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Marko Mitié Ab initio proucavanje neadijabatskih efekata kod malih molekula



"Fizicki zakoni na kojima pociva veliki deo fizike i cela hemija su, dakle,
potpuno poznati i problem je samo u tome Sto egzaktna primena tih zakona
vodi do jednacina koje su isuvise komplikovane da bi se mogle resiti."

— P. A. M. Dirak, 1929.
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Sadrzaj izlaganja

@ Kvantno-hemijski problem

© Mali molekuli
© Rener-Telerov efekat - opsta razmatranja
@ Model za tretiranje R-T efekta kod etvoroatomskih molekula

© Model za molekule sa proizvoljnim brojem jezgara
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Sadrzaj izlaganja

@ Kvantno-hemijski problem
o Sredingerova jednacina
@ Born-Openhajmerova aproksimacija
@ Ab initio metode
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Sredingerova jednacina

S jezgara (A, B, ..., S)

o Molekul = N elektrona (a, 3,...,N)

@ Talasna funkcija

1’:\I’(TAVSA’"'?T5'7SS,T(MSOH"'aTstN)

o Sredingerova jednacina R
HV = Ev
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Born-Openhajmerova aproksimacija

o Sredingerova jednacina

—

U (7, R) = E¥(7, R)
o Nerelativisti¢ki hamiltonijan molekula

S
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Born-Openhajmerova aproksimacija

o Sredingerova jednacina

HU (7, R) = EV(F, R)

@ Nerelativisticki hamiltonijan molekula
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Born-Openhajmerova aproksimacija

@ Resavamo elektronsku Sredingerovu jednacinu
I:Ie@b(”?; ﬁ) = Eel(é)w(ﬁ R)

@ Resavamo jezgarnu Sredingerovu jednacinu
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Born-Openhajmerova aproksimacija

@ Zanemarivanje A;;

o nedijagonalni €lanovi (i # j) = adijabatska aproksimacija
o (i # j) A (i =j) = B-O aproksimacija

@ Dobijamo sistem jednacina
[T, + Eo(R)|®;(R) = E®;(R), j=1,2,...

o Narusavanje B-O aproksimacije = neadijabatski efekti
i) izbegnuta presecanja potencijalnih povrsi
ii) Jan-Telerov efekat
iii) Rener-Telerov efekat
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Metode kvantne hemije

"Brute force" metode

Semiempirijske metode

Ab initio metode

Priblizne metode

Perturbacioni racun

Varijacioni racun
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Ab initio metode za reSavanje elektronskog problema

E
@ Hartree-Fock method (HF)
——Hartree-Fock energy
e Density functional theory (DFT)
(ab /'n/'tio?) — Hartree-Fock limit
electron
correlation |: — Post-Hartree-Fock methods
energy ___Exact solution of nonrelativistic
Schrédinger equation
Post-Hartree-Fock methods —Relativistic energy

@ Mgller—Plesset perturbation theory (MPn)

e Configuration interaction (Cl)

Coupled cluster (CC)

Multi-reference methods

Multi-configurational self-consistent field (MCSCF, CASSCF)
Multi-reference configuration interaction (MRCI)

Complete active space perturbation theory (CASPTn)
Multi-reference coupled-cluster (MRCC)
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Sadrzaj izlaganja

© Mali molekuli
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Mali molekuli

The Cologne Database for Molecular Spectroscopy
Universitat zu Kdln, Physikalisches Institut
http://www.astro.uni-koeln.de/cdms/molecules

Molecules in the Interstellar Medium or Cir llar Shells (as of 02/2016)
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http://www.astro.uni-koeln.de/cdms/molecules

Mali molekuli

Extragalactic Molecules (as of 10/2015)

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms >8 atoms
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Mali molekuli - atmosfera Titana

=N Dicijanoacetilen (C4N2)

N=C-C=C-
H—C=C—C=C—H Diacetilen (C4H3)

O 0

Cijanoacetilen i cijanodiacetilen opazeni u
interstelarnom prostoru, dicijanoacetilen?

