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2.4.1 Metoda konfiguračńı interakce . . . . . . . . . . . . . . . . 10
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Kapitola 1

Úvod

Ve 20. letech 20. stolet́ı byla zformulována kvantová mechanika, která se rychle
rozvinula a zásadńım zp̊usobem změnila vývoj nejen fyziky, ale i chemie. Až kvan-
tová teorie podala vysvětleńı, proč elektrony (záporně nabité částice, které by se
podle zákon̊u klasické elektrodynamiky měly odpuzovat) mohou tvořit chemickou
vazbu.

Využit́ı poznatk̊u kvantové mechaniky a částečně i kvantové teorie pole pro
předpov́ıdáńı a vysvětlováńı chemických jev̊u se ukázalo velice úspěšné, což dalo
vzniknout novému oboru – kvantové chemii.

Velký rozmach zaznamenává kvantová chemie s rozvojem poč́ıtač̊u. S možnost́ı
řešit velké množstv́ı rovnic v krátkém čase se rozr̊ustá nejen množstv́ı systémů,
které se stávaj́ı pro kvantovou chemii př́ıstupné, ale je též možné výpočty zpřesňo-
vat a předpov́ıdat i jemné efekty.

Speciálńı tř́ıdou systémů jsou diradikály, které dlouhou dobu odolávaly po-
kus̊um teoretik̊u o kvantitativńı i kvalitativńı popis jejich chováńı. Problémy, se
kterými se člověk muśı vypořádat, plynou z jejich multireferenčńıho charakteru
a malých energetických rozd́ıl̊u mezi elektronovými stavy.

V této práci navazujeme na článek [1] o oxyallylovém diradikálu. Jeho autoři
provedli měřeńı fotoelektronových spekter a určili energetický rozd́ıl mezi sin-
gletńım a tripletńım stavem. Př́ıslušné výpočty vysvětluj́ıćı naměřené spektrum
provedli na úrovni funkcionálu hustoty a multireferenčńı poruchové teorie druhého
řádu. V pr̊uběhu práce na tomto tématu byly publikovány daľśı články zabývaj́ıćı
se stejným systémem [2] a [3]. V našem př́ıstupu použ́ıváme pro interpretaci
spekter multirefernčńı metody vázaných klastr̊u.

V kapitole 2 jsou shrnuty základńı poznatky kvantové chemie, potřebné pro
výpočty v této práci. V kapitole 3 je popsána molekula oxallylového diradikálu a
jsou zde podrobně rozebrány všechny výpočty. Nakonec se v kapitole 4 diskutuj́ı
źıskané výsledky.
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Kapitola 2

Základńı poznatky a metody
kvantové chemie

Při studiu stacionárńıch stav̊u nerelativistických systémů kvantové mechaniky
vycháźıme z bezčasové Schrödingerovy rovnice

Ĥ|Ψ〉 = E|Ψ〉. (2.1)

kde Ĥ je hamiltonián, který plně definuje problém. Jeho vlastńı vektory |Ψ〉, resp.
vlastńı č́ısla E popisuj́ı stavy systému, resp. jeho energii.

Analytické řešeńı rovnice (2.1) je známo pouze pro nejjednodušš́ı př́ıpady (jako
např. atom vod́ıku). Pokud se tedy chceme zabývat složitěǰśımi problémy, muśıme
se uchýlit k přibližným metodám.

2.1 Základńı aproximace v kvantové chemii

V této části probereme zanedbáńı, kterých se při použ́ıváńı běžných kvantověche-
mických metod dopoušt́ıme.

2.1.1 Elektrostatický hamiltonián

Nepřesné je už to, že použ́ıváme nerelativistickou kvantovou teorii. Mı́sto Dira-
covy rovnice vycháźıme z rovnice Schrödingerovy (2.1). Určitým mezikrokem by
bylo zahrnout do hamiltoniánu relativistické opravy (jako např. závislost hmot-
nosti na rychlosti, spin-orbitálńı interakce, atd.). Všechny tyto efekty zanedbáme,
stejně jako všechny neelektrostatické interakce (např. spinspinovou, s vněǰśımi
poli, apod. )

Jediné, co nám v hamiltoniánu z̊ustalo, jsou kinetická energie a elektrostatické
interakce všech zúčastněných částic.

2.1.2 Bornova-Oppenheimerova aproximace

Hamiltonián se zanedbáńımi z předchoźı podsekce lze obecně vyjádřit vztahem

Ĥ = T̂n + T̂e + V̂nn + V̂en + V̂ee, (2.2)
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kde T̂n, resp. T̂e jsou kinetické energie jader resp. elektron̊u a V̂nn, V̂en, V̂ee jsou
potenciálńı energie elektrostatické interakce mezi jádry (n) a elektrony (e).

Dı́ky tomu, že elektrony maj́ı podstatně menš́ı hmotnost než jádra, dává smysl
model, ve kterém se rychle pohybuj́ıćı elektrony okamžitě přizp̊usob́ı změně poloh
jader. Ta naopak vytvářej́ı elektrostatické pole a

”
ćıt́ı“ pouze středńı hodnotu pole

elektron̊u.
Tato aproximace se nazývá Bornova-Oppenheimerova a v jej́ım d̊usledku se

hamiltonián (2.2) redukuje na

ĤB-O = T̂e + V̂nn + V̂en + V̂ee, (2.3)

kde V̂nn je konstanta určená pouze (pevnou) konfiguraćı jader. Ve všech výpočtech
v této práci použ́ıváme Bornovu-Oppenheimerovu aproximaci.

2.1.3 Hartreeho-Fockova metoda

Hartreeho-Fockova metoda (HF) umožňuje naj́ıt aproximativńı vlnovou funkci
základńıho stavu, resp. obsazené spinorbitaly χi, které skládáme do jediného Sla-
terova determinantu (viz př́ıloha A). Princip HF metody je založen na nahrazeńı
dvouelektronového operátoru (1/r12) efektivńım jednoelektronovým operátorem
(v̂HF). Hledáme tedy pohyb jednoho elektronu (ve vzorćıch zd̊urazněné označeńım
(1)) ve zpr̊uměrovaném poli zbylých elektron̊u.

Mı́sto hamiltoniánu diagonalizujeme tzv. Fock̊uv operátor f̂(1) = ĥ(1) +
v̂HF(1), přičemž

ĥ(1) = T̂e(1) + V̂en(1) (2.4)

je jednoelektronová část elektrostatického hamiltoniánu v B-O aproximaci a

v̂HF(1) =
occ∑
i

Ĵi(1)− K̂i(1) (2.5)

je aproximativńı elektronový Hartreeho-Fock̊uv potenciál. Vystupuj́ı v něm cou-
lombický (Ĵp(1)) a výměnný (K̂p(1)) operátor, definované p̊usobeńım na spinor-
bital χq následuj́ıćım zp̊usobem

Ĵp(1)χq =

[∫
dx2χ

∗
p(2)

1

r12

χp(2)

]
χq, (2.6)

K̂p(1)χp =

[∫
dx2χ

∗
p(2)

1

r12

χq(2)

]
χp. (2.7)

Integro-diferenciálńı rovnici (vlastńı problém pro operátor f̂(1))

f̂(1)|χp〉 = εp|χp〉 (2.8)

nazveme Hartreeho-Fockova rovnice.
Řešeńı Hartreeho-Fockových rovnic pro systémy s uzavřenými slupkami (clo-

sed shell) se dá naj́ıt jednodušš́ım zp̊usobem, pokud požadujeme stejné prostorové
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části spinorbital̊u pro elektrony ve s α a β spinem. Tuto metodu označujeme RHF
(restricted Hartree-Fock).

