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Einfithrung

In der Natur hat das Licht der Sonne groflen Einfluss auf alles Leben. Die Gewinnung
von Energie {iber Photosynthese in Pflanzen und Bakterien, die Synthese wichtiger Ver-
bindungen iiber Photoreaktionen, die Beschaffung von Informationen iiber die Umgebung
durch Augen oder andere Photosensoren, aber auch der Schutz der Zellbestandteile vor
schidlichem Einfluss des Sonnenlichts sind hier zu nennen. Allen diesen Effekten gemein-
sam ist ihr Ablauf auf chemischer Ebene iiber elektronisch angeregte Zustdnde. Durch
die Energie des Lichts wird ein Molekiil aus seinem Grundzustand heraus angeregt. Die
im angeregten Zustand gespeicherte Energie kann nun zu einer Reaktion dieses Molekiils
selbst fiihren, sie kann an andere Molekiile weitergegeben werden, die dann ihrerseits im
angeregten Zustand Reaktionen eingehen, oder sie kann als Schwingungsenergie, also als
einfache Warme in die Umgebung gelangen.

Zum Versténdnis der Vorgénge in biologischen Zellen bei Anregung durch Licht ist zu-
néchst ein Versténdnis der zugrunde liegenden elementaren Prozesse auf der chemischen
Ebene in einzelnen Molekiilen vonnéten. Im kiirzlich an der Heinrich-Heine-Universitét
Diisseldorf neu eingerichteten Sonderforschungsbereich ,,Molekulare Antwort nach elektro-
nischer Anregung“ (SFB 663) werden diese Phédnomene interdisziplindr mit der ganzen
Breite der Methoden von der Biologie iiber die Biochemie, Bioanorganische, Organische
und Physikalische Chemie bis hin zur Theoretischen Chemie untersucht.

Oftmals ist der erste Schritt der auf eine Bestrahlung folgenden Vorgéinge eine Um-
wandlung eines angeregten Molekiils in einen anderen angeregten Zustand des gleichen
Molekiils. Die Anregung findet dabei typischerweise aus einem Singulett-Grundzustand
statt, und fithrt zu einem angeregten Zustand, der ebenfalls ein Singulett ist. Der Ubergang
zu einem Triplettzustand ist in der nichtrelativistischen Betrachtung verboten. Tatséchlich
konnen Ubergénge in einen Triplettzustand jedoch beobachtet werden. Die Wahrscheinlich-
keit fiir einen solchen spinverbotenen Ubergang kann errechnet werden, wenn die spezielle
Relativitiatstheorie in geeigneter Weise mit beriicksichtigt wird. Entscheidend ist dabei die
Spin-Bahn-Kopplung, also die Kopplung des Spindrehimpulses eines Elektrons mit dem
Bahndrehimpuls eines anderen oder des gleichen Elektrons.

Relativistische Effekte in Molekiilen werden in der theoretischen Chemie schon seit
geraumer Zeit untersucht. Es gibt etablierte Methoden und Programme zum Einbezug
dieser Effekte und zur Berechnung daraus abgeleiteter Eigenschaften. Skalarrelativistische
Effekte stellen dabei kein besonderes Hindernis dar. Ihre Behandlung ist auch fiir grofie
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1. EINFUHRUNG

Molekiile iiber relativistische Kernpotentiale oder durch Verwendung eines entsprechenden
FEinelektronenoperators von der Rechenzeit her problemlos.

Anders sieht es aus beim Einbezug der Spin-Bahn-Kopplung und daraus abgeleiteter
Eigenschaften. Zwar kann durch die Einfiihrung einer Einelektronen-Néherung fiir den
Spin-Bahn-Hamiltonoperator der Aufwand drastisch reduziert werden. Die zusétzlichen
Kopplungen zwischen verschiedenen Symmetrien, Multiplizitdten und Multiplettkompo-
nenten bedingen jedoch eine derartige Steigerung in der Komplexitét, dass fiir grole Mo-
lekiile mit herkémmlichen Methoden keine sinnvolle Behandlung der Spin-Bahn-Kopplung
moglich ist. Die bestehenden Programmpakete sind zwar in der Lage, Atome und zwei-
oder dreiatomige Molekiile mit sehr guter Genauigkeit zu beschreiben. Auch mehratomige
Molekiile sind mit etwas verringerter Genauigkeit untersuchbar. Molekiile, wie sie in bio-
logischen Systemen vorkommen, mit dutzenden Atomen und dutzenden oder gar einigen
hundert Elektronen bleiben jedoch verschlossen.

Die Berechnung von Geometrien, Energien und Eigenschaften groflerer Molekiile stellt
auch in Zeiten stdndig wachsender Rechenleistungen moderner Computer immer noch
eine Herausforderung dar. Grofle Schritte sind, wegen des mit der Systemgrofie polynomiell
wachsenden Aufwands, nicht allein durch schnellere Computersysteme oder mehr Speicher
erzielbar, sondern konnen nur durch Fortschritte in der Methodenentwicklung erreicht
werden.

Das Ziel dieser Arbeit war die Entwicklung eines Programmpakets, mit dem die Spin-
Bahn-Kopplung, sowie daraus abgeleitete Eigenschaften in organischen Molekiilen oder
Komplexen schwerer Elemente mit mehreren Liganden bis zu einer Grenze von etwa 200
Valenzelektronen berechnet werden kénnen.

Als Grundlage dienen dabei das Programm DFT/MRCI und die Spin-Bahn-Integrale in
der Einzentren-mean-field Niherung. Das DFT/MRCI-Programm wurde von Stefan Grimme
und Mirko Waletzke an der Rheinischen Friedrich-Wilhelms-Universtéit Bonn entwickelt.[1]
Es erlaubt durch die geschickte Kombination von Dichtefunktionaltheorie und Multi-
Referenz-Konfigurationswechselwirkung die Berechnung elektronisch angeregter Zusténde
fiir die in Frage kommenden Molekiilklassen mit einer Genauigkeit von etwa 0.2 eV. Durch
den Einsatz moderner Programmiertechniken und Naherungsmethoden kénnen derartige
Rechnungen innnerhalb von Stunden bis hin zu wenigen Tagen auf einem normalen Per-
sonal Computer durchgefiihrt werden. Die mean-field Naherung von Bernd Hef3 et. al.[2]
wurde von Bernd Schimmelpfennig im sehr effizienten Programm AMFI[3] umgesetzt.



2

Theoretischer Teil

2.1 Relativistik und Spin-Bahn-Kopplung

Die spezielle Relativitétstheorie fordert eine Gleichbehandlung von rdumlichen und zeitli-
chen Koordinaten in der Beschreibung der Natur (Lorentzkovarianz). Diese Forderung ist
von der nichtrelativistischen zeitabhédngigen Schrédingergleichung

.0 h

iho W = (—Zi:mvf + V¥ (2.1)
nicht erfiillt, da diese eine erste Ableitung nach der Zeit, im kinetischen Energieope-
rator jedoch eine zweite Ableitung nach den rdumlichen Koordinaten enthélt. Erst die
vierkomponentige Dirac-Gleichung bringt die Quantentheorie mit der Relativitétstheorie
in Einklang — zuné#chst nur fiir ein einzelnes Elektron. Sowohl der Spin, als auch die
Spin-Bahn-Kopplung ergeben sich in der Dirac-Theorie automatisch. Sie miissen nicht
iiber Postulate eingefithrt werden, wie es sonst in der nichtrelativistischen Quantenchemie
der Fall ist. Daher werden Spin und Spin-Bahn-Kopplung auch als relativistische Effek-
te bezeichnet. Streng genommen sind jedoch alle relativistischen Effekte, die in Theorien
beschrieben werden, in Rechnungen auftauchen, oder zur Erklarung von Abweichungen
im Periodensystems der Elemente herangezogen werden keine zusétzlichen Effekte, son-
dern der Normalzustand der Natur. Sie treten nur zutage, wenn einfachere Resultate der
nichtrelativistischen Betrachtung mit Experiment, relativistischer Rechnung oder Theorie
verglichen werden.

Das Spektrum des Diracoperators umfasst neben den iiblichen elektronischen Zustéin-
den auch ein Kontinuum von Zustéinden mit negativer Energie. Der Operator ist also nicht
nach unten beschrinkt. Die géingige Betrachtungsweise fasst die positronischen Zusténde
als vollsténdig besetzten ,,Dirac-See“ auf. Die vierkomponentigen Lésungen der Diracglei-
chung werden demnach als zwei elektronische und zwei positronische Freiheitsgrade ge-
deutet, wobei die zwei elektronischen Freiheitsgrade mit den zwei Komponenten des Spins
in Verbindung gebracht werden.

Aufbauend auf der vierkomponentigen Diracgleichung sind nahezu alle verfiigbaren Me-
thoden der Quantenchemie in einer vollrelativistischen Version implementiert worden. Als
herausragendes Programmpaket soll an dieser Stelle das DIRAC-Projekt[4] genannt werden.
Vierkomponentige Rechnungen versprechen die héchste Genauigkeit bei der Behandlung
der Relativistik, stellen jedoch teils extreme Anforderungen an Rechenzeit und verfiigha-
ren Speicher. Der Hauptgrund dafiir liegt in den hohen Anforderungen an die Basis der
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2. THEORETISCHER TEIL

positronischen Komponente, die {iber die Bedingungen kinetischer Balance im Drehimpuls
immer eine Ordnung héher sein muss als die Basis der elektronischen Komponente. Uber
ein Einfrieren der Spinoren mit negativer Energie fiir die Korrelationsbehandlung &hnlich
der frozen core Niaherung lasst sich zwar der Aufwand wieder deutlich reduzieren, es blei-
ben jedoch die Bestimmung der Spinoren und die Transformation der Integrale auf die
Spinorbasis als Flaschenhals bestehen.

Da jedoch zwei der vier Komponenten zur Beschreibung der Elektronen eigentlich ge-
niigen kénnten, ist ein wichtiger Schritt die ndherungsweise Abtrennung der positronischen
Freiheitsgrade. Hierzu sind eine Reihe von Methoden entwickelt worden (siehe etwa die
Ubersichtsartikel in [5] und [6]), die gleichzeitig mit der Reduktion auf zwei Komponenten
eine Trennung des Hamiltonoperators in einen skalaren und einen magnetischen, also einen
Spin-Bahn-Kopplungs-freien und einen Spin-Bahn-Kopplungsterm erreichen.

Fiir der Behandlung organischer Molekiile, auf die das vorliegende Programm aus-
gerichtet ist, ist diese weitere Trennung naheliegend. Die Relativistik hat hier nur einen
geringen Einfluss auf die Energien und Wellenfunktionen. Diese kénnen also zunéchst in ei-
ner Spin-Bahn-Kopplungs-freien Rechnung optimiert, und die Spin-Bahn-Kopplung spéter
hinzugefiigt werden. Dieser storungstheoretische Ansatz hat seine Stérke in der konzeptio-
nelle Einfachheit und der geringen Rechenzeit fiir die Spin-Bahn-Kopplung. Die Berech-
nung der Spin-Bahn-Matrixelemente iiber die bereits konvergierten CI-Wellenfunktionen
bendtigt nur eine im Vergleich zur Berechnung der Wellenfunktionen geringe Zeit. Alle
weiteren Rechnungen kénnen dann in der kleinen Basis der Wellenfunktionen in vernach-
ldssigbarer Zeit durchgefithrt werden. Der Nachteil des storungstheoretischen Ansatzes ist
die teils schlechte, teils einfach ungewisse Konvergenz mit der Anzahl beriicksichtigter
Zustdnde. Will man hier Verbesserungen erzielen, und viele Zustédnde beriicksichtigen, so
verldngert sich die Rechenzeit entsprechend.

Als Ausweg bietet sich an, die vorgenannte Trennung in einen Spin-Bahn-Kopplungs-
freien und einen Spin-Bahn-Kopplungsterm wieder aufzuheben. In diesem Fall wird die
Spin-Bahn-Kopplung im ,,Spin-Bahn-CI* vollstéindig variationell beriicksichtigt. Die Ab-
héngigkeit von der Liange der Zustandssumme entfillt. Der Aufwand fiir diese Vorgehens-
weise ist jedoch ungemein grofler, da die meisten Symmetrieblockungen entfallen (siehe
Abschnitt 3.3).

2.2 Spin-Bahn-Operatoren

Der Breit—Pauli Spin—-Bahn—Operator|7]

62 [e
Hzy 2m§;{z<—m (z?>><pi)-ai 22)

ey (ég (1)) o -
+ 22%: <Vj (:J) X pj) Lo (2.4)

hat den Nachteil, nicht von unten beschrinkt zu sein — er ldsst noch Elektron-Positron-
Paarbildungsprozesse zu. Daher ist er prinzipiell nicht geeignet, in variationellen Rechnun-
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2.2. SPIN-BAHN-OPERATOREN

gen verwendet zu werden, denn es kann nicht ausgeschlossen werden, dass die Losungen
auf unendliche negative Werte fallen. Dieses Problem ist in der Praxis kaum beobachtet
worden. Die Ursache dafiir ist darin zu sehen, dass in den tiblichen korrelierten Rechnungen
die innersten Orbitale gefroren werden, und somit die steilsten Exponenten, die ein Ab-
rutschen in die 1/r3-Singularitiit ermoglichen wiirden, nicht zur Relaxation zur Verfiigung
stehen.

Alternativ kann der der no—pair Douglas—Kroll[8; 9; 10] Spin—Bahn Operator zum
Einsatz kommen:

A, T A,
Hf. = 2p2 7 ? NG ) ¢
50 ¢ {ZZ: Za: “Bi+m 3 Pi) B me

AiAj ""ij AZA]
— I | L xp, |- (0;+20;) ——— 2.
; E; + mc? <r?j X p,) (i +20) E; +mc? (2.5)

E. 2
E;=/m2ct +p?c? und A; = ——F— +me
2F;

Dabei sind die 1 /rf’] und 1/73 Singularititen durch E; und A; gedimpft.

Beide in Frage kommenden Operatoren beinhalten Ein- und Zweielektronenbeitréige.
Die Berechnung des Zweielektronenbeitrags zur Spin—Bahn Kopplung ist im Vergleich zum
Einelektronenbeitrag jedoch extrem aufwendig. Es treten bis zu Vierindexintegrale auf, de-
ren Zahl mit der 4. Potenz der Basissatzgrofie wiichst. In den angestrebten groflen Molekii-
len werden also Groflenordnungen erreicht, bei denen eine Berechnung und Abspeicherung
nicht mehr sinnvoll handhabbar sind. Auch die Transformation auf die Molekiilorbitalbasis
wére extrem zeitraubend.

mit

Andererseits ist insbesondere in Molekiilen mit schweren Atomen der Beitrag des Ei-
nelektronenteils des Spin—-Bahn Operators bei weitem dominant. Jede Nidherung, die es
ermoglicht, sich auf einen effektiven Einelektronen—Spin-Bahn—Operator zu beschrianken,
wird also eine immense Ersparnis der Ressourcen Rechenzeit und Speicherplatz herbeifiih-
ren.

Die mean—field Spin—-Bahn—-Naherung folgt einem Ansatz dhnlich dem im Hartree—
Fock. Der Einelektronenbeitrag bleibt unveréndert, jedoch wird im Zweielektronenteil die
explizite Wechselwirkung mit den anderen Elektronen durch eine Wechselwirkung mit
einem gemittelten Feld der anderen Elektronen ersetzt.

HEH(1) = Hso(1) +HES(1) (2.6)

Alle echten Vierindexintegrale, bei denen alle Indizes unterschiedlich sind, werden ver-
nachléssigt. Der Zweielektronenenbeitrag zur Wechselwirkung zwischen Einfachanregun-
gen beinhaltet eine Summierung iiber die besetzten Orbitale. Gibt man nun eine konkre-
te Besetzung fiir die Orbitale vor, beispielsweise die der Hartree-Fock—Determinante, so
konnen die Zweielektronenbeitrige einmalig berechnet und auf die Einelektronenintegrale
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2. THEORETISCHER TEIL

aufaddiert werden. In der Basis der Valenzorbitale ¢ und j wird in der Matrixdarstellung
des Operators HEE (1)

(i1m8(0)13) = 3 7 { alHso )] jab - § tialHso (D) 27)

- § tailrso2)] o)}

iiber die besetzten Orbitale a summiert. Der so erhaltene effektive Spin-Bahn-Operator ist
ein Einelektronenoperator. Daher reduziert sich der Aufwand zur Berechnung der Integrale
und deren Transformation auf die MO-Basis betréchtlich. Weiterhin ist auch die tatséchli-
che Berechnung der Matrixelemente betroffen. Wahrend der Zweielektronenoperator auch
Konfigurationen koppeln kann, die sich um eine Doppelanregung unterscheiden, koppelt
dieser Einelektronenoperator nur Konfigurationen, die sich um eine Einfachanregung un-
terscheiden. Die Zahl der in einem gegebenen Konfigurationsraum zu beriicksichtigenden
Beitréige wird also ebenfalls drastisch erniedrigt.

2.3 Spinfreie Methoden

2.3.1 Korrelation

In der Hartree-Fock-Theorie wird die Elektron-Elektron Wechselwirkung genéhert, indem
die einzelnen Elektronen jeweils nur das gemittelte elektrostatische Feld der anderen Elek-
tronen erfahren. Eine explizite Wechselwirkung der einzelnen Elektronen findet keine Be-
riicksichtigung. Diese Néherung verursacht einen Fehler in den berechneten Energien, da
sich zwei Elektronen verschiedenen Spins beliebig nahe kommen kénnen, und die dabei
wirkende starke Abstofung unberiicksichtigt bleibt. Elektronen gleichen Spins sind durch
den Aufbau der Wellenfunktion aus Slaterdeterminanten und die dabei bereits erfolgte
Beriicksichtigung des Fermi-Lochs am Aufenthalt an gleichem Ort gehindert.

Die Differenz zwischen dem Hartree-Fock-Ergebnis und der exakten Losung wird als
Korrelationsenergie bezeichnet. Dabei bleibt festzuhalten, dass diese Korrelationsenergie
keine wirkliche physikalische Relevanz besitzt, sondern lediglich als Artefakt der vorge-
nommenen Niherung auftritt.

Zur Berechnung des bisher unberiicksichtigt gebliebenen Teils der Energie gibt es ver-
schiedene Methoden. Diese gehen teilweise vom Ergebnis der Hartree-Fock-N&herung aus
und versuchen, in der Basis der HF-Orbitale die Korrelationsenergie zu beschreiben. Hier
sind in erster Linie die Storungstheorie, die Konfigurationswechselwirkungsverfahren und
der Coupled Cluster-Ansatz zu nennen. Andere Methoden, wie die Dichtefunktionaltheo-
rie, oder auch Methoden mit expliziter Beriicksichtigung der Elektron-Elektron-Wechsel-
wirkung (r12-Methoden) versuchen eine direkte Berechnung der Energie ohne den Umweg
iiber die HF-Ndherung und seine kiinstliche Einfithrung der Korrelationsenergie.

2.3.2 MRCI

Die Konfigurationswechselwirkung (engl. Configuration Interaction, CI) ist die wohl kon-
zeptionell einfachste Methode zur Behandlung der Elektronenkorrelation. Benutzt man alle

12



2.3. SPINFREIE METHODEN

in einer gegebenen MO-Basis darstellbaren Besetzungen des Orbitalraums mit den vorhan-
denen Elektronen, also den gesamten Konfigurationsraum, so erhélt man eine vollstindige
Basis. Dieses full CI ergibt die bei gegebenem Operator und Basissatz exakte Losung. Da
die Dimension dieses Ansatzes jedoch schon fiir kleinste Molekiile die Grenzen der Hand-
habbarkeit sprengt, wird in der Praxis nur mit eingeschrinkten Konfigurationsrdaumen
gearbeitet. Ublicherweise wird der Konfigurationsraum auf Ein- und Zweifachanregungen
beziiglich einer Referenzkonfiguration, meist der Hartree-Fock-Determinante, beschrankt.
Der Grund dafiir ist, dass die Ein- und Zweielektronenoperatoren des Hamiltonoperators
hohere Anregungen nicht mit der Referenz koppeln. Somit ist nur ein indirekter Ein-
fluss moglich. Fir Zustédnde, die durch diese einzelne Referenz nicht gut beschrieben sind,
die also einen Multikonfigurationscharakter haben, ist ein Multireferenzansatz der néch-
ste Schritt. Es werden dabei Ein- und Zweifachanregungen aus mehreren, bis zu mehreren
Hundert Konfigurationen zugelassen. In diesem Ansatz erhélt man bei geeigneter Wahl des
Referenzraums eine sehr gute Beschreibung der Elektronenkorrelation. Bei einer Analyse
der einzelnen Koeffizienten des konvergierten CI-Vektors stellt sich jedoch heraus, dass
eine iiberwaltigende Zahl der Konfigurationen nur sehr geringe Beitrige leistet. Abhilfe
kann hier ein Selektionsverfahren schaffen, das den Beitrag der einzelnen Konfigurationen
bereits vor Durchfithrung der CI-Rechnung stérungstheoretisch abschétzt, und nur Konfi-
gurationen mit einem erwarteten Beitrag iiber einem vorgegebenen Schwellwert zulésst.

Problematisch bleibt hier die Abschitzung des dabei gemachten Fehlers, also des Bei-
trags der vernachlissigten Konfigurationen.

Nachteile des CI-Ansatzes sind das schnelle Anwachsen des Konfigurationsraums mit
der Grofle des behandelten Problems, die relativ langsame Konvergenz der Ergebnisse mit
der Grofe des beriicksichtigten Konfigurationsraums, sowie die fehlende Gréflenkonsistenz.
Letzteres bedeutet, dass die errechnete Energie sich fiir ein nicht wechselwirkendes Dimer
nicht additiv verhilt, wie es eigentlich physikalisch gefordert wire.

2.3.3 DFT

Die Dichtefunktionaltheorie (DFT) geht von der Vorraussetzung aus, dass die Elektronen-
dichte eines Molekiils dessen Eigenschaften vollstindig festlegt. Die Energie des Systems
ergibt sich dann als Funktional der Dichte. Die Bestimmung der Wellenfunktion mit ihren
3N Freiheitsgraden ist also durch die Bestimmung der Dichte mit lediglich drei Freiheits-
graden ersetzt.

Diese zunéchst unbekannte Dichte wird im Kohn-Sham-Verfahren durch Orbitale dar-
gestellt, die aus den auch in ab-initio Methoden gebrauchlichen Basisfunktionen gebildet
werden. Im Kohn-Sham DFT werden sie in einem &hnlichen Verfahren wie im Hartree-
Fock-SCF optimiert, haben jedoch streng genommen keinerlei physikalische Relevanz und
sind nur ein Hilfsmittel zur Darstellung der Dichte. Ebenso wie das Hartee-Fock Verfahren
ist das Kohn-Sham-DFT eine Einfachreferenzmethode, also zur Betimmung von Multikon-
figurationszustédnden nicht geeignet.

Eines der Hauptprobleme der DFT ist, dass das exakte Austauschkorrelationsfunktio-
nal nicht bekannt und auch nicht direkt bestimmbar ist. Das einfachste Funktional, ist
das LDA-Funktional (local density approximation). Es n&hert die Austauschkorrelations-
energie eines Elektrons, indem es sie gleich der in einem homogenen Elektronengas setzt.
Mit anderen lokalen Funktionalen hat es gemein, dass es nur vom Ort und der Dichte an
diesem Ort abhéngt. Damit unterscheidet es sich von den Funktionalen in der Néherung
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2. THEORETISCHER TEIL

generalisierter Gradienten (generalized gradient approzimation, GGA), in denen auch die
Ableitung der Dichte eingeht, um besser der unregelméfligen Dichteverteilung in Molekii-
len gerecht zu werden. Eine weitere Abwandlung sind die Hybridfunktionale, in denen ein
Teil der Austauschwechselwirkung durch den exakten Term aus der Hartree-Fock-Theorie
beschrieben wird.

Die Kohn-Sham-Dichtefunktionaltheorie ist erst einmal eine Methode nur fiir den elek-
tronischen Grundzustand eines Molekiils. Hier leistet sie gute Dienste und hat weite Ver-
breitung gefunden zur Bestimmung von Geometrien und Energien, und somit auch zur
Berechnung von Reaktionsverldufen, die im Grundzustand stattfinden.

Auch eine Berechnung von angeregten Zusténden ist mittlerweile mit der zeitabhéngi-
gen Dichtefunktionaltheorie (Time-Dependent DFT, TDDFT) zur Standardmethode ge-
worden. Es wird dabei die Antwort des Molekiils auf eine externe Stérung, konkret ein
elektromagnetisches Feld ausgewertet. Die Anregungsenergien ergeben sich dabei als Pol-
stellen. TDDFT liefert ordentliche Ergebnisse bei angeregten Zusténden, die als Einfachan-
regung darstellbar sind, hat jedoch Probleme bei Zustinden mit Doppelanregungscharak-
ter, den sehr diffusen Rydberg-Zusténden, sowie bei Zusténden mit stark unterschiedlicher
Ladungsverteilung (charge-transfer-Zustéinde)

Die Stérken der Dichtefunktionaltheorie sind ihre hohe Geschwindigkeit und Genau-
igkeit insbesondere bei der Berechnung von Grundzustédnden. Auch die Forderung nach
Groflenkonsistenz ist erfiillt. Als Nachteil ist in erster Linie die Beschrinkung auf Einfach-
referenzzustinde zu nennen. Auch ist im Gegensatz zur Konfigurationswechselwirkung
keine Systematische Verbesserung der Ergebnisse moglich.

2.3.4 DFT/MRCI

Die gute Eignung der Dichtefunktionaltheorie zur Behandlung der dynamischen Elektro-
nenkorrelation und die grofie Flexibilitdt des Multireferenz-CI-Ansatzes wurden von Ste-
fan Grimme und Mirko Waletzke im Programm DFT/MRCI[1] vereinigt. Die Grundidee ist,
moglichst viele der Informationen, die das DFT iiber die dynamische Korrelation in einer
Verbindung liefert in eine MRCI-Rechnung einflielen zu lassen, da diese im DFT sehr
schnell berechnet werden.

Die Wellenfunktion wird wie im konventionellen CI in Molekiilorbitale (MOs) ent-
wickelt, diese werden jedoch aus Kohn-Sham(KS)-Orbitalen gebildet statt aus ab-initio
Orbitalen. Der exakte Hamiltonoperator wird durch einen empirischen Operator ersetzt.
Dieser unterscheidet zwischen diagonalen und auflerdiagonalen Matrixelementen:

e Diagonalelemente des effektiven DFT/MRCI Hamiltonians werden aus den Hartree-
Fock-Ausdriicken und einem DFT-spezifischen Korrekturterm zusammengesetzt. Die
HF-Energien sind ersetzt durch die KS-Energien, Coulomb- und Austauschintegrale
werden durch globale Parameter angepasst. Es kommen dabei im Singulettfall drei,
und im Triplettfall zwei empirische Parameter zum Einsatz.

e Ein doppeltes Zahlen der dynamischen Korrelation wird mittels einer Dampfung
aulerdiagonaler Beitriige durch einen exponentiell von der Energiedifferenz der CSFs

2 AE:

—_ 4 . . . .
abhiingigen Ausdruck pie” P22"WwW’ mit zwei weiteren Parametern vermieden.

e Auflerdiagonale Beitrige von CSFs mit gleichem Raumteil werden exakt berechnet.
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Die insgesamt 5 empirischen Parameter des DFT/MRCI Hamiltonians sind an einem
Satz experimenteller Anregungsenergien geeicht worden. Im Gegensatz zu den meisten se-
miempirischen Methoden sind diese Parameter unabhéngig von den betrachteten Atomen.
Lediglich die Multiplizitit des Zustands und die Art des verwendeten Dichtefunktionals ge-
hen ein. Parametersétze existieren derzeit nur fiir Singuletts und Tripletts in Verbindung
mit dem BHLYP[11; 12]-Funktional. Eine Anwendung dieser Parametrisierung auf Du-
pletts wurde erfolglos abgebrochen[13], soll jedoch in Kiirze mit einem erweiterten Ansatz
erneut bearbeitet werden[14].

Bis hierher bietet der DFT/MRCI-Ansatz noch keine Verbesserung im Rechenaufwand
gegeniiber einem klassischen MRCI. Da der Einfluss energetisch hoch liegender CSFs durch
die exponentielle Dédmpfung jedoch ohnehin sehr klein ist, werden die energetisch iiber
einem einstellbaren Schwellwert liegenden nicht in die CI-Entwicklung aufgenommen. Da-
durch kann die CI-Entwicklung extrem kurz gehalten werden. Im Gegensatz zur stérungs-
theoretischen Abschitzung des Beitrags einer CSF im selektierenden ab-initio MRCI ist
die Selektion nach diesem Energiekriterium extrem schnell, da keine Wechselwirkung mit
dem Referenzraum berechnet werden muss. Die CI-Entwicklung ist dann nur noch fiir sta-
tische Korrelationseffekte zustéindig, wihrend die gesamte dynamische Korrelation durch
die DFT in die Rechnung gebracht wird.

Der DFT/MRCI-Ansatz ist seit einigen Jahren sehr erfolgreich eingesetzt worden, und
hat dabei seine Robustheit und Giite immer wieder unter Beweis gestellt.
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Methodenentwicklung und
Implementierung

Die Entwicklung des Programmpakets SPOCK ist in grofle, voneinander weitgehend unab-
héngige Teile gegliedert:

1. Spin-Bahn-Integrale

2. Spinkopplungskoeffizienten

3. Berechnung von Matrixelementen spinfreier Wellenfunktionen

4. Spin-Bahn-CI

5. Berechnung von Eigenschaften: stérungstheoretisch

6. Berechnung von Eigenschaften: iiber Spin-Bahn-Wellenfunktionen

Die Schnittstelle fiir die Spin-Bahn-Integrale, sowie die Routinen zur Berechnung von
Eigenschaften wurden von Jorg Tatchen im Rahmen seiner Dissertation implementiert[15].

Die Spinkopplungskoeffizienten sind vonnéten, um in einer CSF-basierten Wellenfunk-
tion die Kopplung der Spinfunktionen zu erreichen. Ihre Ausarbeitung und Implementie-
rung ist in Abschnitt 3.1 beschrieben. Das storungstheoretische Modul SPOCK.PT wird
zusammen mit einigen beispielhaften Anwendungen in Abschnitt 3.2 vorgestellt. Der letz-
te Abschnitt 3.3 dieses Methodenteils behandelt den Spin-Bahn-CI-Teil SPOCK.CI des
Programmpakets.
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3.1 Erzeugung der Spinkopplungen

Bei der Berechnung eines Matrixelements ist neben Integralen iiber die Raumteile der
beteiligten Konfigurationen immer auch die Berechnung der Spinkopplung erforderlich.
Im Falle von Slaterdeterminanten ist diese simpel: entweder passt unter einem gegebenen
Spinoperator die Besetzung mit a- und S-Elektronen der beiden Determinanten zueinan-
der, dann entspricht die Kopplung einfach dem jeweiligen Effekt des Spinoperators, oder
sie passt nicht, dann ist die Kopplung Null. Im Falle der Verwendung von Konfigurations-
zustandsfunktionen ( Configuration State Functions, CSFs), also Linearkombinationen von
Determinanten, sind die Verhéltnisse komplexer. Hier zahlt man den Preis fiir die Vorteile
der CSFs.

Es gibt zur Berechnung dieser Spinkopplung iiber CSFs ausgefeilte Methoden, bespiel-
haft seien hier der Unitary Group Approach (UGA)[16], der Symmetric Group Approach
(SGA)[17], die symbolic matriz element method [18], sowie das Table CI [19] ganannt.
Fiir diese Ansétze existieren auch jeweils Erweiterungen auf Spinabhéngige Operatoren:
Fiir das Table CI von Hef3[20], fiir die symbolic matriz element method von Yarkony et.
al. [21], fir UGA bespielsweise im COLUMBUS-Paket[22], sowie fiir SGA von Flocke et.
al[23; 24; 25; 26].

Im DFT/MRCI wurde ein &lterer, fiir die Verwendung in einem individuell selektierenden
CI bestens geeigneter Ansatz von Wetmore und Segal gew#hlt[27]. Die Erweiterung dieses
Ansatzes auf spinabhingige Einelektronenoperatoren wird in der Verdffentlichung , FEffi-
cient generation of matrix elements for one-electron spin-orbit operators” (,, Effiziente Er-
zeugung der Matrixelemente von Einelektronen-Spin-Bahn-Operatoren) beschrieben[28].

Es wird zunéchst gezeigt, dass auch fiir den mean-field Spin-Bahn Operator, als effek-
tivem Einelektronenoperator das Matrixelement als

gab 77(57 S',w,w’,w,w’) (31)

dargestellt werden kann. Dabei ist ¢, das Spin-Bahn-Integral der Einfachanregung b — a,
n der Spin-Kopplungskoeffizient und S/’ ist die Multiplizitéit der beiden beteiligten Zu-
stinde, deren riumliche Konfiguration durch w und w’ bezeichnet ist. w und ' num-
merieren die verschiedenen CSFs. Die Abhéngigkeit von Mg ist bereits eliminiert. Ma-
trixelemente iiber die verschiedenen Multiplettkomponenten werden spéiter mit Hilfe der
scaled 3j-symbols ermittelt[29; 30]. Weiter wird gezeigt, dass die Abhéngigkeit von den
Raumteilen w und w’' ganz analog zum spinfreien Fall auf Anregungsmuster (pattern) zu-
riickzufithren ist, die eine effiziente Speicherung unabhéngig vom betrachteten Problem
ermoglichen.

Details zur Implementierung wurden nicht veréffentlicht und werden im Folgenden
ausgefiihrt.

Den Ausgangspunkt der Routinen zur Berechnung der Kopplungskoeffizienten bildete
das Program ETAGEN.X von S. Grimme. Es wurde jedoch im Laufe der Programmierung
vollstdndig neu geschrieben. Von der urspriinglichen Implementierung ist lediglich das
Speicherformat der Kopplungsfelder des Einheitsoperators geblieben, die im spinfreien
DFT/MRCI und im SPOCK.CI fiir den spinfreien Teil des Hamiltonoperators verwendet
werden.

Wetmore und Segal schlagen in der urspriinglichen Verdffentlichung vor, die Kopp-
lungskoeffizienten zu bestimmen, indem in einem bereits vorhandenen Programm alle Ein-
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elektronenintegrale auf Eins und alle Zweielektronenintegrale auf Null gesetzt werden.[27]
Dieser Weg wurde auch im ETAGEN.X eingeschlagen.

