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OUTLINE

& Free energy difference by tmproving the sampling
along the evolution order parameters

§ ©Enhanced exploration of the configuration space
and disclosure of mechanisms of transformation




Covnplex Processes bg MD

*Choose a suitable model of the system

*De‘rermine the thermodynamic conditions =
Ensemble averages

*Equilibr'ium sampling of physical quantities

|

RDF'

Cl-+ :

1.5 2 25 3 35 4 45

Predictive power frustrated by sampling fast degrees of freedom
with time-steps from < 0.1 fs (CPMD) up to 1 fs (MM)
q(t)

qQ |

~ few ns
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rare event



. RareBvewts

Phase Transitions, Conformational Rearrangements,
Chemical Reactions, Nucleation, Diffusion, Growth, etc.

Activation Energies Minimum energy pathways

kgT

Exploration of configurational space

* Complex and high dimensional * Intrinsically multidimensional
configurational space order parameter
3K Multitude of unknown 3K Entropic bottlenecks

intermediates and products

* Unforeseen processes, many

) " 3K Diffusive trajectories
irrelevant transition states



 Hawmiltonian MD

A system of N particles in a volume V is completely determined through its Hamiltonian

H{R}{P}) =) QPWII +U(Ry})

NVE-P total energy and linear momentum are constant of motion

Choice of ensemble: portion of phase space, microstates
Difference in averages and fluctuations

Counters, blue on one side and green on the other, 6x6 checkerboard

Each pattern is a microstate Subset belonging to macrostate “15 green”




B Gaonisal Partition Fustion

The Laplace transform of the density of state
Q(N,V,T) = /exp(—ﬁE)Q(N, V,E)dE

Probability of the macrostate at a given T

1
N!h3N

1

QIN,V,T) = A(B)3N NI

[ exp [~ HGN oY) drVap® - Z(N.V,T)

one dimensional integral over E replaced by configurational integral
analytic kinetic part is integrated out

Z(N, V, T) _ /6—,8U(r) dr @Mﬁgﬂl&ﬂ@h@l Wﬂm
function



. Fresneny
Helmholtz free energy or thermodynamic pofenfial'

1

A= ﬁan(N’V’T)
Thermodynamics Statistical Mechanics
AA = — 1 In 2 entropic and enthalpic
B Zo contributions

Macroscopic state O corresponds to a portion of

Qo X / e_BH(r’p)drdp
Ty the phase space : g

— BHo(r,
Qo X /1“ e~ 710 (5P) drdp Macroscopic state O corresponds to Ho

Qo X e—BoH(r,p)drdP Macroscopic state O corresponds to a value of a
r macroscopic parameter,eg T



» 7
Pertwrbation formalism
Reference (0) and target system (1) Hi(r,p) = Ho(r,p) + AH(r, p)

e—PHo(r,p)
[ e*(r:P)drdp

Probability of finding (0) in configuration (r,p) Po(r,p) =

Free energy difference

A A 1 [ e PHidelN dpN 1 | [ e PHoe=PaHqrN dp
= — ——1In
[ e=BHodrNdp¥N & [ e=BHodrNdp¥N
1
AA = —5n (exp [-BAH (Y, p™Y)]),
Integrating out the analytic kinetic part
1 —BAU (Fe P2,
AAO,l — —B 1n<6 p >0 <F(r7p)>1 — <€_5Au>0



P(aU)

247

2.0

16|

12}

0.8

0.4

00"

AA = —% ln/exp |—BAU] Po(AU)dAU
E o eelpU) 5 Shifted function
5 ‘\‘T_PO(AU) : Low-AU tail is poorly sampled
“ low statistical accuracy
] but important contribution to AA
:_PO(AU)X '
F exp(~pAU ) ,

-1 -08 -0.6 -04 -0.2 0O 02 04 06
AU

Accuracy = target and reference systems are similar= overlapping regions

insufficient statistics or incomplete overlap = enhanced sampling



Alchewical Transformations

Protein ligand binding, host-guest chemistry, solvation properties, ...