o Atmosfera Titana (N2, CHy, ...)
° C4N2(S) detektovan
o C4Ns znacajan za meteorologiju Titana

@ X 21, elektronsko stanje katjona C4Nj,
ispoljava Rener-Telerov efekat
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Sadrzaj izlaganja

© Rener-Telerov efekat - opsta razmatranja
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Rener-Telerov efekat - opsta razmatranja
o Linearni molekuli (elektronska stanja II, A, ®, ...)

o Coov, Dooh — CS: Cav, C2h,
@ Vibraciono-elektronska (vibronska) sprega
©

(b)
vt/

@ Troatomski molekuli
o Cetvoroatomski molekuli
Ab initio proucavanje neadijabatskih efekata kod malih molekula
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Sadrzaj izlaganja

@ Model za tretiranje R-T efekta kod etvoroatomskih molekula
@ Modelni hamiltonijan
@ Elektronske bazne funkcije

Elektronske bazne funkcije - dijabatizacija

Mala odstupanaj od linearnosti

Ugao 7

S-O matricni elementi

@ Vibronska baza

@ Rezultati
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Modelni hamiltonijan

Razmatrano elektronsko stanje je dovoljno odvojeno od drugih
elektronskih stanja

Ravnotezna geometrija molekula je linearna

Harmonijska aproksimacija

Sprega izmedu savijajucih i istezucih vibracija je zanemarena
Rotacija molekula u celini zanemarena

Koriséene krivolinijske unutrasnje koordinate

Primenjen operator kineticke energije jezgara za infinitezimalne
savijajuée vibracije

Primenjen fenomenoloski spin-orbitni operator

Asimptotske (linearne) elektronske talasne funkcije su koris¢ene za
matri¢nu reprezentaciju operatora kineticke energije jezgara
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Modelni hamiltonijan

@ Molekulski hamiltonijan
H=H +T,+ Hso
o Elektronski spin-orbitni operator
Hgo = AsoL.S.

@ Operator kineticke energije za savijaju¢a kretanja jezgara
i) krivolinijske unutrasnje koordinate (p1, ¢1, p2, ®2)
ii) krivolinijske simetrijske koordinate (pc, ¢c, pr, é1)
iii) pravolinijske unutrasnje/simetrijske koordinate
)

iv) normalne koordinate
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Modelni hamiltonijan

Space-fixed plane

[Peri¢ et al. 2006]
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http://www.sciencedirect.com/science/article/pii/S0301010406004228

Modelni hamiltonijan

e T, u krivolinijskim unutrasnjim koordinatama za dve (dvostruko
degenerisane) infinitezimalne savijajuce vibracije

joo_ L (o 1o 19\ 1(9 19 10
T 2m\ 9T p1Opr piO9Y ) 2u2\0p3  p20p2  p3 093

1
+ —
M2 0p10p2 ~ p1p2 0p1002

. 1 & L&
+ sin(¢2 — ¢1) (m 0p20¢1 ;)2(9/)18¢2>:|

1 1
V= iklp% + §k2pg + ki2p1p2 cos(d2 — ¢1)
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Elektronske bazne funkcije

@ Vibronska talasna funkcija u obliku

U = fiv1 + farho

@ Izbor elektronskih talasnih funkcija = adijabatske talasne funkcije
Hoyt =Vigt,  Hyp™ =V~

Matricni elementi od H,; dijagonalni

Matriéni elementi od 7}, sadrze &lanove:
(el = ol ) = 5a
(o= (v |5 ) == ol

B-O aproksimacija?