Zur Erweiterung der Kopplungsfelder auf spinahéingige Operatoren erschien jedoch eine
direkte Berechnung der Kopplungen der giinstigere, oder zumindest klarere Weg. Hierzu
wird auf die einzelnen Determinanten einer CSF explizit mit Vernichtungs- und Erzeu-
gungsoperatoren eingewirkt, und anschliessend der Uberlapp mit den CSFs der erzeugten
Konfiguration berechnet. Der verwendete Formalismus ist ausfiihrlich in der Veroffentli-
chung besprochen[28].

3.1.1 Erzeugung der Spinfunktionen

Fiir die determinantenweise Auswertung der Kopplungsmuster sind zun#chst die CSFs zu
erzeugen. Im ETAGEN.X wurden die CSFs durch Diagonalisierung der S? Matrix erhal-
ten. Dieses Vorgehen fithrt jedoch zu recht verrauschten CSFs: in den Koeffizienten der
Determinanten treten nur wenige und zudem unsaubere Nullen auf. Um am Ende Spin-
kopplungsfelder mit moglichst vielen Nullen zu erhalten, die sich also gut packen lassen,
wurde auch die Implementierung der CSF-Erzeugung von Grund auf neu geschrieben.

Dabei kommt die Genealogische Konstruktion der Spineigenfunktionen als branching
diagram functions, gebildet aus path diagram functions, wie sie bei R. Pauncz[31] beschrie-
ben ist, zum Einsatz.

Als ersten Schritt benétigt man eine Reprisentation der Determinanten. Ublich ist es,
diese iiber Permutationen zu gewinnen, beispielsweise die Determinanten zu Mg = 0 bei
vier offenen Schalen als alle Verteilungen von zwei a- und zwei -Elektronen auf die vier
moglichen Positionen.

Blaa
Bafa
Paas
affa
afaf
aaff

AN N N N S
N O Ot s W N
— — — ~— — ~—

Dieser Weg war auch im ETAGEN.X implementiert. Im neuen Ansatz wurde ein anderer
Weg gewihlt: Die Determinanten sind représentiert durch bindre Zahlen, wobei die 1 fiir
ein a-, die 0 fiir ein S-Elektron steht. Im obigen Beispiel also

0011 = 3 (3.8)
0101 = 5 (3.9)
0110 = 6 (3.10)
1001 = 9 (3.11)
1010 = 10 (3.12)
1100 = 12 (3.13)

Die Slaterminanten zu Mg = 0 bei vier offenen Schalen ergeben sich also als diejenigen
ganzen Zahlen, deren Bindrdarstellung vier Stellen hat, und genau zwei Einsen enthélt.
Dazu wird in einem ersten Schritt zu jeder Zahl zwischen 0 und (2"°P" — 1) die Zahl der
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Einsen in der Bindrdarstellung ermittelt, (nopn ist hier die maximale Zahl an offenen Scha-
len, die benétigt wird) und sodann die Determinanten im Feld msdetl(n, i) gespeichert,
wobei n die Anzahl offener Schalen, und i die laufende Nummer der Determinanten ist.

Bei der eigentlichen Berechnung der Linearkombination von Determinanten zu CSF's
werden die Koeffizienten jeder einzelnen Determinante direkt ermittelt, ohne die Spin-
funktionen fiir eine niedrigere Anzahl offener Schalen kennen zu miissen. Jede einzelne
Determinante wird Elektron fiir Elektron betrachtet, der Koeffizient ergibt sich als Pro-
dukt von Briichen, die durch den bis dahin aufgebauten Teil der Determinanten bestimmt
sind. Um moglichst saubere Spinfunktionen zu erhalten, wird so lange wie moglich Ganz-
zahlarithmetik benutzt. Zédhler und Nenner werden getrennt berechnet und erst im letzten
Schritt wird der Quotient gebildet und die Wurzel gezogen.

Auf eine Optimierung der Implementierung musste nicht geachtet werden, da der An-
satz ausreichend schnell ist. So dauert beispielsweise die Berechnung der Spinfunktionen
fiir Tripletts mit bis zu 14 offenen Schalen lediglich 7 Sekunden auf einem 2.4 GHz Xeon
Prozessor. Zudem miissen die Spinfunktionen nur ermittelt werden, wenn die Spinkopp-
lungsfelder noch nicht in der Programmbibliothek vorhanden sind.

3.1.2 Erzeugung der Kopplungsfelder

Die Routinen zur Erzeugung der Kopplungsfelder sind génzlich unabhéngig davon, wie die
CSFs erzeugt werden, also welche Spinfunktionen verwendet werden. Allerdings hat die
Wahl der Spinfunktionen einen Einfluss darauf, wie viele der Kopplungsmatrixelemente
von Null verschieden sind, also explizit gespeichert werden miissen.

Die prinzipielle Vorgehensweise zur Errechnung der Kopplungsmatrizen ist in der Verof-
fentlichung ausfiihrlich beschrieben. Die Grundidee des Anregungsmusteransatzes ist, nur
die einfach und variabel besetzten Orbitale zu betrachten. Orbitale, die wahrend der Anre-
gung unverindert leer oder unverdndert doppelt besetzt bleiben, kénnen einfach gestrichen
werden. Die resultierenden reduzierten Besetzungszahlvektoren werden fiir Ausgangs- und
Endbesetzung verglichen und anhand der unverdndert einfach besetzten Orbitale klassi-
fiziert. So erhélt man Anregungsmuster (pattern) in der GréBnordnung von einigen Dut-
zend. Zu jedem dieser patterns ist eine Kopplungsmatrix zu ermitteln, deren Dimension
der Anzahl der aus den Konfigurationen zu bildenden CSFs entspricht. Allerdings ist die
Einteilung mittels pattern noch nicht eindeutig: es bleiben noch jeweils vier Unterfiille un-
terscheidbar. Ob die Anregung ,von links nach rechts“, oder ,von rechts nach links“ im
Besetungszahlvektor erfolgt, ist damit nicht unterscheidbar. Ebenso kann nicht zwischen
Féllen unterschieden werden, in denen das bewegte Elektron in aus einem einfach besetz-
ten in ein leeres Orbital oder aus einem doppelt besetzten in ein einfach besetztes Orbital
angeregt wird. Diese Unterfille konnen im Falle des spinfreien und des Sp-Operators alle
durch Transpositionen und Vorzeichenwechsel ineinander iiberfithrt werden. Im Falle des
S+ Operators konnen nur jeweils zwei Unterfélle ineinander iiberfithrt werden, so dass
doppelt so viele Kopplungsfelder gespeichert sein miissen. Der S_ Operator kann jedoch
wiederum durch den Sy Operator dargestellt werden, so dass unter dem Strich fiir jeden
der drei Spinoperatoren ein Satz Kopplungsfelder vorzuhalten ist.

In der konkreten Implementierung wurden einige Optimierungen vorgenommen. So
wird nicht fiir jedes Anregungsmuster erneut die komplette Anregung ¢ — j ausgefiihrt,
sondern die CSFs, in denen Elektron i vernichtet wurde, aufgehoben. An allen moéglichen
Stellen j wird sodann nacheinander entweder ein Elektron wieder eingefiigt, was zu den
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Unterféllen A fithrt (gleichbleibende Anzahl offener Schalen), oder ein zweites Elektron
vernichtet (dort, wo das erste Elektron eingefiigt wird, ,,veschwindet“ eine offen Schale), um
zu den Unterféillen B zu gelangen, in denen die Anzahl offener Schalen um zwei abnimmt.

Bei der Vernichtung und Erzeugung von Elektronen kommt der Vorteil der Bin&rdar-
stellung zum Tragen. Bei der Erzeugung eines Elektrons miissen alle ,links* davon ste-
henden Elektronen um eine Position verschoben werden. Dazu geniigt es, den unverdndert
bleibenden Teil mittels einer arithmetischen AND-Operation auszublenden, den Rest mit 2
zu multiplizieren, also um eine binére Stelle zu verschieben, und anschliessend den unver-
dnderten Teil, sowie das hinzugekommene Elektron zu addieren. Da diese Prozedur mit
reinen Rechenoperationen ohne Schleifen oder Spriinge auskommt, ist sie sehr effizient. Die
Vorgehensweise zur Vernichtung ist ganz analog, es wird lediglich durch 2 geteilt und so
eine Verschiebung in die andere Richtung vorgenommen. Auflerdem kommt eine Priifung
hinzu, ob, wenn an Position ¢ ein a-Elektron vernichtet werden soll, dort auch tatséichlich
eines angetroffen wird. Die weiteren Details zur Berechnung der Kopplungsmatrizen sind
in der Verdffentlichung besprochen.

3.1.3 Abspeicherung als gepackte Matrizen

Bei der Betrachtung der berechneten Kopplungsfelder fillt auf, dass sehr viele Eintrige
Null sind. Daher wurde nach einer Strategie zur kompakteren Abspeicherung gesucht. Eine
genauere Inspektion der Felder zeigt einige wenige diagonale Felder, sowie viele Felder, in
denen lediglich recht kompakte Blocke von Null verschieden sind. Bei der Speicherung
werden folgende Fille unterschieden:

e Ist keine Dimension des Feldes grofler 9, so wird das Feld, so wie es ist, ungepackt
gespeichert. Dies vermeidet einen im Verhéltnis zum gesparten Platz unverhéltnis-
méfBigen Aufwand bei kleinen Feldern. Der Grenzwert ist iiber einen Parameter ein-
stellbar.

e Diagonale Felder werden gesondert gekennzeichnet, und nur die Diagonale gespei-
chert.

e In allen anderen Fillen werden die Felder gepackt. Dabei wird nicht fiir jeden einzel-
nen von Null verschiedenen Eintrag ein Index gespeichert, sondern zur Ausnutzung
der Blockstruktur direkt aufeinander folgende Eintrige zusammengefasst. Fiir jeden
Block aufeinanderfolgender Eintréige sind also 2 Indizes zu speichern (Startposition
und Anzahl). Bei einzelnen Eintrégen ist dies unvorteilhaft, da diese nur einen ein-
zelnen Index bendtigen wiirden, fiir groflere Blocke spart man jedoch. In Tabelle 3.1
ist ersichtlich, dass im Falle sehr diinn besetzter Kopplungsfelder mit vielen einzeln
setehenden Eintrigen das Indexfeld grofer ist, als die Anzahl gespeicherter Werte.
wéihrend es im Falle einer dichter besetzten Matrix, wie sie bei den Kopplungsfeldern
mit Spin-Operatoren vorkommen, kleiner ist.

Als Beispiel ist der Fall der Kopplung von Singulett und Triplett bei bis zu 12 offenen
Schalen in Tabelle 3.1 aufgefiihrt. Da kleine Felder komplett gespeichert werden, liegt die
Zahl der gespeicherten Werte hoher als die der von Null verschiedenen. Bei der Berechnung
des Speicherbedarfs muss beachtet werden, dass ein Eintrag im Kopplungsfeld 8 byte belegt
(double precision, realx8), wihrend ein Eintrag im Indexfeld lediglich 4 byte braucht
(integerx4). Das Packen der Felder ist im Falle der spinabhéingigen Operatoren zwar weit
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(S=1[1IS=1) (S=0[5,]S=1)

Gesamtzahl der Eintréage in Feldern 2360577 8286822
Davon Null 2237836 6747851
Nullen in Prozent 94.8% 81.4%
Abgespeicherte Werte 122667 1540154
Grofle des Indexfeldes 133468 1280048
Speicherbedarf ungepackt 18.9 MB 66.3 MB
Speicherbedarf gepackt 1.5 MB 17.4 MB
Speicherbedarf gepackt in % 7.9 % 26.3 %

Tabelle 3.1: Dimensionen der gepackten und ungepackten Kopplungsfelder fir die Kopplung zweier
Tripletts mit dem spinfreien Operator, und die Kopplung zwischen Singulett und Triplett mit dem
S4-Operator, jeweils fiir bis zu 12 offene Schalen.

weniger effizient als im spinfreien Fall, bringt aber immer noch eine Speicherplatzersparnis
von rund 75%.

Die gepackte Version wird im SPOCK fiir die spinabhéngigen Kopplungsfelder verwen-
det. Im DFT/MRCI sind noch die alten ungepackten Felder implementiert. Diese kommen
somit auch im SPOCK.CI fiir die spinfreien Kopplungsfelder zum Einsatz. Weiterhin wer-
den diese neuen Routinen zur Berechnung der spinfreien Kopplungsfelder im Multireferenz-
MP2-Programm RIMR von Stefan Grimme verwendet[32].
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Abstract

We present a procedure for the generation of spin-couplings with effective one-electron spin—orbit operators over spin-symmetry-
adapted functions that is independent of the size of the internal space. Extending a spin-free approach by Wetmore and Segal
[Chem. Phys. Lett. 36 (1975) 478], we show that all couplings may be precomputed once and stored as a program library. Storage
requirements are minimal for up to 10 open shells and become manageable for up to 12 open shells by storing sparse matrices. The
procedure has been implemented in the new Spin—-Orbit Couplig Kit SPock, based on an individually selecting configuration inter-

action program.

Benchmark and test calculations have been performed on third row atoms and porphyrin derivates.
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1. Introduction

Configuration interaction (CI) calculations with a
spin-free Hamiltonian are usually performed in a basis
of spin-symmetry-adapted configuration-state functions
(CSFs). In contrast to simple Slater determinants, CSFs
are eigenfunctions of the total spin operator %~ with
eigenvalue S(S+ 1). Due to spin-symmetry blocking,
the dimensionality of the CI matrix in a basis of CSFs
is thus reduced compared to that of a determinantal ba-
sis. There are also disadvantages of a CSF basis, of
course. Compared to a determinantal basis the construc-
tion of Hamiltonian matrix elements is significantly
more involved.

The spin—orbit interaction leads to a mixing of states
with different multiplicities and the advantage of the
CSF basis appears to be lost. One might therefore argue
that a determinantal basis should be preferable in a two-
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component calculation. However, in a determinantally
driven spin-orbit CI (e.g. [1,2]) non-zero matrix ele-
ments may occur between all determinants with mag-
netic quantum numbers differing by My =Ms+0,1.
In a CSF basis, on the other hand, an additional selec-
tion rule applies, ie., S =S+0,1 (but not
S'=S8=0). As a result, large off-diagonal blocks of
the Hamiltonian matrix remain zero in a CSF-based
spin—orbit CI. The dimension may be reduced further
by excluding high multiplicities. Another advantage of
the CSF basis is that the resulting wave functions allow
for a better physical insight since contributions of indi-
vidual LS-coupled spin-free states to a spin—orbit mixed
state may easily be identified.

To avoid the slow evaluation of matrix elements over
CSFs determinant by determinant, various procedures
have been proposed for spin-independent operators. In
1975, Wetmore and Segal [3,4] devised an efficient and
conceptually simple scheme for the evaluation of spin-
couplings between CSFs for spin-independent opera-
tors. This scheme relies on the recognition that a matrix
element is no more than a weighted sum of one- and
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two-electron integrals. These weighting or spin-coupling
coefficients are independent of the actual problem.
Using “‘excitation patterns’ as a unique identifier, these
authors were able to reduce the number of spin-coupling
coeflicients down to a level which easily facilitates their
precomputation and storage as a program library. The
same general idea was pursued later in the table CI
[5] and the symbolic matrix element method [6]. The
symmetric and (graphical) unitary group approaches
(SGA and GUGA, see e.g. [7,8]) make use of symmetry
selection rules and have to rely on a specific prescription
how to generate the CSFs. To our knowledge, exten-
sions to spin-dependent operators exist for the table
CI [9], the symbolic matrix element method [10], the uni-
tary group approach [11] and for the symmetric group
approach [12-15].

In individually selecting CI procedures, only a small
number of all configurations is selected for the calcula-
tion. Explicit configuration comparison has to be ap-
plied, and the advantages of GUGA and SGA
vanish. The pattern approach of Wetmore and Segal
does not make any assumptions concerning the com-
pleteness of the configuration space and is thus well
suited for application in a configuration selecting CI.
Recently, it was implemented in the DFT/MRCI pro-
gram of Grimme and Waletzke [16] and has proven
to be very efficient. The DFT/MRCI program utilizes
information from a DFT calculation in connection
with a multi-reference selecting CI. Typical errors of
electronic excitation energies of molecules with a hun-
dred valence electrons lie well below 0.3 eV. In order
to incorporate spin-orbit coupling into the DFT/
MRCI program, we have extended the approach of
Wetmore and Segal to one-electron spin—orbit opera-
tors and implemented the resulting coupling matrices
in our newly developed Spin-Orbit Coupling Kit
Spock. This program is capable of calculating spin—or-
bit matrix elements over CI wave functions, as well as
directly calculating spin—orbit coupled wave functions
via a spin—orbit CI procedure.

2. Separation of space and spin parts

In larger molecules, the use of a full one- and two-
electron spin—orbit Hamiltonian — be it the Breit-Pauli
or the no-pair Hamiltonian — is prohibitively expensive
because of the vast number of two-electron multi-center
integrals. On the other hand, the 1/r* dependence of the
one- and two-electron operators restricts their action to
a fairly local range. Furthermore, the spin—orbit interac-
tion between two states is dominated by single excita-

! The table CI does not completely eliminate the summation over
determinants. Instead, this sum is avoided only for the |ket).
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tions. This does not mean that all two-electron
contributions can be neglected. For first-row atoms —
the main constituents of organic molecules — the two-
electron terms tend to reduce a one-electron spin—orbit
matrix element by about 50% [17]. The spin—orbit Ham-
iltonian utilized here is an effective one-electron opera-
tor that consists of the true one-electron spin—orbit
Hamiltonian #7o(1) and jfzo(l), which incorporates
the screening by the other electrons in a mean-field ap-
proch [18].

~ eff

Hso(l) = P%SO(I)

~ mf

+ H o). (1)

A matrix element of jf:g(l) in the basis of the valence
orbitals 7,j is given by

511 = 3 rod (015020} = 01 s0(2)l)

o

il so(2)io) ). %)
Herein, “0” labels occupied core and valence orbitals
and #'so(2) represents the two-electron part of either
the Breit-Pauli or no-pair spin—orbit operator. The spin
densities for o and f electrons in the orbitals “o0” are as-
sumed to be equal and occupation numbers 7y, range be-
tween 0 and 2.

As an additional approximation, all multi-center inte-
grals may be neglected. In the latter case, the molecular
mean field reduces to a sum of atomic mean fields. Mak-
ing use of the spherical symmetry in the atomic mean-
field integral evaluation step leads to enormous savings
of computation time [19].

Any (effective) one-electron spin—orbit operator may
be written as a dot product between an (effective) one-
electron angular momentum operator ¢ and the usual
one-electron spin-operator 5

N N
~ eff -

Hon ) =Sk 5w = 3 S hh) - 5(k).

k=1 efxyz} k=1

3)

CI wave functions of spin-independent Hamiltonians
are computed for a single multiplet component, usually
the one with Mg = S. Non-vanishing matrix elements of
the spin-orbit operator occur for AS=0,+1 and
AMg=0,+£1 only. Spin integration is easily performed
if the spin operators 5, §_j, or §, are employed in
their irreducible tensor representation. The spatial part
of the spin—orbit operator, on the other hand, must ful-
fill the requirements implied by the spatial symmetries of
the configurations involved. Therefore, a convenient ap-
proach for the calculation of spin—orbit matrix elements
in CI calculations combines the appropriate cartesian (x,
y or z) space part of the spin—orbit operator with a spin
part in tensorial form. The transformation from this
“wrong” combination of cartesian space and tensorial
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spin part to the proper matrix elements is achieved by
multiplication with the scaled 3-j symbols introduced
by McWeeny > [20]. The Wigner-Eckart theorem [21],
which is usually applied to generate matrix elements
over all other Mg components, is already incorporated
in the scaled 3-j symbols.

In the following, we will make extensive use of a rela-
tion that only holds for the spin part of the operator in
its tensorial form, i.e.,

<S+1 iﬁﬂ(k) S> = <S i&,l(k)

The minus sign is obtained because (:v“)f = —5_;. Thus,
spin couplings need to be generated explicitly only for
§+1 and 3().

For convenience, we will employ second quantization
for the derivation of the coupling coefficients. In the
notation of second quantization, every component of
our operator may be written as

s+1>. (4)

> le(k)sc(k) = Z hyjala;, (5)

1

where ¢ stands for one cartesian component of the space
part and { may be 0 or +1. We will drop these subscripts
now. Indices i and j run over all spin orbitals and #;; is
the corresponding matrix element

by = ((DDSD](L)). (6)

Separation of the molecular orbitals (MOs) i and j into

spatial functions m and n and spin u and v, respectively,

yields

B =(m(1) (D131 [n(1)v(1)) (™)
=(m)IED)|n(1))  {u(1)

=B
—~
—
—
<
—~
—
~—
=
—
oo
=

and the operator becomes

h="Y Byt iy
miny myny %y Sny

- Z”W[mn (Z Si“drirm&m> . (9)

yay

The operator is now well separated into a spin-inde-
pendent part (the matrix elements ¢, which carry all
system-related information) and a spin-dependent part
Zw,s,“,&l'w&m., which is independent of the actual prob-
lem. Note that this separation may be equally well per-
formed for the combination of any space and spin parts,

each in an arbitrary cartesian or tensorial form.

2 There is a misprint in [20]: in Table 2, the first case (S = S, = Sp,
M, = M, My, = M=+ 1) must read: C; = F[1/2(S + M + 1)(S F M)}

3. Matrix elements over CSFs

We will follow the convention of Wetmore and Segal,
denoting a CSF as linear combination of Slater determi-
nants 4; by
IS, Ms, w,w) :Zc,‘(S,MS,w)A,(MS,w)7 (10)

i

w representing the occupation of molecular orbitals
(MOs) and o being an index for the different eigenfunc-
tions of the §~ and S, operators with spin S and z-com-
ponent M.

A matrix element of a one-electron spin—orbit opera-
tor over two CSFs is zero unless their respective orbital
occupations differ by a single excitation. Diagonal ma-
trix elements are zero in the basis of real orbitals because
of the symmetry properties of the operator, and higher
excitations cannot be coupled by a one-electron opera-
tor. If the space parts w and w’ of the two CSFs differ
by a single excitation b — a, the matrix element with
the operator (9) reads

S, o, w>

A ~F oA
<S y WL, W § Lo § M_‘,S;u‘amﬂam‘
mn
— ] 2 : At A
- Zab<S WL, W Sy, Aoy S7 @, W>

wy
=: Ly, - (S, S 0, &, w, w). (11)

We see that the matrix element of the spin part over the
two CSFs is just a number, labelled #, that depends on
the spatial occupations w and w’, spins S and §’, and
CSF indices w and o’. (We dropped the additional index
Mg, because we have defined Ms=S.)

If n depends on the spatial occupation of all orbit-
als, the number of matrix elements will rapidly grow
with the basis set size and number of electrons. How-
ever, the spin coupling is only affected by the number
and the positions of the open-shell electrons. All orbit-
als that are either empty or doubly occupied in both
configurations, w and w’, do not influence the spin cou-
pling at all and can be removed from the occupation
number vectors for this purpose. This leaves us with
the singly and variably occupied orbitals. The depend-
ence on the basis set size has completely been elimi-
nated, as well as the dependence on the total number
of electrons.

For the identification of excitation types, Wetmore
and Segal introduced the so-called excitation patterns:
the variably and singly occupied orbitals in w and w’
are written as reduced occupation number vectors,
where the occupation numbers may be 0, 1 or 2, and
compared by a logical AND operation. This yields a
binary number, which is used for the classification. In
their original publications [3] they give the following
examples that are repeated here for clarity:

25
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2211110 = 11110
2211011 = 11011

11010 = PATTERN 26
2121101 = 211101
1121111 = 111111

011101 = PATTERN 29

On the left, the full occupation number vectors are
shown, including doubly occupied orbitals that remain
unchanged. On the right, the determination of the exci-
tation patterns from the reduced occupation number
vectors can be seen. The number of possible patterns
is rather small, e.g., 55 for a single excitation between
two CSFs that both have ten open shells and 66 for
the transition from 10 to 12 open shells.

A total of eight different types of single excitations
may be found. The notation has been restricted to the
orbitals involved in the excitation process:

o o) [ o i) 2 1]

subcase : Al A2 A3 A4
11 1 1 20 0 2
0 2 20 1 1 1 1

subcase : Bl B2 B3 B4

The previous example, which yielded PATTERN 26,
corresponds to subcase A1. Excitations of the types
A2, A3, and A4 would result in exactly the same pattern.
To deduce this finding, we observe that the number of
open shells remains unchanged in the subcases labelled
A. After performing the logical AND operation, the bin-
ary representations of their patterns are characterized by
(N — 1) I’s (N being the number of open shells) and two
0’s. The same pattern will be obtained for all four sub-
cases because the zeroes occur at the same places.

The excitations labelled B change the number of open
shells by +2. The example given for PATTERN 29
shows an excitation of type B3. Again, all four subcases
yield the same pattern, which will have (N) 1’s in the bin-
ary representation (N being the smaller of the numbers
of open shells involved).

As long as we deal with a spin-free Hamiltonian, the
total spin S is conserved and the spin orientation (o or f3)
of the excited open-shell electron does not influence the
result of the spin integration. Although these statements
do not hold in general for spin-dependent Hamiltonians,
it is instructive to consider the case of a spin-free Ham-
iltonian first. Let us summarize our findings at this
point: (1) Cases 4 and B generate different patterns.
(2) For each pattern that corresponds to a single excita-
tion, four subcases may occur. (3) The number of CSFs
that can be constructed for the given numbers of open
shells depends on the quantum number S. As a result,
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for each pattern and quantum number S four matrices
of n values have to be precomputed. The dimensions
of these matrices equal the number of CSFs that can
be constructed for the given number of open shells
and quantum number S. To further reduce the compu-
tational expense, we notice that simple relations between
these subcases exist for the spin-free Hamiltonian, such
that each of the four matrices my be represented by only
a single one:

Al = A2T = —1-43T = —1- 44,

Bl = B2 = B3" = B4T,

The matrices are related by no more than a change of
sign or a transposition, denoted by the superscript T.
It is therefore sufficient to calculate and store only one
of them.

As outlined in detail in Appendix A, similar relations
can be found for a one-electron spin—orbit Hamiltonian,
too. For the § operator these are

Al = 42" = 43" = 44,

Bl =—1-B2=—1-B3" = B4".
Again, by means of the same simple operations, the
number of stored 4 and B matrices is reduced from 4
each to 1 each.

In case of the 5., operator, the relations are

Al = A4,

A2 = 43,
Bl =—1-B2,
B3=—1-B4.

Only two of the four A4 and B subcases are eliminated
here.

Summarizing, we will have to compute one set of 5
matrices (one matrix for every valid pattern) in case of
the 5§y operator (or S’ = S) and two sets for the §,; oper-
ator (or S'=S+1).

4. Calculation of the # matrices

Wetmore and Segal proposed the generation of the n
matrices by taking an existing CI code, setting all one-
electron integrals to unity and all two-electron integrals
to zero. We do not follow this approach, but rather cal-
culate the  matrices directly by explicitly acting with the
creation and annihilation operators on the CSFs deter-
minant by determinant.

In principle, we could construct the CSFs for S and
S’ by any standard method. We have utilized here the
branching-diagram functions, constructed from path-
diagram functions according to Pauncz (Eq. (2.51) in
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[22]). In this way, very sparse coupling matrices are ob-
tained. The #’s are then computed in principle as fol-
lows: for each pattern, representing a single excitation
i — j and each pair of CSFs w and ', the algorithm is

set =0
loop a over all determinants in w
excite i — j
determine the resulting determinant b
determine the number of permutations P1
determine the spin factor S1
set 1=+ ¢S, w) ey S, ') (=1)F'-S1
determine the number of permutations P2
set n=n-(—1)"-S2

After performing the excitation, the electron is in the
right orbital, but is in the wrong position in the occupa-
tion number vector. To obtain a valid Slater determi-
nant, it must be permuted with the electrons that lie
between its original and final positions. Here, doubly
occupied orbitals have no influence. (This is the reason
why doubly occupied orbitals, which remain unchanged,
have been deleted from the reduced occupation-number
vector.) Therefore, the permutation factor P2 is just the
number of open shells in positions between orbitals i and
j. The permutation factor P1 accounts for additional
permutations that are necessary to obtain (or break)
the standard ordering (o) in the doubly occupied orbit-
als. This is explained in more detail in Appendix A.

The spin factors S1 and S2 incorporate the spin inte-
grals (u|$|v) and thus involve the tensorial spin opera-
tors: S2 is equal to 1/2 for the 5, operator and to
(=1/v2) for the 5., operator. The spin factor S1
amounts to (—1) if we evaluate the 5, operator and the
electron excited has f§ spin and (+1) otherwise. The same
procedure may be used to generate n matrices for the
spin-free Hamiltonian. In this case S1 =S2 =1.

Summarizing, we have successfully derived spin-cou-
pling matrices similar to those given by Wetmore and
Segal after separating the spin—orbit operator into a
spin-dependent and a spin-independent part. These
matrices incorporate the spin coupling over CSFs as well
as the effects of the spin operators. The classification of
the excitations by patterns reduces the number of cou-
pling matrices drastically. For the 5, operator, their
number is the same as for the spin-free case. For the
S.1 operator, twice as many #-matrices must be
evaluated.

The total number of coupling matrix elements for
spin multiplicities up to seven is given in Table 1. In
the worst case (12 open shells, triplet-quintet coupling),
there are about 17 million coefficients, requiring approx-
imately 135 megabytes of main memory. We overcome
this problem by recognizing that most of the entries in
the coupling arrays are zero. Therefore, we store arrays
as sparse matrices. Only non-zero values are actually

Table 1
Cumulative total number of coupling coefficients for some combina-
tions of S and S” and 9-12 open shells

N N 9 10 11 12

2 2 108,012 1,562,916

3 3 596,397 9,240,879
4 4 134,822 2,367,272

5 5 394,685 7,654,685
6 6 39,786 1,001,736

7 7 80,381 2,285,969
1 3 563,634 8,286,822
2 4 241,179 3,845,769

3 5 969,566 16,814,516
4 6 146,248 3,077,473

5 7 355,720 8,359,870

stored for matrices with one dimension exceeding 10
(corresponding to CSFs with seven or more open shells).
The arrays are constructed on the fly whenever needed.
We have tested the performance impact of this treat-
ment: in typical test cases, the generation of the coupling
matrices from the stored sparse matrices takes well be-
low 1% of the total computation time.

5. Implementation and testing

Based on the DFT/MRCI codes by Grimme and
Waletzke, we have implemented the spin-dependent
coupling arrays in the Spin—-Orbit-Coupling Kit Spock
[23]. This program computes matrix elements over CI
wave functions, as well as spin—orbit coupled states
either by perturbation theory or variationally by means
of a spin—orbit CI. In the DFT/MRCI, extensive config-
uration selection is applied to drastically reduce the size
of the interacting space. In a selecting CI, only a small
number of all possible configurations is treated explic-
itly. Therefore, schemes which rely on a certain ordering
of configurations cannot be used, and configuration
comparison has to be done. The evaluation of a spin—or-
bit matrix element utilizing the 5 matrices requires only
a few steps:

(1) Compare the two configurations and determine
whether they differ by a single excitation b — a.

(2) Generate the pattern.

(3) Determine the subcase (41-44 or B1-B4).

(4) Multiply the spatial integral by the spin-coupling
array.

(5) Multiply by the scaled 3-j symbols.

After having determined the two orbitals involved in the
excitation, one needs to know the positions of these two
orbitals relative to all open shells. This directly yields the
pattern.

The implementation is based on the second quantiza-
tion formalism and stores configurations as their differ-

27



3. METHODENENTWICKLUNG UND IMPLEMENTIERUNG

76

ence from a reference configuration, e.g., the SCF deter-
minant. Due to this fact, steps (1) and (2) can be per-
formed together very efficiently. Assignment of the
right subcase is easily achieved by two simple compari-
sons: (a <b?) and (b doubly occupied?). These few and
simple operations directly yield the spin coupling for
the block of CSFs connected with the two configura-
tions under investigation.

The multiplication with scaled 3-j symbols can be
postponed, if dealing with matrix elements over CI wave
functions. In the spin—orbit CI, this multiplication con-
stitutes the innermost loop, the multiplication with the
CI vectors.

We include here some test results to demonstrate the
correctness and efficiency of the newly developed codes.

5.1. Atomic test calculations

Calculations of ground states of third row atoms
have been performed with the ab initio (DFT-free)
branch of DFT/MRCI and spock. The triple-zeta va-
lence polarization (TZVP) (17s11p6d1f)/[6s4p3d1f]
atomic basis set from the TURBOMOLE library [24] is
used. Atomic orbitals are generated by the MoLcAs
program [25] in a complete-active-space SCF (CASSCF)
procedure that includes scalar relativistic effects. We
have perfomed all computations in the C;, symmetry
group. In C; symmetry, all components of the spin—orbit
operator are totally symmetric. This allows for thorough
testing because symmetry does not help in enforcing
degeneracies. Here, we list only perturbation theory re-
sults for the manganese atom and spin—orbit CI results
for the arsenic atom. Results for the other atoms are
of equal quality.

In the manganese atom, the CI step includes the set of
51 configurations with five electrons in the five 3d orbit-
als. Adding spin, there are 75 doublets, 24 quartets and 1
sextet, i.e., °S, 2P, °D, D, °D, °F, ’F, °G, °G, *H, 71, *P,
“D, *F, *G, and °S [26]. We have kept all but the five 3d-
electrons frozen. It has to be emphasized that these
calculations are not meant to be compared with experi-
mental results but are carried out for testing the internal
consistency of the formulae and the program code.

Table 2 lists all J components of all these states, com-
puted in perturbation theory. All states come out as ex-
pected and the degeneracies of the individual J
components are excellent. The deviations from perfect
degeneracy are on the order of 0.02 cm™! ~ 1077 a.u.
and resemble the deviations in the spin-free states.

In the arsenic atom, the states S, D, and *P arising
from 4p* have been computed. All of their correspond-
ing configurations have been taken as the reference
space. Only the three 4p-electrons are treated explicitly.
Complete single and double excitations from the refer-
ences have been included in the CI step, yielding a total
of of 1499 CSFs for the doublet states and 682 in the
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Table 2
States originating from 4s>3d> occupation in the manganese atom, as
computed with the new codes in perturbation theory

State Energy A

S5/ 0.0 0.0000
4Gsp 31443.2256 0.0115
4Gy 31456.3065 0.0107
4G 31459.6818 0.0146
4Goja 31464.0582 0.0123
“Ps/ 36202.1405 0.0019
4Py 36239.4964 0.0083
Py 36282.2951 0.0000
Dy 39196.6564 0.0224
Dy 39237.7276 0.0000
“Dyj 39270.5036 0.0019
“Ds)s 39278.9995 0.0129
2Ly 44783.1032 0.0084
L3/ 44814.8886 0.0079
D) 50522.3990 0.0145
Dy, 50910.4211 0.0071
2Fy) 51867.4098 0.0064
Fs), 52331.6747 0.0103
*Foyn 52866.8654 0.0145
*Fypn 52893.5350 0.0029
“Fsp 52954.4326 0.0068
*Fipn 52985.2751 0.0028
’Hyy, 55105.2959 0.0094
Hyys 55229.8639 0.0134
Gy, 57007.4534 0.0263
Gy, 57113.5510 0.0286
2Fs), 61419.4974 0.0244
2Fy) 61431.1287 0.0285

/.