Transformation (0)—(1) as series of L4 A > L,+R
non-physical, intermediate states along a
pathway characterized by the Ads AAs
“coupling parameter” A v v
L2 > L2 + R

AAs

Free energy as continuous function of A through H(A) H(N) = Henv + AHo + (1 = NH;

H—N/ H:.oH H—N/ H H : : . :
\ ﬁ@ | B \ S Point mutation of alanine into serine:
/Q"!_c\""‘" = /c*'j\c‘u ; coexistence without seeing each other
N \ H
~° S al Interaction with side chain tuned through A

A. E. Mark, Encyclopaedia of computational chemistry, 2, 1070 (1998)
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. order Parameters

Variables chosen to describe changes in the system

() Reaction coordinate : the order parameter corresponds to the pathway
along which the transformation occur in nature

() Collective variable : fully represented as function of coordinates

) Indicating intermediate stages of the transformation: mutation point

torsion angle annihilation non-bonded

@ Different possible definitions of OP @ Set up of system with desired
values of OP

@ Effects on accuracy and efficiency
of AA calculations @ Smoothness of the simulated path

11



. extended Bnsemble

Select parameters, continuous functions of coordinates fz (I‘N)

Density of States

Q(N.V.E,€) = [ oue™) - B) (66 (™) - &) dr™

§ =14}
Canonical Partition Function

Qe(N,V,T,€) = /e_ﬁu(rN) (Hi5[éi(I'N) — fi]) dr®

1
Free Energy Ag = ——1In Qé

B

g ; (rN ) must distinguish among metastable states

select specific configurations in the partition function

12



| Stratifisation Sohems

Free energy butane isomerization

A (kcal/mol)

T ] Probability distribution of the order parameter
6} . .

[ Not uniform sampling P
ol _ P(&o)
of
2 Histogram of M bins 0 = (&1 — &o) /M
n
o4 AT I O N O BN D . Ji
60 0 60 120 180 240 73(50 + (Z — 0-5)55) —

o (@egrees) C-C-C-C 2515

Restrain the system within a window by harmonic potential

Overlapping windows

(&1 — &o)?

Efficient sampling D
§

T= LT, X

Reconstruct the full probability by matching

1=



C importance Sampling

Non-Boltzmann sampling to enhance the probability of important regions

Jw(E(EN)) exp[—BU(EN)]5[¢ — E(xN)]drN  positive bias

PU(E,T) =

[ w(éxN)) exp[—BU(xN)|deN w(g)
Free energy differences
w (w) (w)
AA(w)(g) = -3 'In wg(;;zzw)(éig; = —37! |In ;D(wo)((%,?) + Inw(&y) — Inw(§)

Biasing potential

w(€) = exp[—BV (§)] U ™) =uUE™) + V(™))

Umbrella Potential
connecting different regions of the phase space

14



Sampling

Modify the underlying potential to obtain a uniform sampling : Vu(s) = -AA(s)

AA
good Vb' (5)

U (x) = U(z) + Vi(s(z))

First guess
&

iterative improvement G
as flat as possible

PO(s) = o [ drexp (~8(U() + Vils()))) b(s — s(x))
— i b (-OVi(s) 5 [ dwexp (~8U () o(s — s(a)
— %exp(—ﬁ(vb(s) + A(s))) Probability in the
presence of the bias
&
{ | 7 un-biasing
A() = —5 PO (s) = Vis) — 5 1n (m)

15



Goodl Coordinates for Pathways

Capture the essential physics include all relevant
DoF and properly describes the dynamics

» B |',¢J' Wi, B
N / /N \l Lm“m"a‘m A

: .

q_

q distinguishes between A and B but might fail in
describing essential aspects of the transition

@ Discriminate configurations of @ Reversibility
reactants and products and
infermediates @ Fast equilibration of orthogonal

DoF (no relevant bottlenecks)
@ Characterisation of the
mechanisms of transition

16



Hypothetical 20 Free Bnergy Landscape

Not including
important DoF leads
to wrong
interpretation

A(6) 4

17



Some simeple collective variables

Derivable function of the degrees of freedom to which a given value can be assigned
Angle O(R7,R;,Ry)
Dihedral OR;,R;, R, Rp)

Difference of distances |R; — R;| —|R; — Rg]|

) . . Coordination number
Generalised coordination number

n j::" — 6/8 exponentials
NLl NL2 1 — Tij E -- 6/12 exponentials
. T = R=25
CL1L2 — AT E m Z
Np, 4 — 1 (i L
71=1 1=1 o 5
Generalised displacement | distance.
[klm)]
DL1L2 ~ E i Vigim) — o E d; - Vikim]