V př́ıpadě systémů s otevřenými slupkami se použ́ıvaj́ı dva r̊uzné př́ıstupy. Po-
kud umožńıme, aby spinorbitaly ve stejné slupce měly r̊uzné prostorové části, na-
zveme tuto metodu UHF (unrestricted Hartree-Fock). Problémem tohoto př́ıstupu
je, že vlnová funkce neńı vlastńı funkćı operátoru Ŝ2. Výsledná multiplicita je
větš́ı, než je na počátku zadáno. Tomuto efektu se ř́ıká spinová kontaminace.

V př́ıpadě, že na systém s otevřenou slupkou klademe stejnou podmı́nku jako
v RHF př́ıstupu, nazveme tuto metodu ROHF (restricted open shell Hartree-
Fock). Takto dostaneme vlastńı funkci operátoru Ŝ2, ale vlnová funkce už neńı
jediný Slater̊uv determinant.

Podrobně popsané odvozeńı Hartreeho-Fockových rovnic a diskusi souvisej́ıćıch
problémů lze nalézt např. v knize [4] na stranách 108-229.

2.1.4 MO-LCAO

Přestože jsme v předchoźıch podsekćıch provedli značná přibĺıžeńı, nejsme obecně
schopni naj́ıt analytické tvary spinorbital̊u ani pro atomy. Proto hledáme řešeńı
jako rozvoj spinorbital̊u do předem dané (z principu konečné a tedy neúplné)
báze. Tento př́ıstup se označuje zkratkou MO-LCAO (molecular orbitals - linear
combination of atomic orbitals).

V této práci použ́ıváme standardńı korelačně konzistentńı Dunningovy báze
(cc-pVNZ) popsané v [5].

2.2 Korelačńı energie

S použit́ım aproximaćı stručně vyložených v předchoźı sekci jsme schopni spoč́ıtat
energie stav̊u mnoha molekul. Jak se však ukazuje, v mnoha př́ıpadech jsou takto
spoč́ıtané hodnoty a naměřená data značně odlǐsné. Proto definujeme tzv. ko-
relačńı energii Ecor jako

Ecor = Enr − EHF, (2.9)

kde Enr je hodnota přesné nerelativistické energie elektrostatického B-O hamil-
toniánu a EHF je limita HF energie (přesněji HF energie v limitě nekonečné báze).

2.2.1 Dynamická a statická korelace

Hlavńı problém lež́ı v aproximaci členu 1/r12 Hartreeho-Fockovým potenciálem
v̂HF. Ten totiž umožňuje, aby se dva elektrony s r̊uzným spinem ocitly libovolně
bĺızko, což je z fyzikálńıho hlediska (kv̊uli Coulombické repulzi) špatně. Správné
popsáńı vzájemné interakce elektron̊u nazveme dynamickou korelaćı. Výpočtem
dynamické korelace se zabývaj́ı tzv. post-Hartreeho-Fockovské metody.

Použit́ı jediného Slaterova determinantu v Hartreeho-Fockově metodě může
být někdy zcela nevhodné i jako výchoźı aproximace. Přestože v mnoha př́ıpadech
je tento popis dostatečný, při popisu disociace nebo pokud systém obsahuje kva-
zidegenerované HOMO (highest occupied molecular orbital) a LUMO (lowest
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unoccupied molecular orbital) orbitaly, metoda RHF selhává. Pro správný popis
je potřeba použ́ıt v́ıce Slaterových determinant̊u (tzv. multireferenčńı př́ıstup).
Tomuto jevu ř́ıkáme statická korelace.

2.3 Size-extenzivita

O metodě řekneme, že je size-extenzivńı, pokud je energie lineárně škálována s
počtem elektron̊u. To znamená, že energie systému složeného z N neinteraguj́ıćıch
identických podsystémů je rovna N -násobku energie jednoho podsystémů.

2.4 Variačńı a poruchové metody výpočtu dy-

namické korelace

2.4.1 Metoda konfiguračńı interakce

Tradičńı př́ıstup k výpočtu dynamické korelace se nazývá konfiguračńı interakce,
neboli CI (configurational interaction). Vlnová funkce se hledá rozvojem do Slate-
rových determinant̊u. Použijeme-li formalizmus druhého kvantováńı (viz. př́ıloha
A), můžeme CI vlnovou funkci ΨCI napsat ve tvaru

|ΨCI〉 =

(
c+

∑
a,i

cai â
†
aâi +

∑
a<b,i<j

cabij â
†
aâ
†
bâiâj + . . .

)
|Φ0〉, (2.10)

kde c, cai , . . . jsou rozvojové koeficienty a |Φ0〉 je referenčńı funkce (Slater̊uv de-
terminant základńıho stavu).

Problémem je, že tzv. full CI, tedy zahrnut́ı všech možných excitaćı, je pro
většinu systémů výpočetně př́ılǐs náročné. Pokud rozvoj omeźıme (zahrneme např.
jen mono a bi excitace – tzv. CISD), nebude metoda size-extenzivńı.

2.4.2 Poruchová teorie

Poruchová teorie PT (perturbation theory) se použ́ıvá, pokud neznáme analytické
řešeńı nějakého systému, ale můžeme si př́ıslušný hamiltonián rozdělit na části

Ĥ = Ĥ0 + V̂ , (2.11)

tj. na neporušený hamiltonián Ĥ0 , který je analyticky řešitelný (s vlastńı funkćı
|Ψ(0)〉 a energíı E(0)) a na tzv. poruchu V̂ .

Přesnou vlnovou funkci |ΨPT〉 si můžeme napsat jako rozvoj

|ΨPT〉 = |Ψ(0)〉+ |Ψ(1)〉+ |Ψ(2)〉+ . . . . (2.12)

Stejně tak rozvineme energii E př́ıslušnou k vlnové funkci |ΨPT〉

E = E(0) + E(1) + E(2) + . . . . (2.13)
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Za předpokladu, že porucha je dostatečně malá ve srovnáńı s neporušeným
hamiltoniánem, jsou malé i opravy k p̊uvodńı vlnové funkci a energii.

Existuj́ı r̊uzné zp̊usoby výpočtu oprav E(i). Nejběžněǰśı je tzv. RSPT (Rayleigh-
Schrödinger PT), která je size-extenzivńı. V kvantové chemii se pro

Ĥ0 =
∑
i

f̂(i) (2.14)

a
V̂ = V̂ee − v̂HF (2.15)

(t́ım pádem |Ψ(0)〉 = |Φ0〉), použ́ıvá zkratka MPn (Møller-Plesset PT), kde n
znač́ı řád, do kterého poruchy poč́ıtáme.

Druhým př́ıstupem je tzv. BWPT (Brillouin-Wigner PT), která size-extenzivńı
neńı a nav́ıc dostáváme vzorce ve tvaru E = f(E), takže se muśı řešit iterativně.
Na druhou stranu je jednodušš́ı a dá se využ́ıt v kombinaci s jinými iteračńımi
metodami.

2.5 Metoda vázaných klastr̊u

Metoda vázaných klastr̊u CC (coupled cluster) pro výpočet korelačńı energie byla
pro kvantovou chemii poprvé navržená J. Č́ıžkem v práci [6].

Vlnovou funkci si naṕı̌seme jako

|ΨCC〉 = eT̂ |Φ0〉 =

(
T̂ +

1

2!
T̂ 2 +

1

3!
T̂ 3 + . . .

)
|Φ0〉, (2.16)

přičemž T̂ je klastrový operátor, který je součtem mono, bi a vyšš́ıch excitaćı

T̂ = T̂1 + T̂2 + T̂3 + · · ·+ T̂n, (2.17)

kde jednotlivé členy jsou dány vztahem

T̂n =
1

(n!)2

∑
i,j...
a,b,...

tab...ij... â
†
aâ
†
b . . . âj âi. (2.18)

Koeficienty tab...ij... se nazývaj́ı klastrové amplitudy. Dı́ky použit́ı předpisu ve tvaru
exponenciely v rovnici (2.16) je metoda size-extenzivńı.