281/ 68052.1776 0.0000
Dy, 75102.3979 0.0108
Dy, 75125.7734 0.0135
2Goys 82852.9409 0.0040
Gy 82862.4413 0.0048
2Py, 101646.5608 0.0086
2Py 101670.1160 0.0000
Dy, 109604.8237 0.0131
Dy, 109623.7798 0.0038

A is the deviation from perfect degeneracy (all energies in cm™!).

quartet case. In this basis, the Hamiltonian matrix with
the conventional and the spin—orbit Hamiltonian opera-
tors has been set up and diagonalized (spin—orbit CI),
see Table 3.

Again, we find all J components as expected with
nearly perfect degeneracies. As annotated above, we

Table 3
States originating from 4p> occupation in the arsenic atom, as
computed with the new codes in spin-orbit CI

State Energy A

4S5/ 0.0000 0.0001
Dy, 12700.0553 0.0026
Dy, 12947.3454 0.0022
2P, 19613.6062 0.0000
2Py, 19975.4884 0.0011

A is the deviation from perfect degeneracy (all energies in cm™').
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Fig. 1. Porphyrin and Zn-porphyrin as an example of a metallo-
porphyrin.

do not compare our computed energies to experimental
data.

Spin-free excitation energies suffer from the small ref-
erence space and the limited number of correlated elec-
trons. In order to describe spin-orbit coupling
properly, one should include excitations from the 2p
orbitals, too.

5.2. Timing: Porphyrins

In order to prove the efficiency of the SPock codes,
we calculated the spin—orbit matrix elements in porphy-

77

rin molecules containig a central metal atom. We have
calculated the parent molecule without a central atom,
and the metallo-porphyrins with Ga*", Mg?", and
Zn*" central ions, see Fig. 1.

The TZVP basis sets of the TURBOMOLE basis set li-
brary have been used throughout. All calculations habe
been performed in the D,, symmetry group. We have
optimized the geometries in a BH-LYP density func-
tional calculation [27]. The succeeding CI calculations
have been perfomed with the DFT part of the DFT/
MRCI code. We have calculated the four lowest lying
triplet and singlet states in every symmetry (48 states
in total). The B,, and Bs, singlet states (corresponding
to the E, states in the metallo-porphyrins) are the spec-
troscopically most relevant ones, constituting the Q,/,
and Soret bands. Excitation energies for the Q. and
Soret bands (singlets) and for the two lowest lying triplet
states are given in Table 4.

We see that the computed energies are in very good
agreement with experimental data as well as with other
calculations.

Subsequently, all 576 symmetry-allowed spin—orbit
matrix elements have been computed. We find that all
matrix elements with the Q,/, and Soret states are very
small (well below 1 cm ™).

Table 4
Electronic excitation energies in porphyrins in comparison to experimental and CASPT2 data
Metal Band DFT/MRCI CASPT2 Experiment
- Q. 2.01 1.63 28] 1.98 [29]
Q, 2.42 2.11 [28] 2.42 [29]
Soret 3.17/3.25 3.12/3.42 [28] 3.33 [29]
T, 1.85
T, 2.07
Mgt Q./Q, 221 1.78 [30] 2.14 [31], 2.07 [32]
Soret 3.27 2.65 [30] 3.18 [31], 3.05 [32]
T 2.06 1.55 [30] (1.7, 1.6)
T, 2.14 1.79 [30]
Zn*" Q./Q, 2.24 221 [31]
Soret 3.29 3.04 [31]
T 2.12
T, 2.16
Ga®" Q./Q, 2.29
Soret 341
T, 2.10
T, 2.31
Table 5
Calculated matrix elements and timings () in various porphyrins
Central atom Singlets Triplets {(SPock) (S1|Hso|Ty)
#CSFs {(MRCI) #CSFs {(MRCI)
- 1.0x 10° 22h 16m 1.8x 10° 32h 20m 3h 34m 0.05
Mg** L1x10° 25h 21m 1.8x10° 23h 40m 5h 12m 0.50
Zn*' 1.3x 10° 32h 19m 22x%10° 34h 05m 6h 12m 0.92
Ga’" 1.0x 10° 20h 23m 1.6 x 10° 24h 02m 4h 11m 0.04

The number of CSFs is per symmetry, spin—orbit matrix elements are given in cm~'. The time for matrix element calculation is for all 576 matrix

elements.
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The computation timings are on a Pentium IV Xeon Al Al A20 A2p
(2.4 GHz) under the Linux operating system, see Table {a 0} { p O} {0 a} {0 [)’}

: . . . 0 o 0 p o 0 p 0
The computation time for all matrix elements takes
. . Pl 0 0 0 0
roughly 10% of the computation time of the CI step.
Therefore we conclude that, once the CI is done, compu- A3y A3 Ado, A4p
tation of the spin—orbit matrix elements is not quite free, (p) B (@f) o B (ap) o (ap)
but available at very low cost. { ] (ac/f)} [ " (ac/f)} [(aﬂ) ] ] [(otli) o ]
Pl 1 1 1 1

6. Discussion Blo BIp B BB

Inspection of the coupling matrices reveals that a {“ B } {ﬁ * } { B “} { B }
large number of entries are zero, some matrices are 0 (af) 0 (ap) (a) O (2) 0
even diagonal or close to diagonal. In the symmetric Pl 0 1 1 0
and unitary group approaches, these properties are
identified and exploited. Presently, we do not have a B3, B3f Bl BAB
systematic way for doing so, which is the main disad- @p) 0 (@f) 0 0 (ap) 0 ()
vantage of our procedure. We overcome this problem { } { } { } { }
by storing only non-zero values. On the other hand, B o B B B

Pl 1 0 0 1

our approach does not suffer any penalties from a
selection procedure and the size of the internal space
is not restricted at all. Both of these requirements are
not fulfilled by GUGA approaches, for which a large
internal space may become a severe bottleneck and
an individual selection procedure destroys the efficiency
of the loops.

SGA approaches are able to deal with these problems
and are superior to our results in the sense of exploita-
tion of non-coupling blocks. On the other hand, our
method is conceptually very simple and is the fastest
and easiest way to extend the DFT/MRCI codes to in-
clude spin—orbit coupling.
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Appendix A. Relations between the subcases

For the evaluation of the relations between the sub-
cases A1-A4 and B1-B4, one must take a detailed look
at what happens to the individual electrons inside a
determinant.

A.1. Unit or §y spin operator

The spin of the electron that is excited from one orbi-
tal to another is conserved. The effects of the different
excitation subcases on the determinants when exciting
an « or f electron are as follows:

Here we see the meaning of the number of permutations
P1. In case A3« for example, the o electron bypasses the
f electron which resides in the same initial orbital. This
results in one additional permutation, i.e., one addi-
tional change of sign.

By thorough inspection of the effects of the excita-
tions on an individual determinant, the relations among
the subcases may be obtained. Let us begin with the
spin-free case (unit spin operator):

Clearly, case A2 is the transpose of case A1, and case
A4 is the transpose of case 43. The effect on the open-
shell spin part of a specific determinant is the same for
cases A1 and A44. In both cases, an open-shell electron
is annihilated at the same position i and re-inserted at
the same position j, conserving its spin. The only differ-
ence is one additional permutation, resulting in a factor
of (—1). The same is true for cases A2 and A3. In the B
subcases, we find again two simple transpositions,
namely B4 = BIT and B3 = B2". The other relations
are simply Bl = B2 and B3 = B4. This is because the ef-
fect on a determinant is the same for cases Blo and B2f
(and B1f and B2o) correspondig to no (one) additional
permutation.

In case of the §, operator, cases A1 and A2 (and A3
and A4) are again related by a transposition. The rela-
tion between cases A1 and A4 is more complicated:
the §y operator gives an additional factor of (—1), every
time it acts on a f§ electron. Now note that case Alo cor-
responds to case A4f from the point of view of the ef-
fects on a determinant. For the unit-spin operator this
is unimportant whereas here, we have an additional
change of sign. For the §, operator, we therefore have:
case Al = A4 and case A2 = A3. The minus signs
appearing in the relations of the spin-free cases are can-
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celled by an additional change of sign. In the B subcases,
we find in a similar way: B4 = B1T, B3=82", and
B2 =(—1)-Bl. Again, the transpositions are obvious.
The additional minus sign for the transition from case
Bl to case B2 is again caused by the §y operator operat-
ing on f electrons. It arises in the same way as in the 4
cases.

A.2. §,; operator

When the §,, operator is applied during the excita-
tion, we have to remove a f electron and re-insert it with
o spin. Therefore the relations are less complicated. The
effects of the individual excitation cases are:

/fAlO 0A2/3 ( /f)A3 p B A4( p)

o o) Lol 17 bl L ™)
Pl 0 0 0 2
Bl B2 330 034

o ) Lo of [ 2] 127
Pl 0 1 0 1

Here, the obvious relations are: case 44 equals case A1,
case A3 equals case 42, case B2 is (—1) times case Bl
(the minus sign being caused by the additional permuta-
tion), and case B4 is (—1) times case B3.

The remaining subcases cannot be eliminated by a
transposition. This is seen best by regarding the trans-
pose of case A1 which does not equal case A2:

0 o

p 0
Instead, this is one of the cases that would occur for the
$_1 operator. The same is true for the relation of A3-A44,

B1-B4 and B2-B3. Thus we find again that additional 5
matrices for the §_; operator are not required.
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3.1.4 Erweiterung auf den Zweielektronen-Spin-Bahn-Operator

Der volle Spin-Bahn-Operator ist ein Zweielektronenoperator. Auch fiir diesen kann die
Anwendbarkeit des Ansatzes von Wetmore und Segal gezeigt werden.

Jeder Zweielektronenoperator ldsst sich im Formalismus der zweiten Quantisierung
schreiben:

~ 1 o
O = 5 ZOijklaIazalaj (3.14)
ijkl
mit
O = (i(DE)OL(I()) (3.15)

Das Matrixelement des vollen Breit-Pauli-Spin-Bahn-Operators iiber die Spinorbitale
1, 7, k und [ ist also:

a5 = (iR Hsoli(DI2)) (3.16)
. Tr12 .
= Cx (IRRICE X P +2IIND) (317
12
mit C' = 2;272712 . Setzt man statt der Spinorbitale die rdumlichen Orbitale r, s, ¢ und u

mit den Spins p, o, 7 und v ein, so ergibt sich:

(r()p(1)t(2)7(2) [Hso| s(1)a(1)u(2)v(2)) (3.18)

— COx <r<1>p<1>t<2>7<2> (o2 * D)(5(1) +25(2) s<1>a<1>u<2>v<2>> (3.19)

= Cx <T(1)t(2) (:%2 x p(1)) 8(1)U(2)> (p(1)7(2) [(s(1) + 25(2))| o(1)v(2))3.20)

= LfguSpUTv (321)

mit
LS9 = O« <rt (522 % p(1)) su> (3.22)
12
Spore = (p7I(s(1) + 28(2))[ow) (3.23)

Hiermit lasst sich der Spin-Bahn-Operator in zweiter Quantisierung formulieren:

I:[SO - ZLES?“ (Z SpO'TU dj«deT&uvdsa> (324)

rstu pPOTU

Die Vernichter- und Erzeugeroperatoren miissen nun noch in die richtige Reihenfolge ge-
bracht werden. Hierbei hilft die Kommutatorrelation

[ai,a}ak} = bijd (3.25)
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bzw. umgeformt und mit den hier gebrauchten Indizes:

i}ty = Qs ]y — OstOr (3.26)
und eingesetzt:
Hso = Z L9, Z Sporv (aipasaa;_auv — (5st(5m&ipduv) (3.27)
rstu pPOTV

Der Spinteil des Operators lasst sich auch teilweise auflésen:
Spore = (p7I5(1) + 25(2)[00) = 810y (pls|o) + 25,0 (]sl0) (3.28)

womit sich der gesamte Operator weiterhin ergibt zu

Hso = Y Lidu Y (6ru {plslo) + 2350 (rlslv))

rstu pPOTV
'(d:[p&sad;rq-auv - 58t50'7'&71;p&u’l)) (329)
= Z Lfs?u Z 57'11 <p|8’0> &;[pdsaézrduv
rstu pPOTV
+23 L9, 0o (7]s|v) af o) a
rstu po rp“soYirYuv
rstu pPOTVU
ZLES(I?U Z 57'1) p|8‘0’> StéUTa auv
rstu pPOTU
=2 "L30,> Sp0 (7]8|V) datBordf,a (330)
rstu po stYo1UrpUuv .
rstu pPoOTU
= ZLrstuZ :0‘ ‘0— CL aSUZatq—am-
rstu
SO
+2 Z Lrstu Z arpasp Z T|S|’U atra’uv
rstu
Z Lrssu Z p‘S|U> arpauv
rSu pv

QZLTWZ pls|v) al (3.31)

rsu

Nach Einsatz der spinfreien Anregungsoperatoren E,s = Yoo digésg und Zusammenfassen
der letzten beiden Terme:

IA{SO Z Lrstu Z p|3’0> dipdSUEAItU (332)
rstu po
+2) L3, By Z (7]s[v) &) (3.33)
rstu
SZH&meW@U (3:34)
rsu pU

Fiir diesen Operator ist nun zu priifen, ob er sich mit dem Anregungsmuster-Ansatz
bearbeiten lisst. Der letzte Term (3.34) ist ein Einelektronenoperator und demzufolge
problemlos analog zum Einelektronen-Spin-Bahn-Operator zu behandeln.
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Von den beiden Zweileketronentermen (3.32) und (3.33) sei nun exemplarisch der erste
herausgegriffen, und ein Matrixelement zwischen zwei CSFs (S, w’, w'| und |S,w, w) (mit
Mg = S und Mg = S’), die sich um eine Doppelanregung b — a und d — ¢ unterscheiden,
gebildet. Dabei bleibt nur dann ein nicht verschwindendes Matrixelement iibrig, wenn die
Vernichter, die bisher noch in einer Summe iiber alle Orbitale laufen, auf eines der Orbitale
b oder d und gleichzeitig die Erzeuger auf eines der Orbitale a oder ¢ treffen. So erhéilt
man also eine Summe {iiber vier Terme, in denen die vier moglichen Permutationen der
Erzeuger und Vernichter auftreten.

<S’,w’,w' ZLE&QHZ (p|s|o) dipdngtu S,w,w> (3.35)
rstu po

L9, <S’,w',w’ > (plslo) af avoEea S,w,w> (3.36)
po

+L59, <S/,w/,wl Z<p|s]a> dlpa’da'ECb S,w,w> (3.37)
po

+159, <s’, W W (plslo) il pas Ea| S, w, w> (3.38)
po

Z <p‘8‘0’> &ZpdbcrEAad

SO [
+L%0a <S JWLW
po

S,w,w> (3.39)

Diese vier Terme haben jeweils den gleichen Aufbau: Ein 4-Index-Spin-Bahn-Integral wird
multipliziert mit einem Matrixelement iiber die beiden CSFs mit einem spinfreien(Ead),
und einem spinabhéngigen Anregungsoperator (3_,, (p|s|o) dzpdba). Eine Trennung des
Matrixelements in den physikalischen, vom konkreten Problem abhéingigen Teil, und einen
allgemeinen, nur von der Art der CSFs abhéingigen Teil ist also schon fast gelungen. Noch
héngt das verbliebene Matrixelement iiber die CSFs von der Problemgrofie, also von der
Zahl der Basisfunktionen ab.

Nach der Anwendung des ersten Anregungsoperators (Ecd) ist eine Zwischenkonfigura-
tion w” erreicht. An dieser Stelle kann also eine Einheit als Summe iiber alle CSFs dieser
Konfiguration eingeschoben werden, hier beispielhaft fiir den ersten Summanden:

Z <p‘8|0’> d:rzpdboEcd
po

Z (p|s|o) dlpdbgz }S, w”,w”> <S, W W”‘Ecd

po w

SO A
Labcd <S,w , W

S, w, w> (3.40)

S,w,w>(3.41)

S, w, w>(3.42)

SO A
:Labcd <S,(U,W

-~

=1

Z <p’8’0-> dj;,pa/bo' S7 wll? W,/><S7 wl,) W// Ecd

SO )
= LCLde <S 5 w 5 w
w! po

Damit zerfillt das Matrixelement in eine Summe iiber Produkte von Matrixelementen ei-
nes spinabhéngigen und eines spinfreien Einelektronenoperators. Diese einzelnen Faktoren
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sind die gleichen, wie sie schon fiir den spinfreien Fall, bzw. fiir den spinabhéngigen Ein-
elektronenfall abgeleitet wurden. Dieser beispielhaft herausgegriffene Teil des Spin-Bahn-
Matrixelements ergibt sich also als Produkt aus einem Spin-Bahn-Integral, einem Eintrag
eines spinabhéngigen Kopplungsfeldes und einem Eintrag eines spinfreien Kopplungsfeldes.
Analog lassen sich alle anderen Teile des gesamten Matrixelements verarbeiten.

Damit ist grundsétzlich gezeigt, dass die Behandlung der Spinkopplung iiber Kopp-
lungsmuster auch fiir den Fall des vollen Spin-Bahn-Operators analog zum spinfreien An-
satz von Wetmore und Segal moglich ist. Fiir eine Implementierung miissten zunéchst noch
alle Fille ausgearbeitet werden. Dabei ergeben sich Vereinfachungen durch Symmetrien in
den Spin-Bahn-Integralen. Da die Verwendung des vollen Spin-Bahn-Operators in SPOCK
nicht angestrebt wird, wurde die Ausarbeitung jedoch abgebrochen. Aufbauend auf diese
Vorarbeiten wird derzeit von Natalie Gilka im Rahmen ihrer Dissertation eine Erweiterung
auf den Spin-Spin-Operator vorgenommen. Im Spin-Spin-Operator treten Produkte von
Spinoperatoren auf. Sie konnte die Anwendbarkeit der Kopplungsfelder auch fiir diesen
Fall zeigen.[33]
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3.2 Spin-Bahn-Kopplung von DFT/MRCI Wellenfunktionen

Die Berechnung der Spin-Bahn-Matrixelemente iiber konvergierte, spinfreie DFT/MRCI-
Wellenfunktionen, also der stérungtheoretische Teil SPOCK.PTdes SPOCK-Pakets ist in der
Veroffentlichung ,,Spin-Orbit Coupling of DFT/MRCI Wavefunctions: Method, Test Calcu-
lations, and Application to Thiophene* (,,Spin-Bahn-Kopplung von DFT/MRCI-Wellen-
funktionen: Methode, Testrechnungen und Anwendung auf Thiophen®) beschrieben|[34].

3.2.1 Programmtechnischer Teil

Die Implementierung basiert auf den Modulen zur Berechnung der Einteilchendichtema-
trix aus dem DFT/MRCI. In diesen Routinen war bereits die Kopplung von Einfachan-
regungen zwischen zwei CI-Wellenfunktionen unterschiedlicher Symmetrie aber gleichen
Spins angelegt. Diese wurden auf die gleichzeitige Behandlung verschiedener Multiplizita-
ten erweitert, und zur Berechnung der Matrixelemente statt der Dichtematrix umgeschrie-
ben. Die Programmlogik des DFT/MRCI arbeitet nach der zweiten Quantisierung, also mit
Vernichter- und Erzeugeroperatoren. Die dabei intermedidr auftretenden Rdume mit Ein-
und Zweifachlochkonfigurationen, sowie die zugehorigen Ein- und Zweifacherzeuger werden
in direkter Abhéingigkeit von den Referenzkonfigurationen ermittelt. Insbesondere werden
die Molekiilorbitale (MOs) in drei Gruppen unterteilt:

1. doppelt besetzte Orbitale, die in allen Referenzen doppelt besetzt sind,
2. interne Orbitale, die in den Referenzen variabel besetzt sind sowie,
3. externe Orbitale, die in allen Referenzen leer sind.

Die Sortierung der Orbitale richtet sich nach dieser Einteilung: jeweils in energetisch auf-
steigender Reihenfolge kommen, ohne Beriicksichtigung der Symmetrie, zunéchst alle dop-
pelt besetzten Orbitale, nachfolgend die internen und schliellich die externen Orbitale. Fiir
alle Zusténde gleicher Multiplizitdt wird bereits im urspriinglichen DFT/MRCI ein gemein-
samer Referenzraum benutzt: Konfigurationen fiir den CI-Raum einer Symmetrie werden
nicht nur aus Referenzen dieser Symmetrie erzeugt, sondern aus Referenzen aller Symme-
trien. Dies hat den Vorteil, dass bei einem Wechsel der Punktgruppe der Referenzraum
gleich bleibt, und somit auch der fiir einen Zustand zur Verfiigung stehende CI-Raum
gleich bleibt.

Alle Zusténde gleicher Multiplizitdt haben also bereits eine {ibereinstimmende Sortie-
rung der Orbitale. Um auch bei der Berechnung von Matrixelementen zwischen Zustdnden
unterschiedlicher Multiplizitéit eine konsitente Orbitalsortierung zu erhalten, wurde das
DFT/MRCI so abgedndert, dass beim Start einer Rechnung auch der Referenzraum anderer
Multiplizititen zusétzlich eingelesen werden kann (Parameter $mergerefsp). Dabei wer-
den Orbitale, die im ,eigenen“ Referenzraum noch extern oder doppelt besetzt sind, im
»fremden* Referenzraum jedoch intern wéren, in den internen Raum aufgenommen. Durch
dieses Verfahren ist eine konsistente Orbitalsortierung in den CI-Rdumen aller Spinsym-
metrien gewahrleistet. In typischen Rechnungen mit groflen Referenzrdumen sind etwa
zwei bis fiinf von mehreren hundert Orbitalen betroffen.

Das Programm zur Berechnung der Matrixelemente, SPOCK.PT, bearbeitet nachein-
ander alle auf Festplatte vorgefundenen CI-Vektoren. Hier per Eingabe eine Einschrankung
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treffen zu konnen, erschien nicht nétig, insbesondere da die Rechenzeit fiir die Matrixele-
mente im Vergleich mit der Rechenzeit fiir das DFT/MRCI klein ist (= 20%). Fiir jedes
Paar von Spinsymmetrien werden jeweils alle Wurzeln gleichzeitig bearbeitet. Theoretisch
konnte dieses Vorgehen zu Problemen mit dem zur Verfiigung stehenden Hauptspeicher
fithren. In der Praxis kann dieser Fall jedoch nicht eintreten, da bereits im DFT/MRCI im-
mer alle Vektoren gleichzeitig behandelt werden, und dort zweifach in den Speicher passen
miissen. Erst wenn dieser potentielle Engpass im DFT/MRCI beseitigt werden sollte, wird
eine entsprechende Anpassung auch im SPOCK.PT nétig werden.

Fiir die Berechnung der Matrixelemente werden die jeweils benotigten Spinkopplungs-
felder aus der Bibliothek geladen oder, falls dort noch nicht vorhanden, neu berechnet
und in die Bibliothek gespeichert. Die Spin-Bahn-Integrale werden geladen und auf die
DFT/MRCI-Reihenfolge der MOs umsortiert. Dabei wird nochmals gepriift, ob alle ein-
zelnen DFT/MRCI-Rechnungen mit gleicher MO-Sortierung durchgefiihrt sind. Schlieflich
werden alle Konfigurationen der beiden beteiligten CI-Rdume im Konfigurationsvergleich
gegeneinander gepriift. Sofern eine Einfachanregung angetroffen wird, werden die entspre-
chenden einzelnen Summanden fiir alle zu den beiden Konfigurationen gehorigen CSFs auf
das Matrixelement aufaddiert. Da dies fiir alle Wurzeln der beiden Spinsymmetrien gleich-
zeitig geschehen kann, ist der relativ zeitaufwendige Konfigurationsvergleich nur einmal
durchzufiithren. Zur tiefergehenden Analyse des bearbeiteten Problems kénnen die wich-
tigsten Beitrige einzelner Konfigurationspaarungen zu den Matrixelementen ausgegeben
werden.

Die berechneten Spin-Bahn-Matrixelemente werden mithilfe der scaled 3j-symbols zu-
sammen mit den Energien aller Zustédnde in eine Stérungsmatrix eingetragen, die anschlie-
Bend exakt diagonalisiert wird.

Die Spin-Bahn-Matrixelemente werden zusammen mit Informationen iiber die Anzahl
der Zusténde in jeder Spinsymmetrie in der Datei SOMEs abgespeichert. Das Speicherformat
ist durch Kommentare in dieser Datei selbsterkldrend. Diese Datei bildet die Schnittstelle
zum Program soc-QDTP[15], das Eigenschaften wie spinabhéngige Dipoliibergangsmomen-
te oder g-Tensoren berechnet.

3.2.2 Vergleich HF- und KS-basierter MRCI-Entwicklungen

Die Anwendbarkeit des DFT/MRCI-Ansatzes, also der Einsatz von KS-Orbitalen zur Be-
rechnung von Spin-Bahn-Matrixelementen erscheint natiirlich aus theoretischer Sicht zu-
néchst fragwiirdig. Anhand von Testrechnungen an zweiatomigen Molekiilen wurde im
Vergleich mit Rechnungen in HF-Orbitalen diese Anwendbarkeit untersucht. Die gute
Ubereintimmung der Resultate zeigt, dass der Ansatz tragfihig ist. Auch die exzellen-
te Leistungsfiahigkeit des DFT/MRCI-Ansatzes wird hier nochmals deutlich: Fiir qualitativ
vergleichbare Ergebnisse muss im KS-Fall ein um etwa einen Faktor 20 kleinerer CI-Raum
bearbeitet werden.

Pyranthion wurde bereits frither von J. Tatchen untersucht.[35] Dabei wurden die
Energien mit dem DFT/MRCI ermittelt, wihrend die Spin-Bahn-Kopplung mit dem alten
BNSOC Programm|[36] und mean field Spin-Bahn-Integralen berechnet wurde. Es diente
hier nochmals als Vergleichsfall. Die wichtigsten Spin-Bahn-Matrixelemente wurden mit
SPOCK nochmals gerechnet. Die Ubereinstimmung ist mit einer Ausnahme sehr gut. Die
in einem Fall auftretende Abweichung von =~ 15% konnte durch Unterschiede in den HF
und KS MOs erkldrt werden.
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Abstract: During the past decade the one-center mean-field approximation has proven to be a very appropriate
framework for the accurate description of spin-orbit effects at the correlated all-electron level. Here, a new efficient
code, SPOCK, is introduced that calculates spin-orbit matrix elements in the one-center mean-field approximation for
multireference CI wave functions. For the first time, the computation of spin-dependent interactions within a Kohn-
Sham orbital based CI (DFT/MRCI) scheme' is made possible. The latter approach is suitable for large scale systems
with up to 100-200 valence electrons. Test calculations are performed on well-known diatomic molecules and the
thiocarbonyl pyranthione. Spin-orbit matrix elements show good agreement with their Hartree-Fock orbital based
counterparts but are obtained at considerably lower expense, thus demonstrating the power of the method. As an
application singlet-triplet couplings in thiophene are investigated that are important for the photophysics and photo-
chemistry. Spin-orbit matrix elements between all 7 — 7* excited states are found to be small. Considerably larger
spin-orbit matrix elements are observed only for cases in which m — o* excited configurations are involved.
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Introduction

The reliable quantum chemical evaluation of spin-dependent prop-
erties for (excited) electronic states in molecular systems with
100-200 valence electrons requires the inclusion of static and
dynamic electron correlation in the wave function determination,
as well as an efficient treatment of spin-orbit coupling. Standard ab
initio packages are not applicable for this purpose. The combined
density functional theory/multireference configuration interaction
(DFT/MRCI) method by Grimme and Waletzke has proven to
yield excellent electronic spectra of organic molecules. Our cur-
rent approach is an extension of this method to a spin-dependent
Hamiltonian.

With the new spin-orbit coupling kit (SPOCK)—described in
detail in the following—spin-orbit matrix elements (SOMEs) for
DFT/MRCI or conventional Hartree-Fock (HF)/MRCI wave func-
tions can be generated. Key features of the current version are: a
fast determination of spin-coupling coefficients between configu-
ration state functions (CSFs) for spin-dependent one-electron op-
erators; use of nonempirical atomic spin-orbit mean-field integrals;
and determination of spin-orbit related properties by quasi-degen-
erate perturbation theory. The application of these techniques and
approximations in combination with the efficient determination of

correlated wave functions and electronic energies using the DFT/
MRCI approach paves the way for an economical but reliable
description of spin-orbit effects in larger organic molecules.

In the first section of this article, we report briefly on the
technicalities of the current program and the underlying algo-
rithms. Test calculations show the applicability of the method to
DFT/MRCI wave functions and its efficiency compared to a more
traditional HF/MRCI treatment. In the last section, as a first
application of the SPOCK code, an investigation of multiplet
coupling in thiophene is presented.

Methods and Implementation

The Spin-Free DFT/MRCI Method

The idea behind the DFT/MRCI approach by Grimme and
Waletzke' is to include major parts of dynamic electron correlation
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by DFT, whereas short multireference configuration interaction
expansions take account of static correlation effects. To this end,
the CSFs in the CI expansion are built up from Kohn-Sham (KS)
orbitals. Diagonal elements of the effective DFT/MRCI Hamilto-
nian are constructed from the corresponding HF-based expression
and a DFT specific correction term. All HF orbital energies are
replaced by their KS counterparts; Coulomb and exchange inte-
grals are modified by empirical parameters. Double counting of
electron correlation is obviated by scaling off-diagonal CI matrix
elements with an empirical factor that depends exponentially on
the energy difference between the two CSFs. Off-diagonal CI
matrix elements between two CSFs with a common spatial part but
differing in their spin couplings are calculated exactly. In the
effective DFT/CI Hamiltonian, all in all five empirical parameters
are employed that have been fitted in extensive test calculations to
experimental electronic excitation energies. In contrast to most
other semiempirical approaches, the parameters depend only on
the multiplicity of the desired state, the number of open shells of
the CSF, and the employed density functional, but not on the
specific atom or molecule. Currently, optimized parameter sets are
available only for singlet and triplet multiplicities in combination
with the BHLYP?? functional.

A common set of reference CSFs is used for all spatial sym-
metries. It can automatically be generated in a complete-active-
space-like procedure. The CI expansion is kept short by extensive
configuration selection. At present, the expectation value of the
spin-free Hamiltonian serves as the selection criterion: all config-
urations with energies above a flexible threshold are discarded. In
this way, even the electron correlation treatment of a molecule
such as [6]-helicene (120 valence electrons) is feasible in a rea-
sonably large AO basis set (VDZP). For details, we refer to the
original publication by Grimme and Waletzke." An energy based
selection is well justified in a spin-free DFT/MRCI procedure
because higher excitations account for dynamic correlation, which
is already taken care of by the underlying DFT treatment. In a
forthcoming extension of the program that includes matrix ele-
ments of the spin-orbit Hamiltonian in the CI procedure [spin-orbit
configuration interaction (SOCI)], it might be meaningful to add a
criterion based on the SOME of a configuration with the reference
vectors. Highly energetic single excitations have proven to be
important for the description of spin-polarization effects in heavy
main group elements.* ©

Matrix elements of the spin-free Hamiltonian are evaluated
utilizing spin-coupling coefficients between CSFs as determined
from the pattern-based method by Wetmore and Segal,” avoiding
the explicit construction of determinants. The MRCI program may
be run optionally as an ab initio procedure, that is, a direct
selecting MRCI for a HF one-particle basis. The correlation con-
tribution of discarded CSFs is estimated by second-order Mgller-
Plesset perturbation theory in this case. In the present version of
the HF/MRCI branch, no assignment is made between the roots in
the reference space and in the CI space. This leads to meaningless
MP2 corrections, if the order of the roots changes. Molecules with
an odd number of electrons can presently be investigated only
within the HF/MRCI scheme. A prescription for the construction
of DFT/MRCI matrix elements for doublet and quartet cases has
yet to be devised.

A property program for the determination of electric and mag-
netic dipole (transition) moments as well as rotatory strengths of
circular dichroism (CD) spectra is available for both the HF/MRCI
and DFT/MRCI branches.

Technically, the spin-free MRCI code and the associated prop-
erty programs are linked to the TURBOMOLE package,®” and
thus can take advantage of the efficiency with which the latter
determines two-electron integrals and HF or KS wave functions
even for large molecules. Information about basis sets and molec-
ular orbitals is transferred via a binary file named mos.bin. The
tmwfn routine generating this file is available in TURBOMOLE,
versions 5.1 and higher. Computationally expensive four-index
integrals are evaluated using the well-known resolution of the
identity (RT) method.'®!" The required three-index integrals are
provided by the ritraf module of TURBOMOLE where RI-MP2
optimized auxiliary basis sets from the TURBOMOLE library are
utilized for an approximate resolution of the identity.'"'* To
speed-up the direct evaluation of the o vector in the iterative
determination of the MRCI eigenvalues and eigenvectors by a
multiroot Davidson'*'* procedure, four-index two-electron inte-
grals can be precalculated if sufficient memory is available.

Spin-Orbit Mean-Field Approximation

Spin-orbit operators such as the Breit-Pauli'® or no-pair Douglas-
Krol}“‘ operators consist of one- and two-electron terms, denoted
by Hso(1) and #Hgo(2) here. Evaluated in a basis of molecular
orbitals, up to four-index integrals will result, causing enormous
requests for memory and computing times, especially for many-
center systems. Therefore, even today one inevitably has to apply
approximate spin-orbit Hamiltonians when dealing with larger
polyatomic systems. The simplest and most frequently used of
these is formally a pure one-electron operator with the nuclear
charge Z replaced by an empirically parametrized effective charge
Zy- A more rigorous way is to incorporate the two-electron
contributions #,(2) in an average way by performing a mean-
field summation, comparable to HF theory, yielding an effective
one-electron operator #go(1)"7:

T (1) = Fso1) + Fego(1) ()

A matrix representation of §€'S“(f,(1) in the basis of valence orbitals
i, j is given by

N N 3 N
il = 2 %{(ia|%so(2)lia> = 5 (ialHso ()l

3 A
) <ai‘%30(2)Va>} 2

Herein, the spin densities for o and B electrons in the occupied
core and valence orbitals of the mean-field are assumed to be
equal. The occupation numbers 7y, range from 0 to 2.