Izbegnuta presecanja; ¢lanovi pz»_l [ pi_lpj_l
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Elektronske bazne funkcije - dijabatizacija

@ Dijabatske elektronske talasne funkcije

— i+ cos(Ar) — y~ sin(A7)
2:¢+51n( T) 4+ ¢~ cos(AT)

@ Matricni elementi elektronskog operatora u ovoj bazi

By = <n1\ﬁe\m) =Vt cos?(AT)+ V™ Sin2<AT)
Ego = (ma|Heo|no) = VT sin?(A7) + V™ cos?(A7)

- vVt—-v- | -
Era = (m|Helnz) = ————sin(2A7) = (nz|He|m)
@ Ugao 7 odredujemo kao
0 or 1 oY~ 1 _oyt
m| 22N —o, 9T Ly P L L (|
0 ) 8(]2‘ A 8(]1' A 8(]2-
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Elektronske bazne funkcije - dijabatizacija

@ Sledeca transformacija - linearne bazne funkcije
1

P = E(m +in) = é@iAT(W +iT)

da—j;m—mg—jff“w+—m>

@ U linearnoj bazi matri¢ni elementi elektronskog operatora oblika

B = o) = TV = () = Bl
B = () = e
B = (alfiefy) = LY e

o Kompleksni matriéni elementi "linearnih" el. funkcija po koordinatama

jezgara
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Mala odstupanja od linearnosti

@ Asimptotske forme adijabatskih el. talasnih funkcija

1
+ _ i R A(O —
Yo = Jim o 5\/7?008[ (0 —7)]
1
-y - A (G —
R Sfﬁsm[ (0 —7)]
@ Dijabatske elektronske funkcije
1
1 .
o p1—>01,I%2—>0771 fﬁCOS( 0)
1
2 . :
m= Mm ony=¢ ﬁsm( 0)
@ "Linearne" elektronske funkcije
1 .
1 : A0
= 1 = —
Yo P1—>017I%2—>0 1=¢ V2T ‘
1 .
2 : —iAO
= 1 = —
Yo p1—>01,nplz—>0 Ve £\/ 27re
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@ U okviru harm. aproksimacije i za IT elektronsko stanje, sledi

L tan €191 sin(2¢1) + €195 sin(2¢2) 4 2€12p1p2 sin(P1 + ¢2)
2 €197 co8(241) + €1p3 cos(2¢2) + 2€12p1p2 cos(¢1 + ¢2)

@ lzvodi
o1 pisin(dz — ¢1) [ere12p] + exer12p] + 2e1€2p1p2 cos(¢2 — ¢1)]
s VE—Vv-p
O e5p5 + 2e150105 + e12p1p2(e197 + €2p3) cos(2 — d1) + e1€eapips cos2(p2 — ¢1)
O (Vt—-v=-)?
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S-O matri¢ni elementi

@ Matri¢ni elementi operatora S-O sprege u "linearnoj" asimptotskoj
bazi

<¢é‘ﬁ50‘¢é> =AY Aso
<¢§‘f{50‘¢§> = —AXAg0
(wb|fiso|v}) = (v Aso|us) =0

o Elektronski matri¢ni elementi su operatori koji treba da deluju na
vibracione bazne funkcije

@ Svojstvene funkcije 2D harmonijskog oscilatora
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Kvantni brojevi

N,=R,+L, = K=I+A

J,=N,+S5, = P=K+%X
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Kompjutacioni detalji

o Adijabatske energije = FV-SA-CASSCF(9,10)/cc-pVQZ

@ Duzine veza konstantne

r = 2,04 bohr = 1,0795 A
R = 2,37 bohr = 1,2542 A

C-H
c-C

e MOLPRO 2012.1 [Werner et al. 2012]
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Parametri koji ulaze u model

TABLE I. Adiabatic electronic energies (V*,V ™) for the components of the X2I1,, electronic state of CoHa*
derived from CASSCF calculations at the C-H and C-C bond lengths kept fixed at 2.04 and 2.37 bohrs,
respectively. V =(V*+V7)/2,AV =(V* =V "), V, is the energy at linear (equilibrium) geometry (computed in
the Dy, point group).

p1(deg) ¢ (deg) pr(deg) ¢ (deg) V™ (hartree) V'~ (hartree) V -V, (hartree) AV (hartree)

