Calculation of redox
potentials and pKa’s using

DFTMD

Jun Cheng
College of Chemistry and Chemical Engineering, Xiamen University,
Chima
Department of Chemistry, University of Aberdeen, UK

Redox and acid-base chemistry

Redox half reaction

X (ag) - X*(aq) 4+ ¢ (vac)

Acid dissociation reaction

XH(agq) = X (aq) + H" (aq)
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Pourbaix diagram

® Phase diagram of redox species under various
conditions of potential and pH in aqueous solutions

Thermochemistry of proton
coupled electron transfer (PCET)
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Computation of redox potentials

PCET in water oxidation and pKa's

proton coupled electron 4 outdation sates o, ® |mplicit solvation:
transfer (PCET) reaction / T \ Dielectric continuum
decoupled vs concerted ) PCM, SMx, COMSO, SCCS, etc.
’ ROy =% 0, J Semi-empirical, effective, accurate (often)
- Floctrical qumert - / T / ® Explicit solvation:

: 2 W0, = HO, ‘0
Semiconducting s ‘»-._ B / T * QM/MM: classical water

Photoanode .
m:- 1 oW — 0" ® AIMD: treating solutes and solvents at the same

o, ' / T level of electronic structure theory (DFT), and
\- accounting for statistical mechanics of solvent
. 0] WO O o enstonstats dynamic fluctuation.
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| Charg, et 3. Angew. Cham. lat Ed 2014, 53, 1 20446 (Frontispiece)
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From vertical to adiabatic Thermodynamic integration

. Agfx) Marcus theory .
A Mapping potential: Redox E = (| -n )5“( wnE
0 - .‘.— ----- Vatum UMWW
PN Ay =hgy= A E, =(1-n)E, +nE, (Ocjprotonation £, = (1-n £, +n,
Agix) E “ o
" - “ e - M= %(“’u R F..Ao) Vertical energy gap:
s "" An E 851
P oy = - A=1{IPy ~EAo) o =B - B =AE
1 A ' - 1
R '
Ag et el =iy Adiabatic (free) energy:
Generalisation to ‘ \rﬂ' AA = Al =1)- Ay = ‘))-ﬁdn{dl‘-')‘
vertical proton Switch on/off the
insertion proton charge  Bhumberger, | Travernelb, ML Kisin M. Sgeik, JCP 2006, 124, 064507,
‘«ut .sup.::f« spfmcpm 10, ?msw <
M. Sulpizi M Sprk. PCCP J. Charg, M Sulpin, M. Sprik, |CP, 2009, 131, 154504,
2008, 19,5233, £ Coatanza, M Sulsis, R. G. Dells Vale, M. Szrik, 201 1, 34, 244508
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CP2K

» Standard 32/64 water cubic
box under full PBC

GGA, hybrid, RPA, double
hybrid

ADMM for HFX

RI-GPW for MP2 term, RPA
(O(N*) with small prefactor)

* MD trajectories of 5~10 ps

|- VasdeVondalke, M. Krack F Mobamed M. Parnnelo. T. Crassung |. Huster,
Comp. Phrys. Comen 2005, 167, 103.

M. Guiden, | Hutter | VandeVondele, JCTC 2010, 6,2348

M. Del Ben |. Huster; | VandeVendele JCTC 2012, B 4177, 2013, 9, 2654; |CP
2015, 143054506,

Reversible insertion of proton/
electron

reversible insertion

\ 2 3k TpK,
o (v XH s X

-
.Y‘ 't.\" v el
’. ' r 4 '.‘1.""::.1..:'0;., ’,:,',],'_m - AanG
’y . \ky ntegration
Pt | I~ X'

proton/electron
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Multiple _Force Evals