Clearly, the number of mean-field integrals in the molecular
basis is thus significantly smaller than the full set of two-electron
integrals and can be kept in central memory. Furthermore, the
computation of matrix elements between CI wave functions is
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simplified as only those CSFs contribute which are related by a
single excitation.

In addition, the number of necessary raw AO integrals can be
greatly reduced if all multicenter integrals are neglected. This
one-center approximation is not as crude as one may assume,
because both the one- and two-electron spin-orbit operators fall off
like 1/7* and so they act on a fairly local range only. Furthermore,
multicenter contributions of #g(1) and §€SO(2) have been found
to cancel to a large amount.'®

For computing the spin-orbit integrals in the one-center mean-
field approximation described above we use the well known AMFI
program.'® It is capable of dealing with the Breit-Pauli and the
no-pair Douglas-Kroll spin-orbit operators. To minimize compu-
tation time, AMFI makes use of the atomic spherical symmetry.

AMEFI has been interfaced to the TURBOMOLE package using
a program of our own called SOMF. It reads and translates basis
set information from the mos.bin file and calls AMFI. The
mean-field is determined in the SOMF input by specifying atomic
occupation numbers and the corresponding atomic orbitals, which
are obtained from restricted HF atomic ground state calculations.
Finally, SOMF performs the transformation of the spin-orbit inte-
grals from the atomic to the molecular orbital basis set.

Spin-Coupling Coefficients for a One-Electron
Spin-Orbit Hamiltonian

CI calculations with the spin-free Hamiltonian are usually per-
formed in a basis of spin-symmetry adapted CSFs. These are
simultaneously eigenstates of the $? and $_ spin operators. As far
as a spin-free Hamiltonian is applied, all components of a multiplet
will be degenerate in energy. One is therefore free to choose any
one of these components as basis functions. In the original MRCI
code, the CSFs were constructed from Mg = 0 determinants for all
multiplicities relating to an even number of electrons and from
Mg = %determinants otherwise. This choice becomes problematic
as soon as spin-orbit coupling is included, as the example of two
triplet states shows: the §,, and §_, operators cannot couple the
two M = O states, because they yield a transition to the Mg = 1
or Mg = — 1 multiplet components, respectively. The action of the
§o(1) operator on the 0-component of a triplet yields a singlet spin
function:

1
$o(l) = la(1DB(2) + B(D)a(2))
v

1
"2 la()B2) = B(Da(2)) 3)

Because a singlet spin function is orthogonal to a triplet, no
overlap occurs and the matrix element vanishes. The same is true
for the §,(2) operator. (Note that of course the M = 0 component
of the triplet is an eigenvalue to the §. = 8, = =N, §,(i)
operator.) Hence, no component of the spin-operator is able to
couple the O-components of two triplet wave functions. It was
therefore necessary to rewrite the routines for generating the
spin-coupling arrays in the MRCI code. Commonly, My = § is
used because in this case the CSFs comprise the minimal number
of determinants.

Although with this particular choice of Mg components a
matching spin-operator can be found for every symmetry-allowed
combination of states, a further problem arises: the spatial sym-
metries of the states involved demand a certain symmetry of the
spin-operator. For example, in C,, symmetry, 'A, and A, are
coupled by the z component of the spin-orbit operator. On the
other hand, the singlet is computed with Mg = 0 in the CI and the
triplet with M = 1. These spin components cannot be coupled by
the §. = §, operator because §, retains the M ¢ quantum number of
the states involved. The usual way out of this dilemma is to split
up the calculation of the SOME:s into two steps: in the first step, the
spin integration is performed for a spin-operator that matches the
M quantum numbers of the two states involved, but not their
respective spatial symmetry. In the example (*A,|#so|'A,), this
would be the §, operator. In the second step, the transition from
this “wrong” spin operator to the one matching the spatial sym-
metry is achieved by utilizing the “scaled 3j-symbols,” introduced
by McWeeny et al.>*>?' These scaled 3j-symbols make use of the
Wigner-Eckart theorem: starting from the matrix element with the
wrong spin part and only one Mg component on each side, a
reduced matrix element is obtained first. Multiplication with the
appropriate 3j-symbols yields matrix elements over all Mg com-
ponents and with the right spin operator.

The one-electron nature of the mean-field Hamiltonian leads to
marked savings in the number of operations to be performed when
evaluating spin-orbit matrix elements. In the notation of second
quantization any of its Cartesian components & can be written as

h(g) =2 ug)( > sm@)a:t:m) @

o

Herein, /(&) represents the spatial integral over the £ component
of the spin-orbit operator acting on orbitals s and ¢, s,,(§) is a
matrix element of the § spin-operator over spins o and 7 (0, T €
{a, B}), and @/ and d,, are the creation and annihilation operators
common in second quantization. Written in this form, the operator
is separated into a spin-independent part (/) and a part that
depends on the spin only (the expression in parentheses) but not on
the physical nature of the problem studied.

The spin-coupling coefficients are the matrix elements of the
latter operator over two CSFs. They are evaluated in the MRCI
code according to a procedure for spin-free Hamiltonians by
Wetmore and Segal.” For a spin-orbit Hamiltonian, the integrals
s, are the matrix elements of the §, and §, , operators, whereas
they are unit matrices in the spin-free case. A separate library for
the §_, operator is not required because of the relation (5, ,)" =
—3_,. A careful analysis shows that the method of Wetmore and
Segal can easily be extended to spin-dependent operators.?* Exci-
tation classes may be classified by “excitation patterns” in exactly
the same way as in the spin-free case. However, the classification
by excitation patterns cannot fully distinguish all excitation cases.
For every pattern, there are four subcases, for which the coupling
arrays are related by transpositions and sign changes in the spin-
free case. The same is true for the §, operator. On the other hand,
only two of the subcases may be eliminated in this way for the § , |
operator. Thus, all in all, we find three distinct coupling arrays for
each pattern—one for the §, and two for the §, , operator.
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Table 1. Spin-Orbit Coupling Parameter Ago, (cm™ "), Adiabatic Excitation Energy (cm '), and CI Expansion
Length of the T, State for Various Diatomic Molecules.

HF/MRCI DFT/MRCI Experiment®’
1°10, AE Aso # CSFs AE Aso # CSFs AE Aso
BF 28915 23.8 79766 27831 223 171 29144 24.2
BCl1 20281 474 80180 19961 46.2 418 20200
AIF 27410 48.2 61933 27134 47.1 347 27241 47.0
AICI 24275 63.3 82150 24202 63.9 640 24594 65.8
AlBr 22861 111.0 41694 23149 129.0 232 23779 132
CS 27421 90.0 77625 28107 88.7 316 27661 92.8
Sio 33581 70.7 86558 32590 735 373 33947 73.0
P, 27936 123.6 113000 28130 129.2 421 28197 128.9
Br, 11967 1157.0 96317 9963 1179.0 445 & —

“In the Br, case, comparison with experiment is not reasonable: several ungerade states that exhibit strong off-diagonal
coupling matrix elements are found close to the *I1,, state.

Admittedly, utilizing this approach is the most straightforward
way of including spin-orbit interaction into the MRCI code. Nev-
ertheless, it has several advantages: by introducing “excitation
patterns,” the number of distinct spin coupling coefficients is
reduced down to a level that facilitates their precomputation and
storage as a program library. Storage requirements are negligible
for up to 10 open shells and can easily be handled for up to 12, if
only nonzero entries are stored. The method is well suited for
application in an individually selecting CI: the pattern is deter-
mined during the configuration comparison step that has to be
carried out anyway in a selecting CI. Summarizing, all spin cou-
pling coefficients are already present in main memory and only a
few additional operations are required to obtain the coupling array
needed.

Properties

Fine-structure splittings due to spin-orbit coupling are presently
calculated in the framework of quasi-degenerate perturbation the-
ory (QDPT) by a program called SOCQDPT. It builds up and
diagonalizes the spin-orbit Hamiltonian matrix in the basis of
Russell-Saunders coupled states. Complex arithmetic is avoided by
converting the Hermitian eigenvalue problem to a doubly sized
real symmetric one.>?

Rates of spin-forbidden electric and magnetic dipole transitions
can be determined perturbatively from the complex valued eigen-
vectors of the above mentioned spin-orbit Hamiltonian matrix and
the transition moments of spin-allowed dipole processes.

As has been known for a long time, phosphorescence rates
calculated by a sum-over-states treatment converge very slowly
with respect to the number of states included. In practice, this
number cannot be increased beyond narrow limits due to technical
reasons. Of course, in quasi-degenerate perturbation theory the
same problem arises. These difficulties may be circumvented by
various procedures such as a direct solution of the perturbation
equations in the basis of CSFs,?**?° spin-orbit response theory,>’ or
a spin-orbit configuration interaction treatment. In a SOCI, all
relevant interactions are included implicitly in the variational

procedure from the beginning, the only remaining problem being
the finiteness of the basis set. Future plans therefore include an
implementation of routines that calculate one-electron transition
density matrices for SOCI wave functions directly. Similar con-
siderations apply to the computation of electronic g-tensor shifts of
doublet state systems. The dominating contribution here usually
stems from second-order terms that are actually cross terms of the
spin-orbit and the orbital-Zeeman Hamiltonians.

Test of the Method

The one-center mean-field approximation was originally devised
for heavy element compounds but has been shown to be applicable
even to light organic molecules. The fine-structure splittings of
HCGH™, for example, agree up to 5% with the results obtained
using the full one- and two-electron operator.'®

In Table 1 spin-orbit coupling parameters for the first excited
311 states in some diatomic molecules are shown. These have been
computed by conventional HF/MRCI on the one hand and DFT/
MRCI on the other hand. Throughout, TZVP basis sets from the
TURBOMOLE library are used.”® No electrons are kept frozen in
the CI calculations. The atomic mean field is constructed from HF
atomic orbitals in both cases. Configurations are selected in the
HF/MRCI calculations with respect to a threshold of 107° E,,. In
DFT/MRCI, the cutoff parameter is set to 1 E,,. Calculations are
performed at the experimental geometries of the ground and *IT
states.””

Spin-orbit coupling parameters calculated with both methods
agree very well. For comparison, some experimental values are
also given.”” The excellent agreement between theory and exper-
iment again demonstrates the performance of the one-center mean-
field approximation for light molecules. A look at the excitation
energies and CI expansion lengths shows the enormous savings of
computational resources within the DFT/MRCI approach: energies
are obtained nearly as close to the experimental value as the results
of the HF/MRCI treatment but with a CI expansion length of only
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Table 2. Calculation on LiBr: Analyzing the Influence of Scalar
Relativistic Effects.

Correlation: DFT/MRCI HF/MRCI MRD-CI MRD-CI
scalar rel.: no (A) no (B) no (C) yes (D)
EC,(SHA) 33353 37216 37189 38178
("2 W0 TD 238 216 214 202
CTL| %50/ 1) 1028 1022 1005 962

Vertical excitation energy to the (repulsive) *I1 T, state and spin-orbit
matrix elements [cm ™ '].

a few percent of that necessary for the ab initio calculations. As
already mentioned, the spin-orbit coupling parameters also do not
seem to be affected significantly by changing from the ab initio CI
towards the DFT/MRCI based on KS orbitals.

Another benchmark calculation has been performed on the
LiBr molecule (Table 2). Here, we investigate the applicability of
utilizing a DFT basis for spin-orbit calculations in molecules
containing heavier atoms. Unfortunately, we do not yet have the
facilities to include scalar relativistic corrections in a (DFT or HF)
MRCT calculation. This is because these corrections are not im-
plemented for all-electron calculations in TURBOMOLE, and the
mean-field spin-orbit integrals are not designed to be combined
with the kind of core potentials that are applied in TURBOMOLE.
According to our experience, the bromine atom is one of the
heaviest atoms, for which neglect of scalar relativistics is not too
crude an approximation. Nonetheless, in order to reveal eventual
compensation of errors, we compare SPOCK results to values
obtained with the older MRD-CI*°*! and BNSOC>? codes. This is
based on the MOLECULE-SWEDEN package,** for which scalar
relativistic corrections®* are available. All in all, four calculations
are carried out, all at the experimental geometry of the ground
state® and applying a TZVP basis: (A) DFT/MRCI + SPOCK,
(B) HF/MRCI + SPOCK, (C) MRD-CI + BNSOC, and (D) scalar
relativistic MRD-CI + BNSOC.

The difference between calculations (B) and (C) is the RI-
approximation utilized in the MRCI code, and these results agree
very well. Inclusion of scalar relativistic corrections in calculation
(D) increases the excitation energy by ~1000 cm™'. Spin-orbit
matrix elements are slightly lowered (4—6%). The DFT calcula-
tion (A) yields matrix elements very close to the ones calculated in
the HF basis. The large difference in the excitation energy may be
explained by the repulsive nature of the excited *II state (which is
very sensitive to geometry deviations) and by the highly ionic
nature of this molecule (parameterization of the DFT/MRCI
method has been done with small organic molecules'). Here,
further investigations are required, but lie beyond the scope of this
publication. All in all, we find good coincidence of the spin-orbit
matrix elements, calculated with the different methods. This per-
mits application of DFT orbitals in spin-orbit calculations for
elements of the first four periods.

In Table 3, a few spin-orbit matrix elements for the lowest lying
states of the 4H-pyran-4-thione molecule are listed to show the
performance of the new code in the case of a polyatomic molecule.
Here, the HF orbital based calculations were performed with the

MRD-CI and BNSOC packages to check the new code for con-
sistency and correctness.®> Actually, the HF/MRD-CI calculations
include only 15,000-20,000 CSFs per space and spin symmetry,
which is quite insufficient to reproduce excitation energies prop-
erly. For instance, the extrapolated MRD-CI excitation energy of
the T, state is off by more than 2 eV for this expansion length. In
the DFT/MRCI calculations again the standard energy cut-off
value of 1 E,; was used, which usually suffices to keep errors in
excitation energy below 0.2-0.3 eV.' This yields approximately
10,000-16,000 CSFs per space and spin symmetry. As is seen
from Table 3, SOMEs obtained with both methods are comparable
except for (X'A | |#so|1°A,). A closer look at the CI expansions
reveals that an n — 7* type excitation is by far the most important
contributor to this SOME. By contrast, (1°A,|%so|1%A,) and
(13A,|#so|1'A) are dominated by n —  type excitations. The
amplitude of the virtual 7* HF orbital at the sulphur site is
considerably lower than in the KS treatment, whereas it is almost
the same for the occupied n and 7 orbitals. As spin-orbit coupling
occurs mainly at the sulphur atom, the SOMEs obey the same trend
and only the value of (X'A,|#so|1°A,) changes markedly. One
has to keep in mind here that the MRD-CI calculations are by no
means converged and dynamical correlation is treated very poorly.
Therefore, the discrepancy might disappear if the CI space could
be enlarged enough. This hope, at least, is supported by the results
in Table 1.

Note the large savings of computer time for the calculation of
SOMEs with the new SPOCK program.

Application to Thiophene

As a first application of our new codes, we have investigated
the multiplet coupling in thiophene. Photophysical properties of
thiophene and its oligomers have attracted increasing attention
recently.>* = Ultrafast triplet formation (3 ps) was observed after
two-photon absorption in thiophene with a photon energy of
3.1 eV.***" A remarkably short lifetime of the first excited singlet
state (S,) in a time-resolved pump-probe femto-second multipho-
ton ionization experiment was reported recently.*> After having
pumped part of the thiophene molecules into the S, state, Lehr
et al.*> observed a nearly instant appearance of photoelectrons
originating from a triplet state and a complete depopulation of the
S, within 500 fs. From these spectra the authors deduced an
intersystem crossing (ISC) rate between S, and 7', of the order of

Table 3. Spin-Orbit Matrix Elements (cm ") for 4H-Pyran-4-Thione.

BNSOC SPOCK
HF/MRD-CI DFT/MRCI

<T2(13A,)\?:€50\T,(13A2)> —161.8 —164.0
(To(1PA | HsolS 1 (1'A,)) 163.5 168.6
(S(,(X‘Al)|?A€S(,|Tl(13A2)> —127.4 —148.2
(S3(1'B[Hso|T1(17°A2)) -0.8 —0.6
(S4(1'By)|Hso|T1(17°A,)) 0.2 0.1
« Timing (PII 400 MHz) 300 s Ts
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Table 4. Singlet and Triplet Excitation Energies (eV) in Thiophene, Calculated in the TZVPP+R Basis Set.

Dominant
State excitation(s) DFT/MRCI HF/MRCI SAC-CI*® CASPT2Y MRD-CI*® Experiment
1'A, 0.00 0.00 0.00 0.00 0.00 0.00
214, m =T+ oy > 5.24 7.93 5.41 5.33 6.55 5.16,°5.43°5.16°
1'B, = 5.42 7.45 572 572 6.61 5.52,45.61,°5.99¢
1'A, 5 — s Ryd. 5.72 7.56 5.70 5.93 5.78 6.0
1'B, m; — p, d Ryd./o* 5.88 8.62 5.87 6.41
2'B, m, —> s Ryd. 6.27 7.48 6.12 6.23 6.33
214, m, — o*/p, d Ryd. 6.33 — 6.03 6.39
314, =T — o, = 7.03 11.73 7.32 7.05 8.11 6.76,6.61°
4'B, m —> 7.54 9.64¢ 7.40 7.32 8.59
1°B, my —> 3.39 5.19 3.94 3.75 4.45 3.75,3.8,23.44"
1°A, m = — > 433 6.76 4.86 4.50 5.03 4.62,14.7.2 438>
2°A, > s+ om, > 5.63 8.59 6.82
1°A, m; — s Ryd. 5.64 8.21 5.75 5.88
1°B, 5 — o*/p, d Ryd. 5.69 10.44 5.94 5.90
2°B, m —> 5.99 8.77% 5.85
2%A, m, — o*¥/p, d Ryd. 6.11 —d
2°B, my, — s Ryd. 6.18 8.58 6.18

Several Rydberg singlet states above 6.3 eV have been omitted.

2Absorption.>®
YElectron energy loss.”’
°Absorption.*’

9No state of this characteristic is found among the five lowest-lying roots in A, symmetry.

°A state with this characteristic is found as 3'B,.
Electron impact.>

gE]ectron energy loss.*®

"Phosphorescence.>®

iPhotoelectron spectroscopy.>®

JFound as 5°B,.

YFound as 3°B,.

0.01 fs~'. Because thiophene contains the element sulfur with an
atomic spin-orbit splitting constant of roughly 190 cm™',** large
spin-orbit coupling matrix elements between the molecular singlet
and triplet states can be expected.

All our calculations were performed at the experimental geom-
etry of the electronic ground state (S,).** We employed three
different basis sets: the standard TZVP and TZVPP basis sets from
the TURBOMOLE libraryg‘28 and a basis set, which we will call
TZVPP+R, where we added 1slpld diffuse Gaussian Rydberg
functions with origin at the center of mass and exponents of
0.011253, 0.009988, and 0.014204, respectively. These have been
taken from the Rydberg basis for thiophene as given in the MOL-
CAS tutorial.*> Molecular orbitals were optimized for the domi-
nant closed shell determinant of the electronic ground state. All 26
valence electrons were correlated in the subsequent MRCI runs.

All technical details and timings given below refer to the
TZVPP+R basis set. In the DFT/MRCI treatment, reference
spaces comprise 179 configurations for singlets and 176 for trip-
lets, resulting in CI expansion lengths of approximately 43,500 and
65,000 CSFs, respectively. In each symmetry, the 10 lowest elec-
tronic states were computed. In the HF/MRCI case, 187 configu-

rations for singlets and 174 for triplets were utilized. Due to the
large size of the variational CI problems (1.2-2.1 million CSFs),
only five roots were determined per space and spin symmetry in
this case. CPU time requirements for the determination of all the
above mentioned CI eigenvalues and vectors on an 800 MHz PIIT
processor amounted to 1 h 27" in the DFT/MRCI treatment com-
pared to 63 h 22’ for the HF/MRCI method. The evaluation of all
SOMEs between DFT/MRCI wave functions by the new SPOCK
takes merely 3'20” and is thus very effective. Even the handling of
millions of CSFs for the HF/MRCI wave functions is considerably
fast; the computation of all SOMEs requires only 13'16” of CPU
time.

The HF/MRCI energies we report are the plain variational
energies in the selected space. Many states exhibit a strong change
in character compared to their nature in the reference space.
Therefore, no MP2 correction has been applied and these energies
are rather far from other results and experimental data. They are
reported only for completeness.

The addition of a second polarization function (TZVPP) shows
almost no effect on the DFT/MRCI results. Due to valence-Ryd-
berg mixing, the excitation spectrum and the wave function char-
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acteristics are considerably affected by the inclusion of diffuse
functions. On these grounds, only our TZVPP+R values are
compared in Table 4 with experimental excitation energies and the
results of recent quantum chemical calculations.

In accord with earlier quantum chemical investigations, we find
that the two 3p . electrons of sulfur are fully integrated in the
aromatic ring system. To aid the analysis of the electronic structure
of the excited states we have sketched the valence m orbitals in
Figures 1 (b, symmetry) and 2 (a, symmetry). A virtual orbital
that will play a decisive role in the interpretation of the spin-orbit
results has been denominated by o*/Rydberg. The shapes of this
orbital drawn at two different isolines are shown in Figure 3. Its
valence part consists mainly of the 3p, (B,) Cartesian component
of the sulfur 3p orbital and—with a different phase—a linear
combination of the 25 and 2p, at the neighboring carbon atoms.
The diffuse charge distribution is due to some sulfur 34 and
Rydberg d occupation.

The DFT/MRCI excitation energies computed in this work are
in excellent agreement with experimental values (Table 4). In
addition to excitation energies, wave function characteristics com-
pare very well with previous SAC-CI*® and CASPT2*" results.
Due to program restrictions, Palmer et al.>® used a basis set of
lower quality (DZPR) and a limited number of CSFs, yielding
considerably too high excitation energies for all valence states
whereas Rydberg states came out too low.

In agreement with the SAC-CI and CASPT2 treatments, we
find the lowest excited triplet state (7,) to be of B, symmetry
resulting from a HOMO — LUMO (m; — %) excitation. The
second and third triplet states (7, and T5) are dominated by linear
combinations of (HOMO-1) — LUMO and HOMO — (LUMO +
1) configurations (see Table 4) and exhibit A, symmetry. The
interaction between the corresponding 'A, determinants is consid-
erably stronger than for a triplet spin coupling. Furthermore,
closed shell configurations, such as the double excitation (11% —
7*?), contribute to the singlet coupled states. Due to this strong
configuration interaction, the 2'A, state is pushed below the
HOMO — LUMO excited 1 'B, state and becomes the S,
whereas the upper 3 'A state is shifted above a series of Rydberg
states.

Large spin-orbit integrals are to be expected if there is a
significant probability for the electrons to be near the heaviest
atom (sulfur) in both orbitals involved. However, there is no
combination of 7r orbitals that fulfills this requirement (see Figs. 1
and 2). Spin-orbit coupling of b, and a, orbitals is symmetry
allowed, but the latter exhibit a node on sulfur resulting in a small
value of the spin-orbit integral. Furthermore, there is no totally
symmetric component of the angular momentum as long as the
molecule retains planar symmetry. As a consequence, the SOME
of a by — b, excitation vanishes by symmetry. The charge
distribution of Rydberg orbitals is too diffuse to give rise to a
significant spin-orbit coupling. Only excitations of m — o* or ¢ —
7* character have chances to yield large spin-orbit integrals. Thus,
in order to obtain substantial spin-orbit matrix elements between
states, these states should differ by an excitation of the aforemen-
tioned types. This is not the case for the lowest-lying states,
because they are of 7 — 7r* character. With respect to each other
they differ by an excitation of type m — 7 or m* — 7* (or by a
double excitation). As an example, consider the SOME between

T (bl)

Figure 1. The valence 7 and 7* orbitals of b,-symmetry in thiophene
(DFT calculation, TZVPP+R, isoline = 0.07). The Rydberg contri-
bution is too diffuse for this choice of isolines.

the S, and T, states. S, is dominated by a linear combination of
two configurations, m, — 7 + m; — 7%, whereas T, exhibits
only one major configuration, 73 — 7. Let us first concentrate on
the SOME between the first of the two major S, configurations and
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Figure 2. The valence 7 and 7* orbitals of a,-symmetry in thio-
phene.

the T, state. The configurations share a common core and 7%
occupation, differing only in the occupation of the m, and 5
orbitals. The second large S, configuration couples with the T,
configuration via the (m%¥go|m%) integral. Both integrals,
(| Hso|mms) and (| FHso| 75, have small values yielding a total
(S,|9s0|T,) SOME of only 0.35 cm ™. As mentioned above, the
third unoccupied b, orbital exhibits significant contributions from
the sulfur 3p, atomic orbital and is the lowest-lying molecular
orbital with mixed o*/Rydberg character. States in which this
orbital is occupied are 1 'B,, 2 'A,, 1 *B,, and 2 *A,. Among all
symmetry allowed SOMEs between low-lying electronic states of
thiophene, only the ones involving the m — o*/Rydberg excited
states are considerably large (Tables 5 and 6).

The spin-orbit coupling between the S, and 7', states is sym-
metry-forbidden as long as the molecule retains C,, symmetry.
We have tentatively investigated the behavior of the SOMEs
between S,, S, S,, Ty, and T, for a situation in which the
symmetry of the nuclear framework is reduced to C,. In this case,
one component of the angular momentum operator is totally sym-
metric, and the other two transform according to the A” irreducible
representation. An out-of-plane distortion of the sulfur atom by
0.3a, yields nonzero, but small SOMEs (Table 7) that cannot
explain the rapid ISC between the S, and T, or 7, states. In
principle, an indirect (higher-order) coupling via an intermediate
state is also possible. The only state comprising a sizable SOME
with both states is the 7 — o*/Rydberg excited 2 *A, state. At the

fixed ground state geometry, 2 *A, is located energetically at 6.1
eV according to our DFT/MRCI calculations, roughly 0.9 eV
above the S, state and 1.8 eV above T,. It is questionable,
however, whether this indirect coupling could lead to an ISC rate
of the order of 0.01 fs~'. Such a fast transition usually requires the
presence of a conical intersection. On the basis of a vibrational
analysis obtained from small, qualitative CASSCF calculations,
Negri and Zgierski*® argued that the equilibrium geometries of
both the S, and S, states might be nonplanar. Although a conical
intersection of the S, state potential energy hypersurface with one
of the triplet surfaces has not yet been found this appears to be a
realistic possibility to explain the observed fast singlet-triplet
transition.

Summary and Outlook

In the present article, we propose an approach for the extension of
the DFT/MRCI method to spin-orbit effects. To this end, we
derived and implemented spin-coupling coefficients for a one-
electron spin-orbit operator. Symmetry related spin-orbit matrix
elements were generated efficiently employing scaled 3;-symbols.

o*(b2)

Figure 3. The lowest-lying o* orbital in thiophene: valence part
(lower panel, isoline = 0.07) and Rydberg part (upper panel, isoline =
0.0006).
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Table 5. Singlet-Triplet Spin-Orbit Matrix Elements of Selected States in
Thiophene, Calculated in the TZVPP+R Basis with DFT/MRCI Wave
Functions (cm™").

Table 6. Triplet-Triplet Spin-Orbit Matrix Elements of Selected States in
Thiophene, Calculated in the TZVPP+R Basis with DFT/MRCI Wave
Functions (cm™").

(A, [Hso[1'B,) 226
<13A2‘7A€so|1131> 5.63
(By|3so|1'By) 4521
(A, |9s0|1'B,) =571
(A, |Hs0|1'B,) 059
(2B, |Hso|1'B,)  —1.83
(1PA,|#so|2'B,) 454
(PA,|Rsol2'B,) 132
(PBo|Hso2'B))  7.69
(%A |Hsol2'B)y 095
(A, |Hs0|2'B,)  —437
(2B, |Hso|2'B,)  —0.28
<13A1W:€so|1132> =057
(PPA,|Hs0|1'By)  5.66
(B, |ds0[1'B,)  38.64
<23A1Wfiso|1132> —0.05
(2°A,|Tso|1'B,) 1825
(2°B,|#so|1'By)  —4.59
<13A1‘3fso|2132> =0.11
<13A2‘7fso|2‘32> —0.87
<1331‘7fso|2132> —6.48
(2°A,|s0[2'By) 001
(2°A,|#s0[2'B,) 228

(13A2‘?:€SO‘11A|> 1.21
(1332‘%6,90‘11’41) —0.07
<IBBI‘%€SO‘1 ‘A —6.49
QBAzWPso“ Ay =941
<2382‘?A€50‘11A|> 3.29
<23B|‘7fso‘llA|> 13.37
(13A2‘3A€SO‘21A|> 1.23
(1332‘?{650‘21141) —-0.35
<1331‘?A€S()‘2]A1> —3.13
(ZBAZ‘??SO‘Z'AQ 44.26
(2382\3?50\2%,) —0.47
<23B|‘%50‘2|A1> —3.22
<13A2‘?A€so‘3]A|> —0.74
(1332‘?}?50‘3]/41) -0.71
“331‘??50‘31/40 —6.77
(23A2‘?A€S()‘3IAI> —21.25
QBBszSOBIA 0 0.32
(2331\3?50\3'/{[) 0.27
<13A|‘?€so‘1]Az> 0.14
<1332‘?A€so‘1 lAz) —6.14
(1331‘??50‘11142) 5.90
(2°A|Hso|1'A,) 0.03
(2°B,|#so|1'A2) 0.42

(2°B,|Fs0|1'4,)  —1.24 (2°B,|%s02'B,) 167
(1PA,|Ttsol2'A,)  38.94
(1B,|#s0|2'4,)  —1.92
(1B, |s0|2'A,) 1.89

<23A|‘??so‘21A2) 7.16
(2°By|Hs0[2'As) 11.37
(2°B,|¥#s0/2'As) —4.32

Spin-orbit integrals were computed in the atomic mean-field ap-
proximation throughout. For this purpose, the existing AMFI and
SOMF codes were interfaced to the TURBOMOLE package. At
the present status of program development, the new spin-orbit
coupling kit SPOCK is able to calculate spin-orbit matrix elements
for DFT/MRCI- and optionally HF/MRCI-wave functions. Spin-
dependent properties such as rates of spin-forbidden transitions
can be calculated in quasi-degenerate perturbation theory.

Test calculations were performed on spin-orbit coupling pa-
rameters of *I1 states for some main group diatomics. Results from
DFT/MRCI wave functions agree very well with experimental
values and with those from HF/MRCI calculations. The CI expan-
sion length amounts up to 100,000 CSFs in HF/MRCI, whereas in
DFT/MRCI only a few hundred CSFs have to be included in the CI
space. For larger systems, pyranthione serves as a test example.
Again, the numerical values from both methods for spin-orbit
matrix elements of the lowest lying singlet and triplet states are
comparable.

In the application to thiophene, we have demonstrated the
efficiency of the new codes. When combining DFT, MRCI, spin-
orbit mean-field integrals, and fast evaluation of spin-coupling
coefficients, the reliable determination of excitation energies and
spin-orbit matrix elements requires less than 2 h of CPU time on
a standard PC. In accord with theoretical considerations, we found

(PA,|Hsol1°4,)  —0.63
<1332|9fs()‘13A1> —0.32
(IPBy|#so1°A)  —029
(2%A,|Ts0[1°4,)  —36.85
(2°B,|#s0|1°A,) 0.15
(2°By|#s0|1°A,) 3.23
<13A2|7A€so‘23A1> =021
(PBy|#sol2°A))  —0.19
(1°By|#s0[2°A,) 639
(2%A,|Hs02°A))  —11.00
(2°B,|¥sol2°A))  —0.09
(2°B,|%s0l2°A ) 1.46
(1°B,|#s0|1°A5) 6.62
<1331|7A€so‘ 13A2> —6.27
(2°B,|Hso| 1’4,y —0.39
(2°B,|Hso|1°A,) 0.69
(1°B,|#50[2°A5) 2.73
(1°By|#s0|2°A5) 0.25
(2°B,|%s0|2°A5) 6.48
<2331|?fso‘23Az> —4.49
(B, |#so|1°By)  —49.85
(2°By|#s0|1°Bs) 6.45
(1°B,|%s0|2°B,) 2.62
(2°B,|9s0|2°B,)  —0.23

that the m — 7* excited singlet and triplet states do not exhibit
remarkable spin-orbit matrix elements among each other or with
the ground state, as long as C,, symmetry is retained. Large matrix
elements between low lying electronic states were found only if
the o*/Rydberg orbital was involved, as, for example, in the
largest matrix element (2 *A,|Hso|1 'A,) = 94.7 cm ™", In our
opinion, a C, symmetric geometry of excited states and/or a
conical intersection of the S, state with the triplet states are the
most plausible explanations for the experimentally observed fast
decay of the former state.

Work to include kinematic (scalar) relativistic effects and a
variational treatment of spin-orbit interaction in the framework of
a SOCI procedure is in progress. These features appear to be
indispensable in an all-electron investigation of heavy element
compounds. The effects of scalar relativistic corrections on va-
lence electron properties are non-negligible for elements with a
nuclear charge Z ~ >20. Furthermore, a SOCI treatment is

Table 7. Spin-Orbit Matrix Elements (Absolute Values [em™']) of the
Lowest Singlet and Triplet States in Thiophene for a C; Symmetric
Geometry (See Text), Calculated in the TZVPP+R Basis

with DFT/MRCI Wave Functions.

(T1(A)|HsolSo(A))  0.5/7.5°
(T1(A)]HsolS1(A))  0.4/1.6
(T, (A")|FsolS2(AM) 0.4
(T, (AM)|Fs0|To(A))  0.0/2.6

(To(A)|Fso|So(a)) 9.0
(To(A)]Hso|S1(AN)) 1.9
(To(AN)|Fs0|S2(A™) 0.3/4.9

“x-component/y-component.
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expected to appreciably improve the quality of second-order prop-
erties, such as g-tensors, and phosphorescence lifetimes that are
known to converge very slowly in a sum-over-states approach.
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3.2.3 Berechnung von g-Tensoren mit SPOCK

In der Arbeitsgruppe Grein stiefl die Entwicklung des SPOCK-Pakets auf grofies Interesse.
Dort werden schon seit vielen Jahren g-Tensoren kleiner Molekiile und Radikale mit den
MRD-CI[37; 38] und BNSOC[36]-Programmpaketen untersucht. Die Berechnung grofierer
Verbindungen scheiterte oftmals an der beschrinkten Anwendbarkeit des MRD-CI fiir
diese Molekiile bzw. daran, dass fiir modernere CI-Programme die Spin-Bahn-Kopplung
nicht implementiert war. Eine der ersten Anwendungen des SPOCK-Pakets sollten daher
Berechnungen an g¢-Tensoren sein. Zunéchst sollte jedoch die Anwendbarkeit des neuen
Ansatzes auf diese Fragestellung iiberpriift werden.