Máme-li hamiltonián v normálńım uspořádáńı ĤN (viz. př́ıloha A), plyne
př́ımo ze Schrödingerovy rovnice (2.1) vztah

ĤN|Ψ〉 = Ecor|Ψ〉. (2.19)

Dosazeńım z (2.16) a daľśımi úpravami dostaneme vztah pro výpočet korelačńı
energie

〈Φ0|e−T̂ ĤNeT̂ |Φ〉 = Ecor. (2.20)
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Použit́ım tzv. Hausdorffova rozvoje nebo diagramatické techniky uprav́ıme (2.20)
do numericky použitelného tvaru.

Pro výpočet korelačńı energie je potřebné znát klastrové amplitudy tab...ij... , které
se źıskaj́ı z tzv. amplitudových rovnic.

〈Φ0|â†i âaâ
†
j âb . . . e

−T̂ ĤNeT̂ |Φ〉 = 0. (2.21)

V praxi se kv̊uli numerické náročnosti omezuje klastrový rozvoj (2.17). Např.
zkratka CCSD znamená zahrnut́ı mono a bi excitaćı (T̂ = T̂1+T̂2). Protože použit́ı
metody CCSDT bývá př́ılǐs náročné, použ́ıvá se často metoda CCSD(T), kde
jsou přičteny př́ıspěvky triexcitaćı ze čtvrtého a částečně pátého řádu RSPT. Ji-
nou možnost́ı je linearizace klastrových rovnic pro triexcitované amplitudy (např.
CCSDT-1).

Obsáhleǰśı popis metody a podrobné odvozeńı rovnic pro klastrové amplitudy,
stejně jako širš́ı souvislosti a srovnáńı s daľśımi metodami lze naj́ıt v [7].

2.6 Multireferenčńı zobecněńı Hartreeho-Fockovy

a poruchové metody

Všechny předešlé metody byly založeny na předpokladu, že vlnovou funkci lze
kvalitativně správně popsat jediným Slaterovým determinantem. Jak již bylo
zmı́něno v podsekci 2.2.1 o statické korelaci, v př́ırodě se vyskytuje mnoho mole-
kul, pro které jednoreferenčńı metody selhávaj́ı. Proto byly vyvinuty tzv. multire-
ferenčńı metody, které hledaj́ı referenčńı vlnovou funkci ve tvaru v́ıce Slaterových
determinant̊u.

V následuj́ıćıch odstavćıch zmı́ńıme několik multireferenčńıch zobecněńı dř́ıve
vyložených metod.

2.6.1 CASSCF

Multireferenčńım zobecněńım Hartreeho-Fockovy metody je tzv. MCSCF (multi-
configurational self consistend field). Obecný předpis pro vlnovou funkci MCSCF
se podobá té z CI:

|ΨMCSCF〉 =

(
c+

∑
a,i

cai â
†
aâi +

∑
a<b,i<j

cabij â
†
aâ
†
bâiâj + . . .

)
|Φ0〉. (2.22)

Na rozd́ıl od CI jsou v MCSCF rozvojové koeficienty c, cai , . . . Slaterových
determinant̊u optimalizovány společně s rozvojovými koeficienty MO. Vlnová
funkce ΨMCSCF tak d́ıky větš́ı flexibilitě dává lepš́ı popis systému. Na druhé straně
výrazně roste výpočetńı náročnost, proto počet zahrnutých konfiguraćı je mno-
hem menš́ı než v CI metodě.

Nejčastěji se použ́ıvá varianta MCSCF zvaná CASSCF (complete active space
SCF). V této metodě se rozděĺı orbitaly na neaktivńı, aktivńı a virtuálńı. Vlno-
vou funkci źıskáme z (2.22), pokud se omeźıme na Slaterovy determinanty źıskané
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všemi možnými excitacemi do a z aktivńıch orbital̊u. Počet Slaterových determi-
nant̊u se výrazně sńıž́ı při požadavku na celkovou symetrii vlnové funkce. Metoda
MCSCF obecně size-extenzivńı neńı, CASSCF ano.

MCSCF a CASSCF jsou podrobně vyloženy např. v knize [8] na stranách
177 – 254.

2.6.2 CASPT

Metoda CASPTn (complete active space PT) je zobecněńı MPn podobně jako
je CASSCF zobecněńı HF. Č́ıslo n opět označuje řád poruchového rozvoje. Za
neporušený stav se bere vlnová funkce ΨCASSCF. Detaily ohledně této metody lze
naj́ıt např. v práci [9]. Při omezeńı ΨCASSCF na jediný determinant (tedy na ΨHF)
se CASPTn redukuje na MPn.

Jsou dva možné zp̊usoby jak poč́ıtat CASPT2. Provád́ı-li se výpočet každé
konfigurace nezávisle a až nakonec jsou stavy smı́seny, označ́ıme metodu jako
SS-CASPT2 (single state CASPT2). Pokud jsou všechny konfigurace uvažovány
současně, použijeme označeńı MS-CASPT2 (multi state CASPT2). Tento př́ıstup
je výpočetně náročněǰśı, dává však vyváženěǰśı výsledky. V textu budeme před-
ponu MS vypouštět.

2.7 Multireferenčńı metody vázaných klastr̊u

Nejprve si stručně definujme potřebné operátory a pod́ıvejme se na základńı
předpoklady tzv. Hilbert space multireferenčńıch metod spřažených klastr̊u.

Referenčńı vlnovou funkci předpokládáme ve tvaru

|Φ〉 =
M∑
µ=1

Cµ|Φµ〉, (2.23)

kde |Φµ〉 jsou referenčńı konfigurace. Zavedeme si též projekčńı operátor na mo-
delový prostor

P̂ =
M∑
µ=1

|Φµ〉〈Φµ|. (2.24)

Přesnou vlnovou funkci si můžeme formálně napsat ve tvaru

|ΨMRCC〉 = Ω̂|Φ〉, (2.25)

kde Ω̂ se nazývá vlnový operátor.
Dále definujme tzv. efektivńı hamiltonián

Ĥeff = P̂ ĤΩ̂P̂ , (2.26)

jehož vlastńımi funkćı jsou linárńı kombinace referenčńıch determinant̊u |Φµ〉, ale

vlastńı energie pro hledaný stav je stejná jako u p̊uvodńıho hamiltoniánu Ĥ.
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Vlnový operátor předpokládáme ve tvaru tzv. Jeziorskiho-Monkhorstova před-
pisu

Ω̂ =
M∑
µ=1

eT̂ (µ)|Φµ〉〈Φµ|, (2.27)

kde T̂ (µ) je klastrový operátor, jehož výchoźı konfigurace je dána stavem |Φµ〉.
Energii spočteme diagonalizaćı efektivńıho hamiltoniánu (2.26) v referenčńım

prostoru a amplitudové rovnice źıskáme dosazeńım předpokladu pro vlnovou
funkci (2.25) do Schrödingerovy rovnice (2.1) a daľśımi úpravami.

2.7.1 MR-BWCC

Stavově specifická multireferenčńı Brillouinova-Wignerova metoda spřažených
klastr̊u se řad́ı mezi Hilbert space multireferenčńı metody spřažených klastr̊u. Zo-
becněńı jednoreferenčńı metody spřažených klastr̊u na multireferenčńı je založeno
na Brillouinově-Wignerově multireferenčńı poruchové teorii.

Výhodou BWCC př́ıstupu je, že se amplitudové rovnice řeš́ı zvlášt’ pro každou
referenčńı konfiguraci, takže náročnost je přibližně M -násobkem náročnosti jed-
noreferenčńı metody (diagonalizovat efektivńıho hamiltoniánu je vzhledem k ob-
vykle ńızkému množstv́ı referenčńıch konfiguraćı nenáročná operace).

Velkou nevýhodou BWCC je, že neńı size-extenzivńı (d́ıky použit́ı Brillouin-
Wignerovy poruchové teorie). Proto se použ́ıvá tzv. a posteriori korekce na size-
extenzivitu, která je výpočetně poměrně nenáročná.

