Faculty of Chemistry

ww.uni-bielefeld.de
4 E 9DaA



IMniE e Faculty of Chemistry

Main Experimental Methods:
* Gas Electron Diffraction (GED)
* Rotational Spectroscopy (RSp)

* Vibrational Spectroscopy (VSp)

+ Theoretical Model based on Quantum
Chemistry (QC)
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What do we want?

C) Perform one calculation

€i Get all the required properties at
once
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[ —
@ Born-Oppenheimer approximation:

(AL + Ay + Wy = Eo .
A = 1§11} . (rigid rotor)
ﬂS?:: 3p'Gp + 3q'Fq . (harmonic oscillator)
Perturbation:

W = Vanh. + fvib—rot .

Large amplitude motions (LAM) — dynamic model
Sutable for VSp, RSp and GED.
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Molecular Dynamics (MD):
m,-F,- = —V,‘ VQC

classical MD
° quantum MD (PIMD, Q-CN-GLE)

Monte-Carlo (MC):
Random movement

classical MC
° quantum MC (DMC, VMC, PIMC)
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‘ TMD/Tcubic

™MD __ @ b(Vmax/Vmin)
Tcubic 362

° Vishnevskiy Yu. et al.
// Inorg. Chem., 54, pp.
11868-11874 (2015)

° Zhabanov Yu. et al.
// J. Porph. Phthal., 17,
pp. 220-228 (2013)

° Pimenov 0. et al. //
Struct. Chem., 26, pp.

1531-1541 (2015)

° Zhabanov Yu. et al.

// J. Mol. Struct., 1092,

Vishnevskiy Yu. et al. // Theor. Chem. Acc., pp. 114-112 (2015)

135, p.

88 (2016
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MD in VSp: ©

MD in GED: ©®

re=(r), P={?)—(? rn=("1"

Iuchi S. et al. // J. Phys. Chem. B (2002), 106, pp. 3466-3476
Tse J. // Ann. Rev. of Phys. Chem. (2002), 53, pp. 249-290

Wann D. et al. // J. Phys. Chem. A, 113, pp. 9511-9520 (2009)
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MC in RSp:

Structure of hexamer of Hx0 (B. — By obtained with DMC).

Liu K. et al. // Nature, 381, pp. 501-503 (1996)
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Application of MD
simulations in GED

Tikhonov D. et al. // Accepted to PCCP, (2016)
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“Flying Ice Cube” Effect
Better thermostats

No quantum effects Harvey S. et al. // J. Comput. Chem., 19,
PIMD, quantum colored-noise pp. 726-740 (1998)
thermostats

‘ = www.uni-bielefeld.de
= = E 9AC



Faculty of Chemistry

Qassandra (QA) 10

[QUAntum corrections to claSSical pArameters
for gas electroN DiffRAction]

Vishnevskiy Yu. et al. // Theor. Chem. Acc., 135, p. 88 (2016)

https://sourceforge.net/projects/edsoftware/files/Qassandra/

=> www.uni-bielefeld.de
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I —
Benzene @ 300 K (BLYP/TZVP)

PDF(r)

0.8 1.0 1.2

r, A
Tikhonov D. et al. // Accepted to PCCP, (2016)
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Benzene @ 300 K

£(r)

=

EIDiff: R, = 6.84 %

PIMD: R, = 8.11 %
Q-GLE: R, = 9.97 %
GLE: R, = 19.53 %

‘GLE+QA: R, = 9.07 %
NH: R, = 22.38 %

NH+QA: R, = 10.25 %

0 1 2 3 4 5 r, A
[r. @ CCSD(T)/cc—pVTZ | + [/, (re —r.) x @ BLYP/TZVP]
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9,12-I,-1,2-C5B1oH1o @ 480 K

£(r) ;‘}4

_;’/J ‘ 1 W"

ELDiff: R, = 9.19 %

MD4QA: R, = 12.81 %

MD: R =

0 1 2 3 4 5

[re @ MP2/SDB-cc—-pVTZ ] + [/, (re —

r, A

Vishnevskiy Yu. et al.
// Inorg. Chem., 54,

pp. 11868-11874 (2015)

r.) k @ PBE@/def2-SV(P)]
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CMTC @ 337 K

f(r)