Ly €L+ jELQ te



PatmCollest N ATIA L ES

Knowing end-points or a full approximate path (NEB) Al T 1|.|'"'C';/f"_ *{:‘.::'
1 '; | | A f,e-’" "x'ul'ul?
|I1:' I| | q | ‘ |I III__.- _I,.-""‘. I||I||/ |
%)K% RMSD |||I I".*;'l 4|| Ill_i: I| Il-.l || II." I{; III,.-’":II'|II| / |
II -I,_'_ﬂ-ll-l__ w5 \ |
i T T | .
B 35" (dy (R) - 4 (R))? WA
Rk(R) _ \/Zz (Rz - Rz )2 Rk(R) — \/ J J N J |II|:I“-";I ,lllllllfllll,'lll II,-"I |III N 'T'l |||| ‘
N dist I'IL/"I"I.-“ / L1 |
'y /F\\ " B
'U);" },-" V' \ \ 'I |I |I
s(R) =Y [Ru(R)]"™ ¢y "/ A~V
k
Al

Zs Position along the path

1 P ke MS®)-S®)IP
P—1 0 e AIS®)-SK)?

s(R) =

))K( Distance from the path

P
-1
z(R) = 3 In (Z e/\IS(R)S(k)2>

k=1




ISPALAVEOSEVONY A O

competitive paths

] 0.25 0.5 0.75 1

dl

linear interpolation for the initial path

: : Ramachandran plot
s and z in terms of coordinates :

multidimensional path 100

=150 =100 =50 1}
D. Branduardi, F.L. Gervasio, M. Parrinello, J. Chem. Phys. 126 (2007) 054103 < %



Epnid Lyunnee o CV

In SUBSYS add one section per CV

&COLVAR
&DISTANCE
AXIS X
ATOMS 14
&END DISTANCE
&END COLVAR

&COLVAR
&DISTANCE_FUNCTION
ATOMS 4661
COEFFICIENT -1.00000
# distance1=(4-6)
# distance2=(6-1)
&END DISTANCE _FUNCTION
&END COLVAR

&COLVAR
&COORDINATION
KINDS_FROM N
KINDS TO O
R_0 [angstrom] 1.8
NN 8
ND 14
&END COORDINATION
&END COLVAR

&COLVAR
&RMSD

&FRAME

COORD_FILE_NAME planar.xyz
&END
&FRAME

COORD_FILE_NAME cage.xyz
&END
SUBSET_TYPE LIST
ATOMS 135689
ALIGN_FRAMES T

&END
&END



Sopnseihes sl =2ostrilyes

In MOTION add one section per constraint

&CONSTRAINT
&COLLECTIVE
COLVAR1
INTERMOLECULAR
TARGET 5.
TARGET_GROWTH 1.1
TARGET_LIMIT 10.
&END COLLECTIVE
&END CONSTRAINT

&COLLECTIVE
TARGET [deg] 0.0
MOLECULE 1
COLVAR 1
&RESTRAINT

K [kcalmol] 4.90
&END
&END COLLECTIVE



Geovmetrieal Constraints

Implicit functions of the degrees of freedom of the system

o({R;}, h, W) =0 5({Rr}, h, W) =0

N/A . .
Zic To freeze fast degrees of freedom and increase the time step: e.g.,

intra-molecular bonds by distance constraints

R : :
Zic To explore only a sub-region of the conformational space

'4 . . . . .
& As reaction coordinates : constrained dynamics and thermodynamic

\

N

integration

'4 . . .
S 10 prevent specific events or reactions

N

\

Lagrange formulation for simple constraints, functions of Rr

L'{R} AP} = LUR} AP} = Y Aao({R1})

The Lagrange multipliers ensure that positions
and velocities satisfy the constraints

23



Shake-rattle algorithm

Modified velocity Verlet scheme by additional constraint forces

))K( First update of velocities (first half step) and positions

ot
Vi =Vi(t )+2—MIFI<> R} = Ry(t) 4 6tV7
))K Positions’ correction by constraint forces 542
Ri(t+6t) =R/ gt
((t+6t) = Ry + 5107 (1)

>X€ Calculation of the new forces Fr(t+dt)

Al

Zi Update of velocity (second half step) Vi(t+6t) = V] + ot [Fy(t+ 6t) + g(”)(t + 6t)]

