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‘ General concepts related to PES I

PES flowchart

ab initio electronic structure (BO) spectroscopy

kinetics
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(GENERAL CONCEPTS RELATED TO PES

Methods
2y PO
I
L
ab initio calculation: E
{ “ {H “ ‘B effective
CASPT2, CCSD(T), MRCI, DFT ;> Hamiltonian

Dynamics:

U(t,r) = > balt)

D, (7)
N

ab initio | :> potential surfacesl
n time  space @
time dependent
b(t) = Ul(t,to) b(ty) Quantum dynamics

\

®,,(1r): spectroscopic states kinetics




(GENERAL CONCEPTS RELATED TO PES

Analytical PES criteria

robust global

flexible compact




(GENERAL CONCEPTS RELATED TO PES

choice of coordinates

coordinates for dynamical calculations
unique description of configuration space
representation of kinetic energy
Examples:

® cartesian coordinates of
position vectors ()

e normal coordinates

e Jacobi or Radau type of
coordinates

N

coordinates for PES representation
related to interatomic interactions
symmetry advantage
(permutation-inversion)

Examples: e interatomic distances (7;;)

e valence bond elongation and
angles

/

necessarily analytically related: 7;;(x) exists for all x

((r;;) does not exist for all ;)




‘ XY -type PES I

PES as positive definite sum of stretching and bending potentials

Vo= Vixy) + Vsvy) + Viy xv)

two—boary terms  three-body term

reference energy at stable equilibrium molecular structure



XY,-TYPE PES

Stretching potentials

S

VS(XY) = Us(XY) (7” z)
i=1
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»
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>

Vs(xy)(7i) ~ Morse-type



XY,-TYPE PES: STRETCHING POTENTIALS

‘n > 6 for neutral dissociation I

N

9 2
1 1—6Xp(—a5[7"—7“6]) T\
S — S Js 1+ n _(_)
olr) = 5 £ (P el ()"
Examples: n =6
— €5 = 0.0
S
- =01 g
T6 = 3 Te
.

Marquardt and Quack, JCP 109 (1998)



XY,-TYPE PES

Switching upon bond dissociation

n fS) aS) /]n€7 ot
Vixyy = Z Vs(xv) (i) (XY,)
i=1
Vixy)y "= Z + Do (XYq_y)
as, L

parameters are smoothly varying functions of bond distances p = p(ry, 79, ..

p=pl..,rp—00,...)

)
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XY,-TYPE PES 12

Bending potentials

1
Vifa) =
Anharmonicity ?

1
= Vi) = >

Ensure positive definiteness 7

K
a—ae 1
k=1

7

\polynommTexpansmn)



XY,-TYPE PES: BENDING POTENTIALS

13

Bending hypersurfaces in polyatomic molecules 7

idea: use polynomial expansions of symmetry adapted forms

suppose bending space is reducible in irreductible representations 1, 2, . ..

structure point group symmetry

| K 2 K 2
Vi = o fi (zaggsg) + 2 (Za )

symmetry adapted forms 8](;) from reduction in the tensor spaces

in the equilibrium



XY,-TYPE PES: BENDING POTENTIALS 14

Example 1 The bending space of NH3 is 3D and at £ = 4, a 81D space must be reduced.
Result of the reduction is

4A1 & A, & 5E

spanning a 15D space of non-vanishing expressions.

E-forms of power 4 that might be obtained are

= <’ S%Z(a) i} S§E>(g4 _3S§Z(b>4 B) () ® (p)’
C S4y (b) = —2s1 (a) 57 (b) — 251 ' (a)s; (D)
(545 () = 4s;(a) sy '(b) —4s; (a)s] " (b)

Marquardt et al, JPC 109 (2005)



XY,-TYPE PES: BENDING POTENTIALS 15

Example 2 The bending space of CHg is 6D and at k£ = 3, a 216D space must be reduced.
Result of the reduction is

6A1 & 2A @ 6E & 8F; & 4 F

spanning a 56D space of non-vanishing expressions of power 3.