In der Verdffentlichung ,,Efficient calculation of electron paramagnetic resonance ¢-
tensors by multireference configuration interaction sum-over-state expansions, using the
atomic mean-field spin-orbit method“(,,Effiziente Berechnung von Electron Paramagnetic
Resonance g-Tensoren mit Multireferenz-Konfigurationswechselwirkungs-Zustandssummen-
Entwicklungen mit der atomaren mean-field Methode“) werden mit SPOCK.PT berechnete
Spin-Bahn-Matrixelemente zur Berechnung von ¢-Tensoren verwendet. Es wurden Rech-
nungen an zwei- bis vieratomigen Molekiilen durchgefiihrt, zu denen Vergleichswerte aus
der Literatur vorliegen. Der Schwerpunkt liegt auf einem Test der neuen Methode und
der Uberpriifung der Korrektheit bei dieser Anwendung. Da mit dem ab-initio-Zweig ge-
arbeitet wurde, konnte hier insbesondere auch die Implementierung einem Praxistest ohne
eventuellen Einflul der DFT-Terme unterzogen werden.

Die paramagnetische Elektronenspinresonanz (ESR) oder Electron Paramagnetic Re-
sonance (EPR) ist eine spektroskopische Methode, bei der die Anregung des Spins eines
ungepaarten Elektrons durch Mikrowellenstrahlung gemessen wird. Die Aufspaltung der
Feinstrukturniveaus wird dabei durch den Zeeman-Effekt in einem starken Magnetfeld
erreicht.

In einem Molekiil spielt dabei die relative Orientierung des Magnetfelds zum Molekiil
eine Rolle. Die Spin-Bahn-Kopplung bewirkt eine Kopplung des Spins an den Orbitaldre-
himpuls, so dass in verschiedenen Raumrichtungen unterschiedliche Aufspaltungen gemes-
sen werden konnen. Ist der g-Faktor fiir ein Atom noch ein Skalar, so wird er hierdurch
fiir ein Molekiil zur tensoriellen Grofle.

Die storungstheoretische Berechnung der g-Tensoren erfordert den Einbezug der Spin-
Bahn-Kopplung. In Zusammenarbeit mit Fritz Grein, der iiber langjahrige Erfahrung mit
¢g-Tensoren verfiigt, haben wir die Kignung von SPOCK.PT fiir die Berechnung von g¢-
Tensoren untersucht.

Als Einschrankung bei der Berechnung der ¢-Tensoren muss genannt werden, dass
derzeit fiir Dupletts ausschliellich der ab-initio-Zweig genutzt werden kann. Diese Ein-
schrinkung liegt jedoch nicht im SPOCK-Paket begriindet, sondern im zugrundeliegenden
MRCI-Paket. Sobald Parameter fiir die Berechnung von Dupletts im DFT/MRCI vorlie-
gen, konnen ohne Anderungen an SPOCK auch Spin-Bahn-Matrixelemente und daraus
¢-Tensoren mit dem DFT-Zweig gerechnet werden.

In dieser Arbeit wurden ¢g-Tensoren fiir 16 Hauptgruppenradikale und drei Ubergangs-
metallverbindungen stérungstheoretisch berechnet. Da es sich bei den betrachteten Mo-
lekiilen um Dupletts handelt, kommt der ab-initio Zweig von DFT/MRCI und SPOCK.PT
zum Einsatz.

Soweit ein Vergleich moglich ist, sind die Ergebnisse von vergleichbarer Qualitéit wie
die fritherer Arbeiten von Grein et. al., bei denen das MRD-CI von Buenker und Peyerim-
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hoff sowie das iltere BNSOC Paket mit explizitem Zweielektronen-Spin-Bahn-Operator
eingesetzt wurde. Die Verwendung der wesentlich kostengiinstigeren atomaren mean-field-
Integrale fiihrt nicht zu wesentlichen Genauigkeitsverlusten. Die Ubereinstimmung mit
experimentellen Daten ist gut.

Der ab-initio-Zweig des SPOCK.PT wird in der Arbeitsgruppe Grein weiterhin zur
Berechnung von g-Tensoren genutzt. In der Veroffentlichung ,,Geometries, electronic g-
tensor elements, hyperfine coupling constants, and vertical excitation energies for small
gallium arsenide doublet radicals, Ga,As, (z +y = 3,5)“[39] werden g-Tensoren kleiner
Gallium-Arsenid-Cluster mit drei und fiinf Atomen behandelt. Die berechneten g-Tensoren
unterscheiden sich fiir verschiedene Geometrien deutlich, so dass eine Unterscheidbarkeit
im Experiment vorhergesagt wird.

In einer weiteren Veroffentlichung werden die Isomerpaare HCO/COH, HCS/CSH,
HSiO/SiOH und HSiS/SiSH untersucht.[40]

Diese Arbeiten zu g-Tensoren sind die einzigen Verdtffentlichungen, die ausschliefllich
mit dem ab-initio-Zweig der MRCI und SPOCK-Programme gerechnet wurden.
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Efficient calculation of electron paramagnetic resonance g-tensors
by multireference configuration interaction sum-over-state
expansions, using the atomic mean-field spin—orbit method

Scott Brownridge and Friedrich Grein®
Department of Chemistry, University of New Brunswick, Fredericton, New Brunswick E3B 6E2, Canada

Jorg Tatchen, Martin Kleinschmidt, and Christel M. Marian®
Ingtitute of Theoretical Chemistry, University of Duesseldorf, Universitaetsstr. 1,
D-40225 Duesseldorf, Germany

(Received 3 February 2003; accepted 3 March 2003

Using the multireference configuration interaction method due to Grimme and Waletzke, combined
with the atomic mean-field approximations for the efficient calculation of spin—orbit matrix
elements, thg-tensors in second-order perturbation theory have been calculated for the main group
radicals CO, CN, BO, BS, MgF, AlO, @, HCO, H,0", NO,, CO, , NF,, NO3~, 05, ClO,,

and H,CO", and for the transition metal compounds ZnH, ZnF, and;TiEsing explicit
sum-over-state expansions for up to 20 excited states. In most cases, a valence triple-zeta basis set
with polarization functions has been employed. It is shown that the addition of diffuse functions to
this basis set does not improve tlgetensor results, and in several instances leads to slower
convergence of the sum-over-state expansion. The calcudateasors are in good agreement with
experimental values, and with our previous multireference configuration interaction results available
for 9 of the 19 radicals. Our results are shown to be equivalent to, or better than, values obtained by
other theoretical methods. Examples of radicals for wigitbnsor calculations presented problems

in the past are AIO and Tifr For AlO, we obtainAg, = — 1530 ppm(parts per million, compared

with an experimental value of 1900 ppm in Ne matrix. Using the SMRalence double-zeta plus
polarization basis setAg, of TiF; is calculated to be-115.3 ppt(parts per thousandcompared

with experimental values of-111.9 and—123.7 ppt. ©2003 American Institute of Physics.

[DOI: 10.1063/1.1569243

I. INTRODUCTION H,CO", NF; ,®NO, 0,,°NO,, CO*, H,0",” and hydrides
of Li, Be, B® were given and discussed. Basis set and gat
Starting in 1992, a major effort was undertaken at thegependencies were studied extensively. Following work
University of New Brunswick to develop programs and per-| yzanovet al.,° the coordinate origin was always placed ¢
form theoreticalab initio studies on the electron paramag- the electronic charge centroid.
netic resonanc€EPR) g-tensor. At that time, to our knowl- It soon became obvious that correlated wave functio
edge, only oneb initio paper ong-tensors, by Moores and \vere needed in order to obtain relialetensor values. For
MCWeeney on CN and Npl had been published, to which examp|e’ while Moores and McWeenJeyusing self-
we will refer later. On the other hand, extensive theoreticakonsistent field SCH methods with an STO-4G basis sel
developments had been performed on hyperfine couplingalculated—10275 ppm forAg,, of NO, (we use the nota-
constants (see review article by Engels, Eriksson, andtion g=g,+Ag), a much larger and polarized basis set ga
LunelP). an restricted open Hartree—Fo¢ROHP) value of —6660
For g-tensor calculations, the spin-Zeem&d2) term  ppm/ compared to an experimental result-efi1 300 ppm.
Hsz, the one- and two-electron gauge correctigi@&C) For the calculation of first-order terms, which are usual

Hec(1) and Hs(2), and therelativistic mass correction
(RMC) term Hgyc contribute in first-order perturbation,
whereas the spin—orbiSO) operator Hg and the orbital
Zeeman(OZ) operator H,, contribute in second ordér.

small, the ROHF process was retained, but the second-or
contributions were evaluated by methods based on multir
erence configuration interactigMRCI) wave functions, us-
ing the “MRD-CI” programs developed by Buenker, Peyer

Initially, computer programs were developed for imhoff, and co-workers® In second-order Rayleigh—
g-tensor calculations based on ROHF wave functions. In paI‘SChr"(]jinger perturbation theory, a sum over stat€O©9
ticular, new programs had to be written for the two-electronhas to be calculated, each term having the simple fo

gauge correction ternfs.
In the first papers, results for NO CO, , CiHs,

¥Electronic mail: fritz@unb.ca
YElectronic mail: christcl. marian@uni-duesseldorf.de

0021-9606/2003/118(21)/9552/11/$20.00
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(SO (L))/AE, where(SO) and(L) are the spin—orbit and
angular momentum matrix elements between the grou
state and the respective excited state, Aidis the energy
difference between these states.

In exploratory MRD-CI work on Mgk! NO,, H,0",

© 2003 American Institute of Physics
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and CO','? several SOS situations arogg: The major con- ~ TABLE I Optimized geometriefMP2/6-311 G(2df ).

tribution to Ag may come from one terrfone excited staje Ground

in the SOS, e.gAgyy of NO,, where 1231 gives—10195  Radical Symmetry  state Bond distanced\) and angles (°)
ppm and all higher roots only contribute about 60 plrtii) o
several excited states make sizeable contributions, such thagN

in the end a largéAg| remains, e.g.Agy, of NO,, where BO

13%B, states contribute 3900 ppm, the largest individual BS

term being 2300 ppniabsolute; (i) again, many excited = MgF
states make large contributions, but the sum over states @'%
almost zero, e.g.Ag,, for NO,, for which 15%°A, states Z:F
contribute a total of-128 ppm, although the largest indi- o, X35 0-01.221

vidual term is 1405 ppm(iv) finally, it may also happen that HCO X2A H-C 1.122, C-0 1.183,
all individual terms in the SOS are small, resulting in a near- H-C-0124.27

X2t C-0 1.091
X2t C-N 1.125
X235 B-0 1.210
X235 B-S 1.610
X2t Mg-F 1.804
X2 Al-0 1.621
X2 Zn-H 1.572
X323t Zn-F 1.770

8§ 88
< < <

g

g 8 8 8
S < < <

OUOOOXOOOQO

@

zero total contribution. Obviously, casg is ideal, and case H,0" Ca Xzsl H-0 0.997H-0-H 109.17
VR L : e . NO, Cy, X 2A, N-O 1.199,0-N-O 134.28
(iii) is bad. The §|tgat|on is especially dlfflcul.t if t_he SOS co, Co, X 2A, C-0 1.2330-C—0 137.60
consists of two similarly large terms of opposite sign, as in nf, Cay X 2B, N—F 1.340,F—N—F 103.57
the case of AIJ>*H,CO",*® and other radicals. NOZ™ Cap X2B;  N-O 1.364,0-N—O 113.66
Fortunately, the SOS usually shows rapid convergence, O; (% X?B; 0-0 1.321,0-0-0 114.74
and in most cases the calculation of nine excited states of a®®: Ca, XiBl Cl-01.481, 0-CI-0 117.92
particular specieslike 2B, states forC,, symmetry is suf- HC Ca X°B, H_HC (1;'%2'1(;5_7; 1195,
ficient, in the sense that the last few roots make small andTiF3 Dap X2, Ti_F_l_;%’ F_Ti_F 120.0

diminishing contributions taAg. In addition, only excited
states of valence type are important, since diffuse states shoWP2/6-311 +G(d,p).
small (L) matrix elements, or have only “weak magnetic
coupling” with the ground stat¢GS).

About half of the radicals in our standard set are new, in t

In order to extend they-tensor calculations based on - .
multireference Cl wave functions, with explicit second orderSense that there are no prior MRCI calculations on th
’ P tensors. They include three transition metal compount

term-by-term evaluations, to. larger systems, the need aro%m hope is that approximations introduced into these ni
to use MRCI programs applicable to larger systems. Fortu-

. A . . methods(such as the RI and mean-field approximatjots
nately, such programs |nc|ud|n_g evalua_tlon of the matrix not, or not significantly, influence the quality of the results
elements were developed earlier by Grimme and Waleke,
and were made available to us. These programs are based
the TURBOMOLE packagé,’ using the resolution of the iden-
tity (RI) approximationt® Spin—orbit matrix elements for Geometry optimizations were carried out with th
MRCI wave functions are generated with the spin—orbit COU-GAUSSIAN 98 suite of progranfS at the MP2/6-311
pling kit (Spock, described in detail in Ref. 19. Key features +G(2df) level [MP2/6-31% +G(d,p) for ZnH, HCO,
of this program are a fast determination of spin-couplingH,O", and HCO"]. The resulting optimized geometries ar:
coefficients between configuration state functi¢8SP for given in Table I. The theoretical evaluation g@ftensors us-
spin-dependent one-electron operators and the use of noneimg perturbation theory is described in detail in Refs. 11, 1
pirical atomic spin—orbit mean-field integrals. The one-30, and 31. The totahg for a given molecule is comprised
center mean-field approximation due to Hess, Mariarof first- and second-order terms. In this paper, only secor
et al.,° treats the two-electron part of the spin—orbit operatororder g-tensor components were calculated. The first-orc
by an effective one-electron interaction, thereby leading taontributions to the totahg are usually quite small in rela-
time savings without compromising the results in any seriousion to the second ordekg values.
mannef'?2 Exploiting spherical symmetry in the atomic In general, the nine lowest excited states of each |
mean-field integralAMFI) program by Schimmelpfenmiyy  quired symmetry species were calculated and used in
drastically reduces computational expenses. Herein, the m&OS. In two cases, the 9-root expansions had not converg
lecular mean field is replaced by a sum of atomic mean-fiel&and additional 20-root calculations were performed. The r
integrals. The atomic mean-field approximation has recentlgrence configurations, in the order of 100, were obtained
found its way into various fields of applicatié®;?®in par-  running a series of preliminary ClI calculations, and cons
ticular g-tensor calculations by other groups, e.g., Refs. 27f those configurations that haeé>0.003. For the final Cl,
and 28. a configuration selection threshold of @h (or smaller as

In the following, the new methoddVMRCI, AMFI, and  stated in the textwas taken, resulting in about 100 000-
Spock will be applied to the calculation af-tensors for a 500000 CSF's to be used for matrix diagonalization. To tl
standard set of radicals. The standard set contains syster@$ energies, the sum of the second-order Mgller—Ples
for which g-tensor results, both experimental and theoretical(MP2) energies of the neglected configurations is added, ¢
are available in the literature, such that the new results can k& Langhoff—Davidson correctioi,to account for triply and
judged against previous theoretical values obtained by us artigher-excited configurations, is applied. Please note that
by other groups, and compared with experimental resultshe new MRCI programs, an energy extrapolation, as done

"METHODS
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the MRD-CI package, is not performed. Rather than a frac-
tion (\), the total sum of the energies of the neglected con-
figurations is added to the Cl energies.

Routinely, the TZVPP basis set by Schafer et al.* was
used. In order to study the effect of diffuse functions on the
g-tensor, additional TZVPP+diffuse function (DF) calcula-
tions were performed. The diffuse functions were taken from
the aug-cc-pVDZ basis set,**~% and are 1s1pld functions
for first- and second-row atoms. The corresponding RI basis
sets were adjusted for the diffuse functions. For transition
metal compounds, however, diffuse functions were not
added.

Ill. RESULTS

The second-order g-tensor results obtained with the new
methods are given in Table II. Two separate columns show
vaues for the TZVPP and TZVPP+DF basis sets. Compari-
son is made with experimental results, as well as theoretical
ones obtained previously by us and by other authors. For
inclusion in Table I, we have selected publications that deal
with a large number of radicals, such as the DFT papers by
Schreckenbach and Ziegler (SZ) from 1997%" (separate col-
umn), and by Kaupp etal. (KRM) from 2002%" (under
“Other”). In the latter work, which is an extension of a
previous paper (Malkinaet al., 2000)* having essentially the
same authorship, the AMFI method is employed as men-
tioned before. Of the various density functionals used in the
KRM paper, we selected results for the B3PW91 and
BHPWO91 hybrid functionals, which are stated to be the most
satisfactory ones for transition metal complexes, and to give
results for main group radicals similar to those obtained with
the other functionals. Furthermore, in Table Il we included a
column for the coupled perturbed Hartree—Fock and Kohn—
Sham theory results of Neese*® specifically for the BP86
functional. Neese stated that the results using hybrid func-
tionals (e.g., B3LY P) showed dlight or no improvement over
those using the generalized gradient approximation (GGA,
eg., BP86) for radicals made of light atoms, but he aso
noted that the hybrid functionals failed completely for AIO
and H,CO™.*® According to Neese and KRM, the hybrid
functionals (e.g., B3LYP, B3PW91) gave dlightly better re-
sults for transition metal complexes, but were still in signifi-
cant disagreement with experimental Ag values.?* Also in-
cluded in Table Il is a separate column for the results
obtained by Jayatilaka, using a generalized Hartree—Fock
(GHF) method.*

Theoretical g-tensor results obtained by other authors
are listed in the last two columns of Table Il under * Other,”
or are given in the text. In particular, van Lenthe et al.
(LWA) developed a relativistic density functional method
within the zero-order regular approximation (ZORA) ap-
proach, and performed calculations on NO,, HCO, and
TiF;;* Belanzoni et al. (BLB) carried out ZORA calcula-
tions on AlO, BO, BS and 19 small metal compounds (e.g.,
ZnH, ZnF, HgCN, CdAg).*? Also mentioned will be results
by Quiney and Belanzoni (QB), who did Dirac—Hartree—
Fock (DHF) calculations on 19 diatomic hydrides, fluorides,
oxides and sulfides, including BO, BS, MgF, ZnH, and
ZnF,* and by Vahtras et al., who developed ab initio re-

Brownridge et al.

sponse theory methods for ROHF and MCSCF wave
functions.?4* Lushington recently reported small closed-
form Cl expansion g-tensor results for H,O", MgF, NO,,
CO™, and H,CO™.%

A. Diatomic radicals

For al diatomic radicals, the contributions of 121 and
2211 to Ag, are given in Table 111 for the TZVPP basis set.

1. CO*, CN, BO, BS

All these radicals have nine valence electrons (VE) and a
23" ground-state (GS) with an electronic configuration of
%o, The perpendicular component, Ag, , arises from the
coupling of the GS with the manifold of 2IT excited states. In
al cases, the major contributions to Ag, come from 1 21T
and 2 21, both being negative, as shown in Table I11. For all
four radicals, Ag,(22I) is larger in magnitude than
Ag, (1210).

For CO™ and CN, Ag, is caculated to be slightly less
negative than the experimental value, whereas most other
theoretical Ag,’s, including Lushington’s (—2537 ppm)*®
and our own MRD-CI value for CO*, are more negative.

For BO, the new Ag, is close to our previous MRD-CI
value® It is seen from Table |1 that the new and all previ-
ously calculated Ag, 's are much more negative than the ex-
perimental result of —1100 ppm.

For BS, Ag, is calculated to be close to the experimen-
tal result and to that obtained by QB (—7500 ppm),* but
much less negative than the density functional theory (DFT)
values from SZ and Neese.

There are no systematic differences between Ag, values
calculated with the two basis sets. Diffuse functions added to
a valence triple-zeta basis set with polarization functions ob-
viously have no strong influence on the results obtained for
these diatomic radicals.

The parallel component has, for all four radicals, second-
order contributions of less than 1 ppm. In first-order, our
previous calculations gave —174 ppm for Ag, of CO™,** and
—99 ppm for that of BO,*® agreeing quite well with results
listed in other theoretical studies. For al four radicals, the
experimental values of Ag, are much more negative (—700
to —1400 ppm), probably due to matrix effects.

2. MgF

This radical aso has 9 VE's and a 2" GS. It distin-
guishes itself from the previously discussed radicals in that
the contribution to Ag, from 2 2T is almost zero, whereas it
was the dominant contribution for the earlier ones (Table I11).
The calculated Ag,’'s are —2020/—1885 ppm, close to our
former MRD-CI value of —1809 ppm,*® and similar to some
of the other theoretical results. QB obtained aAg, of —1400
ppm.*® All but Lushington’s (— 1151 ppm)*® and Jayatilaka's
(—1314 ppm)® results are more negative than the experi-
mental value of —1300 ppm.

The parallel component in second-order is zero, and was
calculated to be —54 ppm in our earlier study.™®
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TABLE Il. New MRCI g-tensor results (second-order only) and comparison to experimental and other theoretical results. All results in ppm unless otherwise

noted.
TZVPP Grein® sz4 Neese® Jayatilakal
Redical Ag Expt.2 TZVPP® +DF? MRD-CI  DFT-GIAO BP86 GHF Other Other
co* Ag, — 1200, — 1400 0 0 - 174 —138 - 165 —42 —8g¢ —96"
Ag, — 2400, —3000 - 2015 —2225 — 2609 —3129 —2622 —2798 —2512 — 2426
CN Ag, —700 0 0 -137 - 145 —-63
Ag, — 2000 - 1715 — 1650 —2514 —2033 —1983 )
BO Ag, — 800 0 0 -99 -72 -92 —100 —100
Ag, —1100 -1735 —1635 —1899 —2298 —1924 — 1400 — 2500
BS Ag, —700, —800 0 0 -114 -83 -128 —100 - 500
Ag, — 8100, — 7900 — 7740 7120 — 8449 —9974 —9928 — 7500 — 12400
MgF Ag, —300 0 0 54 —60 -88 20 179 16"
Ag, —1300 —2020 —1885 —1809 —2178 — 2433 —1314 —1573 — 1740
AlO Ag, —800, —900 0 0 -114 —142 -153 —300
Ag, —1900, — 2600 - 1530 2175 —2284 —222 —2920 ) 800
ZnH Ag, — 2000, — 3300 0 — 2100 — 400
Ag, —17100, —18200  —14490 —1800 — 24900
ZnF Ag, 0 0 —400 —300
Ag, — 6000 - 7015 —43700  —6800
0, Ag, —294, —380 0 0 0 0
Ag, 2850, 2519 2900 2875 3100 2912
HCO Ag, O -85 -20 -270 -307 —183 —1849 - 176"
Agy,  —7500 - 7885 — 7870 —9468 — 7891 — 6859 — 7659 - 7778
Ag,, 1500 2175 1875 2749 2183 2073 2320 2303
H,0" Agy,, 200 15 15 —249 103 -185 —229 — 1749 —175"
Agy, 18800 16025 15710 15733 13824 11475 12704 11983 11676
Ag,, 4800 4210 4170 4105 5126 4412 3306 3721 3827
NO, Agy, 3900 3400 3600 3571 4158 3281 3368 4286¢ 3888"
Agy,,  —11300 —-11830 11790  —10296  —13717 —~11270  —11008 —-12328  —11918
Ag,  —300 — 440 — 605 - 537 — 760 - 706 —-623 —725 - 628
co, Ag,, 700, 880 655 560" e 1522 490 805 - -
Agy,,  —4800, —5070 —5080 —4530 —7210 - 5151 — 4767
Ag,,  —500, —710 —1110 —340 —803 —969 —571
NF, Agy,, ~ —100 —470 —-90 —738 - 636 —447 —758¢ — 644"
Ag,, 6200 5985 6370 7619 6970 5649 6258 6547
Ag,, 2800 3220 3690 4678 4264 2892 3564 3955
NO3~ Ag, 600, 1500 -105 100" —472
Agy, 5500, 7600 6255 6680 9082
Ag,, 4800, 4700 3705 2700 4319
0, Agy, 200, 1300 - 150 20 — 475 —554 — 476 —597
Agy, 14700, 16400 15015 16890 16673 19380 15323 17933
Ag,, 9700, 10000 10385 10360 10121 10542 8736 10945
clo, Agy,  —100° 1300° -351 —40 S - 455 -512 - 301
Agy, 13400, 16000 17790 14435 12292 14569 13690
Ag,, 10200, 6500 11740 9620 10606 11416 17690
H,CO*  Ag,, 4600 5840 5835 5510 6231 5507 5472 6252
Ag,,  —800 240 200 -50 —1220 - 678 927 —326
Ag, 200 300 485 1296 76 18 2976 4219
TiF® Ag, -111, -37 -09' -7 -09 —1.4° 05"
Ag, —-111.9, —123.7 -1153 —428 -307 —-714 -975

“Experimental values cited from Refs. 37, 38, 40, 44, 49, and 50.
bThis work.

°MRD-CI results from Refs, 12—15 and 51.
9Results from Ref. 37.

“Results from Ref. 39.

'Results from Ref. 40.

9BHPWOL results by KRM from Ref. 27.
"B3PWOL1 results by KRM from Ref. 27.

IDHF results by QB from Ref. 43.

ZORA results by BLB from Ref. 42.

“DFT (BP86) results from Ref. 48.

'MCSCF results by Vahtras et al. from Ref. 44.

"Results for 20 roots. With 9 roots, Ag,,= — 1070, Ag,,= —4615, Ag,,= — 385 ppm.

"Results for 20 roots. With 9 roots, Ag,,=70, Ag,,=6535, Ag,,=1335 ppm.
°ClO, in Ne matrix (Ref. 53).

PCIO, in a KClO, host crystal (Ref. 54).

9MCSCF results by Vahtras et al. from Ref. 28.

"Closed-form CI results by Lushington from Ref. 45.

“Results in ppt. Agj=Ag,,, Ag, =average of Ag,, and Ag,, .

'SVP basis set; first-order included, see text.

“Values calculated by LWA (Ref. 41) using the DFT-GIAO programs of SZ (Ref. 37).

VDFT results from Ref. 57.

Downloaded 15 May 2003 to 134.99.82.26. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp

93



3. METHODENENTWICKLUNG UND IMPLEMENTIERUNG

9556 J. Chem. Phys., Vol. 118, No. 21, 1 June 2003

TABLE IlI. Second-order contributions of 4TT and 22IT to Ag, (ppm) for
diatomic molecules having ¥ 5" ground state, and of 31, and 2°I1,
for O, with a X 3E§ ground state. TZVPP basis set.

Radical ~ Ag, (12I/1°1y)  Ag, (2211/2°M;)  Ag, (total)
co* —-526 —-1778 —-2015
CN —-328 —1420 -1715
BO —590 —1217 -1735
BS —2887 -5101 —7740
MgF —1994 -6 —2020
AlO 2342 —3696 —1530
ZnH —15626 —271 — 14490
ZnF -1022 —6948 -7015
0, 2802 —433 2900

3. AlO

In the past, theg-tensor calculation of AIO presented
many difficulties. The first calculation was done by ¥z,
who obtained\g, = —222 ppm, compared to an experimen-
tal value of—1900 ppm(in Ne matri¥. In a systematic study

done by this group, it became necessary to use natural orbit-

als (NO) in order to arrive at a reasonable result fog,
(—2284 ppm.** CI wave functions based on MO’s gave

Brownridge et al.

Our results forAg, , given in Table Il, are in good
agreement with experimental values of17 100 (in Ar
matrix)*® and —18 200 (in Ne matri¥® ppm for ZnH, and
—6000 ppm for ZnF. QB obtained-1800 for ZnH, and
—43700 for ZnF, whereas the ZORA results of BLB ar
—24900 and—-6800 ppm for ZnH and ZnF, respectively.

Table Il shows that the dominant contributionAgq, is
due to 12IT for ZnH, and to 2II for ZnF. For ZnF, the
contributions toAg, are similar to those of CH, CN, BO,
and BS, in thang, (2 2TI) is larger in magnitude thafg,
(12I1), and both components are negative. Thg, of
ZnH, like MgF, is dominated by the interaction of the groun:
state with 1°11.

The second-order contributions fog, are zero in both
cases. First-order ROHF calculations gi¥g,=—110 ppm
for ZnH, and —130 ppm for ZnF, both values being very
small. While the experimentalg, is zero for ZnF, in agree-
ment with our result, it is=2000 ppm(in Ar matrix; —3300
ppm in Ne matrix for ZnH. Interestingly, QB obtained
2100 ppm forAg, of ZnH.

—3375 ppm. The improvements due to using NO's were ex2- O2

plained by a configuration change aroung, Requiring the
wave function to have two-configuration character. Vo

As an example of a triplet molecule, they components
of O, were calculated. For both basis sets, thg, results

of AlO s difficult to calculate since the contributions from gre nearly identical, lying close to the higher of the twi

1_2H and 2711 are of similar magnitude, but have opposite gxperimental values given in Table (2850 ppr. The only
sign, as shown in Table IlI. In all previously discussed case$iner theoretical values are by Patchkovskii and Ziegl

of diatomic molecules with 9 VE's, the signs of the contri- (3100 ppm’® and Vahtraset al. (2912 ppm.* For Ag, we
butions from 12IT and 2°IT were the saméor 2°IT gave @  gpiain an ROHE result of 277 ppm®

near-zero contribution for MgFAIso, Ag, depends strongly
on the2 bond distance since the potential curvesXge *
and 1211 cross atR=1.85 A (the equilibrium distance is . . .
1.618 A), causingAE to approach zero anlg, to approach 6. General trends for diatomic radicals
infinity as one gets nearer to the crossing point. These tech- According to Table Ill, for CO, CN, BO, and BS, both
nical difficulties can possibly be avoided by computing the1 ?IT and 2?I1 make negative contributions thg, . The
g-factor in the basis of vibronic states. A similar techniquefirst 2T results from ar— o excitation, of DOMG-SOMO
has been applied previously to the computationA\oflou-  type, whereas the second one results from—7*
bling in the vicinity of potential curve crossing8. (SOMO—virtual MO). According to well-established
To further complicate matters, the observad, also  rules?® DOMO—SOMO excited states should contribute
depends strongly on the matrix used, with experimental valpositively to Ag, , opposite to the findings for the above
ues ranging from-1900 for a Ne matrix to-5000 ppm for  four radicals, and SOM&- virtual MO excited states should
a Kr matrix*” From the known rotational coupling constant, contribute negatively, in agreement with our results. On tt

using Curl's equation, a gas-phase value Aqy, of about
—1450 ppm has been derived by iis.
The newly calculated\g, of —1530 ppm without DF’s,

other hand, for AlO the rules are followed for botfl and
2211. This situation is discussed in more detail in Ref. 1<
There it is shown that BN and BP behave like BO and

and—2175 ppm with, are among the best values obtained sBS, whereas AIN, AlS, and AIP" behave like AlO. It might

far by theoretical methods.

also be mentioned that SiQ discussed in Ref. 13, has a

The parallel component has again a very small contribupositive and a negative contribution fog, from 12I1 and
tion in second-order perturbation. Its first-order contribution2 2TI, respectively, similar to AlO.
was previously calculated by us to bell4 ppm, in good For MgF, as well as Bet the lowesfII state is due to
agreement with other theoretical resulait quite different o—#*, and contributes negatively, as expected. As heth
from the experimental value 6f800 ppm). and«™* are localized on Mg or Be, such contribution is large

In contrast, ZI1, from m—a, contributes little sincer is
4. ZnH and ZnF localized on F.

The valence electrons ares4and 3 on Zn, 1s on H, For ZnH, the lowestIl state(at 4.29 eV results from
and X and 2 on F, to give a total of 13 VE's for ZnH, and the o— ™ excitation. As thes MO is localized mainly, and
19 for ZnF. For both radicals, only the TZVPP basis set waghe #* MO exclusively on Zn, bothL) (—0.81 a.u. and
used. (SO (162 cm' Yy are large, leading to a sizeable negativ
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Ag, contribution from 1 2IT. All other ?II states lie much
higher in energy, including the 77— o state (about 10 €V), and
practically do not contribute to Ag, .

The situation for ZnF is quite different. Here, 1211,
from 7—o, and 2 2T1, from o—=*, do mix, and therefore,
have similar energies (5.06 and 5.98 eV, respectively). The 7
MO is localized mainly on F, but o and #* reside on Zn.
Therefore, (L) and (SO) are small for 1211 (—0.25 au.,
40 cm™1), but much larger for 2 IT (—0.63 a.u., 130 cm™1).
As the numbers show, both make a negative contribution to
Ag, , athough according to the previously stated rules, 1 2IT
should lead to apositive Ag, . Since Zn has a closed d-shell,
the Ag results for both ZnH and ZnF are typica of corre-
sponding main group radicals rather than transition metal
compounds.

To conclude, O, has a o575 occupation, and only one
valence 31'[g state, resulting from oy — 7y, isof rel evance.
It makes, as expected, a positive contribution to Ag, .

B. Polyatomic radicals

In Table 1V, the three most important contributions to
the components of Ag are given for the polyatomic radicals
studied here. The contributions to Ag are governed by the
selection rules of the angular momentum operator. For HCO,
in Cg symmetry (with the molecule in the xy-plane), Agy,
and Ag,, result from coupling of X ?A" with ?A” states, and
Ag,, from coupling with 2A’ states. For C,, molecules (in
the yz-plane), the three components of Ag (in the order x, vy,
z) arise from coupling with 2B, 2B, and ?A, excited states
if the GSis2A, (NO,, CO, ), from coupling with 2A,, 2A,
and 2B, dtates if the GS is 2B, (H,O", NF,, NO, , O3,
Cl0,), and from coupling with 2A;, ?A,, and 2B, states if
the GSis 2B, (H,CO").

1. HCO

With the atoms placed in the xy-plane, the x and y com-
ponents of Ag mix, and a matrix diagonalization is required.
According to Table 1V, the (undiagonalized) xx component
has large contributions from 42A”, 62A”, and 32A" for
TZVPP, and from 62A", 72A", and 12A” for TZVPP
+ DF, with anear cancellation between the first two termsin
the latter case. The yy component is dominated by 1 2A” for
both basis sets, due to its low energy, and (L) as well as (SO)
being relatively large. After diagonalization, Ag,, (—85/—20
ppm) and Agy, (—7885/—7870 ppm) (Table 1) are close to
the experimental values of 0 and —7500 ppm, respectively.
Other theoretical results, given in Table |1, range from —176
to —307 ppm for Ag,,, and from —6859 to —9468 ppm for
Agyy . The out-of-plane component, Ag,, (2175 ppm from
TZVPP) is closer to the experimental value than other theo-
retical results. Contributions to Ag,, arise mainly from
62A’, 42A", and 22A’ (TZVPP), dl being positive.