0 0 0 0 —76.62173428 -76.621 73428 0.0 0.0
10 0 9.99 0.01  -76.61936782 -76.61927202 0.002414 36 —0.000095 80
10 0 9.99 179.99  -76.61984690 —76.620 680 52 0.00147057 0.000 833 62

TABLE II. Molecular parameters for the X211, electronic state of CoHy* derived from CASSCF calculations.
All quantities are given in atomic units (hanree/radz) except of uy, uz, which are dimensionless.

k7 =0.096 542 ke =0.158508 e1=0.027366 ec=-0.003 145
k1=k>=0.063763 k12=0.015492 £1=£2=0.006055 £12=-0.007 628
u;=2.025715 ur=0.493 653

@ Presecanja pri planarnim geometrijama [Peri¢ 2006]

/2
—€12 + €1 — €1€2
€2

p2 =up1,  u=

@ Ukupno 5 ab initio raunal
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http://www.sciencedirect.com/science/article/pii/S0301010406004241
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Vibronski spektar CoH3

TABLE 1L Low-lying vibronic levels (in cm™") of the
of C;H,". The set of parameters used in calculations of entries from columns
Pert. and Var. is wr=w 2 em L we=ws=704.05 e ey

0.2923,£5=0.0219 (the parameters &
31.42 cm™'. The numbers in parentheses are differenc
values from the corresponding column and those from column Expt.

1, electronic state

o7, 0¢ State Expt.* Pert.” Var.
0.0 )20 0 0(0) 00)
2 29.8 31.4(+2) 30.7(+1)
10 b 499.5 505.1(+6) 502.7(+3)
5 501.7 505.1(+3)
A5 672.9 662.7(-10)
Asjau 701.4 694.2(-7) 691.6(~10)
¥ 909.9 911.0(+1) 913.0(+3)
= 912.1 911.0(=1) 913.0(+1)
0.1 b 694.9 697.7(+3) 697.8(+3)
= 696.5 697.7(+1) 697.8(+1)
A5 713.4 703.9(-9) 703.9(-9)
743.0 735.3(-8) 734.6(-8)
738.2 741.8(+4) 741.0(+3)
739.8 741.8(+2) 741.0(+1)
20 )20 1108.3 1105.1(-3) 1102.2(-6)
2 1110.0 1107.6(-2) 1104.5(-5)
112 1316.0 1310.7(-5) 1310.4(-6)
@520 1342.7 1342.1-1) 1337.9(-5)
20 1683.5 1678.4(-5) 1679.3(-4)
a2 1685.3 1680.8(~4) 1682.6(-3)
11 Ty 1210.2 1208.3(-2) 1206.0(-4)
M2 1209.9 1208.4(-1) 1206.0(-4)
D2 1370.4 1366.6(~4) 1366.2(~4)
Ds2, 1398.9 1398.0(-1) 1395.5(-3)
Iy, 1373.1 1367.0(-6) 1366.5(~7)
M2 1401.6 1398.4(-3) 1395.8(-5)
T2 1620.6 1617.4(-4)
Ty 1620.4 1617.4(-3)
02 32, 1404.8 1396.8(-8) 1396.9(-8)
M2 1399.9 1397.0(-3) 1397.0(-3)
1720 1410.7 1407.7(-3) 1407.7(-3)
Psj2u 14405 1439.1-1) 1438.4(-2)
20 1451.2 1450.6(-1) 1449.8(-1)
T2 14493 1450.7(+1) 1449.9(+1)
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Sadrzaj izlaganja

© Model za molekule sa proizvoljnim brojem jezgara
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Model za molekule sa proizvoljnim brojem jezgara

H=~H,+T,+ Hso
7 1 — 1 02 .
= 5 +—5%5 |wi+AsoL.S
e 2;( anqZ qf('?qbf) 7 SOLizOz
] Z Z ij+/Wijqid; Sln(¢’z+¢J)
- =1 j=1
T = —5 arctan ) 572
ij/WiWjqiqj Sln(¢z +¢j)
=1 j=1