2M7;
El(f Correction by the constraint forces
Constraint Forces |
0o ({
(p) Z )\(p) 80'04 {RI}> {)\7} ZJ;B o3 {)\7}) Jop = o a(iﬁ’y})

OR;p

Set of non-linear equations solved iteratively |

. aaa R 80a 00, 6t? Do, Dog v _
o Z)\m az{%jl}) EI: Z R %: (EI: ST GR GR. ) =0

H.C. Andersen, J. Comp. Phys., 52, 24 (1983) 24



Thermodywamic tntegration

&1 JA along a one dimensional
A(&) — A(&) = / —d¢ generalized coordinate §(x)
o dé Path-independent

Potential of Mean Force exerted on & '

(x,p) = (§;q1--qN -1, pg--p(]}v_l) generalized coordinate to simplify derivative

dA fﬁH “PRdqy..dgn_1dp®..dp%, _, :<(‘9_H>
d¢ /fe Fdq..dgn—1dps..dpy_4 f 08 /¢

instant P 0 force at §, averaged over
instantaneous torce o fluctuations of other DoF

<a_H> _<a_U_laln|J|> e
o).~ \oe "B o i =5,

| mechanical + entropic '

25



Blue Moow. Encemble

Series of constrained MD simulations HY = H + M —£(r))

. . mean force acting on the
A(g) )\V(f f(r)) system to hold ¢ constant
independent
D! MD replica : ¢
MD1 §=0 : p(q,p?
iy ﬁ/’\/ un-constrained <..> = constrained corrected <.>f
1-MD1 g
&1 & &3
Fixman Potential '
1 NN
A A
=+ Iz : zm(a)
dA mean force acting on ¢

(A F>§;~ related to external force
to hold ¢ constant

ag

2



...come oliffioulties

MD performed at fixed ¢, collecting statistics of the force acting
on § = AV, constraint force

) Many estimates at ¢ to reduce statistical errors
) Many windows to get accurate integrals
) May not be easy to prepare by hand the system at given ¢

) Different possible pathways: the starting configuration
selects one path, but crossing is rare, {(r)=¢ partially sampled
or rate limiting

) Multidimensionality (more coordinates) too expensive

27



De-protonation of P(OH)s

Order Parameter : coordination of a specific donor phosphorane O (ro=1.3 A)

gradually reducing n|

250 axial
‘correc'red MF'

\'%
equivalent PO in 4 F k

solvated P(OH)s \ \7

173.7 (178.8)

f(n) [kJimol]
o
o

Pronounced 1 \ | s
E

equatorphilicity of O° b f{ ?,?\/ % 0

in POsHs~ | : 2

4 u' i 0 — ' ; ' ’ '
0.2 0.4 0.6 0.8 1
. coordination number n,,
*de-pr‘o'rona‘rlon and
formation of Zundel ion . = b) L
£

*He,O+ breaks loose
*chain of proton transfers

*proTonaTion of axial OH

*forma’rion of H3PO4 and
subsequent de-protonation

N. Doltsinis et al, PCCP, 5, 2612 (2003)

2L



Parallel Tremeperin

Running M replicaat different T
high T to explore large part of the phase space
low T to sample precisely local minima

T < T <..< Ty

Equilibration + swap attempt + rescaling of velocities
exchange ensures access to
all local minima at low T

Swapping acceptance | I

Energy histogram

P{E)
-__I

oy = min {1, e—(ﬁz—ﬁJ)(U(rz)—U(rJ))}
‘ likelihood that two replicas ' LVAVAV. E‘*— N
have overlap in phase space
P P P o (N)1/2
M and AT strongly affect sampling
efficiency and computational costs
29




BLstrtbution dihed raloisGlEL

Penta-peptide system in gas phase(Try-Gly-Gly-Phe-Met), all-atom AMBER

Pair of temperatures Acceptance ratio

Eight temperatures 200 <> 239K 0.160
) 239 < 286 K 0.149
replica exchange 286 <> 342 K 0.143
: . 342 409 K 0.139
simulation, over 1 ns 105 o 430 K o
489 <+ 585 K 0.146