Martinez B. et al. //
pCcCP, 17,

pp. 15805-15812 (2015)

g
kS
[
R
Lo
N
<
o

r, A
[re @ CCSD(T)/cc-pVTZ ] + [/, (re —r.) kK @ PBEQ/def2-SVP]
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CMTC @ 337 K

Faculty of Chemistry

vV, K

2000 [

1500

1000 [

500 |

Gauche

90°

Dihedral Angle Cl1-C-S-C

(CC1H,)SCN (CMTC) @ PBEQ/def2-SVP

Gauche
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Application of MD
simulations in VSp

-l

=> www.uni-bielefeld.de
= = E 9AC




IMniE e Faculty of Chemistry

Conventional recommendations:

1 . Get several NVE trajectories — compute spectra
— average these spectra

2 . Use small time steps

Hornigek J. et al. // J. Chem. Phys., 127, p. 084502 (2007)
Fischer S. et al. // J. Phys. Chem. B, 120, pp. 1429-1436 (2016)

Can we overcome them?
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I(v)

‘ Harmonic
A~ A

1
o

A MD (NH)

A Experimental r‘

,” MD (Q-GLE)

_j,\w MD (GLE)

| M0 (VE)

0 1000 2000

[ —
How about one NVT trajectory?

NH Chains

Can be used.

But watch for the
"flying ice cube"
effect

(Q-)CN-GLE
Is too noisy —
cannot be used
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What’s wrong with large time

steps?

Horni¢ek J. et al. // J. Chem.

Phys., 127, p.

=
S Vharmonic
(]
____,//////h At = 0.1 fs
>
D
.a —/ )
o At = 0.5 fs
[]
i)
o
(=]
_____,,///// At = 1.0 f£s
At = 2.0 £s
3400 3600 3800 4000 4200 4400 4600 4800
v, cm

084502 (2007)

PBEQ/de f2-SVP
NVE MD
tiotal = 1 PS
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Can we correct this behavior?

Yes we can!

V1 —cos(2m - At - Vin;)

V27 - At

| - www.uni-bielefeld.de

o~ ~
Vo1 R N Vharmonic
™ |~ )
_/ 0.1 £s
>
2
A %
%] _//
5 Veorr =
)
o
P
Tikhonov D. // J. Chem. Phys., 144, p. 174108 (2016)
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Tetranitromethane (TNM)

4 internal rotations of NO; groups

Stosick A., et al. // JACS, 61, pp. 1127-1130 (1939)
Sadova N., et al. // J. Struct. Chem., 15, pp. 593-595 (1974)
Sadova N., et al. // J. Mol. Struct., 31, pp. 399-402 (1976)
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viam << vsam, therefore:

pvib(QLAMa cISAM) ~ pLAM(QLAM) 'pSAM(qSAM|qLAM)

(adiabatic separation of LAM and SAM)

Ususally

max

1%
LAM
057 am = K << Texp

therefore:

14
PLAM(CILAM) X exp <—%)
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1D dynamic models: Q
casual and boring... since 1950-s

2D dynamic models: Q
less then dosen since 2000

3D dynamic models: Q
so far only one & very symmetrical

Morino Y. et al. // J. Chem. Phys., 28, 185-197 (1958)
Tsuji T. et al. // J. Mol. Struct., 554, 203-210 (2000)
Kovtun M. et al. // J. Phys. Chem. A, 119, 1657-1665 (2015)

Khaikin L. et al. // Struct. Chem., 26, 1651-1687 (2015) ‘9
www.uni-bielefeld.de
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1500 | Ee, cm™t TNB @ MP2(full)/cc-pVTZ —— |
TNM @ B3LYP/6-31G(d)--»--
1000 1
TNM TNB
so0f  F 1
X', i /)‘""*\ LN
/." “k\ :'/ ““‘x ','l "\
0 L X L e L ey
0° 30° 60° 90° 120° 150° 180°
NO, group torsion angle
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TNB TNM

Torsion angle scan step = 10°

363 2 36* 3
Nunique 2 |G96| ~ 5 . 10 Nunique 2 m ~ 4 . 10
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9.0 T T T T
R, % E
8.5¢ E
NOZ '.'" \\‘
8.0 R
02N i N02 7 Ymemmeed
S, axis
7.5 X 1
xi
7.0F Axis flip S O.N a S_
Final model
sEEy, 2
6.5

Number of fr

ames in MC trajectory |
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H\Imn ‘n..‘ L