@ Izbegnuta presecanja i pri planarnim i pri neplanarnim geometrijama

@ Model testiran na primeru X 2II, stanja molekula C5~
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Vibronski spektar C5~

Table 1
Low-lying K =0 and K =2 vibronic energy levels (in cm ™) in the X ?I1, electronic state of Cs.
V1. ve1, Ve E© K=0 K=2
Pert.” Var Pert.” Var.”
T=-1/2 T=1/2 T=-1/2 T=1/2 T=-1/2 T=1/2 T=-1/2 T=1/2
00,1 171 1098 1098 1091 1091 1112 1134 1108 1127
1123 1123 1117 1117
1,00 1347 1219 1219 1218 1218 1290 1312 1288 1307
1409 1409 1402 1402
003 1487 1369 1369 1358 1358 1380 1360 1364 1356
1399 1399 1396 1396 1389 1408 1392 1402
0,10 1534 1373 1373 1385 1385 1452 1474 1446 1464
1684 1684 1677 1677
102 1663 1493 1493 1495 1491 1493 1492
1547 1547 1564 1586 1559 1575
1561 1561 1682 1686 1659 1664
1663 1663
0,05 1803 1639 1639 1632 1632 1647 1632 1634 1630
1677 1677 1677 1677 1669 1684 1674 1681
012 1850 1660 1660 1690 1687 1681 1692
1670 1670 1684 1706 1704 1705
1704 1704 1998 2002 2039 2037
2051 2051
104 1979 1770 1770 1770 1770
1820 1820 1829 1815
1843 1843 1839 1815
1939 1939 1929 1935
3,00 2015 1786 1786 1785 1785 1809 1813 1809 1811
2165 2165 2147 2147 2141 2138 2132 2138
1,11 2026 1820° 1813 1813 1844" 1844" 1821 1828
1820° 1919 1919 2015¢ 2037¢ 1870 1882
1926° 1930 1930 2015¢ 2037¢ 1945 1954
1926° 2064 2064 2208 2208 2175 2179
2182° 2173 2173
2182¢ 2194 2194

efekata kod
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Vibronski spektar C5~

Table 2
Low-lying K =1 and K = 3 vibronic energy levels in the X ?Il, electronic state of Cs.
vr, Ve Ve E® K=1 k=3
pert.! Var pert.! Var.”
I=-1/2 £=1/2 =-1/2 $=1/2 T=-1/2 =1/2 T--1/2 =172
00,0 1013 969 991 967 987 - - - -
002 1329 1240 1229 1228 1222 1255 1277 1250 1267
1255 1266 1253 1260
1,01 1505 1357 1354 1355 1355 1433 1455 1429 1447
1420 1442 1416 1432
1545 1548 1528 1531
004 1645 1509 1500 1496 1494 1520 1492 1499 1492
1534 1542 1534 1537 1523 1550 1532 1544
200 1681 1510 1511 1509 1510 1604 1626 1605 1624
1780 1778 1767 1765
01,1 1692 1532 1529 1542 1544 1581 1603 1569 1585
1555 1577 1554 1564
1840 1844 1875 1880
103 1821 1631 1631 1633 1625 1632 1631
1692 1682 1707 1729 1703 1718
1695 1707 1816 1824 1792 1798
1794 1798
1,10 1868 1665 1668 1674 1773 1795 1767 1768
1800 1822 1803
2033 2029 2017
0,06 1961 1777 1771 1771 1786 1765 1773 1784
1813 1819 1817 1804 1825 1818 1828
013 2008 1791 1813 1835 1813 1823
1793 1851 1841 1855 1854
1794 2153 2163 2198 2199
1803
02,0 2055 1828 1832 1875 1880 1924 1946 1917 1933
2272 2268 2263 2267

(a) [Peri¢ et al. 2008]
(b) [Miti¢ et al. 2016]
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http://www.sciencedirect.com/science/article/pii/S0301010407003060
http://www.sciencedirect.com/science/article/pii/S0301010407003060

Vibronski spektar C5~
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