Sj _ rs) . ﬁ(Sg)]]}AJ

bic?
. tgi - E:j:] (b_) {[(sj = ) As;)] [(SEZ)?/Z(]SJ)] } A

J. Chem. Phys. 139, 024105 (2013)
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IEF-PCM equations: Molecule + solvent + NP

solvent

q

Q(ESOIV, ENP, a, d, QO)VM

J. Chem. Phys. 139, 024105 (2013)
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Lowest excitations of the L0 prot / deprot dyes
solvent = acetonitrile; d = 4 A, p = 75°

(a) protonated, energies in eV.

state w@@) EyDPFT - peli f (Coeft.; transition)

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

e LR-TDDFT calculations: XC = CAM-B3LYP / 6-31G(d,p)
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ESOP of the L0 prot/deprot dyes

ESOP (eV)

! I ! I L I ! I I !
-0.03 -| e@--e@ protonated (a)
- ®--@ deprotonated e o o
-0.04 — it Sl |
- /””._, A ”"
-0.05 — 4 B o L
' N e L
-0.06 — e i —
-0.07 — o~ =
- /” - -
-0.08 — g -
_?/, = 0° +

-009 | T | T | | T | | T
4 5 6 7 8 9 10

d(A)

acetonitrile

e ESOP referenced to its value in solvent:

ESOP(prot) =2.95 eV

ESOP(deprot) =2.33 eV

Pastore et al. J. Phys. Chem. C 114, 22742 (2010)

ESOP(exp) =2.91 eV

ESOP(theo) = 2.86 eV

e The larger d, the smaller the ESOP
renormalization (expected).

e For d > 20 A : solvation condition.

e Protonated dye renormalizes stronger.

e prot-deprot ESOP gap reduces with d.
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ESOP of the L0 prot/deprot dyes

I ! I ! I ! I ! | L . .
o e--e protonated e ESOP referenced to its value in solvent:
-0.06 — e _— ®--@ deprotonated [~
008_‘ e i ESOP(prot) =2.95 ¢V ESOP(deprot) =2.33 eV
= ‘ [ Se———— : i
> * T "o,
©-0.10 X =
oy . i
L% — _ Pastore et al. J. Phys. Chem. C 114, 22742 (2010)
. . ! ESOP(exp) =2.91 eV ESOP(theo) = 2.86 eV
-0.14 —~
1d =4A Y
'0.16 T I T | T I T | T |
0 15 30 45 60 75

angle ¢ ( degrees )

e ESOP renormalization increases by rotating
the dye.

e Maximum renormalization about -0.15 eV.

e prot-deprot ESOP gap reduces by rotating
the dye.

acetonitrile
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Independent contributions to the ESOP

angle ¢ ( degrees )

-0.06 _6\‘~\\\‘ | 1 | 1 | 1 | 1 ) M+ M
g " Lt ESOP = [GO — GO ] — EO—i
-0.08 e -
; ®- - ®-—______ - L
< .0.10 s ° - ,
= _ » I Values in solvent
012 — . - +
o LN G — GY =(6.23;5.92)eV
L - ESM = (3.28;3.59)eV
1d =4A ‘
_0.16 T I T I T I T I T |
0 15 30 45 60 75
001 | | 1 | 1 1 1
Y17 e--e protonated (b) [ . . . .
i deprotonaied e Optical excitation gap renormalizes weakly
I I due to the NP polarization.
—~  0.00 — - , .
> I ——————— DA * A e e Main contribution comes from the
= @ .
B W st S G o - difference between the ground state
- T g
=) -® .
o a energies.
_0.02 T | T | T | T | T
0 15 30 45 60 75

Polarizability brainstorming session, QMI—UBC, April 10—14



prot/deprot effect on the calculated ESOP
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Conclusions

1) A novel methodology was implemented to account for solvation effects in real-space
ab-initio electronic structure calculations.

- We used the IEF-PCM model to calculate the solvent polarization response.

- The numerical singularity in the solvent reaction field was regularized by using Gaussian functions
to distribute the apparent charges in the van der Waals surface of the solute system.

2) The PCM was extended to the real-time domain to address solvent effects in the
electron dynamics under the influence of time-dependent fields.

- The real-time solvent polarization was assumed to equilibrate instantaneously the molecular
electronic density.

- PCM in the time domain provides a suitable approach to model the optical response, non-linear and
ultrafast quantum phenomena in large molecules in a polarizable environment.

- The new methodology is available in the code Octopus (www.tddft.org)

3) The PCM equations were generalized to calculate ground and excited states properties
of a molecule close to a semiconductor NP (SNP).

- This methodology was applied to calculate the ESOP of the molecular dye LLO adsorbed to a TiO2 SNP.

- Weak effects due to the NP polarization on the optical absorption excitation. ESOP renormalization
dominated by the electrostatic interaction between the oxidized dye and the SNP.

- Implemented in the program GAMESS (www.msg.ameslab.gov/gamess)
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Further extensions

pcm module
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- solvation free energies

DFT ground state

- R N - electrochemical properties at
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: oxidation potentials
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- solvatochromic shifts of the
absorption bands

- non-equilibrium solvation effects

- optical spectroscopy out of the
equilibrium e.g. pump-probe
experiments

- non-linear optical processes

RT-TDDFT electron dynamics
(fixed nuclet)

=

.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

p°(8), " ({Rs()})

r

- coupled electrons-nuclei dynamics

- pump-probe of non-adiabatic
processes

- ultrafast charge transfer from

g photoexcited states

RT-TDDFT Ehrenfest nuclear
dynamics
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