585700 K 0.146

Regular NVT MD

Replica exchange

2V}

0.121
_é..0.0S-

S 0.04} 50,02

Probabil

200 K

18
120 0
60

0 PSI [degree]

-180
-120 &5

0 g
PHI [degree] 80 120 3557180 2°

0.01
0.008 -
2.0.006
= 0.004 |
$0.002 _

700 K

B

-180 -180 _
-120 g5 -300 PSI [degree] 120 g5 0 1580 pgy d
0 PHI [degree] 60 120 30 -180 egree]

0
PHI [degree] 60

Y. Sugita et al, CPL, 314, 141 (1999)



Transttlon Path Sa i Lonee,

() Statistical, reaction-coordinate free description of
pathways connecting long-lived stable states

2(7)={z0,2a+,...27}

) The probability distribution in the pathway ensemble
depends on p(zo) and the dynamics

r/AE—1
Plz(M)] =p(z0) ][ plziat = zar1ae)

i=0
() Good description of initial and final states required by
definition of multidimensional {(r) to identify A and B

@ large enough to contain equilibrium fluctuations

@ no overlap with opposite basin of attraction

"} ) ;w#

Markovian processes '

31



Path generation

Transition-path-ensemble

() Focused on the sub-ensemble of pathways

o . . Efficiency:
containing barrier-crossing events

Al :
Zn Z" and z° as different

Pap|z(7)] = ha(zo0)P|2(7)|hB(2:)/ZaB(T) as possible

2
s Pacc[z" 2 z°] as large

as possible

) Random walk in TP-ensemble by Metropolis MC :
detailed balance criterion 8p

n (] — min 4 1. PABE(T)]pgl2" — 2°]
pl(r) = (0] = i {1, S

Paccl (1) = 2°(7)] = ha(23)hs(=2) min {1, P } Shooting

) The most probable reactive trajectories are
identified and transition mechanisms are

characterised
Shifting



e

))Kf Canonical equilibrium distribution under potential V(r)

))KQ Choose a set of relevant Collective Variables S(r):{S4(r)}, such that the
process is well defined in the reduced space Z(S)

o—BA(S)
P(S) = Tig o As) =~ tu [ ar eV 5(s (e )

)Xf Perform MD and re-map each micro-state by projecting the trajectory

into the configuration space *(S): meta-trajectory  S(r(t))

& Enhance the exploration by adding a penalty potential that discourages

the system to visit already explored macro-states

_\\VA

[S(r)—S(rg (t')]?
Vurp(S(r),t) = > Wye  2as?

t'=7q,27q,...

\I

s New probability distribution generated under the action of V+Vutp

WA

v

A Laio et al. Proc. Natl. Acad. Sci. U.S.A., 99, 12562 (2002)
M Iannuzzi et al, PRL, 90, 238302 (2003) g
A



y y y
Hivstord) ISEREVN EV DL U

Non Markovian Coarse-grained MD

F(S
s) " coms |
t4 Fill-up by successive contributions
Keeping track of the explored space
J/’“EQ Direct estimate of FES topology
_/T”\_ :

Eliminate metastability and reconstruct A(S) within Z(s)
Ag(s, t) = —VMTD(S(I'), t)

Flattening of free energy surface '

W/rg — 0

P(S) e~ BlAS)=Ac(8,1)]

dtvp K T K Ts

C Micheletti et al, PRL, 92, 170601 (2004) T =4



2D £ES

Histogram of a trajectory generated by V+Vuro
provides a direct estimate of free energy

b}
‘




EXLEN0 EANBU TV AVID AV g

Enforcing adiabatic separation, 7s > other time scales and memory effects

Introduction of auxiliary variables s : {sq} one for each Sq(r)
with large enough M

L=K-V(r)+ Z %Maéa — Z %ka(sa — S (r))* = Va(s,t)

'I'hermalizution}' coupling to system sampling
DoF enhancement
(s—sq(t')?
VG (87 t) — Z the 2252
t <t

For large t and slow deposition rate, Ve approximates the free
energy and the meta-trajectory s(t) follows the MEP

1 1 2
A(s) = 5 In (/ dp o—BlV (43 5, Fa(s0—Sa (1) ])

lim Ag(s) = A(s)

k—oo

M Iannuzzi et al, PRL, 90, 238302 (2003)



Equatio VS of PADTLD

Smooth and continuous meta-trajectories that follow the minimum energy
pathway are obtained by a modified Velocity Verlet algorithm

By the assumption that Sq is function only of R:

Force on the meta-variable

Fal) = FalSa((Re()}) — 5a(t)) — 5~ Varrn(s. 1)

Sa

Vharm and VmTp generate opposite contributions

Modified force on ions due to the coupling with the dynamics of the
meta-variables

F1(0) = FO() — ka(Sa({R1(1)}) — sa(t) 220

ORy

The Metadynamics Lagrangian generates fictitious dynamics
describing the most probable pathways



ZUALES SIS ST O S

Different CVs, anisotropic A(s), different diffusion coefficients

Ts, = Lo/ Dq,

Oa = Sa/La

(sa—sa(t')?