2.7.2 MR-MkCC

Stavově specifická multireferenčńı Mukherjeeho metoda spřažených klastr̊u se
také řad́ı mezi Hilbert space multireferenčńı metody spřažených klastr̊u.

Od BWCC se lǐśı pouze jiným zp̊usobem odvozeńı amplitudových rovnic. Dı́ky
tomu je MkCC přesně size-extenzivńı. Stále však z̊ustává neinvariantńı v̊uči rotaci
aktivńıch orbital̊u jako všechny metody založené na Jeziorskiho-Monkhorstově
předpisu.
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Kapitola 3

Oxyallylový diradikál a výpočet
energetického rozštěpeńı

3.1 Oxyallylový diradikál a jeho vlastnosti

Oxyallyl (OXA) je reaktivńı intermediát, jehož výskyt se očekával např. při
otv́ıráńı cyklopropanového kruhu. Na oxyallyl můžeme nahĺıžet jako na derivát
trimethylenmethanu (TMM).

Diradicals
DOI: 10.1002/anie.200904417
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Takatoshi Ichino, Stephanie M. Villano, Adam J. Gianola, Daniel J. Goebbert, Luis Velarde,
Andrei Sanov, Stephen J. Blanksby, Xin Zhou, David A. Hrovat, Weston Thatcher Borden, and
W. Carl Lineberger*

Oxyallyls are reactive intermediates, whose participation has
been postulated in the ring opening of cyclopropanones[1] and
allene oxides,[2] in the Favorskii rearrangement,[3] and in a
variety of synthetically useful transformations.[4] The parent
oxyallyl (OXA) can be viewed as a derivative of trimethyle-
nemethane (TMM), in which one methylene group is replaced
by an oxygen atom (Scheme 1).

TMM has been the subject of many theoretical and
experimental studies.[5] ESR measurements by Dowd and co-
workers showed that TMM has a triplet ground state.[6] This
fact is in accord with Hund�s rule, since triplet TMM has a
degenerate pair of half-filled, nonbonding p molecular
orbitals (MOs), y2 and y3, that are nondisjoint[7] (i.e., they
share common atoms, Figure 1). Lineberger and co-workers
determined the energy difference between the triplet and the
lowest, planar, singlet states to be (16.1� 0.2) kcal mol�1 in

photoelectron spectroscopic measurements.[8] There is excel-
lent agreement between this experimental investigation[8] and
prior ab initio calculations[9] with respect to the singlet–triplet
(S–T) energy separation.

The oxygen substitution in OXA strongly lifts the
degeneracy of y2 and y3 in TMM, stabilizing the 2b1 MO
relative to the a2 MO (Figure 1).[10] The best ab initio
calculations have predicted that the S–T splitting in OXA
should be close to zero, with the singlet state possibly even
slightly lower than the triplet state.[11] The calculations also
indicate that singlet OXA has a strong C�O p bond;[10] that is,
the first of the two resonance structures, shown in Scheme 1,
provides a much better description of the lowest singlet state
of OXA than the second resonance structure, which is
zwitterionic. In contrast to these theoretical efforts to under-
stand the electronic structure, no direct experimental detec-
tion of OXA has been reported to date.

Herein, we report the photoelectron spectrum of the
OXA radical anion. The spectrum gives the relative energies
of the lowest singlet and triplet states of OXA and provides
information about important vibrations in each state.

The OXA radical anion was synthesized in helium buffer
gas through the reaction of the atomic oxygen radical anion
(OC�) with acetone. Photodetachment from the mass-selected
OXA radical anion was effected with a UV laser (351.1 nm,
3.531 eV).[12, 13] Figure 2 displays the photoelectron spectra,
taken at different values of the angle q formed by the electric
field vector of the laser beam and the photoelectron
momentum vector. The photoelectron intensity can be
expressed as given in Equation (1):[14]

I qð Þ ¼ s0

4p
1þ bP2 cos qð Þ½ � ð1Þ

Here, s0 and b are the total cross section and the anisotropy
parameter, respectively, and P2(cosq) is the second Legendre

Scheme 1. Trimethylenemethane (TMM) and oxyallyl (OXA).

Figure 1. Schematic representation of the p MOs (top lobes only) of
TMM (D3h symmetry) and OXA (C2v). In the OXA radical anion, MOs
are doubly occupied up to 2b1, and a2 is singly occupied.
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Obrázek 3.1: Trimethylenmethan (TMM) a oxyallyl (OXA)

Dı́ky degeneraci nejvyšš́ıch obsazených molekulových orbital̊u (HOMO) je
základńım stavem molekuly TMM triplet (v souladu s Hundovým pravidlem).
Substitućı methenu za kysĺık se sńıž́ı symetrie molekuly z D3h na C2v. V nové
symetrii se d́ıky nepř́ıtomnosti v́ıcedimenzionálńıch ireducibilńıch reprezentaćı
ztráćı pravá degenerace.

Na druhou stranu se jedná o izoelektronické molekuly, takže můžeme očekávat
jen malý energetický rozd́ıl mezi orbitaly, které byly v TMM degenerované. Sche-
matické znázorněńı π-orbital̊u si můžeme prohlédnout na Obrázku 3.2 (převzaného
z [1]).
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Obrázek 3.2: Tvar π MO pro TMM (D3h symetrie) a OXA (C2v)

Přestože byla existence oxyallylu předpovězena už na konci 40. let, jeho jedno-
značný experimentálńı d̊ukaz spolu s fotoelektronovým spektrem byl publikován
až v článku [1] v roce 2009.

3.2 Fotoelektronové spektrum

Oxyallylový radikálový aniont byl syntetizován v héliovém prostřed́ı reakćı ace-
tonu s radikálanionty kysĺıku (O•−). K uvolněńı elektronu byl použit UV laser
(351,1 nm) při r̊uzných úhlech θ daných elektrickým polem laserového svazku a
vektorem hybnosti fotoelektronu.

Intenzita fotoelektron̊u je závislá jak na účinném pr̊uřezu molekuly, tak na
MO, ze kterého je elektron vyražen. Každý MO má nav́ıc jinou závislost na úhlu
θ. Samotné spektrum je na Obrázku 3.3.

polynomial. Depending on the MO from which detachment
takes place, a unique angular distribution of photoelectrons is
observed, and this angular dependence is characterized by the
b parameter (�1� b� 2).

Peaks B, C, D, and E exhibit identical peak spacings of
(405� 10) cm�1. Peak A shows two features that distinguish it
from these other four peaks. First, the b value for peak A is
more negative than those for the other peaks. Its relative
intensity diminishes to a greater extent than those of the other
peaks at q = 08. Second, peak A is much broader than
peaks B–E. These observations lead us to believe that
peak A and peaks B–E are associated with two different
electronic states of OXA.

B3LYP/6-311 + + G(d,p) calculations[15] predict that the
electron binding energy (eBE) of the OXA radical anion,
relative to the triplet (3B2) state of OXA, is 1.979 eV, which
matches quite well with the eBE of peak B. The C-C-C bond
angles of 3B2 OXA and of the 2A2 ground state of the radical
anion at their equilibrium geometries are calculated to be
121.98 and 114.48, respectively. Thus, photodetachment to
form 3B2 OXA is expected to activate the C-C-C bending
motion. The corresponding normal mode of 3B2 OXA has a
harmonic vibrational frequency of 408 cm�1 according to the
DFT calculations. Therefore, it is concluded that peaks B–E
represent a vibrational progression in the C-C-C bending
mode of 3B2 OXA.