Complete reduction studies are necessary in order to guarantee maximum flexibility at a
given expansion order.

Reduction may become very tedious in high dimensional spaces.

This lead to the development of a fully automatic, fully symbolic computer algebra program
using MAPLE.

Marquardt and Sagui, Mol. Phys. 105 (2007)



‘ Non-linear adjustement methods I

Levenberg-Marquardt algorithm to minimize y? = > (Vz.rea' _ VZ.mOde'>2

Extended algorithm to minimize y? + > Ak C “new’

(Marquardt and Quack, JCP 109 (1998))

(C'.: additional non-linear conditions.

Example 1: XY bond dissociation energy

\ .

De
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NON-LINEAR ADJUSTEMENT METHODS 17

Example 2: NH; barrier to linearity in the asymptotic limit NH, 4+ H (Renner-Teller prob-
lem).

The analytical expression for the barrier height is

Epare(NH2) = Fbl [1/3 AB1 11,2(=1— ce2)V3+1/3 ABL 212 (—1— ce2)?+2/3 ABl 292 (—1— ce2)?+1/9 AB1 312 (—1— ce2)3v3+2/9 ABl 322 (-1 — ce2)3V3
+2/9 AB1 332 (—1— ce 2)>V6+1/9 AB1 412 (—1— ce2)* +2/9 AB1 402 (—1— ce 2)* + 237 AB1 432 (=1 — ce 2)*vV6v3+4/9 AB1 442 (-1 — ce)* ’
+ Fb2 o [(—1/6 AB2 1 12(—=1— ce2)vV6—1/18 AB2 512 (—1— ce 2)?V6v3—1/6 AB2 322 (=1 — ce2)? —1/18 AB2 312 (=1 — ce 2)®v6—1/18 AB2 322 (=1 — ce 2)*V3
—1/9 AB2 332 (—1— ce2)>V6 — 5i4 AB2 41,2 (=1 — ce2)* vV6v3 —1/18 AB2 422 (=1 — ce 2)* —1/27 AB2 432 (—1— ce 2)*V6v3 —2/9 AB2 442 (—1— ce 2)*
—2/9 AB2 452 (=1 — ce 2)4)2 + (—1/2 AB2 1 12(—=1— ce2)V2—1/6 AB2 212 (—1— ce 2)?v2v3—1/12 AB2 322 (=1 — ce 2)>V6v2—1/6 AB2 312 (=1 — ce 2)> V2
—1/36 AB2 322 (—1— ce2)®v6v2V3 —1/3 AB2 332 (—1— ce2)>vV2—1/18 AB2 412 (=1 — ce 2)*vV2v/3—1/36 AB2 422 (—1 — ce 2)*V6v/2—1/9 AB2 432 (-1 — ce 2)? v
—1/9 AB2 442 (=1 — ce 2)*vV6V2 —1/9 AB2 452 (1 — ce 2)* \/6\/5)2}

+ Dii g (e7 22 1€ 2VEAVE-VI=TED] 1)2



‘ Applications: CHy I

V/(hc 1000 cm™)
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Marquardt and Quack, J. Chem. Phys. 109 (1998)
Marquardt and Quack, J. Phys. Chem. A 108 (2004)
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APPLICATIONS: CH,

CH stretching potential in highly distorted CHy

60EIIIIIIIE'IIIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIIIE

| CHeCHs+H (PL) 3
Il ‘: =
[= - -
(&) — -
s E
S 40F :| I
g BN — )
NEUS g -0 T (2) E
- ---- DHS -
20EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIE
0 1 2 3 4 5

r(C-H) / (100 pm)

19



APPLICATIONS: CH,
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Marquardt and Quack, J Phys. Chem. A 108 (2004)
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APPLICATIONS: CH,

Methane inversion

V/(hc 1000 cm™)