Q(ASQ)Q

Va(s,t) =Y Wye 2o

<t

re-shaped Gaussian tube

MTD trajectorg

[(s—sq (t')-dg (t)]?

2|ldg (¢/)]14

tn

v

As. (input)
t3

t Accumulate slices

de’ along the trajectory



ALY Of FES nrofils

Dynamics generating the equilibrium distribution associated with A(s)-As(s,t)

st different
Averaging over many independent frajectories N As)
e(s,t) = ((Ac(s,t) — A(s) — (A (s, t) — A(s)))?) profiles
g(t) — fQ ds 6<Sa t)
fQ ds

Empirical error estimate

100 300 500 700 900

F— C(d) VQ”ASHW number of Gaussians
IDllTep
too large As would smear out
fQ:A(s)<Amax ds(Amax — A(8)) A(s) details : As/L<0.1

ttot = TG d/2
(2m)2W I], Asa Only relevant time scale is 153

_ I7s]|A Vq the error depends on T¢/W
€= tiot3 1], ASa small Gaussians more frequently
is better

C Micheletti et al, PRL, 92, 170601 (2004)
A Laio et al, JPC-B 109, 6714 (2005)




____ ToleconciieZuEe

. The selected CV must discriminate among the relevant states (reactants,
products, TS)

. The number of hills required to fill the well is proportional to 1/(A)N¢Y

. The sampling of large variations of the CV over almost flat energy regions is
expensive: diffusive behavior

~ MTD is not the true dynamics. Reaction rates are derived a posteriori from the
estimated FES

~ The analysis of the trajectory is needed to isolate the TS

- With proper choices of CV and parameters, the MTD trajectory describes the
most probable pathway taking into account also possible kinetic effects (lager
and shallower channels are preferred)

~ The accuracy in the evaluation of the FES depends on hills’ shape and size, and on
the deposition rate. The ideal coverage Vs ({S})= -A({S}) (flat surface)
40






Phase Transitions

—7.8

—7.82

—7.84

—'7.88

Enerpy/ stom (Ry)

—7.B8

=78

Crystalline Silicon can assume different lattice structures. Phase

- transitions induced by external pressure are known from experiment

Metadynamics is able to explore all the accessible metastable
states, without requiring any over-pressurization

Collective variables: the 3 vectors that define the simulation box

h = [&1,&2,33]

ap 100 150

Volume /Atom {a.1.)

140

Evolution of the cell
parameters during the
metadynamics run

Angle (deg.)

6 8 10
Time (ps)

12 14 16 18




Silicon: Diamond, B-tin, Simple Hexagonal

Structural analysis by radial correlation function

1
0.8
Dia Dia
0.4 Hex E
o X/\
o ;‘_7::5 S :: o5 - :f < «_I‘i_:;:i*:: _: e o — e
o T PR " ) Neighbors
SHeX g R R 1.4 . i . . .
RPN S 12 Dia
1
Hex
0.8
0.6 .
I 04 r -
Bt| N | | j /\ _
o liiions’ SN L. wenii
O 20 40 60 BO 100 120 140 160 180 200
Angle (deg.)

43



700

U

500 600

( 400
Time [fs]

A 3& A L

Partial Charge (Mulliken)

Ar+ at 50 eV striking the rim

0 100
1.5 v

Implantation Process

"

: . » . .
v A A
L AL ah, a0 ‘T XL

1" % ’ _ _
Wi A A g Ayl N [y
A0 f_an "