The singlet (1A1) state of OXA cannot be adequately
described by a single electronic configuration.[10, 11] Therefore,
(4,4)CASSCF and CASPT2 calculations[15] were performed
on this state, which we associate with peak A. The CASSCF/
cc-pVTZ calculations find that the planar 1A1 state is a very
shallow energy minimum, which vanishes when zero-point
corrections are made to the energy of 1A1 OXA and to that of
the transition state for its disrotatory ring closure to cyclo-
propanone. Upon inclusion of dynamic electron correlation at
the CASPT2 level of theory, a scan along the b1 coordinate for
the ring closure finds that formation of cyclopropanone from
1A1 OXA is barrierless. Thus, the broad width of peak A can
be attributed to lifetime broadening arising from the tran-
sition-state nature of 1A1 OXA.

The spectrum also exhibits a broad band at the base of
peak E. This broad band is located at (1680� 50) cm�1

relative to peak A, and another broad band can be seen at
higher eBE, with the same spacing, relative to peak E.

CASSCF calculations predict a shortening of the C�O bond
by 0.057 � upon electron loss from the 2A2 state of the radical
anion to form 1A1 OXA.[16] Thus, it is reasonable to suppose a
manifestation of a vibrational progression in C�O stretching
for the 1A1 state in the spectrum. It should be noted that
acetone has a fundamental frequency of 1731 cm�1 for the C�
O stretching mode;[17] hence, the observed peak spacing
confirms the theoretical prediction of substantial C�O
double-bond character in 1A1 OXA.[10] The observation of
1A1 OXA attests to the utility of negative ion photoelectron
spectroscopy as a means of studying transition states.[18]

In summary, both the ground and first excited states of
OXA have been observed in the photoelectron spectrum of
the corresponding radical anion. The electron affinity of
OXA is (1.942� 0.010) eV. The ground state is 1A1, but the
adiabatic energy of the 3B2 state is only (55� 2) meV
(1.3 kcalmol�1) higher than that of the singlet ground state.
The spectrum indicates that the 1A1 state has a strong C�O
p bond and undergoes barrierless ring closure to form
cyclopropanone. The results of previous electronic structure
calculations[10, 11] and those of the calculations conducted in
the present study are in excellent agreement with the
experimental findings reported herein.
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Obrázek 3.3: Fotoelektronové spektrum OXA radikálaniontu
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Ṕıky B, C, D a E vykazuj́ı stejné rozestupy, a to (405 ± 10)cm−1. Ṕık A má
jednak jinou závislost na úhlu, jednak je výrazně š́ırśı. To vede k závěru, že se
jedná o dva r̊uzné stavy OXA.

U základny ṕıku E je nav́ıc široký pás, který se u základen ṕık̊u B, C a D
nevyskytuje. Relativńı vzdálenost mezi středem tohoto rozš́ı̌reńı a ṕıkem A je
(1680 ± 50)cm−1. Podobně rozš́ı̌rený pás se vyskytuje u vyšš́ıch hodnot vazebné
energie (ve stejné vzdálenosti).

Vzdálenost mezi prvńımi dvěma ṕıky (a tedy adiabatický energetický rozd́ıl
mezi základńım a excitoaným stavem) je (55± 2) meV (1, 3 kcal·mol−1).

3.3 Teoretická studie OXA

Molekula OXA byla již několikrát zkoumána z teoretického hlediska a ukázalo se,
jak velmi zálež́ı na použitých metodách. Např. v práci [10] je OXA studován na
úrovni CASSCF a multireferenčńıho CI se závěrem, že triplet je základńı stav a
je o 1-2 kcal·mol−1 ńıže než singlet.

Nověǰśı výpočty provedené na úrovni CASPT2 [1] či EOM-SF-CCSD(dT) [2]
naznačuj́ı opačné pořad́ı stav̊u.

Než uvedeme naše výpočty a jejich výsledky, diskutujme nejprve nutnost
použit́ı multireferenčńıch metod a pod́ıvejme se na výsledky studie [2] ohledně
plochy potenciálńı energie (PES) a z toho vyplývaj́ıćı d̊usledky pro singletový
stav.

3.3.1 Plocha potenciálńı energie

Studie PES (popsaná v [2]) pro stav 1A1 (metodou EOM-SF-CCSD/6-31G, UHF)
ukázala, že diradikálová struktura s otevřeným cyklem nemá minimum. Nicméně
málo zakřivená potenciálová plocha naznačuje, že rovinný tvar 1A1 tranzitńıho
stavu by bylo možné ve spektru naj́ıt, d́ıky rezonanci ve Franckově–Condonově
oblasti. Předpokládaná doba života je 170 fs (tedy doba přibližně 10 kmit̊u CO
vazby). Této době života odpov́ıdá rozš́ı̌reńı spektrálńı čáry o 200 cm−1.

Schematické znázorněńı nejnižš́ıch elektronových stav̊u (přesné hodnoty viz
Př́ıloha B) s vyznačeným energetickým rozštěpeńım mezi singletovým a triple-
tovým stavem je na Obrázku 3.4.

3B2

1A1 TS

1A1 cyklický

∆E

E
n
er
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e

CCC úhel

Obrázek 3.4: Dva nejnižśı elektronové stavy OXA.
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3.3.2 Charakter některý molekulových orbital̊u

Na Obrázku 3.5 si můžeme prohlédnout několik MO OXA (převzato z [2]) pro
stav 3B2. Vid́ıme, že vyobrazené b1 a a2 maj́ı charakter π-orbital̊u (nacházej́ı se
mimo rovinu vazeb a jsou antisymetrické v̊uči C2 rotaci). Všechny čtyři π-MO
jsou lineárńı kombinaćı pz atomových orbital̊u (AO) kysĺıku a všech tř́ı uhĺık̊u.

Mezi prvńım a druhým b1 lež́ı orbital b2 z části odpov́ıdaj́ıćı elektronovému
páru kysĺıku. Tento orbital umožňuje vznik daľśıch excitovaných tripletových
stav̊u 3B1 specifických pro OXA, kterými se však v této práci nezab́ıráme (diskuse
viz. [2]). Také mezi 1a2 a 3b1 se nacházej́ı orbitaly se symetríı a1 a b2, pro daľśı
úvahy to je nepodstatné.

Although OXA has been postulated as a reactive intermediate
in several classes of organic reactions, its experimental char-
acterization has proven to be difficult, a possible reason being
facile ring closure forming cyclopropanone (for a brief history,
see ref 26).

The results of the neutralization-reionization mass spectro-
metric study, which attempted to produce neutral OXA from
the anion, have not provided sufficient evidence of the produc-
tion of the neutral.27

The first direct experimental observation of OXA via pho-
todetachment of the oxyallyl anion was reported recently.13 The
authors presented the photoelectron spectrum and assigned the
observed progressions to the 3B2 and 1A1 states of neutral
oxyallyl. These results play a crucial role in framing the
theoretical work present here. For the first time, theoretical
exploration of this challenging system benefits from a much
needed and long awaited, solid experimental reference. In
particular, the experiment of Ichino et al.13 not only yielded the
electron binding energies (eBEs) of the 3B2 and 1A1 states of
OXA (1.997 ( 0.010 and 1.942 ( 0.010 eV, respectively) but
also showed the extensive peak broadening for the singlet state,
which may be interpreted as due to transition state dynamics.

The previous theoretical studies of OXA provide a stark
demonstration of methodological challenges posed by diradi-
cals.28,29,27,30-33,13 For example, the reported values of
singlet-triplet (ST) gap vary from -0.22 to +0.87 eV. The
answers to another important question, whether or not the

singlet OXA diradical can be isolated (i.e., whether there is
a minimum on the singlet potential energy surface corre-
sponding to an open-ring diradical structure) also vary wildly.
This frustrating for theory situation is reflected in the most
recent study,13 which reports a collection of calculated
detachment energies ranging from 1.68 to 2.08 eV.