é,

21



‘ Applications: NH3 I

NHs3 dissociation channels (octade)

— — NH3(!4;) — NH(3Z_)+H2(1E;),

= 1 | 1 I I I I 1 1 1 | 1 I I I I 1 1 1 | 1 L=
A, HE = 414 kJ mol™ O ¥
ENE Koo AT S
5 /4“..7_ A _§
— NH3(1A1) — NH2(2B1) + H(QS(l/Q)), § 40 E_ 4 R XK K g
A Hf =~ 448 kJ mol™! " 30 = A =
< S 3
a0t
-~ NH3(*A;) — NHy(*A;) + H(*S(1/9), ~ 10?_ E
A HS ~ 590 kJ mol™! o E -
E| | [ L1 1 1 I 11 | | | L1 1 1 I | | | | | |E

0 1 2 3 4 5

r / (100 pm)

o singlet x triplet
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APPLICATIONS: NH;

Merging of CCSD(T) CBS (¢) and MR-CI VTZ (%) data

. L L L L | | =

- *
o - 4+ ~4400hc cm™1 7
S -56.3 R iptat= =ttt X -
e B T _
0]
< _ i
N -56.4 — ]
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e - -
= -56.5 o ]

_I -I .I L1 1 I L1 1 1 | L1 1 1 I L1 1 1 | ] ]

-56.6
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r / (100 pm)



APPLICATIONS: NH;

Vir) / (he 1000 cmt)

Results: 1D V (rnyg), planar ammonia
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r / (100 pm)
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APPLICATIONS: NH;

Results: 1D V' («), planar ammonia
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Marquardt et al, JPC B 109 (2005)
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APPLICATIONS: NH;

number of parameters

*31 APOT3 Marquardt et al JPC B 109 (2005) global

o4
91
812

* with 10 additional, non-linear conditions among these parameters

LTYCJ Lin et al JCP 117 (2002)
LCH  Leonard et al CPL 370 (2003)
RMH  Rajamiki et al JCP 118 (2003)

semi-global
local

local

26



APPLICATIONS: NH;

27

Vibrational term values NHD, (in cm ! )

Sym Levels | Experiment!!] Theory

RMHE  APOT2B!  APOT4H  APOT4D!
A~ (0] 0171 0.17 0.13 0.16 0.16
At (2Y)'| 810.23 810.22 835.07  808.81 808.82
A= (2YHv| 81956 819.58 84319  817.52 817.53
At (4,1 ] 123337 123311  1256.16 123429  1234.31
A~ (4,1)"] 123589 1235.65  1258.30 1236.71  1236.73
BT  (4p1)'|1461.79 146157 148336 1461.48  1461.49
B~ (4,')v|1461.99 146178 148347 1461.65  1461.65
At (3.1 2430.80 2430.11 244280 243543 243547
A~ (3,1)Y | 243462 2434.07 244398 2437.09  2437.13
BT (3,1 |2559.81 2557.99  2553.08 2564.11  2564.15
B~ (3p1)"|2559.96 2558.14  2553.18 2564.22  2564.26
A= (1YH)'] 3404 24 3407.10° 339959 340627 340624
A+ (11)u

3404.32

3407.35/

3403.31

3406.33

3406.30

[1] Snels et al,
J. Chem. Phys. 119 (2003)

2] Rajamaki et al,
J. Chem. Phys. 118 (2003)

3] Marquardt et al,
J. Phys. Chem.B 109 (2005)

[4] Marquardt et al, to be pub.

calculation D. Luckhaus

5] Values MCTDH (F. Gatti )
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CO/Cu(100) PES

Wigner-Seitz

essentially 6D problem:
T? 97 ¢7 x? y? <

prototype system for (non-dissociative)
adsorption processes, but only one
analytical, semi-empirical PES repre-
sentation:

Tully et al, J. Vac. Sci. Techn. A (1993)
cluster vs slab type calculations
zero coverage PES?

lateral diffusion barrier?
periodicity at Wigner-Seitz boundary?