Spin-unrestricted GGA values by LWA are —300 for
Agyy, —9700 for Ag,,, and 2700 for Ag,,.**

2. H,0*

This radical has a ?B; GS in C,, symmetry. The total
Agyy is small, and all individua terms in the SOS are aso

Calculation of EPR tensors 9557
small. Agy, is mainly due to 1%A; (16186 versus 16025
ppm for al 9 roots, using TZVPP), whereas Ag,, is domi-
nated by coupling with 12B, (4470 versus 4210 ppm in
total). Including first-order contributions, Ag,, was calcu-
lated to be —249 ppm, Ag,, was 15733 ppm, and Ag,, was
4105 ppm in our earlier work.'?

Referring to the general discussion given in the Introduc-
tion, this radical is the easiest we ever encountered, since all
three components of Ag are either close to zero or have only
one large contribution in the SOS. Despite the simple Ag
structure and the predominance of low-lying excited statesin
the Cl expansions, the results for Ag,, (listed in Table 1)
that were obtained by other theoreticians are much lower
(11 475-13824 ppm), well below the experimental value of
18800 ppm. In addition to the (poor) BP86 result given in
Table 11, Neese reports a Ag,, value of 17683 ppm using the
local density approximation, and a very large ZORA value of
46527 ppm.*® MVS stated that Kohn—Sham based methods
may have difficulty with radicals such as H,O", for which
the HOMO and SOMO are nearly degenerate.®® Lushington’s
closed-form CI results of —302, 17300, and 5133 ppm for
the respective x, y, and z components® are in good agree-
ment with experiment.

3. NO,

As mentioned in the Introduction, NO, has been our test
molecule in the development of the g-tensor methods, and
the first ROHF® as well as MRD-CI*2 cal culations were done
on this radical. Results obtained with the new methods are
similar to our previous ones, and close to the experimental
values. The major contributions to Ag,, are 12B,, 32B,,
and 5 2B, (in both basis sets), whereas Ag,, derives amost
exclusively from coupling with 1 2B; . Most other theoretical
results are similar to the ones obtained here, and to the ex-
perimental values.

Not listed in Table Il are spin-unrestricted GGA ZORA
results by LWA of 4200, —13800, and —800 ppm for the x,
y, and z components, respectively;*! and the closed-form Cl
results by Lushington of 3785, —10071, and —333 ppm,
respectively.*

4. co;

Like NO,, CO, is a 17 VE radica. The Ag,, compo-
nent has sizeable contributions from 1 2B,, 2%B,, and 5 °B,
without DF’s, but only from 12B, and 2 2B, with DF'sin a
9-root calculation. Due to a large positive contribution of
52B, without DF's, Ag, is positive (655 ppm), close to the
experimental values of 700 and 880 ppm, but differs drasti-
cally from the negative value of —1070 ppm obtained in the
9-root calculation with DF's. All other theoretical results for
this component are positive. We, therefore, concluded that
with diffuse functions the root corresponding to 5 2B, was
missed, and should occur beyond 9 2B,. In a 20-root recal-
culation of the 2B, manifold for the basis set including dif-
fuse functions, the equivalent to root 5 2B, without DF's was
found asroot 13. The latter root has (L), (SO), and AE values
similar to its 5 B, counterpart, and Ag,, (20-root) becomes
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TABLE IV. Dominant second-order contributions from various excited states to Ag (ppm) for nonlinear mol-
ecules, in order of decreasing magnitude.

Radical Component Ag (@* Ag (b)? Ag (0)? Ag (total)?
HCO(X ?A") Agy (PA")P (4) —667 (6) 277 (3) 123 - 620
(6) =771 (7) 642 (1) —385 —550
Ag,,(?A")° (1) —7652 (2) 199 (4 —44 —7350
(1) —7621 (2) 180 (6) —53 — 7345
Ag,,(?A") (6) 1159 (4) 542 (2) 466 2175
(6) 1109 (3) 461 (8) 459 1875
H,O" (X B,) Agu(?Ay) (1) 176 (2) —92 4 -75 15
(1) 166 (2) —86 (4) —80 15
Agyy (A7) (1) 16186 (2) —154 (4) 38 16 025
(1) 15853 (2) —148 (5) 22 15710
Ag,(?By) (1) 4470 (2) —224 (9 30 4210
(1) 4421 (2) —220 (9 15 4170
NO,(X 2A;) Agy(?B,) (5) 2371 (3) 763 (1) 760 3400
(5) 2407 (1) 651 (3) 346 3600
Agyy(*By) (1) —11929 (2) 165 (4) 93 —11830
(1) —11869 (2) 179 (4) —84 —11790
AgL(%A,) (5) 1569 (4) —786 (6) — 766 — 440
(3) —307 (1) —224 (8) —194 — 605
CO, (X 2A;)° Ag,(?B,) (5) 1847 (2) —540 (1) —349 655
(2) —696 (1) —292 (9) —89 —1070
(13) 1068 (2) —652 (12) 375 560
Ag,,(?By) (1) —5280 (3) 199 (7) 58 —5080
(2) —3996 (1) —671 (6) 195 — 4615
(2) —3657 (1) —815 (5) —207 —4530
Ag,(%A,) (8) —526 (1) —39% (4) 154 —1110
(1) —320 (9) —23 (6) —20 —385
(1) —321 (20) 51 (12) —45 —340
NF,(X 2By) Ay (%A,) (4) —2119 (5) 1627 (3) 655 —470
(8) —370 (4) 224 (7) —144 -9
Agy,(?A) (1) 6332 (6) —452 (2) 367 5985
(1) 6457 (3) —222 (9) 222 6370
Ag,,(?By) (2) 1719 (3) 1661 (5) 164 3220
(5) 3112 (2) 343 (3) 218 3690
NO3™ (X 2B,)° Agu(?A,) (4) —436 (7) 338 (3) 286 -105
(1) 230 (3) —155 (7) —53 70
(2) 278 (3) —199 (12) 196 100
Agy,(?A) (1) 7129 (3) —521 (2) —306 6255
(3) 6278 (5) —736 (6) 543 6535
(3) 6903 (5) —557 (1) 302 6680
Ag,,(?By) (3) 2153 (1) 1831 (6) 503 3705
(4) 1681 (1) —252 (2) —81 1335
(19) 2095 (9) 582 (1) —423 2700
0; (X ?B,) Agy(PA,) (2) —1299 (3) 980 (5) 135 —-150
(2) 160 (3) —130 (7) 47 20
Agy,(?A) (1) 15495 (3) 540 (9) —453 15915
(1) 16113 (8) 675 (2) 217 16 890
Ag,,(?By) (1) 5523 (4) 2400 (3) 1730 10385
(1) 5896 (6) 4465 (2) —172 10360
ClO,(X 2B,) Agy(%A,) (9) —409 (8) —266 (5) 252 —-350
(6) 319 (7) —252 (3) —146 —40
Agyy(PA) (1) 18887 (2) —4276 (3) 3026 17790
(1) 17660 (2) —6681 (4) 2956 14435
Ag,(?By) (4) 9880 (1) 4295 (2) —3654 11740
(4) 9403 (2) —4256 (1) 3666 9620
H,CO™ (X ?B,) Agy(%Ay) (1) 5541 (4) 307 (3) —170 5840
(1) 5507 (4) 201 (3) —158 5835
Ag,,(?A;) (1) 1528 (2) —1224 (5) —51 240
(1) 1467 (2) —1216 (5) —47 200
Ag,(%By) (1) 3718 (2) —3412 (3) —189 300
(1) 3861 (2) —3364 (3) —197 485
TiF5(X 2A)° Agu(?By) (1) —112819 (7) 903 (3) —544 —112 560
Agy,(?A;) (1) —116140 (8) —1671 (5) 1089 —116910
Ag,,(?By) (6) —167 (2) 123 (7) —44 -9

®Root numbers in parentheses. First line=TZVPP, second line=TZVPP+DF basis set.

®Ag, and Ag,, before diagonalization.

°Third line=TZVPP+DF basis set, 20 roots.

94SVP basis set. TiF, has Dy, symmetry, with a 2A; ground state; here, C,, notation is used.
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560 ppm, close to 655 ppm obtained without DF's. In Table
1V, the 20-root results are given in the third row of each
Agii .

The Ag,, component is dominated by 12B; (as for
NO,) without, but by 2 2B, with DF’s. In the latter case, the
12B, state is mainly of diffuse character, as indicated by
smal (L) and (SO) contributions. A 20-root calculation
hardly changes the 9-root result (Table V).

Similar to the x-component, Ag,, has several negative
contributions above =100 ppm without DF's, but only one
with DF's. The total Ag,, is —1100 without, —385 ppm with
DF's in a 9-root calculation, and —340 ppm in a 20-root
calculation. The experimental results (—500, —710 ppm) lie
in between.

Theoretical literature values as reported in Table 11 range
from 490 to 1522 ppm for Ag,,, —4767 to —7210 ppm for
Agyy, and from —571 to —969 ppm for Ag,,.

5. NF,

This radical has 19 VE's and a ?B; GS. The SOS for
Ag,, consists of positive and negative terms, resulting in a
small total value, whereas Agy, is dominated by 1 2A,. For
Ag,,, however, the SOS has its largest contribution from
52B, when diffuse functions are used and from 2 2B, and
32B, without diffuse functions. Contrary to the case of
H,O" (also having a X?B; GS), there is no contribution
from 1 2B,. Such ashift in the leading excited states is prob-
ably caused by the fluorines introducing new low-lying and
more diffuse excited states which are of little significance to
Ag.

The small Ag,, component has an experimental value of
—100 ppm, being less negative than the calculated ones (ex-
cept TZVPP+DF) that range from —447 to —758 ppm.

Our results for Agy,, 5985/6370 ppm, lie below and
above the experimental value of 6200 ppm. Other theoretical
results listed in Table Il range from 5649 to 7619 ppm. Both
of our calculated Ag,, vaues lie above the experimental
counterpart. Most of the DFT results are even higher. Only
Jayatilaka's GHF result (2892 ppm)® is close to the experi-
mental value of 2800 ppm.

6. NOZ~

This dianion is isoelectronic with NF,, and also has a
2B, GS. NO3~ is unstable with respect to the loss of an
electron. The EPR spectra of NO3~ were obtained by irra-
diation of KNO,-doped KN; crystals.>!

As before, the contributions to Ag,, (from 2A, excited
states) are small. Agy, is dominated by 1 2A; without diffuse
functions and by 3 °A; with DF’s, but Ag,y(tot) is nearly the
same for both basis sets. The 9-root results for Ag,, (total)
depend very much on the basis set: 3705 ppm without DF's
versus 1335 ppm with (the experimental values are 4700—
4800 ppm). The large difference can be explained by DF's
introducing diffuse and low-lying excited states which are
not contributing to Ag,,, thereby pushing the needed va-
lence states to higher roots or spreading them over diffuse
states.

Calculation of EPR tensors 9559

As for CO, , the MRCI calculations with diffuse func-
tions were redone for 20 roots. The results, given in the third
line of Table IV, show little change for the xx and yy com-
ponents, but Ag,, moves from 1335 to 2700 ppm, closer to
the non-DF result of 3705 ppm. Without diffuse functions,
12B, and 3 ?B, make large positive contributions. With dif-
fuse functions, and 9 roots, 1 2B, movesto 4 2B,, but 3°B,
has no equivalent. With 20 roots, 12B, corresponds to
92B,, which, however, is of mixed character, and 3 2B,
corresponds to 192B,, the highest root we ever found to
make a significant contribution to Ag. The essential ingredi-
ents, (SO), (L), and AE, have similar values for 3 2B, with-
out, and 192B, with DF's,

The calculated Agy,, in both basis sets, compares well
with experimental results. For Ag,,, the TZVPP vaue is
closer to the experimental one. For the small Ag,, compo-
nent, experimental values are much larger than the calculated
ones, as has also been seen for the small component in other
radicals.

SZ obtained a much larger Ag,,, which lies well be-
yond the experimental results, and a Ag,, which is close to
the experimental value.®” Their optimized geometry is very
similar to ours.

7. 05

This radical is also isoelectronic with NF, and NO3™,
and again has a?B, ground state. Ag,, is close to zero due to
near cancellation of two large terms in the non-DF case, or
small terms only in the DF case. Agy, is dominated by
12A,. Contrary to NO3~, diffuse functions do not lead to
any difficulties regarding missing 2B, states for O3 . With or
without DF's, Ag,, is about 10400 ppm, although with DF's
the major contributions come from 12B, and 6°2B,,
whereas without DF's they are mainly due to 12B,, 32B,,
and 4°2B,. O; is obviously not as diffuse an anion as
NO3~, and the use of diffuse functions actually improves
the convergence of the 2B, series.

The new results for Ag,, and Ag,, are in good agree-
ment with the experimental and our MRD-CI% as well as
other theoretical results. Lacking first-order contributions,
the new Ag,, vaues are close to zero. Our previous
MRD-CI value for Ag,, is about —500 ppm, in line with
other theoretical results, whereas both experimental numbers
are positive.

8. Clo,

Again, ClO, isa 19 VE radical, with a X ?B; GS. As for
O3 , Agyy is composed of small terms only (see Table 1V).
The dominating contribution to Agy, from 1 2A; issimilarin
both basis sets. Large contributions also come from 2 2A;
and 32A; (22A,; and 4 ?A, with DF’s), which are of oppo-
site sign and nearly cancel each other without DF's, but dif-
fer by about 3700 ppm with DF’s, resulting in Ag,, (tot)
values that differ by 3355 ppm. For Ag,,, the largest term
derives from 42B,, but smaller terms due to 12B, and
22B, have opposite sign, nearly canceling each other: The
difference between the 12B, and 22B, contribution is
~+600 ppm without DF's and —600 ppm with DF'’s, giving
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Ag,,(tot)’s of 11 740 and 9620 ppm, respectively. Our results
for Ag,,, aswell as those of SZ and Neese, are close to the
experimental Ne matrix value of 10200 ppm,* which differs
significantly from the result in a KCIO, host crystal (6500
ppm).*>*

The MCSCF response theory AMFI results of Vahtras
et al. are in good agreement with experimental values for
Agyy (30 ppm) and Ag,, (13690 ppm), but Ag,, (17690
ppm) is poor; their results are virtualy identical to those
obtained in a full spin—orbit calculation (210, 13730, and
17800 ppm, respectively).?®

9. H,cO*

The ground state of H,CO" is X ?B,. The Ag results
with or without DF's are similar. The Ag,, component is
dominated by 12A;, whereas Ag,y has large contributions
from 12A, and 2 2A,, of opposite sign, resulting in a small
Ag,, of about 200 ppm. A similar situation is encountered
for Ag,,, where 12B; and 2 2B, nearly cancel, resulting in
Ag,,=300/485 ppm. When including the first-order contri-
butions of about —300 ppm for each component, as calcu-
lated in our previous work,™ the total Ag’s are now about
5550, —50, and O ppm for the three components, respec-
tively. While the first two agree with our previous results,*®
Ag,, was then calculated to be 1296 ppm. In second order,
the positive contribution from 12B; was somewhat larger,
and the negative one smaller in magnitude such that the sum
of the two terms (1530 ppm) was more than three times the
sum we obtained here. While we find no big changes in the
individual AE, (SO) and (L) values, the required expressions
(((SO) (LY)IAE) just happen to develop in opposite ways.

Although the new Ag,, of about O ppm is closer to the
experimental (matrix) value of 200 ppm than the formerly
obtained 1296 ppm, in the previous paper’® we suggested
that the gas phase (rather than matrix) Ag’s should be about
5500, 100, and 1100 ppm, respectively, based on an estimate
of matrix effects given in the experimental paper.® There-
fore, Ag,, of 1296 ppm is closer to the estimated gas phase
Ag,, than our new value. Most likely, the final word on this
problem has not yet been spoken.

For the large Ag,, component other theoretical results,
listed in Table I, are similar to ours. For Ag,,, SZ and
Neese are in reasonably good agreement with the experimen-
tal value of —800 ppm, whereas Jayatilaka's result is posi-
tive and relatively large. For Ag,,, SZ and Neese obtained
results close to zero, but Jayatilaka's value is very large. Not
listed in Table Il are the closed-form CI results of Lushing-
ton, which gave reasonable values for Ag,, (6252 ppm) and
Agyy (—326 ppm), but a poor result for Ag,, (4219 ppm).*®

10. TiF;

TiF; has D, symmetry with a®A] GS; Agy, and Agy,
result from coupling with ?E” excited states. Our Ag calcu-
lations were done in C,, symmetry (X 2A;), such that the
degenerate Ag,, and Ag,, (Ag,) derive from coupling of
X 2A, with 2A, and 2B, states, respectively, and Ag,, (Ag,)
from coupling with 2B, states. For checking the accuracy of
our calculations, we evaluated Ag, for both A, and 2B,

Brownridge et al.

states. Due to the independent selection of reference configu-
rations and extrapolation for A, and 2B, states, dightly dif-
ferent values were obtained for Ag,, and Ag,,, ashownin
Table IV (the degenerate components of Ag will aways be
called Agy, and Agy,, and the nondegenerate one Ag,,,
corresponding to the D3, notation).

The cal cul ations were performed with Schafer et al. SVP
basis set,®® having valence double-zeta plus polarization
character, at a configuration selection threshold of 1 xh (be-
fore always 5 uh), for nine roots of each irreducible repre-
sentation. Only the 4s and 3d electrons of Ti, and the 2p
electrons of F, were left open for excitations, resulting in 19
VE's.

The 2B,, 2B,, and ?A, states in C,, symmetry aso
include D3y, states that are not coupling to the GS, such as
A,, A7, A7, and E’, which, however, are characterized by a
low (L) (idedly zero) and, therefore, should make no, or
insignificant, contributions to the total Ag.

The 2B, /?A, degeneracy can be verified for most roots
(see Table 1V). Root 1 makes by far the largest contribution,
with —112.8 and —116.1 ppt (parts per thousand) for 1 2B,
and 1°2A,, respectively. The corresponding AE, (SO) and
(L) are 0.644 eV, —98.5 cm™* and 1.447 au. for 1?B,, and
0.624 eV, —98.3cm %, and 1.446 au. for 1%A,, are in-
deed in excellent agreement with each other, supporting the
high level of CI calculations. Adding contributions from
the other 8 roots leads to Ag,,= —112.6 ppt for 2B;, and
Agy,,=—116.9 ppt for 2A,, for an average of —114.7 ppt.

For the parallel component Ag,,, al roots of 2B, have
small contributions, none larger than 170 ppm. The SOS
gives —90 ppm. Since the experimental Ag, is —11.1 or
—3.7 ppt, and other calculated values are in the order of —1
ppt, we decided to investigate the contributions due to first-
order perturbation theory. First-order values calculated for
main group systems are usually small, in the order of —100
to —200 ppm, however they may be much larger for transi-
tion metals. Using the GsTEPS package®’ which is based on
ROHF wave functions, we obtained in first-order Ag,,
=Ag,y=—0.6ppt and Ag,,=—0.8 ppt. Adding the ROHF
first-order contributions to the new MRCI second-order re-
sults gives final calculated values of —115.3 ppt for the in-
plane, and —0.9 ppt for the out-of-plane components of Ag.
The latter value is in good agreement with results obtained
by other researchers.

It is interesting to note that most of the DFT results for
the perpendicular component are close to our ROHF value
(—55.5 ppt for first- and second-order perturbation), such as
the B3PWOI1 result by KRM (—48.8 ppt),” the vaue of
—42.8 ppt by LWA* using the DFT-GIAO programs of
S7,% or the B3LY Presult of —46.1 ppt by Neese (better than
the BP86 value of —30.7 ppt given in Table I1).%° The best
literature values are those by Belanzoni et al.,>” with Ag,
=—97.5ppt and Ag,=0.5 ppt.

IV. DISCUSSION

For most radicals, calculations were performed with two
basis sets, one being TZVPP (SVP for TiF3), the other
TZVPP with added diffuse functions. In genera, diffuse
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functions give rise to additional excited states of diffuse
character, which do not contribute much to Ag, but may
slow the rate of the SOS convergence. For diatomic radicals,
differences in Ag only show for AlO, where TZVPP+DF
results are closer to our previous MRD-CI value. Since, how-
ever, Ag, of AlO is a highly sensitive property, as outlined
earlier, and since the MRD-CI results were obtained with
natural orbitals, the good agreement may be fortuitous, and a
conclusion about which basis set is better should not be
drawn for this case. For ZnH and ZnF, only the TZVPP basis
set was used.

Problems encountered in the initial 9-root calculations
for Ag,, of CO, and Ag,, of NO§’ were addressed by
allowing for 20 roots in the TZVPP+DF basis set. Hereby,
Agyy of CO, movesfrom —1070 to +560 ppm, close to 655
ppm obtained with TZVPP, and Ag,, of NO3~ changes from
1335 to 2700 ppm: Closer to, but still well below, the TZVPP
result of 3705 ppm.

We now like to compare the new results with those pre-
viously obtained by Grein and co-workers, available for nine
of the 19 radicals studied here. Both methods employ multi-
reference wave functions, with the new method using ap-
proximations in the treatment of two-electron integrals and
in the evaluation of spin—orbit matrix elements.

A look at Table Il reveals significant differences only
for Ag,, of H,CO", where the new results of about 300—
400 ppm are compared with about 1300 ppm obtained ear-
lier. As mentioned in the previous section, we believe that
the MRD-CI result is closer to the experimental gas-phase
vaue, although this hypothesis needs confirmation.

Besides this drastic case, there are severa instances of
10%-20% differences, like Ag, (CO") being about —2100
ppm with the new, and about —2600 ppm with the old
method. Unfortunately, at this time we cannot say which re-
sults are better, as most experimental values show deviations
of this magnitude. It is hoped that more definitive gas-phase
values will become available in the future, alowing for re-
finements in the theoretical treatment.

Finally, the new results presented here may be compared
with other theoretical results. Such comparison has been
made in the previous section for individua radicals. Com-
parison with density functiona results is often difficult due
to the strong dependence of such results on the particular
functional used, which reduces the predictive value of the
method. For a particular approach, some functionals give
results in good agreement with ours, but other functionals
lead to quite different values.

A comparison with other correlated ab initio results can
only be made for CIO, and O,. For ClIO,, the MCSCF re-
sponse function method leads to values for Agy, and Ag,,
which are similar to ours, but shows a large deviation from
the experimental and from our result for Ag,,. It isnot clear
what causes such error. For O,, the agreement is good.

A comparison with noncorrelated ab initio results can be
made for the molecules examined by Jayatilaka, using a gen-
eral Hartree—Fock method (see Table I1). Overall, the results
agree well with experiment, but Ag,, and Ag,, for both
H,CO* and H,0" are, as Jayatilaka states, ‘* qualitatively
wrong.” 4
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V. SUMMARY AND CONCLUSIONS

In this work, g-tensors were calculated for 16 main
group radicals and three transition metal compounds, using
explicit term-by-term calculations in second-order perturba-
tion theory. In the sum-over-states expression, wave func-
tions and energies were determined by means of the efficient
MRCI method, due to Grimme and Waletzke. For the evalu-
ation of spin—orbit matrix elements, we used the new Spock
code that employs an effective one-electron spin—orbit op-
erator and thus avoids the explicit treatment of the expensive
two-electron terms of the spin—orbit operator.

The results obtained are of similar quality (asfar as com-
parison is possible) as those obtained by us earlier using the
MRD-CI method of Peyerimhoff and Buenker, in connection
with an explicit calculation of the two-electron part of the
spin—orbit operator. Agreement with experimental values is
good. For al radicals except ZnH, ZnF, and TiF;, we per-
formed calculations for two basis sets: One without, and one
with diffuse functions. In two instances, inferior results ob-
tained with diffuse functions in a 9-root CI treatment could
be traced to missing valence states. Such problems have been
dealt with by performing 20-root calculations.

Comparison with theoretical literature values, mostly ob-
tained with density-functional methods, was made; our re-
sults are generally similar or superior. A problem with DFT
methods is the large variation of the calculated Ag results,
depending on the functional used.

The new MRCI methods tested here have been applied
to gallium arsenide clusters Ga,,As, (m+n=3, 5), and to
other group 13/15 clusters. Publications on such work are
forthcoming. We are confident that with these new methods
g-tensors for systems with 40 to 50 valence electrons can be
reliably calculated.
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3.3 Spin-Bahn CI

Die Arbeit ,,SPOCK.CI: A Multi-Reference Spin-Orbit Configuration Interaction Method
for Large Molecules“(,,SPOCK.CI: Eine Multireferenz-Spin-Bahn-Wechselwirkungsmethode
fiir grofie Molekiile*) behandelt Spin-Bahn-Konfigurationswechselwirkung, also die gleich-
zeitige variationelle Behandlung von Spin-Bahn-Wechselwirkung und nichtrelativistischem
elektronischem Hamilton-Operator. Sie gliedert sich in einen programmtechnischen Teil,
der Aspekte der Implementierung des Spin-Bahn-CI und der daran angeschlossenen Mo-
dule zur Berechnung von Eigenschaften! beschreibt, sowie einen Anwendungsteil.

Ein Spin-Bahn-CI hat gegeniiber der stérungstheoretischen Behandlung der Spin-Bahn-
Kopplung Vorteile bei sehr schweren Elementen, sowie bei der Berechnung von Figenschaf-
ten. Bei der storungstheoretischen Behandlung sind die Wellenfunktionen der spinfreien
Zusténde eingefroren, das heifit sie kénnen nicht auf den Einfluss des Spin-Bahn-Operators
reagieren. Eine Relaxation der Wellenfunktion ist jedoch in Verbindungen mit schweren
Elementen unabdingbar, wie am Beispiel des PbH oder TIH gezeigt wurde[41; 42]. Anstelle
des Spin-Bahn-CI kénnte zwar auch eine sehr groie Storungsrechnung, also eine mit sehr
vielen storenden Zustidnden treten, jedoch ist der Aufwand dafiir grofl und die Konvergenz
fraglich.

Auch bei der Berechnung von Eigenschaften mit ungestorten Wellenfunktionen ist die
Konvergenz mit der Zahl der stérenden Zusténde oft schlecht und vor allem schlecht ab-
schétzbar. Hier bietet das Spin-Bahn-CI die Moglichkeit, die Zustandssumme zu vermei-
den.

3.3.1 Programmtechnischer Teil

Die Implementierung des Spin-Bahn-CI umfasst mehrere Teile:
e Den Aufbau der Startvektoren
e Die Berechnung des Produkts der Testvektoren mit der Hamiltonmatrix

e Die Diagonalisierung

3.3.1.1 Aufbau der Startvektoren

Fiir den Aufbau eines Startvektors werden die spinfreien CI-Vektoren aller Zusténde aus
dem DFT/MRCI mit den Koeffizienten des entsprechenden in SPOCK.PT erhaltenen sto-
rungstheoretischen Eigenvektors multipliziert. Der dabei entstehende komplexwertige Vek-
tor umfasst bereits alle beteiligten Multiplizitdten und Symmetrien. Ein Start mit unge-
storten Zusténden ist auch moglich. Dazu werden die spinfreien DFT/MRCI-Zusténde mit
entsprechend vielen Nullen auf die vollstéindige Dimension gebracht. Ein vollstdndiger
Neustart mit Einheitsvektoren als Startvektoren ist nicht vorgesehen.

3.3.1.2 Berechnung des Matrix-Vektor-Produkts

Zur Multiplikation der Testvektoren mit der Spin-Bahn-CI-Matrix werden der spinfreie
Hamiltonoperator und der Spin-Bahn-Operator nacheinander angewendet. Zunéchst wirkt

!Diese wurden von Jorg Tatchen im Rahmen seiner Dissertation geschrieben.
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der spinfreie Operator auf die Blocke gleichen Spins und gleicher Multiplizitdt. Die Rou-
tinen aus dem DFT/MRCI konnten hierzu weitgehend unveréndert iibernommen werden.
Der einzige Unterschied zum DFT/MRCI ist die gleichzeitige Anwesenheit aller Multiplett-
komponenten sowie die Komplexwertigkeit der Vektorkoeffizienten.

Bei der Anwendung des Spin-Bahn-Operators wurde von den Routinen zur Matrix-
elementberechnung des SPOCK.PT ausgegangen. Auch hier sind die Anderungen dann
nur noch gering. Zusétzlich zu den Spin-Bahn-Integralen und den Spinkopplungskoeffizi-
enten miissen auch die Matrizen mit den scaled-3j-symbols, sowie die Ergebnisvektoren
bis in die innerste Schleife weitergereicht werden. Dort wird dann, statt zum Spin-Bahn-
Matrixelement aufzusummieren, der jeweils errechnete Eintrag der Hamiltonmatrix mit
den Vektoren multipliziert und auf den Ergebnisvektor addiert. An dieser Stelle ist grofie
Sorgfalt vonnéten, da viele Quellen fiir Vorzeichenwechsel korrekt beriicksichtigt werden
miissen. Neben den Spin-Bahn-Integralen selbst, die im Gegensatz zu den Coulombintegra-
len antisymmetrisch sind, treten weitere Vorzeichenwechsel auf: aus der Beriicksichtigung
der Unterfille der Spinkopplung, durch die komplexe Arithmetik (evtl. Faktor i2 = —1),
aus den scaled-3j-symbols, sowie aus implementierungstechnischen Details, da das ,,obere”
und ,,untere” Dreieck der Matrix mit den gleichen Routinen behandelt werden.

3.3.1.3 Diagonalisierung der komplexen Matrix

Eine vollstédndige, exakte Diagonalisierung der CI Matrix ist nur etwa bis zu einer Gro-
Benordnung von etwa 103 bis 10* méoglich. Fiir grofere Matrizen scheitert dies sowohl an
der Rechenzeit als auch am Speicherbedarf fiir die Matrix bzw. die Eigenvektoren. Da die
zu behandelnden Matrizen in der Quantenchemie deutlich gréfler sind — im vorliegenden
Programm wird eine Gréfenordnung von 10° bis 107 angestrebt — miissen Niherungsme-
thoden angewandt werden.

Die Mathematik kennt eine Vielzahl von Methoden zur genidherten Berechnung von
Eigenwerten und Eigenvektoren groBer Matrizen, eine umfassende Ubersicht findet sich in
[43]. Einer der erfolgreichsten und fiir quantenchemische Probleme am besten geeigneten
Algorithmen ist der Davidson—Algorithmus[44]. Er wurde in seiner urspriinglichen Form
vom Quantenchemiker E. R. Davidson fiir CI-Rechnungen entwickelt. Seitdem hat er nicht
nur in der theoretischen Chemie weite Verbreitung gefunden. Wichtige Erweiterungen aus
quantenchemischer Sicht sind das root-homing[45], also die Moglichkeit, fiir eine bestimmte
einzelne Wurzel direkt zu 16sen, sowie das multi-root-Verfahren[46; 47]. Letzteres bietet die
Moglichkeit, mehrere Zustéinde an einem Ende des Spektrums gleichzeitig zu finden.

Der Davidson—Algorithmus ist ein Projektions—Methode. Dabei wird die grofle zu dia-
gonalisierende Matrix A auf einen Unterraum K mit Dimension k& projiziert. Aus den
Testvektoren b; ergibt sich die Projektionsmatrix zu:

Aij = (bi, Hb)) (3.43)

Kennt man einen geniherten Eigenvektor b; der Matrix H, so erfiillt er nicht die
Eigenwertgleichung, sondern es bleibt ein Restvektor r # 0 bestehen:

(H—e)b;=r, (3.44)

Setzt man nun

bi=b;— (H—e;) *r, (3.45)
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so ist b; Bigenvektor von H. Zwar ist es ebenso schwierig, die Inverse zu H bzw. zu
(H — e;) zu berechnen wie die Eigenwerte zu H, jedoch ergibt sich hier eine Moglichkeit,
eine Ndherung einzufiihren.

Die in der Quantenchemie vorkommenden Matrizen sind diagonal dominant: Auf und in
der Néhe der Diagonalen stehen die grofiten Zahlen. Ersetzt man nun bei der Invertierung
die Matrix H durch ihre Diagonale Dy, also (H —e;)* durch (Dg —e;)” ", so bleibt
lediglich die (triviale) Invertierung einer Diagonalmatrix iibrig, man erhélt aber auch nur
einen genédherten Korrekturvektor. Dennoch ist diese Ndherung recht gut, und in typischen
Fallen werden etwa acht bis zwolf Iterationen bis zur Konvergenz benéttigt.

3.3.2 Orthogonalitidtsprobleme

Voraussetzung fiir die Anwendbarkeit des Davidson-Algorithmus ist eine reelle symmetri-
sche oder komplexe hermitische Matrix. Bei der Diagonalisierung einer komplexwertigen
Matrix kann diese durch eine doppelt so grofle reelle Matrix ersetzt werden. Dieser Ansatz
war vom SPDIAG des BNSOC bekannt[48] und wurde auch zunéchst in SPOCK.CI imple-
mentiert. Der Vorteil dieses Vorgehens liegt darin, dass komplexe Arithmetik in der Im-
plementierung vermieden wird. Dieser Vorteil ist bei genauer Betrachtung keiner, denn bei
allen Operationen, aufler der Orthogonalisierung, wird genau die gleiche Anzahl an Rechen-
schritten ausgefiithrt. Die vermeintliche Einsparung bei der Orthogonalisierung entpuppt
sich jedoch als Fehler, der in Féllen mit entarteten Eigenwerten zu nicht-orthogonalen
Eigenvektoren fithren kann. Diese Problematik ist im Anhang der Verotffentlichung zum
SPOCK.CI ausfiihrlich erlautert.

Da sich das Phéanomen erst zeigt, wenn mit den CI-Vektoren Eigenschaften berechnet
werden, und auf die erhaltenen Energiewerte keinen Einfluss hat, wurde es im SPDIAG
nicht entdeckt, denn mit diesem Programm wurden nie Eigenschaften mit den erhaltenen
Spin-Bahn-CI-Vektoren berechnet.

Zur Behebung dieses Fehlers wiire es eigentlich ausreichend, die Orthogonalisierung
entsprechend anzupassen. Der Rest der Davidson—Implementierung miisste nicht gedndert
werden. Das im SPOCK.CI urspriinglich verwendete Davidson—Unterprogramm war dem
DFT/MRCI Programm entnommen und fiir das Spin—Bahn—CI modifiziert worden. Auch
die im DFT/MRCI verwendete Version war schon aus einem anderen Programm abgeleitet
worden und der Programmcode trug viele Altlasten mit sich. Fiir SPOCK.CI wurde daher
eine komplett neue Implementierung des Davidson—Algorithmus vorgenommen. Der Code
ist dabei allgemein gehalten, und es kann aus dem gleichen Quelltext wahlweise eine reel-
le, oder eine komplexe Version kompiliert werden. Dem Algorithmus kann per Parameter
mitgeteilt werden, wie viel Arbeitsspeicher er fiir die Vektoren verwenden darf. Die Min-
destanforderung sind hierbei zwei komplette SOCI-Vektoren. Steht ausreichend Speicher
zur Verfiigung, so werden alle Vektoren im Multi-Root-Verfahren gleichzeitig behandelt.
Reicht der Speicher dafiir nicht aus, so werden die einzelnen Schritte des Algorithmus’ in
jeder Iteration mehrfach jeweils mit einem Teil der Vektoren durchgefiihrt.