The purpose of our study is to provide reliable theoretical
description of the important aspects of the electronic structure
of OXA. The failure of theory to yield converged and
accurate results for OXA is not at all surprising owing to
the nature of methods employed in previous studies. Indeed,
DFT (and broken-symmetry DFT) is not capable of even
giving a qualitatively correct description of the diradical wave
functions. Moreover, self-interaction error often spoils the
treatment of radicals (especially charged ones).34-36 The
multireference methods employ more appropriate wave
functions; however, obtaining quantitative results is difficult
due to a subtle balance between dynamical and nondynamical
correlation energy, arbitrariness in active space selection, etc.
Additional difficulties arise due to uncertainties in equilibrium
geometries, i.e., bare CASSCF geometries often employed
in energy calculations using higher level methods are rather
crude (see, for example, ref 9), which may introduce
additional errors in small energy gaps. Moreover, the
selection of the active space for CASSCF strongly influences
the shape of the PES even on the CASPT2 level, e.g., in a
study of tetramethylene some stationary points calculated at
the lower level of theory disappeared in more accurate
calculations.37 Finally, basis sets much larger than used in
the previous studies are required for converged results, as
demonstrated below.

We report accurate equilibrium geometries and the converged
values of detachment energies and energy gaps between the low-
lying OXA states. Our best estimates of the adiabatic energy
differences (including the zero-point energies, ZPE) between
the anion 2A2 and the neutral 3B2 and 3B1 states are 1.94 and
2.73 eV, respectively. At the equilibrium geometry of the anion,
the 1A1 state lies above 3B2, but geometry relaxation brings the
singlet below the triplet. We also present scans of the singlet
1A1 PES, demonstrating that there is no minimum corresponding
to a singlet diradical structure. Thus, singlet OXA undergoes
prompt barrierless ring closure. However, a flat shape of the
PES results in the resonance trapping on the singlet PES giving
rise to the experimentally observable features in the photoelec-
tron spectrum. Using reduced-dimensionality wave packet
calculations, we estimated that the wave packet lingers in the
Franck-Condon region for about 170 fs, which corresponds to
the spectral line broadening of about 200 cm-1.38 We also
present calculations of the photodetachment spectrum and
compare it with experimental results.13,39

2. Theoretical Methods and Computational Details

Reliable calculations of energy differences between multiple
electronic states of different character require appropriate
computational strategies that are based on balanced description
of different states and have built-in error cancellation (see, for
example, refs 24 and 25), in the spirit of isodesmic reactions.40

Figure 3 shows electronic configurations of the low-lying
states of OXA and its anion. The wave functions of the doublet
anion and high-spin neutral triplet states are of single-
configurational character and can be well described by the
ground state coupled-cluster methods, i.e., CCSD. Chemical
accuracy can be achieved by including triples corrections, e.g.,
within CCSD(T)41,42 or CCSD(dT).21,43 To mitigate possible

Figure 1. Frontier MOs of OXA. Electronic configuration of the triplet
3B2 state is shown. Orientation of the molecule is shown at the top.
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Obrázek 3.5: Nejvyšš́ı molekulové orbitaly (MO) OXA s v elektronové kon-
figuraci 3B2

3.3.3 Aktivńı prostor

Pro správný výběr aktivńıho prostoru nám poslouž́ı diskuse z předchoźı podsekce.
Do aktivńıho prostoru určitě muśı patřit HOMO a LUMO orbitaly, tedy 2b1 a
1a2.
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Pokud chceme vźıt větš́ı aktivńı prostor, muśıme přidat takové orbitaly, které
budou s již zvolenými interagovat. Protože 2b1 a 1a2 maj́ı π charakter, přidáme
do aktivńıho prostoru jediný nižš́ı (obsazený) a nejbližš́ı neobsazený π-orbital.
Aktivńı prostor je tedy tvořen čtyřmi nejńıže položenými π-orbitaly, tj. 1b1, 2b1,
1a2 a 3b1.

V daľśım textu budeme tento výběr aktivńıho prostoru označovat (4,4) za
zkratkou metody. Označeńı znamená, že máme čtyři elektrony v aktivńım pro-
storu složeném ze čtyř orbital̊u.

3.3.4 Výpočetńı detaily

Optimalizaci geometrie a vibračńı frekvence jsme spočetli na úrovni CASPT2(4,4)
v cc-pVTZ bázi (s kartézskými gausiány). K těmto výpočt̊um jsme použili pro-
gram molpro 2009 [11].

Energetické rozštěpěńı mezi singletovým a tripletovým stavem jsme určili jako
rozd́ıl adiabatických energíı nejnižš́ıho 1A1 a 3B2 stavu. Výpočet energie single-
tového stavu 1A1 jsme provedli použit́ım MR-MkCC a MR-BWCC metod. Mo-
delový prostor byl dán dvěma referenčńımi konfiguracemi (HOMO)2 (LUMO)0 a
(HOMO)0 (LUMO)2, které byly zformovány z kanonických Hartreeho-Fockových
orbital̊u. Energii 3B2 stavu jsme spočetli jednoreferenčńı CC metodou s refe-
renćı složenou z kanonických ROHF orbital̊u. Jako bázi jsme vzali cc-pVTZ a
poté i cc-pVQZ (obě se sférickými gausiány). Započetli jsme též energii nulových
vibraćı ZPE (zero point energy). Při výpočtu korelačńı energie jsme zmrazili
čtyři nejnižš́ı orbitaly (odpov́ıdaj́ıćı 1s orbital̊um uhĺık̊u a kysĺıku). Speciálně u
CCSD(T) a obou MR CCSD(T) výpočt̊u jsme použili semikanonickou bázi (v
př́ıpadě MR vzhledem k prvńı referenci). Pro výpočet CC a MR-CC energíı jsme
použili lokálńı verzi programu aces ii [12].

Souhrnný popis všech stav̊u, včetně vypsaných struktur, vibračńıch frekvenćı
a energíı, se nacháźı v Př́ıloze B.

19



Kapitola 4

Diskuse výsledk̊u

4.1 Vibračńı stavy a interpretace spektra

Dı́ky znalosti plochy potenciálńı energie jsme hledali strukturu 1A1 tranzitńıho
stavu (podrobně viz podsekce 3.3.1 ) se zafixovanou planaritou. Výsledná rov-
novážná struktura měla jednu imaginarńı frekvenci, jej́ıž amplitudy byly orien-
továny ve směru vytočeńı vod́ıku mimo rovinu molekuly. To je plně ve shodě se
závěry v [2], že globálńım minimem 1A1 potenciálové plochy je pouze cyklopro-
panon (s vod́ıky vytočenými kolmo na rovinu molekuly).

Vypočtené reálné frekvence jsou také v dobré shodě s fotoelektronovými spek-
try a závěry učiněnými v [1].

Podélná vibrace C-O vazby 1A1 tranzitńıho stavu má metodou CASPT2(4,4)/
cc-pVTZ vypočtenou frekvenci 1722 cm−1. Ve spektru na Obrázku 3.3 jsou ṕıky
v pravidelné vzdálenosti (1680 ± 50) cm−1 od rozš́ı̌reného ṕıku A, kterému tedy
přǐrad́ıme 1A1 tranzitńı stav. Tomu odpov́ıdá i rozš́ı̌reńı základny ṕıku (v d̊usledku
konečné doby života stavu).

Deformačńı vibrace C-C-C úhlu pro 3B2 stav má metodou CASPT2(4,4)/
cc-pVTZ určenou frekvenci 402 cm−1. To odpov́ıdá relativńı vzdálenosti úzkých
ṕık̊u B, C, D a E o velikosti (405± 10) cm−1.