Dynamic: R; = 6.0 %

Static: R, = 18.8 sz:/\ /\ paN
N/ ~/ \/ ——

0 1 2 3 4 5
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What novel things did we do:

X Qassandra
< Benchmarks for usage of MD simulations in GED
* Frequency correction for VSp from MD

X 4D dynamic model for TNM using MCMC
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Applicability of MD and MC:

(PI)MD
NB! CN-CLE

Vibrational
Spectroscopy
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Yu. Vishnevskiy
V. Rybkin
A. Rykov
C. Reuter

N. Vogt
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CS, @ 288 K
Exp.(GED) EIDiff MC+QA MC
rg(C-S), A 1.559(2) 1.565 1.567 1.564
I(c-8), A 0.036(4) ©0.039 0.040 0.024
rg(S---S), A 3.113(4) 3.123 3.121 3.119
I(s---8), A 0.045(4) 0.042 ©.042 0.032
Zg(SCS), ° 173 172 170 172

[re @ CCSD(T)/cc-pQTZ ] + [/, (re —ra) Kk @ BP86/6-31G]

Morino Y. et al. // Bull. Chem. Soc. of Japan, 35, 1661-1667 (1962)
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PZA IR VSp

GAMESS US: Harmonic

l ” Gaussian 03: VPT2
e A A A A A

GAMESS US: VPT2-QFF
An A_Jl\ Jl\ A A
A " " Experimental
PO A AN

A AL NJL@NME) A1

0 500 1000 1500 2000 2500 3000 3500
v , cm®



PZA GED

f(r) H 1 e
o DI
i ‘

}1 it ’
i it
i R
v i
i
J
—

E1Diff: R,

| MD+QA: R, = 7.38 %
MD: R = 16.23 %
5 6 7 N

r, A




Let S; C Gus, [S1]<[S2[ <...<[Sml,

M

B _!GMS\ |Gus]|
NtOtal_an |S:| < |Sl‘ Z

i=1

Note, that Nyiq = Z,"il n;, therefore:

S
Nunlq Ntotal |C|; ll |

Notations:

Gps - molecular symmetry group for LAM, S; - point symmetry group for pseudoconformers, n; —
number of unique pseudoconformers with symmetry S;, M - number of possible symmetries, Nyt
- total size of the grid of pseudoconformrs for LAM, Nu,,iq — number of unique

pseudoconformers.




Metropolis sampling

® on the i-th step a new trial
configuration is chosen.

® The trial configuration becomes
(i+1)-th in the MCMC trajectory if

. (Etrial EI)
P— - - 7 >
p = min {l,exp < T >a ,

where a€[0,1] - is a random number
chosen from the uniform
distribution.

If not, (i+1)-th configuration is
equal to i — th.

Metropolis N. et al. // J. Chem. Phys., 21, p. 1087 (1953)

O
@
I
ul
i




Qassandra formulas

Peiass(§) o< exp (—255%) (1 +aé+ a8+ .. )
(€%) quant = 515 coth (37)

<€>quant - <£>class — 3C3<§2>/\/ID (<£2>quant - <€2>MD)

2
Rquant = 3C3<€2>I\/ID4:§ﬁ (% + W)

2kT

E=r—r. we =



Anharmonicity in GED




GED parameters

Vibrational parameters:

k= 1P = 3n)() + 2(r)%)

rn={1/r"t~r,— 2

re

Discrepancy between experiment and model:

s s eXP_S s theor\2
oo [ a0
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System = molecule
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Molecular dynamics simulations (MD)

System = molecule



NVE MD

Classical motions on the PES



NVT MD

Classical motions on the PES with thermostat



Energy loss (Eg,l)

Energy gain (Ein 1)

DA



Non-equilibrium distribution of energy for the
degrees of freedom
Solution:

better thermostats
Problem of the solution:

limited availability



The lighter the atom - the more of quantum behavior

Solution #1: PIMD
Problems of solution #1: computational costs
increase, limited availability

Solution #2: colored-noise thermostats
Problem of solution #2: limited availability

«4O> «4F>» «=» « =)
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PIMD

Accounting quantum motions using path-integral
approach



Types of systems in thermodynamics

Isolated system = NVE

Heat exhange --- X
Matter exhange --- X



Types of systems in thermodynamics

Closed system = NVT

LR

Matter exhange --- X



Types of systems in thermodynamics

Open system = uVT