3.3.3 Testrechnungen und Anwendungen

Die grundsétzliche Funktionsfihigkeit des Spin-Bahn-CI Programms wurde anhand von
Testrechnungen an Metallatomen der 3. Periode verifiziert. Hierbei wurde weniger Wert
auf gute Ubereinstimmung mit experimentellen Daten gelegt, als vielmehr darauf geachtet,
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dass die Reihenfolge und Entartungen der einzelnen Feinstrukturniveaus korrekt reprodu-
ziert werden. Dies ist ein exzellenter Test fiir die gesamte Programmlogik. Alle Integrale
und Spinkopplungen miissen korrekt verarbeitet werden, um korrekte Ergebnisse zu produ-
zieren. Die Rechnungen am Arsenatom wurden im Artikel iiber Spinkopplungskoeffizienten
publiziert.[28] Sie zeigen eine, im Rahmen der Konvergenz, perfekte Entartung der einzel-
nen Niveaus. Rechnungen an Ubergangsmetallatomen mit anderen Multiplizitéiten zeigten
ebenso gute Resultate, sodass von einer technischen Funktionsfihigkeit des Programms
ausgegangen werden konnte.

An weiteren Testrechnungen am Dithiosuccinimid und am Pyranthion wurden wesent-
liche Eigenschften des neuen Programms einer Priifung unterzogen. Die Rechnungen zum
Porphyrin, die ebenfalls in der Arbeit iiber SPOCK.CI verdffentlicht sind, werden bei den
Anwendungen im Kapitel 4.5 besprochen.

3.3.3.1 Dithiosuccinimid

Das Dithiosuccinimid wurde in einer eigensténdigen Publikation[49] eingehend untersucht
(sieche Abschnitt 4.3). In der Veréffentlichung zu SPOCK.CI diente es als Testfall, um die
Konvergenz des Spin-Bahn-CI mit der storungstheoretischen Behandlung zu vergleichen.
Wiéhrend die Ergebnisse mit Spin-Bahn-CI sich fiir die drei Rechnungen in unterschiedlich
groflen CI-Rdumen nur wenig unterscheiden, ist das stérungstheoretische Ergebnis in der
kleinsten durchgefiihrten Rechnung noch weit von der Konvergenz entfernt. Es ndhert sich
in den groferen Rdumen zwar den Ergebnissen des Spin-Bahn-CI an, erreicht dieses jedoch
auch in der umfangreichsten Rechnung nicht vollsténdig. Hier zeigt sich also sehr schén
die Uberlegenheit des variationellen Ansatzes zur Berechnungen von Eigenschaften auch
in leichten Molekiilen.

3.3.3.2 Pyranthion

Auch fiir SPock.CI wurde nochmals das Pyranthion als Testbeispiel gewéhlt. An diesem
Molekiil wurde der Einfluss des Konvergenzkriteriums im Spin-Bahn-CI auf die Ergebnisse
untersucht. Da das Spin-Bahn-CI mit den konvergierten spinfreien Vektoren startet, die
dariiber hinaus auch bereits storungstheoretisch miteinander gekoppelt wurden, sind die
im SOCI zu erwartenden Anderungen der Energie gering. Das Konvergenzkriterium des
Spin-Bahn-CI basiert jedoch ausschliellich auf Energieinderung. Ein zu grob gewéhltes
Konvergenzkriterium konnte hier also dazu fiihren, dass das Spin-Bahn-CI abbricht, be-
vor die Vektoren ausreichend relaxieren konnten. In den Ergebnissen zeigt sich, dass die
Auswirkungen gering sind, ein Konvergenzkriterium von 5% 10~7 E}, erscheint ausreichend.

Der Vergleich einer kleinen und einer groflen Stérungstheorie-Rechnung am Pyranthion
mit den entsprechenden SOCI-Ergebnissen zeigt auch hier die deutliche Uberlegenheit des
Spin-Bahn-CI-Ansatzes. Auch wenn die Spin-Bahn-CI-Rechnung mit nur 8 LS Zustinden
(1 Zustand pro Spinsymmetrie) noch nicht vollstindig konvergiert ist, so ist sie doch
wesentlich ndher am Ergebnis fiir 48 LS-Zusténde als die stérungstheoretische Rechnung.
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We present SPOCK.CI, a selecting direct multireference spin-orbit configuration interaction
(MRSOCI) program based on configuration state functions. It constitutes an extension of the
spin-free density functional theory/multireference configuration interaction (DFT/MRCI) code by
Grimme and Waletzke [J. Chem. Phys. 111, 5645 (1999)] and includes spin-orbit interaction on the
same footing with electron correlation. Key features of SPOCK.CI are a fast determination of coupling
coefficients between configuration state functions, the use of a nonempirical effective one-electron
spin-orbit atomic mean-field Hamiltonian, the application of a resolution-of-the-identity
approximation to computationally expensive spin-free four-index integrals, and the use of an
efficient multiroot Davidson diagonalization scheme for the complex Hamiltonian matrix. SPOCK.CI
can be run either in ab initio mode or as semiempirical procedure combined with density functional
theory (DFT/MRSOCI). The application of these techniques and approximations makes it possible
to compute spin-dependent properties of large molecules in ground and electronically excited states
efficiently and with high confidence. Second-order properties such as phosphorescence rates are
known to converge very slowly when evaluated perturbationally by sum-over-state approaches. We
have investigated the performance of SPOCK.CI on these properties in three case studies on
4H-pyran-4-thione, dithiosuccinimide, and free-base porphin. In particular, we have studied the
dependence of the computed phosphorescence lifetimes on various technical parameters of the
MRSOCI wave function such as the size of the configuration space, selection of single excitations,
diagonalization thresholds, etc. The results are compared to the outcome of extensive
quasidegenerate perturbation theory (QDPT) calculations as well as experiment. In all three cases,
the MRSOCI approach is found to be superior to the QDPT expansion and yields results in very
good agreement with experimental findings. For molecules up to the size of free-base porphin,
MRSOCI calculations can easily be run on a single-processor personal computer. Total CPU times
for the evaluation of the electronic excitation spectrum and the phosphorescence lifetime of this

molecule are below 40 h. © 2006 American Institute of Physics. [DOI: 10.1063/1.2173246]

I. INTRODUCTION

Spin-orbit coupling (SOC) is a relativistic effect. In the
four-component Dirac equation of a single electron moving
in the central field of a nucleus, the coupling between elec-
tronic spin and angular momenta is accomplished automati-
cally. The spectrum of the Dirac Hamiltonian consists of
electronic solutions with positive energy and a negative en-
ergy continuum of positronic states. Because the operator is
not bounded from below, special precautions (such as elimi-
nation of highly oscillating functions and kinetic balance
conditions) have to be taken in the variational determination
of the electronic solutions." The resulting four-component
one-electron wave functions (bispinors) are eigenfunctions

of the total angular momentum jzz(@+§)2, but not of the

orbital (£2) and spin (§%) angular momentum operators sepa-
rately. As a consequence, radial and angular distributions of

YElectronic  mail: christel.marian @uni-duesseldorf.de; URL:

www.theochem.uni-duesseldorf.de

http:/

0021-9606/2006/124(12)/124101/17/$23.00

124, 1241011

the electron density in j=€¢+1/2 and j=€-1/2 bispinors dif-
fer. This effect is frequently called spin polarization of the
electron density.

While a fully relativistic many-electron Hamiltonian has
not been devised so far, the most stringent way of incorpo-
rating SOC in a many-electron equation is a four-component
ansatz employing the Dirac-Coulomb-Breit Hamiltonian. In
this case, bispinors are obtained from the corresponding
mean-field equations, i.e., the Dirac-Coulomb-Breit-Fock
equations or the more frequently employed Dirac-Coulomb-
Fock equations. Similar to the one-electron case, the many-
particle wave function is not an eigenfunction of the total

spin s? operator. The coupling of spin and spatial electronic
degrees of freedom thus undermines the familiar concept of a
spin multiplicity from nonrelativistic theories. Nevertheless,
it can be useful to introduce an approximate total spin quan-
tum number S when SOC is small (LS-coupling regime). In
light elements, the probability of a radiative transition be-
tween two electronic states with different spin multiplicities
(phosphorescence) is typically several orders of magnitude
smaller than the corresponding transition (fluorescence) be-

© 2006 American Institute of Physics
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tween states of equal S. The same is true for nonradiative
transitions where the “spin-forbidden” intersystem crossing
is opposed to “spin-allowed” internal conversion. In heavy
element compounds, on the other hand, j-j coupling prevails.
Here, a discrimination between spin-allowed and spin-
forbidden processes is meaningless. Concerning the total en-
ergy of a many-electron system, SOC leads to a splitting of
nonrelativistic spin-multiplet degeneracies even in the ab-
sence of an external field. This zero-field splitting is also
dubbed fine-structure splitting. The latter denomination is
justified in the LS-coupling regime where the energy separa-
tion between fine-structure levels is considerably smaller
than the energy gap between two different electronic states
but loses its literal meaning in heavy element compounds
where term energies and zero-field splittings are of the same
order of magnitude. In either case, a reliable theoretical de-
termination of electronic excitation energies and transition
moments requires us to go beyond a mean-field theory be-
cause of differential electron correlation effects. Unfortu-
nately, a four-component treatment of electronically excited
states that takes electron correlation into account is techni-
cally feasible only for atoms and small molecules at the
present stage.

For the treatment of SOC effects in typical organic mol-
ecules of the size we are striving for (e.g., porphyrin) it ap-
pears more advisable to separate spin-independent (scalar)
and spin-dependent (magnetic) parts of the Hamiltonian in
the first step and to use only the scalar part to construct a set
of molecular orbitals. Spin-orbit coupling is introduced then
at a later stage either as a perturbation of the LS-coupled
correlated wave function or in a variational procedure on the
same footing with electron correlation. In a four-component
approach, an exact separation of the spin-free and spin-
dependent terms of the Dirac-Coulomb-Breit Operator is
possible, in principle, albeit not unambiguous.2 This separa-
tion at the four-component level reduces the computational
costs of the calculations only marginally, because the atomic
orbital (AO) basis set requirement for the small-component
wave function continues to be huge because of kinetic bal-
ance. For calculations on large molecules a more passable
approach appears to be a reduction of the number of compo-
nents to 2 combined with a decoupling of the scalar and
magnetic parts of the Hamiltonian. Various approximate
schemes have been devised for this purpose (for reviews on
this topic see, for example, Refs. 3 and 4). Several of these
Hamiltonians (including the familiar Breit-Pauli spin-orbit
Hamiltonian) are not bounded from below and can strictly
not be employed beyond first-order perturbation theory. Nev-
ertheless, for molecules composed of light elements a varia-
tional collapse is not observed as long as contracted atomic
orbital basis sets for the inner shells are employed in the
calculations. This kind of regularization closely resembles
the procedure in the optimization of the positive-energy so-
lutions of Dirac(-Fock)-type equations.

The spin-orbit coupling kit (SPOCK) developed in this
laboratory contains modules that determine spin-orbit inter-
actions of multireference configuration interaction (MRCI)
wave functions either in a perturbational or variational
manner.>® In a previous publication,7 the perturbation theory

J. Chem. Phys. 124, 124101 (2006)

branch SPOCK.PT was described in some detail. Key features
of SPOCK.PT are a fast determination of coupling coefficients

between eigenfunctions of the s? operator [configuration
state functions (CSFs)] for spin-dependent one-electron
operators8 and the use of a nonempirical effective one-
electron spin-orbit mean-field Hamiltonian.”'® The applica-
tion of these techniques and approximations in combination
with the generation of correlated wave functions via the
combined density functional theory/multireference configu-
ration interaction (DFT/MRCI) method by Grimme and
Waletzke'' makes it possible to compute spin-orbit coupling
matrix elements (SOCMEs) in organic molecules efficiently
and with high confidence.

In many cases, a perturbational treatment of SOC is
computationally less demanding than a variational approach
because spin and spatial symmetries of the zeroth-order wave
functions can be exploited separately. Furthermore, perturba-
tion theory is advantageous if intersystem crossing (ISC)
rates of light molecules are to be determined because ISC
probabilities depend directly on the SOCMEs between two
states of different multiplicities. Obtaining this information
from a variational spin-orbit calculation would require a sub-
sequent diabatization of the states under consideration. A dis-
advantage of Rayleigh-Schrodinger perturbation theory is the
slow convergence of perturbation expansions for second-
order properties, such as phosphorescence rates or electronic
g factors.'>"* An explicit summation over unperturbed states
can be avoided in response theory or variational perturbation
theory. The application of response theory to second-order
spin-dependent properties has been presented in combination
with various spin-orbit-free methods, e.g., multiconfiguration
self-consistent field (MCSCF),H']4 DFT,'>'® and coupled-
cluster singles and doubles (CCSD).!” While dynamic elec-
tron correlation is included only to a minor extent in typical
MCSCEF calculations, DFT and CCSD lack static correlation
contributions. In particular, for electronically excited states
both types of electron correlation are important. It is there-
fore desirable to have a more general electronic structure
method at hand for the evaluation of second-order spin-
dependent properties of electronically excited states. One
possibility is to use a MRCI ansatz for electron correlation.
The disadvantage of this method is, of course, that it is not
size extensive. We shall see later how this problem can be
alleviated without resorting to extremely expensive methods
such as multireference coupled-cluster approaches. Varia-
tional perturbation theory of MRCI wave functions was used
frequently in the 1980s for the computation of phosphores-
cence rates of small molecules.'®"

Alternatively, SOC can be treated variationally. In the
SPOCK.CI module, described in more detail in Sec. II, spin-
orbit mixed wave functions are generated in an uncontracted
multireference spin-orbit configuration interaction (MR-
SOCI) treatment. In this context, “uncontracted” means that
the coefficients of all CSFs are allowed to vary freely. This
full variational freedom has the advantage that spin-orbit in-
teraction is treated on the same footing with electron corre-
lation. Other MRSOCI codes such as the older conventional
SPDIAG (Ref. 20) program, the selecting direct spin-orbit
configuration interaction MRD-CI (Ref. 21) and EPCISO (Ref.
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22) packages, the direct DGCI (Ref. 23) program exploiting
the unitary group approach, as well as the string-based direct
generalized active space CI (GASCI) programs%25 have
typically been applied to smaller heavy element compounds.

In this work, we present a new multireference spin-orbit
configuration interaction program package that is capable of
treating second-order spin-dependent properties in large or-
ganic molecules. Systematic tests of the program and its fea-
tures have been undertaken for two smaller organic mol-
ecules, dithiosuccinimide and 4H-pyran-4-thione. In
particular, we compare phosphorescence rates obtained from
extensive perturbation expansions and by variational inclu-
sion of SOC. To further explore the capabilities and timing
requirements of our new code, we have investigated the
phosphorescence in free-base porphin.

Il. METHODS
A. General procedure

In principle, the MRCI program by Grimme and
Waletzke and the corresponding MRSOCI, presented in this
work, can be run as an ab initio MRCI or as the semiempir-
ical DFT/MRCI procedure. In most cases we use the faster
DFT/MRCI branch. For systems with an odd number of elec-
trons, however, presently the ab initio MRCI has to be used
because DFT/MRCI parameters are available only for singlet
and triplet states.

Our spin-orbit CI calculations are carried out in several
steps.

(1) Separate spin-orbit-free ab initio MRCI or DFT/MRCI
calculations for multiple roots in different spin and
space symmetries are performed, yielding LS-coupled
MRCI wave functions.

(2) In the basis of these LS-coupled MRCI wave
functions—augmented by appropriate spin factors to
take account of different Mg quantum numbers—a
(spin-free plus spin-orbit) Hamiltonian matrix is set up.
Diagonalization of this Hamiltonian matrix yields not
only starting vectors for the iterative diagonalization of
the final MRSOCI matrix but has a value in itself as
this procedure corresponds to quasidegenerate pertur-
bation theory (QDPT).

(3) The MRSOCI calculation is carried out in the full con-
figuration basis of the preceding MRCI calculations.

In the latter step, the spin-free and spin-orbit operators act
simultaneously on the configurational wave functions. This
allows for full flexibility of the coefficients and a response of
the electronic structure to the effects of the spin-orbit opera-
tor (spin polarization). The intermediate QDPT calculation is
merely used as a favorable conditioner for the multiroot
Davidson diagonalization of the full MRSOCI matrix. The
MRSOCI is therefore to be compared with a “one-step” (or
uncontracted) spin-orbit CI in the sense of Vallet er al?
although it is technically carried out in several steps. The
“two-step” procedure of Vallet et al. and the LS-contracted
CI of Buenker ef al.*' are equivalent to our QDPT solution.

J. Chem. Phys. 124, 124101 (2006)

B. Spin-orbit-free calculations
1. The DFT/MRCI method

The DFT/MRCI method by Grimme and Waletzke'! was
shown to yield excellent electronic spectra of large organic
molecules at reasonable computational expense. The idea be-
hind this approach is to include major parts of dynamic elec-
tron correlation by density functional theory whereas short
MRCI expansions take account of static correlation effects.
In this way, severe size-extensivity problems can be avoided
even for systems with many valence electrons. The CSFs in
the MRCI expansion are built up from Kohn-Sham (KS)
orbitals of a closed-shell reference state. Diagonal elements
of the effective DFI/MRCI Hamiltonian are constructed
from the corresponding Hartree-Fock-based expression and a
DFT-specific correction term. In the effective DFT/MRCI
Hamiltonian, five empirical parameters are employed that
depend only on the multiplicity of the desired state, the num-
ber of open shells of a configuration, and the type of density
functional employed, but not on the specific atom or mol-
ecule. Currently, optimized parameter sets for the effective
DFT/MRCI Hamiltonian are available in combination with
the BH-LYP (Ref. 26 and 27) functional. To avoid double
counting of dynamic correlation, the MRCI expansion is kept
short by extensive configuration selection. For details con-
cerning the integration of DFT information into the MRCI
procedure, we refer to the original publication by Grimme
and Waletzke."" Some other technical details of the MRCI
program need to be mentioned here, however, because they
are of significance for the subsequent spin-orbit calculations.

A strong feature of the MRCI code is its focus on
second-quantization formalism and, in close connection with
this, the separation of the molecular orbital (MO) space into
frozen (doubly occupied in all configurations), internal (oc-
cupied at least in some reference configurations), and exter-
nal (empty in all references) MOs. To make full use of sec-
ond quantization in spin-orbit calculations, an identical
internal/external separation of the MO space is required for
all spin multiplicities and irreducible representations of the
molecular point group. Within a given multiplicity, this con-
dition is fulfilled automatically by the original MRCI pro-
gram because excitations with respect to the reference func-
tions are not limited by spatial symmetry constraints. In this
way, a common set of reference CSFs can be employed for
all states of a given spin multiplicity. A further advantage of
this procedure is that the CI space will not change when
changing from one point group to another. The initial set of
reference configurations can be generated in a complete-
active-space-type procedure and is then iteratively improved.
To ensure a consistent classification of MOs into internal/
external spaces also for different spin multiplicities, some
extensions had to be made to the original MRCI code. After
separate and independent reference space calculations for
each spin multiplicity, the resulting MO classifications are
compared. MOs that had been classified as external orbitals
in the first iteration are moved to the internal space if they
appear in the reference wave function of another spin
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multiplicity. With this reordered set of MOs the final spin-
orbit-free MRCI wave functions are generated.

Technically, the MRCI and SPOCK codes and the associ-
ated property programs are interfaced to the TURBOMOLE
package.28 They can thus take advantage of the efficiency
with which the latter determines two-electron integrals and
KS wave functions even for large molecules. Computation-
ally expensive four-index integrals are evaluated using the
well-known resolution-of-the-identity (RI) approximation.29
The latter approximation is also known as density fitting. In
addition to the TURBOMOLE links, interfaces of the MRCI
and SPOCK codes to the MOLCAS suite of programs30 have
been implemented. This enables the use of CASSCF or
RASSCF MO bases in ab initio MRCI calculations instead
of Hartree-Fock-based MOs. Moreover, scalar relativistic
corrections may be included that are not provided by the
current TURBOMOLE versions.

2. Singles selection

Spin-orbit coupling is dominated by single excitations.
This is not only true for heavy elements but has also been
shown to hold for lighter elements,*"*? facilitating the use of
a one-electron mean-field approximation which we make use
of. An example, where high-lying single excitations play an
important role, is the zero-field splitting of the thallium atom
in its electronic ground state. ™ Spin polarization of the 6p
orbital toward 6p;,, and 6ps,, spinors is described by single
excitations to energetically high-lying p orbitals. According
to Brillouin’s theorem, the contribution of these configura-
tions to the spin-orbit free energy is insignificant, but they
have a large influence on the zero-field splitting in spin-orbit
calculations.

The configuration selection procedure in the original
DFT/MRCI code had been devised to account for contribu-
tions to electron correlation only. Here, we have to distin-
guish between the DFT/MRCI and the conventional ab initio
MRCI branches. In the ab initio branch, a second-order
Moller-Plesset perturbation theory estimate for the energy
contribution of every configuration determines whether it is
included in the CI space or not. In this procedure, single
excitations with respect to the Hartree-Fock configuration are
likely to be discarded, because they contribute only indi-
rectly to the correlation energy of the electronic ground state.
In the DFT/MRCI, on the other hand, configurations are se-
lected solely on an orbital energy gap criterion. As a result,
all configurations with orbital excitation energies above this
gap are neglected, whereas all configurations below are se-
lected, no matter whether they are single or double excita-
tions. Thus, in both cases, single excitations important for
SOC may be missing: the energetically high ones in the
DFT/MRCI case and single excitations of all kinds in the ab
initio branch.

To include these configurations in the calculation, the
MRCI configuration selector has been modified. In the cur-
rent version of the program, it is possible to add single ex-
citations to the CI space based on symmetry criteria: con-
figurations can be included if they couple to any reference
function via (a) the spin-orbit operator or (b) the electric

J. Chem. Phys. 124, 124101 (2006)

dipole operator. As a further option, single excitations may
be limited to the internal MO space. Selection of all single
excitations is also possible, of course.

C. Spin-orbit configuration interaction

The SOCI matrix is usually much larger than the Hamil-
tonian matrix in spin-orbit-free CI calculations, because the
blocking of the matrix by spin and symmetry is destroyed in
general. Despite rigorous configuration selection, it is there-
fore not possible to store the matrix in core memory. For
efficiency considerations, it is also not advisable to store the
matrix on a disk. A way out is the use of a direct CI proce-
dure, first introduced by Roos and Siegba.hn.34 Here, the
Hamiltonian matrix is constructed on the fly, whenever it is
needed. In the following, we will describe the ingredients
necessary for building up the SOCI Hamiltonian matrix in
our program.

1. Integrals

The spin-orbit mean-field (SOMF) Hamiltonian utilized
in this work is derived from the one- and two-electron Breit-
Pauli Hamiltonians,

T186 = hgg(1) + H35(1,2). (1)
Here, flSBOP(l) represents the one-electron part and 7:{55(1 ,2)

is a sum of two-electron spin-same-orbit and spin-other-orbit
terms.
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I labels nuclei, i and j label electrons, Z; is the charge of
nucleus /, e and m, are the charge and the mass of an elec-
tron, respectively, and ¢ is the speed of light. Alternatively, a
quasirelativistic no-pair spin-orbit Hamiltonian®*® can be
employed. These operators have a structure similar to the
Breit-Pauli spin-orbit terms in Egs. (2) and (3). In contrast to
the latter, the no-pair operators are bounded from below,
however, and can therefore be used in unconstrained varia-
tional calculations on heavy element compounds. For consis-
tency reasons, they should be applied only in combination
with the corresponding scalar relativistic spin-free Hamil-
tonian.

To arrive at an effective one-electron operator, the
screening by other electrons is incorporated in a Fock-type
manner.” A matrix element (ME) of the resulting SOMF
Hamiltonian is given by
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FIG. 1. Block structure of the MRSOCI matrix (Cs,
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As an additional approximation, all multicenter spin-orbit in-
tegrals are neglected. In this way, the molecular mean field
reduces to a sum of atomic mean fields where the summation
index k runs over all spatial atomic orbitals and n; is their
average occupation number. Mean-field orbitals are gener-
ated automatically for each atom from a restricted (open-
shell) Hartree-Fock atomic ground state calculation. The
atomic mean-field integral program AMFI (Ref. 10) makes
use of spherical symmetry; spin-orbit integral evaluation is
thus extremely fast. After multiplication with the appropriate
Wigner-Eckart coefficients, the Cartesian atomic spin-orbit
integrals are finally transformed to the MO basis set.

In the SPOCK.CI module, spin-orbit integrals and one-
electron integrals of the spin-free Hamiltonian are kept in the
main memory. The same applies to the three-index RI inte-
grals from which the four-index Coulomb and exchange in-
tegrals are constructed on the fly. If storage requirements for
the CI vectors allow, computationally expensive four-index
integrals may be precomputed.

2. Hamiltonian matrix elements

The SPOCK.CI works in a basis of CSFs. As described in
Sec. II B, the M =S functions are selected in separate (DFT)/
MRCI calculations for all desired spin and space symmetries

and are then merged. Matrix elements for the other Mg com-
ponents are subsequently generated by means of the Wigner-
Eckart theorem.

In a basis of Slater determinants, the spin-orbit interac-
tion of two functions with a one-electron operator is either
zero (if no matching single excitation can be found) or equal
to the spatial spin-orbit integral of the single excitation mul-
tiplied by a plain spin factor. Despite the simplicity of this
approach, we refrain from working in a basis of Slater deter-
minants because we want to exploit the block structure of the
Hamiltonian matrix due to spin symmetry as far as possible.
(An example for this blocking in a singlet/triplet case in Cs,
spatial symmetry is shown in Fig. 1.) Furthermore, the cou-
pling of multiplicities can be restricted to AS=0, +1. The
price one has to pay for this convenience is a considerably
more involved calculation of one-electron interactions in a
basis of eigenfunctions of the 2 operator (i.e., CSFs). CSFs
are linear combinations of Slater determinants. When acting
with a spin-dependent one-particle excitation operator on a

combination of Slater determinants but, in general, not an

eigenfunction of the §? operator. The overlap of this linear
combination with a CSF (S’, " ,n'| is called a spin-coupling
coefficient.

<S w n |2 €mn2 S,U,I/amp, ny

m,n

= eub<S,’w,#n,‘E S,uﬁ:l,ﬁh» >,
y78%

=Ly 7SS, 0,0 n,n"). (5)

Here, n represents an orbital occupation, w labels the CSFs,
€, 1s a spin-orbit integral, and #» is a spin-coupling coeffi-
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cient. As seen from Eq. (5), 7 depends on the multiplicities
of the states involved, the orbital occupations of the configu-
rations, and the particular CSF pair, but not on the spin-orbit
coupling integral.

Various ways of handling these coefficients have been
developed in the last decades. In the original DFT/MRCI
program, an older but relatively simple approach by Wet-
more and Segal had been implemented. The basic idea was
to reduce the number of potential coupling coefficients by
dealing with reduced occupation number vectors only, to or-
ganize the remaining couplings by so-called excitation pat-
terns, and then to precompute and store all coupling coeffi-
cients. This approach is, of course, less elegant than, e.g., the
symmetric or unitary group approaches, but it has the advan-
tage of simplicity, efficiency, and straightforward implemen-
tation in a selecting CI code.

We extended the approach by Wetmore and Segal to
spin-dependent one-electron operators® and implemented it
in our spin-orbit CI program. For each pattern that corre-
sponds to a single excitation four subcases may occur. When
permutational symmetry and transposition relations are ex-
ploited, the number of independent subcases reduces to 1 in
case of the §, operator, i.e., only one spin-coupling coeffi-
cient needs to be stored per pattern. For the §,; operator, two
nonequivalent subcases remain. Finally, no additional spin-
coupling coefficients need to be stored for the §_; operator
because they can be obtained from those of §,; by Hermitian
conjugation. For further details see Ref. 8. Because of this
extensive use of symmetry relations, storage of all non-
equivalent coupling coefficients for a spin-orbit CI calcula-
tion with singlet and triplet CSFs with up to ten open shells
requires only 21 Mbytes of memory.

This procedure yields MEs over the M¢=S components
of the CSFs. MEs for all other My quantum numbers are
obtained by application of the scaled 3j-symbol approach of
McWeeny.”’38

3. Matrix-vector multiplication and organization
of eigenvectors

In Fig. 1, we exemplify a typical SOCI matrix in C,,
symmetry with singlet and triplet states. With the spin-free
operator, MEs occur only in the black-colored blocks on the

diagonal. No coupling of different symmetries or $? eigen-
functions takes place. Furthermore, all My components of the
triplet are degenerate, so that only one of them needs to be
computed explicitly. Taking into account Hermiticity, it is
thus sufficient to evaluate the upper black triangular blocks
enframed by the thick black-and-white lines in Fig. 1, and
each is calculated separately. When switching on spin-orbit
coupling in the SOCI, symmetry selection rules are ex-
ploited. Coupling of different multiplicities is restricted to a
maximum of AS==+1 and AMg==1. In C,, symmetry, MEs
of the spin-orbit operator emerge only in the hatched blocks
in Fig. 1. The block structure of the matrix is destroyed, in
general, by the spin-orbit operator; all symmetries and spin
components have to be treated simultaneously. Nevertheless,
the matrix retains some structure and sparsity. Some blocks
are zero by symmetry, while others are related by Hermiticity
or may be obtained by application of the scaled 3j symbols.
Therefore again, only the blocks inside the enframed area
need to be calculated explicitly.39 The resulting block struc-
ture of the matrix predefines the algorithm for the matrix-
vector multiplication in the Davidson diagonalization. The
organization of the CSFs inside a SOCI vector (Fig. 2) and
the order, in which the different blocks in the Hamiltonian
matrix are processed, are closely related but not identical, as
will be seen below.

The ordering of CSFs in the MRSOCI vectors (Fig. 2) is
as follows: The outermost loop runs over different roots of
the secular equation. For a given state, the first block con-
tains CSFs with the smallest S quantum number (e.g., sin-
glets), then S+1, and so on. Within each of these blocks of
given multiplicity, segments of different spatial symmetries
are arranged, maintaining the standard ordering of TURBO-
MOLE. These segments are further subdivided into arrays
with different My quantum numbers, with M¢=—S coming
first, Mg=—S+1 next, etc. At the innermost level, individual
CSF coefficients are stored. Each of those segments with
defined total spin, My quantum number, and spatial symme-
try reflects one spin-orbit-free CI space, with the difference
that the coefficients are complex numbers instead of real
ones.

To avoid repeated configuration comparisons for differ-
ent Mg components of the same configuration and to enable
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the use of the Wigner-Eckart theorem in the ME evaluation,
the loops over CSFs and Mg quantum numbers are reversed
in the matrix-vector multiplication. Furthermore, if memory
requirements allow the storage of multiple CI vectors ¢ and
o=Hc vectors, the reevaluation of Hamiltonian MEs for dif-
ferent roots in the same iteration of the multiroot Davidson
procedure can be avoided. The blocks to be incorporated and
computed in every iteration are as follows.

(1) For each multiplicity and spatial irreducible representa-
tion, one triangular matrix (upper left corner in the ex-
ample shown in Fig. 1) has to be evaluated for M¢=S
with the conventional spin-free one- and two-electron
operators. These MEs are real valued. Diagonal blocks
for other My quantum numbers are identical and can
simply be replicated.

(2) For point group C,, or higher, ’I:lso does not couple
configurations of the same spatial symmetry. (In the
example shown in Fig. 1, therefore, diagonal spin-orbit
blocks do not occur.) In lower point groups, however,
SOCMESs may also contribute to diagonal blocks. The
complex-valued MEs are evaluated once for My=S
functions employing integrals over the appropriate Car-
tesian x,y, or z components of 7:150 combined with §
spin MEs. Blocks for all pairs of Mg quantum numbers
can be obtained by multiplication with scaled 3; sym-
bols.

(3) Off-diagonal blocks connecting CSFs of different spin
and/or space symmetries (hatched areas in the upper
left corner in Fig. 1) are only computed if a matching
spin-orbit operator may be found. The complex-valued
SOCMEs are evaluated in a similar fashion as de-
scribed above. In contrast to the diagonal blocks, also
§4 or §_; may be involved, depending on AS. Again,
blocks for all pairs of Mg quantum numbers are ob-
tained by multiplication with scaled 3j symbols.

4. Davidson diagonalization

In contrast to the spin-free case, the Hamiltonian matrix
and the CI coefficients are complex valued. As the spin-orbit
Hamiltonian mixes different multiplicities and spatial sym-
metries and lifts the degeneracy of the multiplet levels, the
dimension of a MRSOCI is much larger than for a spin-orbit-
free MRCI and easily reaches 107 terms. Diagonalization of
these large matrices requires the use of an approximate algo-
rithm. The Davidson algorithm is an iterative scheme ca-
pable of computing eigenvalues and eigenvectors for a few
energetically low-lying states. It has been devised originally
by Davidson® for configuration interaction procedures and
has been widely used in quantum chemistry ever since, al-
though most of the times for problems dealing with real
numbers only.

Usually we are interested not only in the ground state but
also in excited state wave functions for calculating transition
properties. To this end, we use a multiroot extension of the
Davidson algorithm,“ capable of extracting several low-
lying roots simultaneously. Alternatively, a root-homing ap-
proach could be employed that is based on an eigenvector-

J. Chem. Phys. 124, 124101 (2006)

following algorithm.42 Earlier experience with the SPDIAG
spin-orbit CI programzo’43 reveals the superiority of the mul-
tiroot Davidson method over the root-homing procedure in
case of near degeneracies. According to our experience, the
convergence of the root-homing procedure is slow if roots
change order. However, in the course of this calculation good
approximations for other roots are built up. Instead of start-
ing over again for each root, it is advantageous to use this
information on approximate eigenvectors. In many cases it is
therefore faster to compute all desired roots simultaneously.
Only in cases where a particular, very high-lying root is to be
computed and lower roots are of no interest at all, the root-
homing may become favorable.