4.2 Energetické rozštěpeńı mezi singletovým a

tripletovým stavem

Pro výpočet energie jsme použili geometrie diskutované výše a pro určeńı adiaba-
tických energíı i ZPE určenou z vypočtených frekvenćı. Celkové energie společně
s adiabatickým rozštěpem mezi singletovým a tripletovým stavem jsou uvedeny
v Tabulce 4.1.
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Báze Metoda E(1A1) [Eh] E(3B2) [Eh] ∆E[kcal.mol−1]

cc-pVTZ B3LYP1 2 −191,909601 −191,910469 0,6
cc-pVTZ CASSCF(4,4)1 3 −190,806330 −190,811930 3,5
cc-pVTZ SS-CASPT2(4,4)1 3 −191,456222 −191,455589 −3,9
cc-pVTZ CASPT2(4,4)4 −191,465434 −191,467202 1,1
cc-pVTZ MkCCSD4 5 −191,475769 −191,481921 3,8
cc-pVTZ BWCCSD4 5 −191,485410 −191,481921 −2,1
cc-pVTZ MkCCSD(T)4 5 −191,512669 −191,511621 −0,7
cc-pVTZ BWCCSD(T)4 5 −191,523621 −191,511621 −7,5
cc-pVTZ MkCCSDT-14 5 −191,513316 −191,511370 −1,2
cc-pVTZ BWCCSDT-14 5 −191,523611 −191,511370 −7,7
cc-pVQZ MkCCSD4 5 −191,529679 −191,535806 3,8
cc-pVQZ BWCCSD4 5 −191,538982 −191,535806 −2,0
cc-pVQZ MkCCSD(T)4 5 −191,570076 −191,567684 −1,5
cc-pVQZ BWCCSD(T)4 5 −191,580813 −191,567684 −8,2

ZPE +0,058126 +0,058125 0,0

Experiment1 −1, 3
1 Výsledky z [1]
2Geometrie optimalizována použit́ım B3LYP v cc–pVTZ basis.
3Geometrie optimalizována použit́ım CASSCF(4,4) v cc–pVTZ basis.
4Geometrie optimalizována použit́ım CASPT2(4,4) v cc–pVTZ basis.
5Pro tripletový stav je použita př́ıslušná jednoreferenčńı metoda.

Tabulka 4.1: Energie singletńıho a tripletńıho stavu oxyallylového di-
radikálu

Diskutujme hodnoty z Tabulky 4.1 a jednotlivé metody, které k nim vedly:

• Dř́ıve obdržené výsledky na úrovni B3LYP a CASSCF(4,4) dávaj́ı opačné
znaménko rozštěpu. Stejně tak pokud mı́sto single state SS-CASPT2(4,4)
použijeme CASPT2(4,4) dostaneme špatné pořad́ı stav̊u

• Na úrovńı mono- a biexcitaćı dává BWCC v cc-pVTZ bázi správné pořad́ı
stav̊u a rozd́ıl kolem −2 kcal.mol−1, který lež́ı pobĺıž experimentálńı hod-
noty. Přidáńı poruchových triexcitovaných člen̊u výrazně sńıž́ı rozd́ıl na
−7,5 kcal.mol−1. Abychom posoudili přesnost poruchových triexcitaćı, spo-
četli jsme energii na úrovni CCSDT-1 a výsledný rozštěp se sńıžil o daľśıch
0,2 kcal.mol−1.

• Naproti tomu použit́ı MkCCSD předpov́ıdá 1A1 o 3,3 kcal.mol−1 výše než
stav 3B2. Přidáńı poruchových triexcitaćı opět sńıž́ı rozštěp a s výsledkem
−0,7 kcal.mol−1. Použit́ı CCSDT-1 sńıž́ı rozd́ıl výrazněji než pro BWCC
a to na −1,2 kcal.mol−1. Po zahrnut́ı triexcitaćı dává MkCC výsledky srov-
natelné s experimentem −1,3 kcal.mol−1.

• Zvětšeńı báze na cc-pVQZ má téměř zanedbatelný efekt na SD úrovni.
Po přidáńı triexcitaćı sńıž́ı rozštěp o 0,7 kcal.mol−1 pro BWCCSD(T) a o
0,8 kcal.mol−1 pro MkCCSD(T).
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4.3 Interpretace výsledk̊u

Jaké závěry můžeme učinit pro multireferenčńı metody vázaných klastr̊u?
Přibližně správné hodnoty metody BWCC na SD úrovni můžeme přisoudit

tomu, že a posteriori korekce na size-extenzivitu přeceňuje korelačńı energii a
kompenzuje tak chybu v nedostatečném popisu dynamické korelaci. Po zahrnut́ı
triexcitaćı lépe poṕı̌seme dynamickou korelaci a chyba a posteriori korekce se
nemá s č́ım kompenzovat. Z tohoto d̊uvodu dostáváme př́ılǐs velký energetický
rozštěp.

Metoda MkCC je přesně size-extenzivńı, takže chyba na SD úrovni se nemá s
č́ım kompenzovat, což má za následek i špatné pořad́ı stav̊u. Po zahrnut́ı triexci-
taćı na MkCCSD(T) i MkCCSDT-1 úrovni dostáváme výsledky, které jsou bĺızko
experimentálńı hodnotě.

Změna báze má značný vliv na změnu výsledk̊u, takže vliv neúplnosti báze
neńı v tomto př́ıpadě zanedbatelný. Pro źıskáńı přesněǰśıch výsledk̊u by bylo
zapotřeb́ı CBS extrapolace.
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Kapitola 5

Závěr

Na začátku práce jsme připomenuli základńı aproximace a metody kvantové che-
mie s d̊urazem na metodu vázaných klastr̊u.

V druhé části jsme popsali molekulu oxyallylu. Rozebrali jsme jej́ı vlastnosti
a zaměřili jsme se na nejnižš́ı singletový a tripletový stav. Vyobrazili jsme foto-
elektronové spektrum naměřené v [1] a probrali jsme závěry z [1], [3] a [2]. Na
konci druhé kapitoly jsme popsali podrobnosti našich výpočt̊u.

V závěrečné části jsme v Tabulce 4.1 uvedli energie vypočtené r̊uznými me-
todami na r̊uzných úrovńıch aproximace. Výsledky pro jednotlivé metody jsme
porovnali s experimentálńı hodnotou a diskutovali jsme problémy a přesnost
použitých metod.

V práci jsme potvrdili a podložili novými výpočty interpretaci spektra pro-
vedenou v [1], [3] a [2]. K experimentálně naměřenému energetickému rozštěpeńı
mezi singletovým a tripletovým stavem jsme se ve výpočtech nejv́ıce př́ıbĺıžili
použit́ım MkCC se zahrnut́ım triexcitaćı.

Daľśıch možnost́ı, jak na práci navázat, je několik. Cestou pro daľśı zpřesněńı
výsledk̊u je použ́ıt k výpočt̊um korelačńı energie CASSCF(4,4) orbitaly mı́sto
kanonických HF. Optimalizace geometrie v cc-pVQZ bázi, či výpočet energie v
ještě větš́ı bázi a CBS extrapolace by poskytly daľśı informace o chybě souvisej́ıćı
s neúplnost́ı báze.
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Př́ıloha A

Druhé kvantováńı

Antisymetrizačńı princip neńı d̊usledkem základńıch pěti postulát̊u nerelativis-
tické kvantové mechaniky [13], proto je nutné ho přidávat axiomaticky. V kvan-
tové chemii se antisymetrie celkové vlnové funkce zajǐst’uje použit́ım Slaterových
determinant̊u, v tomto textu značených jako

|χi . . . χk〉 =
1√
N !

∣∣∣∣∣∣∣∣∣
χi(x1) χj(x1) · · · χk(x1)
χi(x2) χj(x2) · · · χk(x2)

...
...

...
χi(xN) χj(xN) · · · χk(xN)

∣∣∣∣∣∣∣∣∣ , (A.1)

kde N je počet elektron̊u a zároveň počet spinorbital̊u χi, χj, . . . , χk.
V kvantové teorii pole je Fermiho-Diracova statistika (tedy i celková antisy-

metrie) jednoduše splněna použit́ım tzv. kreačńıch a anihilačńıch operátor̊u. Nic
nám nebráńı stejný formalizmus použ́ıt i v kvantové chemii a vyhnout se tak
Slaterovým determinant̊um.