CO/Cu(100) PES

Generic analytical forms AB/M

‘2 body potentials |

/

Ve u Vaul(ra—7al)

+ Vem(l e —Tar |)

+ Vagm(TA —TAr, "B — T 1)

N

‘3 body potential I

+  VaB(ra-rg))

29



CO/Cu(100) PES 30

Generic analytical forms AB/M: 2 body and 3 body potentials

VXMO“) = DXM [exp(—2 AXM[’I“ — RXM]) — QCXM eXp(—AXM[’I“ — RXM])]

n

0

IfABM (n)
Nleg

Vasn(rse) = Dapu Y Wi Pi(c) Re(r) Som o
/=0




CO/Cu(100) PES

31

Bravais

Wigner-Seitz

Some potential parameters vary slowly as a func-
tion of the positions x and y parallel to the sub-
strate, and perpendincularly along z.

plz,y) = pe c(x) c(y)
+ (()8@) s(x) c(y))
+ pn s(z) s(y)
c(x) = COSQ(%)
s(x) = sin%%)
= 1 —c(x)

a = Wigner Seitz lattice parameter
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cmt)

Viz) /7 ( he

Discussion on the CO/Cu(100) PES

3000

2000

1000

.00 1.28

Lateral diffusion potential
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this work

2.56

slab calculations ADF
Becke-Perdew GGA, VWN-LDA
TZIP basis

Fouquet et al
J. Chem. Phys. 119 (2003)

cluster calculations MOLPRO
many different cluster sizes

TH3 functional (Tozer and Handy)
cc-pVTZ basis

Tully et al,
J. Vac. Sci. Techn. A (1993)

representation from Tully et al,
adjusted (this work)



DiscussioN ON THE CO/Cu(100) PES 33

| ateral diffusion barrier

Theory Experiment (HAS)

‘ ~ 265 hcem ™! | ‘ 30 meV =~ 240 hcem ™ |

: rrrrr o rr vt 1T 1 | e rrr ot 1T vt 1T 11 : DISplaCement [1 10] ['&]
B first adiabatic channel 7
= 2000 F 3 40
5 i oo 1 s 1 s
o 1500 F—""- - 265hc cm ™ 1 E
< - f 1 3 %] ‘ '
— B - '3 i i
< 1000 3 5" / \
o _ electronic (relaxed) l ] 92.56 | 0 2.56
8 500,/ @ -
= - ~ 465hc cm 1 Figure adapted from
0 - AT N U T T T T N T N s il . Graham and Toennies’
00 128 { 2.56 Surf. Sci. 427 (1999)

z. / (100 pm)



DiscussioN ON THE CO/Cu(100) PES

Harmonic Vibrational Wavenumbers (in em™! )

label | present work THG exp [3]

harmonic harmonic|l] anharmonic|2]
CO stretch (A) | 2066 2069 2179 2180 2150 2079
CO adsorption (A)| 320 384 310 372 345 345
CO frust rot (E)| 299 304 362 357 335 285
CO frust tra (E) 8 6 4 4 27 32

2nd row: inclusion of Cu vibrations

[1] Tully et al, J. Vac. Sci. Techn. A (1993)
2] Tremblay et al, J. Chem. Phys. (2008)
3] Graham et al, J. Chem. Phys. (1998)
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‘ Conclusions I

Analytical, global representations of multidimensional PES are useful but still challenging.

Generic form of compact, global PES for XY, due to new , unconventional functional
forms. Important advantage of using symmetry.

CH4 and NH3 | first global analytical PES from ab initio that (nearly) fulfills expectations

regarding both spectroscopy and reaction dynamics .

CO/Cu(100) ] first global analytical PES from ab initio. Diffusion barrier agrees well with

experimental value after inclusion of zero point energy. Cluster type models insufficient
for lateral potentials!