» : » y » . " ’
"y .1\1\1\1\0\1‘4 A
. .-...... “r_ ' .. .o

’ . : : :
- s - - ‘
Yo ~...o l- l\. 1\4\1

. . ... . P




hBN Reconstruetion |

Metadynamics to accelerate the
simulation of the healing process




Imidazole-2EQ: proton conductor

Spacer
["\>_/°\/\o/\/°k—<\:j . Good conductivity in doped samples
5 Aromatic {C-H)
Intra-pair : 0 P\ Bihylene Oxide (CH T
¥ i T e th' e Dynamical disorder of local hydrogen-
Lo—o~"<] MV@:"S { oor bond patterns
i »L lter-pair &V\mm
o O,Vké'«] GG Fast microscopic rearrangements
" I L, ‘ (30kHZ)
SN L =
N x """" 6 12 8 4 0 ppm
[001]

Generalized relative displacement

%$¢§V \{L@‘-Vﬁbbﬁ D[001] ({RI} 111 Z d V[OOl] S Z d V [001]

’LEH jEN
Defect in the Chain
Coordination numbers and/or rotation angles

G.R. Gowers, J. Phys. Chem. B, 106, 9322 (2002) 46



NMR Spectrum

Excess-proton

| DFTPT in CPMD

]

| L I

H-Doped Optimized Structure

15




¥
¥
¥
¥
$

Structure Diffusion

Facile intermolecular proton hopping

Proton transferred over 4 molecules
Complex pathway with several intfermediates
Rearrangement of the h-bond network

Stabilizing role of O...H interactions

M Iannuzzi, Parrinello, PRL, 93, 025901(2004); 48
M. Iannuzzi, JCP, 124, 124710 (2006)

Fluctuating hydrogen-bond network:
structure diffusion

Mobility induced by excess protons

Monitoring defect diffusion by
activating 5 Collective Variables

Explored FES




On Pristine Graphite

Three CNas CVs: Nvs O,0Ovs C,Nvs C

hydroxila‘rionl The first event is OH dissociation and hydroxilation of

the surface (~35 kcal/mol), with formation of bi-

radical system. System stabilized by the formation of
i - H-bond and delocalization of the unpaired electron
transferred to the surface. sp3 hybridization of C

MEP energy profile

H transfer | f T84

reactive NO; system is slightly c on\IHs 83 o
stabilized; closed shell, only ; TS 150 — ; '
1.9 kcal/mol more stable than —_— ‘ 4 2‘.|
open shell. ."i4.4‘:‘ A

29.

—

312

E " — N ':
Epoxide structure migrates e —_—

B C C
over the surface 36.7)
a8
TS Epoxide migraTionl TS back ‘rr‘ansfer'l 1 ¥

H5 A
- 0:: N A
03 o4 %
K 1.68
c

.
:
\
;
:
;
g
g
.
'
r
'
’
; 37
J -
;

The direct epoxidation is a
much less probable process




The OH-graphite interaction starts before the
dissociation is complete

MD snapshot during MD snapshot at

the transition dissociation completed
P As soon as the OH

radical is adsorbed on
the surface, its unpaired
electron is delocalized
among the atoms of the
graphite layer.

Early interaction between

the incipient radical and P .
the surface. w "
N-OH 2.1 A |
OH-graphite 2.5 A ;

interaction with m el.

The dissociation barrier is 12 kcal/mol lower than in gas phase

Graphite catalyzes the dissociation of nitric acid
if the partial pressure is such as to guarantee a high
probability of having HNOs in the vicinity of the surface.



On Defective Graphite : vacancy

Simplest type of defects, predominant in carbon layers

o type sp2 dangling 4 CN as CVs:
bonds at the N->O; O->C;
unsaturated C N->C;H->C

c .j Oxidation | v Full sa’rura‘rionl

unpaired H el. saturates o
type dangling,
T spin density delocalized

C=0, unpaired m el. engaged

no T spin density Ether graup

Important effects of translational entropy on
the free energy barriers

51



E (kcal/mol)

Alternative Paths

Hydroxilation |

E e 2

weak hydrogen bond
(1.88A); closed shell

C-O o type dangling,

T spin density delocalized
A

Direct oxida‘rion|

TS4
— 24.7
/ TS3}
i EE BRI
L4TSH
A
W10 1157
Rl \
n B \
1 -41.0 \
:‘— “‘
= \
"; Y 62.9
‘. —
-71.2

52

Replacement |

sp3 character, not

symmetric, electropositive
O, no H-bond

the direct oxidation leads
to more stable
configurations but requires
higher energy barriers

The estimated activation energies
are much smaller than what
obtained in gas phase as well as on
pristine graphite
MEP: ABC