Zaved’me konvenci, že pro obsazené spinorbitaly budeme použ́ıvat indexy
i, j, k, . . . , pro neobsazené a, b, c, . . . a pro nerozlǐsené p, q, r, . . . .

A.1 Zavedeńı kreačńıch a anihilačńıch operátor̊u

Definujme kreačńı operátor â†i pomoćı p̊usobeńı na libovolný Slater̊uv determi-
nant |χk . . . χl〉 jako

â†i |χk . . . χl〉 = |χiχk . . . χl〉. (A.2)

A obdobně definujeme anihilačńı operátor ai jako

âi|χiχk . . . χl〉 = |χk . . . χl〉. (A.3)

Pokud kreačńı operátor p̊usob́ı na Slater̊uv orbital, kde již stejný spinorbital je,
dostaneme nulu

â†i |χiχk . . . χl〉 = 0. (A.4)

Obdobně pokud anihilačńı operátor p̊usob́ı na Slater̊uv orbital, kde př́ıslušný
spinorbital neńı, dostaneme taktéž nulu

â†i |χk . . . χl〉 = 0. (A.5)
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Kreačńı a anihilačńı operátory splňuj́ı antikomutačńı relace

{â†i , â
†
j} = 0, (A.6)

{âi, âj} = 0, (A.7)

{âi, â†j} = δij, (A.8)

kde antikomutátorem {b̂, ĉ} operátor̊u b̂ a ĉ rozumı́me {b̂, ĉ} = b̂ĉ+ ĉb̂.
Zaved’me označeńı |0〉 pro tzv. vakuum, tedy stav, ve kterém se nenachaźı

žádný opsazený spinorbital (tedy p̊usobeńım libovolného anihilačńıho operátoru
dostaneme nulu). Nav́ıc definujme

〈0|0〉 = 1, (A.9)

âi|0〉 = 〈0|â†i = 0. (A.10)

Libovolný stav tedy můžeme zapsat jako

â†i â
†
j . . . â

†
l |0〉 = |χiχj . . . χl〉. (A.11)

Daľśı podrobnosti a ověřeńı základńıch vlastnost́ı lze naj́ıt např. v knize [4],
str. 89-97.

A.2 Hamiltonián v druhém kvantováńı

Elektrostatický hamiltonián v B-O aproximaci (po vynecháńı konstantńı jaderné
repulze V̂nn) obsahuje jednoelektronovou (ĥ = T̂e + V̂en) a dvouelektronovou (V̂ee)
část. S využit́ım formalizmu druhého kvantováńı ho můžeme zapsat jako

Ĥ =
∑
pq

hpqâ
†
pâq +

1

2

∑
pqrs

〈pq|rs〉â†pâ†qârâs, (A.12)

kde hpq je maticový element jednoelektronové části v bázi spinorbital̊u a 〈pq|rs〉
je dvouelektronový integrál definovaný jako

〈pq|rs〉 =

∫
χ∗p(x1)χ∗q(x2)

1

r12

χr(x1)χs(x2)dx1dx2. (A.13)

Hamiltonián v druhém kvantováńı můžeme užit́ım Wickova teorému převést
do tzv. normálńıho tvaru (kreačńı operátory jsou nalevo a anihilačńı napravo).
Operátor Ô uspořádaný do normálńıho tvaru označ́ıme ÔN, normálně uspořádaný
řetězec kreačńıch a anihilačńıch operátor̊u pak pomoćı N {. . . }.

Hamiltonián v normálńım tvaru má tvar

Ĥ = 〈0|Ĥ|0〉+
∑
pq

fpqN
{
â†pâq

}
+

1

2

∑
pqrs

〈pq|rs〉N
{
â†pâ

†
qâsâr

}
, (A.14)

Pro daľśı potřeby zavedeme označeńı

ĤN = Ĥ − 〈0|Ĥ|0〉. (A.15)
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Př́ıloha B

Souhrnné informace

B.1 Cyklopropanon – 1A1

Optimalizace geometrie a vibračńı frekvence: MP2/cc-pVTZ
Repulzńı energie : 108,815843 Hartree
ZPE : 0,061355 Hartree
CCSD/cc-pVTZ energie: −191,530264 Hartree
CCSD(T)/cc-pVTZ energie: −191,563685 Hartree

defaults used                           

                                        

single point                            

                                        

                                        

                                        

M O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E N
X Y Z

C 0,000000 0,000000 0,298504
O 0,000000 0,000000 1,500656
C 0,000000 0,786198 -0,940210
C 0,000000 -0,786198 -0,940210
H 0,914165 1,276831 -1,242435
H -0,914165 -1,276831 -1,242435
H -0,914165 1,276831 -1,242435
H 0,914165 -1,276831 -1,242435

Vibračńı frekvence : 308; 515; 627; 702; 736; 960; 1008; 1062; 1069; 1108
[cm−1] 1172; 1426; 1445; 1915; 3170; 3171; 3264; 3276
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B.2 Oxyallyl – 1A1 tranzitńı stav

Optimalizace geometrie a vibračńı frekvence: CASPT2(4,4)/cc-pVTZ
Repulzńı energie : 104,996702 Hartree
ZPE : 0,058126 Hartree
CASPT2(4,4)/cc-pVTZ energie −191,465434 Hartree
MkCCSD/cc-pVTZ energie −191,475769 Hartree
BWCCSD/cc-pVTZ energie −191,485410 Hartree
MkCCSD(T)/cc-pVTZ energie −191,512669 Hartree
BWCCSD(T)/cc-pVTZ energie −191,523621 Hartree
MkCCSDT-1/cc-pVTZ energie −191,513316 Hartree
BWCCSDT-1/cc-pVTZ energie −191,523611 Hartree
MkCCSD/cc-pVQZ energie −191,529679 Hartree
BWCCSD/cc-pVQZ energie −191,538982 Hartree
MkCCSD(T)/cc-pVQZ energie −191,570076 Hartree
BWCCSD(T)/cc-pVQZ energie −191,580813 Hartree

defaults used                           

                                        

single point                            

                                        

                                        

                                        

M O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E N
X Y Z

C 0,000000 0,000000 0,081709
O 0,000000 0,000000 1,311014
C 0,000000 1,198874 -0,739351
C 0,000000 -1,198874 -0,739351
H 0,000000 1,136239 -1,816057
H 0,000000 -1,136239 -1,816057
H 0,000000 2,169403 -0,265491
H 0,000000 -2,169403 -0,265491

Vibračńı frekvence : 398; 486; 527; 528; 826; 838; 903; 916; 1069; 1288
[cm−1] 1487; 1491; 1722; 3194; 3198; 3319; 3324
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B.3 Oxyallyl – 3B2

Optimalizace geometrie a vibračńı frekvence: CASPT2(4,4)/cc-pVTZ
Repulzńı energie : 104,852916 Hartree
ZPE : 0,058125 Hartree
CASPT2(4,4)/cc-pVTZ energie −191,467202 Hartree
CCSD/cc-pVTZ energie −191,481921 Hartree
CCSD(T)/cc-pVTZ energie −191,511621 Hartree
CCSDT-1/cc-pVTZ energie −191,511370 Hartree
CCSD/cc-pVQZ energie −191,535806 Hartree
CCSD(T)/cc-pVQZ energie −191,567684 Hartree

defaults used                           

                                        

single point                            

                                        

                                        

                                        

M O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E NM O L D E N
X Y Z

C 0,000000 0,000000 0,009270
O 0,000000 0,000000 1,272031
C 0,000000 1,250613 -0,693481
C 0,000000 -1,250613 -0,693481
H 0,000000 1,297506 -1,771016
H 0,000000 -1,297506 -1,771016
H 0,000000 2,160314 -0,116141
H 0,000000 -2,160314 -0,116141

Vibračńı frekvence : 328; 402; 427; 517; 547; 705; 780; 915; 947; 1067
[cm−1] 1340; 1464; 1496; 1504; 3205; 3209; 3330; 3332
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