! generic paraseters ! force_eva for Red/Pro
eSET ETA 8 GSET METHOD QS
SET 2 @ BET a L
ginclade Llrgut.ing
SGLOBAL
PROJECT water-${ETA)} ! force_eva for Ou/Depr
RUN_TYPE MO GSET METHOD QS
PRINT_LEVEL sedium eSET 2 2
FLUSH_SHOULD _FLUSH T ginclede ifrgut.inc
NALLTIME 10588
SEND GLOBAL ! force_eva for restraining
water
EMULTIPLE_FORCE_EVALS GSET METHOD FIST
FORCE_EVAL ORDER 1 2 3 4 ginclade Lrgut.inc
MULTIPLE_SUBSYS T
SEND MULTIPLE_FORCE_EVALS EMOTION
MD ) -
SET METHOD MIXED v .. usualMD section
ginclade lrgut.inc LEND MD
SENDMOTION
iNput.inp

MIXED

METHOO ${METHIO} METHOD: MIXED, QS{DFT), ar FIST{MM)

SMIXED
GROUP_PARTITION 24 24
MIXING_TYPE GENMIX
SGENERIC
x X Encrqy force_eval 2 |Red/Pro)
X ¥Y: Energy force_eval 3 |0x/Depr)

MIXING_FUNCTION{ 1-& }oXohe¥ E, =(1-n)E, +nE,
WARIASLES X ¥ 2 P— —
PARAMETERS &

WALUES ${ETA} ETA: coupling paramater
SEND
SPRINT

GDIPOLE OFF

SEND

SEND
REND MIXED

input.inc
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Insert/remove an electron Switch on/off dummy H atom

&DFT
LOFT olF :f(:’)‘;':l Labal the special M atomn
éiF“S(a}--l Change the fotal charge of the box BASIS_SET TZV2P-GTH
CHARGE 1 Cauntan: Restricted/unvestricted POTENTIAL GTH-BLYP-ql
S T Kofw Sham and muinpliaty SEND KIND
CENDIF HENDIF
BIF ${a}==2 BIF ${a}m=2
CHARGE @ &Xhb
e T BASIS_SET NONE
. POTENTIAL GTH-BLYP-ql
CENDIF GHOST T
i SEND XIND
SN BT CENDIF
GEND OFT
13 14

Restraining potential Vertical energy gaps

&FORCE_EVAL BAE EEATTR tearer e mAs
METHID  ${METHIO} MIXING_FUNCTION kaX+(1-k)=Y

SMINED Miced X 1 4 Cons. Qty
GROUP_PARTITION 24 24 4 (] " W1 A1 e 12,400 T45004 M1, ATV )
MIXING_TYPE GENMIX 1 e ~54). S1MNN2 <72, 9450)5084 342 AN 1M
e o 3 The  eesnessnse a7 seeeds Frrphitsartd

X X: Energy force_eval 2 |Red/Pro) LFORCEFIELD . 1.0 ~3A. 1140 ) 312, 300840000 :\n':.lc:mn
X Y: Energy force_eval 3 |0x/Depr) DO_NIKBOMDED F $ 1.3 =508, 111373330 “372,400435934 <384, 980000500
* 2: Energy force_eval 4 |restraints) SBOND - A -y st 2472, 37000087 o]
MIXING_FUNCTION keXe{lok|eYeZ ATOMS H1 0 . 4 ree ~SF1 Es2en11) “312.35584241) APLI204 “500. 890431 341
VARIASLES X ¥ 2 \ I CHARMM » P 571 OANIIN 372, 3308297 NI 373, 2N
PARAMETERS & Combine mith FISTIMM) 0.1 B nee  -ATLeMAMIE?  AT2.seemave BN AT eaeTsM
VALUES ${ETA} RE 1.89 ¥ e SSTL S eI T2 44001770 avessely SA75.TesNINs LS
LEND SEND SOND 1 - AT LI AT2, 1) AN AT MR
i 1.0 ATL L 72, 32573054) AT AT1. 004102219
SPRINT P " 1. e ATL WA T AT2 AN AN AT IR
EDIPOLE OFF AEND W
SEND
LEND XXX-mix-1.ener aE, E—F = AF
SEND MIXED m “I “© -
Ad = Al =1)- Af) =0)= Idn-:'AE:u‘
y \
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Thermodynamic integration

= 196k~
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154

Averipad vertcal coegy gap 1eV

130

- 6 kU 08 us urs 1
Time (ps) Couphng paramens 4

dehydrogenation of a water molecule
in a 32 water box (HSEQ6 functional)

Electrostatics under PBC:
potential reference

S
¢.':_\J( . Open boundary condition
AR
~ ‘/‘\i - q'v{sc)aO
+
* ; ¢ 2 ; ’ Periodic boundary condition

(Ewald sum)

: 7 om0

oell ol

E = 2‘1.9‘. 224,('7. +O)= zq,w, + 24,('

Klenman, Plys. Rev. B 1981, 24, 7412
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Standard hydrogen electrode (SHE)

Reference electrode Working electrode

H*(aq) + e = 2 Hy(g) Cu*(ag)+2e = Cu(s)

ansse [
"y Gas —
ALLATM
H*(aq) @ H*(g) Tt
o
H(g) + e 2 Y2 H,(g) M 1CH 1M Cui0,

J- Charg, M Sulpizi, M. Sprik, |JCP, 2009, 131, 154504,

Redox potentials

X" (ag) + H*(ag) <+ X*(aq) + 1/2H3(qg)

X (ag) - X*(aqg) + ¢ (vac) A cAxe

1/2H;(g) = H* (aq) 4 ¢~ (vac)
H,0% (ag) — Hy0d(ag) AgpAy, 04

1/2H;(q) = H'(g) + e (vac) [T

19
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pKa’s

XH(aq) = X (ag) + H" (aq)

XH(aq) + HyO(aq) = X (ag) + H3;0 (agq)

XH(ag) -» Xd ™ (aq)

H30" (ag) — Hy0d(ag)

AgpAxn

AgpAy, o+

21

Computational SHE

Thermodynamics
A =24 ToK <ol
23, TP = ADP =W
U AP oW g

A6 = ADH =@,

Hess's Law
Simulation
2K TR, =A A, ~A A, +EThICA, )
Ui wA A +A A -pl-AE

MG wA A, -p -AE_+k Thlc'A |

Key equations

Redox potentials and pKa's

Dnslsm

GLANLYY

HbeadHSEss B

22

Delocalisation error in DFA

AN TN L LY .
O 513 126 8 Ti® Anderson impurity model
LY T L by O ] (5} 13 a#  aXx
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Sy wde Wi W ; g4 “7 B
ns s 50 A% 7a T ’ '
o ws 0 M TEEL Ty md“ "otent‘al"“' : * — :
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ety I8l a8 9s LU | MAK asi a ] g A e E
gy Wi At LY ) 4 ¢ 9 s $c
O iyt 150 11 A a0 —_— B e w
N v al o3 4 b beesasta | CANBLYF T Ihed Y, | g vw o ’
"y g nn ™ 241 A% S e B TR T ST ¥ a Solse level ) veu 0
i e 1. pKa 0100 CVErS R LE TR (TR L R B L
Topd!*" « Typ* 1544 | 24 M e 111 o DAt 1es & Exp. BLYP HSES
NLUE [T T e 4 00, 161 Q1% WIT A4 o
MNAE a O ops e RN =3y a0 ()
v Yy« 1697 oM aw
1 T [
GGA Hybrid hw‘j’,"’.‘ Yd",, " po tential o € Adriasrue, | Cherg, V. Chos, M. Sulpizi, |
J. Cheng, X.-D. L |. VardeVondale, M. Sulpai M. Sprik, l“l u Py e VandaVondule, M. Spri, JPCL, 2012,3, M1
Acc. Chern Rez, 2014, 47,3522 {ireed persp ) ML 25 2
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Vertical and adiabatic levels Energy levels from MBPT
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RPA and double hpbeid calealations
|- Chang, X.-D Lu | VardeVondale, M. Sulpai M. Speik, use HSEQAPRED MD trajectores |- Chang, | VandeVondele, PRL, 2016, 116, 086402
Acc. Cham Rex, 2014, 47,3522 {srened perspective).
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