To determine the eigenvalues of a complex, Hermitian
matrix C with real part A and imaginary part iB

C=(A+iB), (6)

the conventional (real) Davidson algorithm has to be ex-
tended. Either the Davidson scheme has to be reformulated
using complex algebra or alternatively a double-sized, real
symmetric matrix

R—<A _B) 7
=z a4 (7)

can be diagonalized. It can easily be shown* that C and R
have identical eigenvalues, but each eigenvalue (artificially)
occurs twice for R. This allows us, in principle, to use exist-
ing and well-tested conventional Davidson diagonalization
implementations for real matrices.

However, great care has to be taken when using the
eigenvectors of the real algorithm for the computation of
properties. In cases with truly degenerate eigenvalues, eigen-
vectors of the real matrix may mix in a way that orthogonal-
ity of the complex vectors is not guaranteed (see the Appen-
dix for details), although orthogonality in the real scalar
product is ensured by the algorithm. Eigenvalues (and there-
fore energies) are not affected. However, problems arise in
calculation of transition density matrices. To avoid these
complications, we implemented a completely new complex
version of the multiroot Davidson algorithm in our spin-orbit
CI code. A further advantage of the complex algorithm over
the real one is the reduced disk storage requirement. Al-
though the number of double words needed to store a single
complex or real MRSOCI vector is exactly identical, the to-
tal disk space requirement is four times as large in the real
Davidson scheme because twice as many ¢ and o=Hc vec-
tors must be stored due to the double degeneracy of all ei-
genvalues.

Memory requirements for the ¢ and o vectors may easily
become significant. Nevertheless, calculations of this type
can be performed on a personal computer. In the largest
single-processor test case so far, the MRSOCI expansion
length amounts to approximately 20X 10° CSFs and four
roots are determined simultaneously. A parallelized version
of the program that can handle larger CI spaces is currently
under development.
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5. Properties

Probabilities and rates of spin-forbidden radiative transi-
tions are obtained from the spin-free electric dipole operator
MEs and the eigenvectors of the spin-dependent Hamiltonian
matrix in QDPT or MRSOCI.

To enable the formulation of a working equation for the
transition density matrices, p[BA], we cast the MRSOCI wave
function |A) as linear combination of CSFs:

Smax

|A>— 2 2 EEEGSMSan(n

$=Sin Mg=—S {I'} {n} w(n)

I'n,0(n)). (8)

The linear combination runs over all possible spin quantum
numbers S and My, all irreducible representations I' (IRREP,
only with respect to the spatial part), all occupation number
vectors n (configurations), and all associated CSF indices
w(n). The set of possible configurations {n} actually depends
on both S and I'. For brevity, this dependence is not indicated
in Eq. (8).

MEs of spin-independent one-electron operators be-
tween MRSOCI wave functions are computed via reduced
one-particle density matrices (1-RDMs) and transition den-
sity matrices (1-RTDMs) in the basis of MOs. Adopting a
notation for |B) similar to Eq. (8), the elements p[BA of the
1-RTDMs are glven by MEs of the spin-free one-electron

excitation operator Eij_E(,ama i

Pt = <A\E 1B)
E 22 2 nSnem).n o @)
S=Stmin {r'} {n} o)
'} {n'} o'@")
S

*
X 20 A5 T olmDS Mg a0 ) &)
Mg=-s

In this expression, we have exploited the fact that the opera-
tors E;; preserve the spin and hence only terms with §'=§
and M w=Mjg contribute. Moreover, the

(S,Mg.n, w\E |S.,Mg,n',w") have been replaced by the
(spin-free) » coefficients of Wetmore and Segal Compared
to the standard formalism of 1-RTDMs for spin-orbit-free
MRCI wave functions, Eq. (9) contains summations over the
spin quantum numbers S and M in addition to summations
over the irreducible representations I and I'’. Furthermore, it
should be noted that the 1-RTDMs are complex valued for
the MRSOCI case. With respect to computational expense,
the calculation of a 1-RTDM in the MRSOCI case is thus
considerably more demanding than in the MRCI case.

For any spin-independent one-electron operator F, the
ME between two MRSOCI wave functions |A) and |B) may
be obtained from the 1-RTDM pt#4] and the matrix of one-

electron integrals f,~_,-=[i|ﬂj:| by the trace operation

J. Chem. Phys. 124, 124101 (2006)

MOs

(AIF|B) = u{fplPly = 3 f,,pH0, (10)
ij

Our implementation for the computation of molecular prop-
erties at the MRSOCI level basically consists of two parts
which both are derived from spin-orbit-free precursors avail-
able in the MRCI package of Grimme and Waletzke.

(1) The DMAT extension module for the SPOCK.CI program
builds up the 1-R(T)DMs according to Eq. (9) and
writes them to a disk. To avoid unnecessary repetition
of the time consuming configuration comparison, the
summation over Mg was positioned as the innermost
loop, i.e., inside the configuration comparison routines
[as already indicated in Eq. (9)]. Further efficiency is
gained by building up several 1-R(T)DMs simulta-
neously.

(2) The program SOPROPER first provides the one-electron
integrals f;;. It consists of integral routines for the fol-
lowing operators: identity i, — overlap integrals S;)),
electric dipole in length form (¥), electric quadrupole
(Q), angular momentum (%), and linear momentum (p).
The latter two types of integrals are usually employed
for the calculation of magnetic dipole transition mo-
ments (@) and electric dipole transition moments in ve-
locity form (p). After reading the 1-R(T)DMs from the
disk, SOPROPER then calculates the final MEs by per-
forming the trace operation according to Eq. (10).

In spin-allowed transitions, the length and velocity forms
of the electric dipole transition operator give identical results
(save for the incompleteness of the wave function represen-
tation). This is not true for spin-forbidden radiative transi-
tions. In the spin-orbit coupling case, the linear momentum p
alone is not sufficient for the calculation of electric dipole
transition probabilities. Instead of using 2;p;, the appropriate
transition dipole operator in the velocity form in Breit-Pauli
theory is given by46‘47

ﬁ=2<fn 2“sXV{2 by }) (11)
Tia /#t ij

1
where a denotes the nuclei and i and j the electrons. Similar
considerations apply to the no-pair operator. IT can be ex-
pressed by the commutator [H©+Tso,#]=(ifi/m)IL. Thus
in contrast to p,ef is a correct dipole transition operator for
the evaluation of radiative spin-forbidden transition mo-
ments.

Phosphorescence rates (k g) and lifetimes (7, g) for indi-
vidual sublevels of the lowest triplet state are given by the
usual expression for spontaneous emission, applied to the
spin-orbit coupled system:

1

- 3 2
kp.c= Tos 30344 (ET] - ESO) |Hvet(T|,g—> So)l*.

(12)

Here, spin-orbit coupled states are labeled by letters S and T
in contrast to S and T for the Russel-Saunders (LS)-coupled
pure multiplet states. If there is no pronounced fine-structure
splitting and the experiment is not conducted at temperatures
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FIG. 3. Chemical structure of dithiosuccinimide.

close to 0 K, the triplet sublevels will be almost equally
populated at thermal equilibrium. Under these circum-
stances, one can only observe the average of the individual
phosphorescence rates which is termed the high-temperature

limit of the phosphorescence rate I;I,,high:

k,=

=k, +k,,+k,.). (13)

S =
W —

lll. APPLICATIONS
A. Technical details

All calculations were performed employing the valence
triple zeta basis set with polarization functions (d,p) from
the TURBOMOLE library.‘m’49 The equilibrium geometries of
the electronic ground states were determined for a restricted
closed-shell KS determinant. For dithiosuccinimide and free-
base porphin, we optimized the geometries of the low-lying
singlet and triplet states by means of a time-dependent DFT
(TDDFT) gradient.” In the case of pyranthion, the minimum
geometry of the lowest-lying triplet state was determined by
unrestricted density functional theory (UDFT). All (U)DFT/
TDDFT calculations were carried out utilizing by the TUR-
BOMOLE quantum chemistry program package.28 In the
MRCI runs, all valence electrons were correlated. For the RI
approximation of the expensive four-index integrals of the
two-electron Coulomb operator, RI-MP2-optimized auxiliary
basis sets from the TURBOMOLE library5 152 were employed.

B. Test cases

A detailed understanding of the properties of triplet
states in larger organic molecules belongs to the basic knowl-
edge in photochemistry and photophysics.53'54 In particular,
when heteroatoms such as oxygen, sulfur, or chlorine are
present in the molecule, singlet-triplet ISC becomes more
and more competitive with other decay processes following
the primary electronic excitation. The lowest triplet state (T )
serves as an energy sink for the absorbed radiation that trig-
gers photochemical reactions.

Beside intermolecular solvent induced relaxation and
nonradiative T;~+S, ISC, phosphorescence is one of the
most important decay channels to the ground state. Large
phosphorescence quantum yields (¢p) have been observed
for several thioketones.” > Two of these compounds, dithio-
succinimide (Fig. 3) and 4H-pyran-4-thione (Fig. 4), will
serve as test cases here.

J. Chem. Phys. 124, 124101 (2006)
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FIG. 4. Chemical structure of 4H-pyran-4-thione.

1. Dithiosuccinimide

Intense phosphorescence of high quantum yield was ob-
served experimentally in a glassy matrix at 77 K and as-
signed to the emission from and (n — 7") excited T, state by
Meskers et al.>® QDPT calculations on the phosphorescence
lifetime of dithiosuccinimide were performed earlier in this
laboratory by Tatchen et al. 5 Further information concerning
technical details of the MRCI calculations, the resulting elec-
tronic spectrum, and the optimized nuclear geometries are
available in that publication.

Phosphorescence lifetimes computed at the MRSOCI
level are presented together with QDPT results in Table 1. At
the optimized geometry of the 7 state, the chromophore
exhibits C, symmetry, but deviations from planarity (C,,
symmetry) are small. % As expected for C,, symmetry selec-
tion rules, major contributions to the Sy« T, transition are
due to the z and y fine-structure levels of the T, state,
whereas the emission from the X sublevel is negligible.60 The
MRSOCI results are almost converged already for the small-
est CI space (14 676 configurations) that was generated from
4 LS states (one state per spin and space symmetry:
S0,S1,T,,T,). Only the transition moment of the weakly in-
teracting T, , fine-structure level changes when the interac-
tion space is increased to 50481 configurations (32 LS
states) and no further change is observed when proceeding to
68 143 configurations (64 LS states). Not surprisingly, this is
not the case for the QDPT approach. The T, , sublevel inter-
acts with singlet states of approximate B, spatial symmetry,
the most important being the Sy(7— ") state due to its large
dipole transition moment and relatively small energy separa-
tion. As the S; state is not included in the shortest perturba-
tion expansion, the computed transition rate T, , is much too
small. In the MRSOCI space, on the other hand, the leading
configurations of the S5 state are contained as single excita-
tions in the MRCI expansion of the S, state. Since the coef-
ficients of all configurations (CSFs to be precise) are allowed
to vary freely in the MRSOCI secular equation, the singlet
(m— ") excitations gain weight in the T, , eigenvector,
yielding a large electric dipole transition moment to the S,
state. The improvement of the computed transition moment
with the length of the perturbation expansion is less dramatic
for Ty, because this fine-structure level exhibits a strong
direct interaction with the electronic ground state. The long-
est QDPT expansion (64 LS) state appears nearly converged.
In the limit of a full QDPT expansion, the results have to be
identical to the MRSOCI results, of course.

The computed high-temperature phosphorescence life-
time of approximately 0.5 ms for the T, state is in good
agreement with experiment. Meskers e al.”® determined a
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TABLE I. Convergence of T phosphorescence lifetimes of dithiosuccinimide with expansion lengths.

4 LS states QDPT MRSOCI

level w (eag) 7(ms) w (eag) 7(ms)
T 249X 1073 115 308 1.66 X 1074 2596
Ty 3.35x 1073 6.40 7.83X 1073 1.17
T, 6.65%x1073 1.62 1.90x 1072 0.198
High-T average 3.88 0.51
32 LS states QDPT* MRSOCI

level w (eag) 7 (ms) w (eag) 7 (ms)
T 8.74 X107 9670 1.60 X 107* 2904
Ty 7.16X 1073 1.45 7.96 X 1073 1.16
T, 1.63x 1072 0.28 1.90x 1072 0.204
High-T average 0.70 0.52
64 LS states QDPT* MRSOCI

level w (eag) 7 (ms) w (eag) 7 (ms)
T, 1.20x107* 5130 1.52%x107* 3224
Ty 7.30X 1073 1.40 7.94 X 1073 1.18
T, 1.90x 1072 0.21 1.90% 1072 0.205
High-T average 0.54 0.52

“Reference 60.

total (radiative and nonradiative) T, lifetime of 0.1 ms for
dithiosuccinimide. They report the luminescence quantum
yield to be 0.5+0.2 from which an experimental radiative
lifetime of approximately 0.2 ms can be deduced.

2. 4H-pyran-4-thione

As for dithiosuccinimide, we carried out extensive tests
on the dependence of phosphorescence lifetimes of
4H-pyran-4-thione with QDPT and MRSOCI expansion
lengths. In addition, we investigated the sensitivity of the
electric dipole transition moments of the spin-forbidden ra-
diative T; decay with respect to the precision of the MR-
SOCI vector in the Davidson diagonalization procedure. By
default, a MRSOCI vector is considered converged if the
energy difference between two successive Davidson itera-
tions is less than 5X107° E;=~1 cm™'. As fine-structure
splittings in the T state of organic molecules are often of the
same order of magnitude as the convergence threshold, we
tightened this threshold in a series of calculations. Further-
more, we studied the influence of single excitations on the
phosphorescence. It is well known that in ab initio single and
double excitation calculations single excitations contribute
only indirectly to the correlation energy of the electronic
ground state and their coefficients are therefore small. The
electric dipole operator, on the other hand, is a pure one-
electron operator that couples only single excitations. The
same is true for the mean-field spin-orbit operator employed
in this work. It is thus expected that the inclusion of single
excitations in the CI space (not based on a correlation energy
selection criterion) might affect these one-electron proper-
ties.

QDPT calculations on the T, phosphorescence lifetime

of 4H-pyran-4-thione had been carried out in our laboratory
earlier.®! However, at that time SPOCK.PT had not been fin-
ished and SOCMEs had to be evaluated with a precursor
program for much shorter MRCI wave functions. On these
grounds we have reinvestigated the performance of QDPT
employing DFT/MRCI wave functions as zeroth-order states.
The T, state has an (n— 7") electronic structure (1 3A2)
which lets us expect that phosphorescence emission is effi-
cient. According to our earlier investigation,61 it exhibits a
planar minimum geometry.

Under C,, symmetry constraints, the minimum number
of LS states required to span the MRSOCI space amounts to
8, i.e., one state per multiplicity and spatial symmetry. How-
ever, if the calculations are carried out for the same nuclear
geometry without exploiting symmetry, the number of LS
states can formally be reduced to 2, i.e., the Sy and 7 states.
Astoundingly, even in this minimal case the MRSOCI tran-
sition moments are almost identical to the ones obtained
from the largest calculations (see Table II). This result is
particularly encouraging with regard to second-order spin-
orbit properties of larger molecules for which the calculation
of many LS states may be cumbersome. With respect to the
vector convergence threshold, a value of 5X 1077 E,, appears
to be sufficient here.

In the case of 4H-pyran-4-thione, the additional inclu-
sion of single excitations is not necessary. We carried out test
calculations where all single excitations within the internal
space were selected automatically. Likewise, MRSOCI cal-
culations were performed with CI spaces that contained all
external single excitations in addition to the energy selected
configurations. Transition moments (not shown here) remain
essentially unchanged. This might be different for MRSOCI
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TABLE 1II. Sensitivity of the T,—S, transition moments u (ea,) of
4H-pyran-4-thione with respect to the MRSOCI vector convergence thresh-
old vet (E,) in the Davidson diagonalization procedure.

y
vet=5X10"  vet=5X107  vet=5X10"°  vet=5x 1077
2 LS states”
T, 2.53%107° 239107 239X 1073 238107
T, 1.07% 107 1.09% 1073 1.08 % 1073 1.08% 1073
T, 3.81x1072 3.84 %1072 3.84%x 1072 3.84%x1072
4 LS states”
Ty 2.32x1073 2.39%x1073 2.40% 107 2.40%1073
T, 1.09% 107 1.09x 1073 1.09x 107 1.09X 1073
T, 3.33%x1072 3.85% 1072 3.87%x1072 3.87%x1072
8 LS states”
Tix 231% 107 241x107 2.42X1073 2.42X107
T, 1.05% 1073 1.07x 107 1.07 %1073 1.07X 1073
T, 3.30% 1072 3.83% 1072 3.86% 1072 3.86% 1072
48 LS states®
T, 2.44% 107 243X 107 245%107 2.45% 107
T, 1.08x 1073 1.08% 1073 1.08% 1073 1.08X 1073
T, 3.84% 107 3.83% 1072 3.83% 1072 3.83% 1072

“No symmetry exploited in calculations.
bCZU symmetry exploited in calculations.

treatments of heavy element compounds where spin-orbit re-
laxation of the electron density is a well-known
phenomenon.ZI’23

A comparison of QDPT versus MRSOCI (Table III)
shows that the phosphorescence lifetime of the T, , level is
converged when 48 LS states are employed in the perturba-
tion expansion. As the Sy« T, , emission is by far the fastest
radiative decay channel of T, the high-temperature lifetimes
determined with the QDPT and MRSOCI approaches are
nearly equal, despite the fact that the lifetimes of the indi-
vidual T, , and T, y levels differ by a factor of roughly 2. The
S¢«T, , phosphorescence mainly borrows its intensity from
two sources: (1) the significant direct spin-orbit coupling of
the initial and final states ((So|Hso|T1.)=150.1 cm™, AE
=14 506 cm™!) weighted by a considerable dipole moment
difference (Au=1.81eqa;) between these states and (2) the

J. Chem. Phys. 124, 124101 (2006)

large spin-orbit contribution of the S,(7— ") state to the
T,, wave function (So|Hsol|T1)=118.8 cm™!, AE=
—-14002 cm™!) that is to be multiplied by the strong S,
8, transition moment ((So|u|S,)=—2.28 eay). The contri-
bution of the direct term is also present in the QDPT calcu-
lations based on eight zeroth-order states, whereas the sec-
ond term is missing in this expansion. A similar analysis of
the ST, and Sy« T, , emission reveals that the contri-
bution of low-lying electronic states is small. The most
prominent individual contribution to the Sy« T, transition
stems from the 2 'B state (not contained in the eight LS state
basis) that is related to the S, and T states by (o0— ") and
(o0—n) single excitations, respectively. In case of the T
emission, no dominant contribution can be singled out. This
level interacts with singlet states of B, symmetry. The (n
— ") excited 3 'B, and 5 'B, states, exhibit medium-sized
SOCME:s with T) but their amplitudes enter (So|x|T; ) with
different phases and thus cancel partially.

Experimentally, decay rates of the T; state of
4H-pyran-4-thione were determined in n-pentane matrices at
temperatures between 1 and 77 K and in solution at room
temperature. In the low-temperature regime, Taherian and
Maki were able to observe emission from the T, and T
sublevels with lifetimes of 7,=2.3 ms and 7,=3.7 ms.Sg
Emission from the T, sublevel starts at temperatures between
10 and 20 K. Assuming a Boltzmann distribution of the fine-
structure level populations and a triplet quantum yield of 1, a
lifetime of 7,=21 us was deduced then by these authors
from the known values for 7, and 7,, the fine-structure split-
ting in trap site B (=24 cm™!), and the high-temperature
value of 7=85 us measured at 77 K. Unfortunately, Taherian
and Maki did not determine phosphorescence quantum
yields. Due to the experimental conditions, the decay rates
are free from self-quenching of the T, state, but they contain
contributions from phosphorescence as well as the ISC
T~ S,. Pure phosphorescence lifetimes were deduced by
Szymanski et al. from T, lifetime measurements at room
temperature for various concentrations of 4H-pyran-4-thione
in  3-methylpentane (3-MP) and  perfluoro-1,3-
dimethylcyclohexane  (PF-1,3-DMCH).”’  Self-quenching
rates were eliminated by extrapolating observed decay rates
to infinite dilution. By means of measured quantum yields

TABLE III. Convergence of T, phosphorescence lifetimes of pyranthione with expansion lengths.

QDPT MRSOCI

AE (cm™) w (eag) 7 (ms) AE (cm™) w (eag) 7 (ms)
8 LS states
T 14 652.31 1.69 X 107 5x108 14 653.53 231x1073 29
Ty 14 652.31 2.81x 107 2X10° 14 653.54 1.05x 1073 142
T, 14 674.93 1.89x 1072 0.437 14 674.85 3301072 0.143
High-T average 1.311 0.426
48 LS states
T 14 489.13 1.63x 1073 61 14 490.03 2.45% 1073 27
Ty 14 489.20 0.73x1073 302 14 490.04 1.08x 1073 140
T, 14 508.78 3.81x1072 0.111 14 509.48 3.84%x1072 0.110
High-T average 0.332 0.328
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and several assumptions concerning interconversion rates,
they estimated phosphorescence lifetimes of 7,=90 us in
PF-1,3-DMCH and 7,=137 us. Given the uncertainties these
assumptions entail, we find very good agreement between
our computed high-temperature lifetime of T; and the experi-
mental values. The triplet lifetimes of the individual T, ; and
T,y sublevels measured in the low-temperature regime55 are
significantly shorter than the calculated phosphorescence
lifetimes. At the present state of knowledge we attribute this
difference to nonradiative relaxation via efficient T|~+S,
ISC.

C. Application to free-base porphin

Porphyrin derivatives are frequently used as triplet sen-
sitizers. Triplet sensitizers exhibit a high triplet quantum
yield and a sufficiently long T, lifetime to undergo spin-
exchange reactions with other molecules. Only 5% of the
photoexcited free-base porphin molecules decay by fluores-
cence after excitation of the optically bright Soret band and
internal conversion to Sl.62 The triplet quantum yield is
found to be nearly 90%. It is generally assumed that the
efficient triplet population is due to S;~+T; ISC, but the
mechanism is not known in detail.

Despite the high triplet quantum yield, no phosphores-
cence was observed for free-base porphin in n-octane or Ne
matrices at 4.2 K.%*%* Under these conditions, most of the
triplet population decays nonradiatively to the ground state
by T,~»S, ISC. The phosphorescence quantum yield was
predicted to be of the order of 10746566 Extremely weak
phosphorescence with 0-0 transition at 794 nm (1.56 eV)
was observed for free-base porphin in a mixture of benzene
and octane by Tsvirko et al.®® These authors determined the
probability for a radiative Sy« T} transition to be 0.0078 s7!
at 77 K, corresponding to a natural phosphorescence lifetime
of 7,=128 s s. A similar value (7,=80 s) was reported by
Gouterman and Khalil® for free-base porphin in glassy ma-
trices of an ethyl ether/isopentane/ethanol/ethyl iodide (EPA/
Etl) admixture. Furthermore, these authors were able to re-
solve the 0-0 transition Sy« T, at 785 nm (1.58 eV). A
considerably longer lifetime was concluded from the dynam-
ics of microwave-induced fluorescence transients by van
Dorp et al.®® in n-octane. T, x was found to be the only active
level.”” van Dorp et al. estimated its radiative decay rate to
be of the order of 2 X 1073 s~!. In Xe matrices at 4 K, fluo-
rescence is completely quenched. Radziszewski er al.* iden-
tified the origins of phosphorescence emissions at two differ-
ent matrix environments to be located at 12 677 cm™" (site A,
1.57 eV) and 12588 cm™' (site B, 1.56 eV), respectively.
These spectra show a nice vibrational progression based on a
totally symmetric (a,) 1614 cm™!' mode.

Theoretical phosphorescence lifetimes of the 1 B,, state
were reported by Loboda et al.®® and Minaev and Agren.(79
They applied time-dependent quadratic response theory uti-
lizing the B3-LYP density functional. The results appear to
be rather sensitive to the AO basis set. Loboda e al.®® obtain
a phosphorescence lifetime of 7, =385 s for the T) level””
employing a cc-pVTZ basis. The contributions of the other
triplet levels to the radiative decay are small. The high-
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FIG. 5. (Color online) Orbitals of porphyrin at the T, geometry.

temperature limit of 7,=1128 s is thus determined almost
solely by the T| y— S, transition. Minaev and Agren69 find
similar values when using the very small 3-21G basis (7,
=540's, 7,=1619 s) whereas the better 6-31G™" basis yields
a ten times longer phosphorescence lifetime (7,=5128 s, 7,
=15381 s). Except for the 6-31G™ result, the calculated
phosphorescence lifetimes agree well with the experimental
estimate by van Dorp e al.,*® but are considerably longer
than the high-temperature phosphorescence lifetimes deter-
mined by Tsvirko et al.®® and Gouterman and Khalil.> More-
over, it has to be noted that Minaev and Agren carried out the
response calculations at the ground state equilibrium geom-
etry. Strictly speaking, their calculated electronic transition
rates thus do not correspond to true Einstein probabilities for
spontaneous phosphorescence emission as the latter have to
be evaluated at the 7} minimum geometry where the vertical
So—T, energy gap AE is smaller than at the S, geometry.
Because AE enters expression (12) to the third power, the
actual choice of the nuclear geometry might have a signifi-
cant influence on the computed emission probability and thus
on the phosphorescence lifetime.

We optimized the geometries of the porphyrin molecule
in its Sy,S;, and 7, electronic states in C, symmetry by
means of (TD)DFT employing the B3-LYP density
functional.”””"! Tn agreement with conventions, the x axis is
chosen to pass through the N—H bonds of free-base porphin
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TABLE IV. Excitation energies (eV) of singlet and triplet states in porphyrin at different nuclear geometries.

DFT/MRCI TDDFT/B-P TDDFT/B3-LYP CASPT2
Method

AO basis TZVP SVP-+diff. cc-PVTZ 6-31G™ ANO-S
Reference This work 73 68 69 74
Geometry T, S So So

So(1'4,) 0.23 0.05 0.00 0.00 0.00 0.00 0.00
S,(1'By,) 2.13 1.94 1.94 2.13 225 227 1.63
S,(1'B,,) 2.52 2.39 2.37 2.25 2.35 244 2.11
552 'By,) 3.32 3.06 3.09 2.94 3.32 3.33 3.08
Sy(1'By,) 3.15 3.08 3.15 2.90
S5(2'A,) 3.14 3.14 3.16 2.94

S¢(2'B,,) 3.33 3.16 3.16 2.96 3.39 3.41 3.12
Sio(1'By,) 4.18 428 426 3.28 3.82 3.85

T,(1°B,,) 1.68 1.81 1.79 1.58 1.51 1.46 1.52
T,(1°By,) 224 2.01 2.02 1.74 1.70 1.81 1.85
T5(2°B,,) 2.59 2.10 2.08 1.97 2.01 - 1.98
T,2°Bs,) 2.47 2.32 2.26 1.9 2.15 1.88
T5(1°B,,) 3.23 2.85 291 2.56 2.68 e
To(3°By,) 3.32 2.94 2.98 2.63 e

T5(1°A,) 3.19 3.16 3.17 2.63 3.25

and the z axis is perpendicular to the molecular plane. Al-
though the starting geometry was artificially distorted by dis-
placing some atoms, these states exhibit D,;, symmetry after
optimization. The two highest occupied MOs, 2a,(HOMO
—1) and 5b,, (HOMO) (see Fig. 5, upper panel), are very
close in energy so that their energetic order may swap even
for small nuclear distortions. A similar observation is made
for the two lowest unoccupied MOs, 4b;, (LUMO) and
4b,,(LUMO+1) (Ref. 72) (see Fig. 5, middle). Not surpris-
ingly, the electronic structures of low-lying excited singlet
and triplet states are of strong multiconfigurational character.

The nuclear distortions in the 7 state with respect to the
electronic ground state equilibrium structure follow the
trends expected from the MO picture. At the S, geometry, the
T, state (1 °B,,) is dominated by the HOMO— LUMO exci-
tation with a smaller contribution from the HOMO-1
—LUMO+1 excitation. As the HOMO is a nonbonding 7
orbital, the nodal structure of the LUMO primarily deter-
mines the geometry shifts on the 7', hypersurface. The latter
7 orbital is partially bonding and partially antibonding
within the pyrrol moieties. Furthermore, it exhibits negative
interference between the pyrrol amplitudes and the neighbor-
ing carbon p,_ orbitals of the methine bridges. When the ge-
ometry is relaxed, the preponderance of the leading elec-
tronic configuration is strengthened and reinforces the
geometric effect. In the 7 state, the central C3—C} bonds of
the pyrrol rings are elongated by about 3 pm, whereas the
C,—C; and C}—Cj bonds shrink by the same amount. Due to
the antibonding interaction in the LUMO, the bonds connect-
ing the C,/C; centers of the pyrrol rings with the methine
bridges become longer, too. As a result, the perimeter of the
porphin ring is larger in 7'} compared to Sj.

Because of the larger exchange interaction between the
5b, and 4bs, orbitals compared to the 5b;, and 4b,, pair,

the order of the singlet states is reversed with respect to the
triplets. Furthermore, their electronic structures are domi-
nated by two configurations with nearly equal weights. In the
S, state, the bond length changes expected for the HOMO
—LUMO+1 and HOMO-1—LUMO excitations nearly
cancel. The only remarkable geometric distortion in the S
state is a variation of the bond angles in the porphin ring,
leading to an increase of the distance between the two azine
nitrogens by 0.04 pm.

DFT/MRCI calculations were performed for four singlet
and four triplet states in each irreducible representation (64
states in total). Energies of low-lying singlet and triplet states
are listed in Table IV relative to the ground state minimum.
Additionally, the first singlet (n— 7") state is included be-
cause states of this type play an important role in explaining
the observed phosphorescence rates. For comparison, we
also included theoretically determined excitation energies
from other studies that comprise triplet states. 68007374

DFT/MRCI calculations on several 'B,, and 'B;, have
been carried out earlier by Parusel and Grimme using a
smaller (SVP) AO basis set.” The excitation energies are
nearly unaffected when extending the AO basis set to TZVP
quality. For these 'B,, and 'B,, states, the differences be-
tween their SVP and our TZVP results amount to at most
0.02 eV. Compared to experiment, we find excellent agree-
ment. In vapor spectra, Edwards et al.”® measured an excita-
tion energy of 1.98 eV (627.5 nm) for the 0-0 transition of
the Q. band (Sy—S,) which may be compared to our adia-
batic excitation energy of 1.94 eV. (Note the almost negli-
gible effect of the geometry relaxation in the S; state on the
calculated excitation spectrum.) Also our computed vertical
S, excitation energy (2.37 eV) agrees favorably with the ex-
perimentally determined origin transition of the Q, band
(So—S,) at 2.42 eV (511.5 nm).” In the wavelength range
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TABLE V. Dipole transition moments, phosphorescence rates, and lifetimes in free-base porphin computed at the S, and 7, geometries by means of quasi
degenerate perturbation theory and spin-orbit configuration interaction procedures. 7(T;) denominates the averaged lifetime of the T, sublevels in the

high-temperature limit.

(T JxISe) (T l2ISe» k, ky mT,.) n(T,) 7(T))

(eag) (eaq) (s7) (s (S) (S) (S)

QDPT(S,), 16 states 6.6X107 68.2X 1070 27107 0.0289 3720 34.6 103
QDPT(S,), 64 states 4.4x107° 62.4X 1070 12x107 0.0237 8 470 42.1 126
SOCI(S,) 22%107°6 53.0X 107 3.0%107 0.0175 33235 57.3 171
QDPT(T)), 16 states 42x107° 68.7X107° 5.6x107 0.0151 17 700 66.2 198
QDPT(T)), 64 states 3.0X 1076 68.4X107° 2.9x107° 0.0150 34 624 66.7 200
SOCI(T,) 0.5 % 107° 0.5X%107 91.8X 107 8.1x107 0.275 1200 000 36.4 109

of the Soret band (A, =372.5 nm,”® corresponding to 3.33
eV), we actually find four strong vertical transitions in our
calculations, 1'A,—2'B;, (3.09 eV), 1'A,—2'B;, (3.16
eV), 1'4,—3'B,, (3.53¢V),and 1 'A,—3'B,, (3.54 V).
Our computed adiabatic excitation energy of the 7 state
(1.68 eV) is slightly higher than the 0-0 transition of the
phosphorescence band (1.56-1.58 ¢V),**"% but it should be
kept in mind that the latter values were determined in matri-
ces.

With the exception of the S state, the TDDFT calcula-
tions employing the purely local B-P density functional
place all electronic states at lower excitation energies. In
particular, the position of the (n— ") excited 1 'B,, state
differs from its location in our calculated spectrum by nearly
1 eV. Presumably, this deviation can be attributed to the
wrong asymptotic behavior of the B-P functional. When the
B3-LYP functional with 20% Hartree-Fock exchange is used
instead in the TDDFT calculations,(’x’69 the agreement is
rather good, except for S; where the TDDFT excitation en-
ergy is higher than our DFT/MRCI value by about 0.3 eV
and for 7| and T, which are underestimated by approxi-
mately the same amount with respect to our results. Finally,
the CASPT?2 calculations with 16 active electrons in 14 ac-
tive orbitals’ yield S;,S,,T}, and T, excitation energies that
are lower than ours by 0.2-0.3 eV, whereas excellent agree-
ment is found for the higher 2 'B;, and 2 'B,, states.

SOCMEs of triplet and singlet states with excitation en-
ergies below 4 eV, evaluated at the 7; minimum geometry,
are extremely small, none of them exceeding 0.1 cm™" (see
Table V). A similar observation was made in a previous
study8 for SOCMEs computed at the ground state equilib-
rium geometry. The only SOCMEs of considerable magni-
tude are found with the states of (n— 7") character. In our
calculations, the lowest-lying ungerade singlet (n— ")
state, 1 'B,,, comes as S at 4.18 eV, 2.50 eV above 7). This
1'B,, state is dominated by the 11b,,(HOMO-9)
—4b;3,(LUMO) excitation. Herein 11b,, is a lone-pair (1)
orbital centered at the nitrogen atoms in the two dehydropy-
rrol rings (Fig. 5, lower panel). The SOCME of this state
with the T, state amounts to 20.88 cm™' (18.13 cm™" at S,
geometry). In gerade symmetry, we observe large SOCMEs
between S, and 3Bzg as well as 3333- These triplet (n— ")
states originate from excitations of a lone-pair electron in the
13a, orbital (HOMO-8, Fig. 5, lower panel) to LUMO and
LUMO+1, respectively. For the MRSOCI calculation, the
configuration space has been built up for a single state per

irreducible representation and multiplicity (16 states in total).
As the energy gap selection criterion of the DFT/MRCI is
based on the reference state with highest energy within a
given multiplicity, this choice leads to a much smaller con-
figuration space than for the above-mentioned DFT/MRCI
calculations including 32 states in each multiplicity (see
Table VI). Because the spin-orbit operator cannot couple ger-
ade and ungerade symmetries, two separate MRSOCI calcu-
lations were performed. The dimension of the two MRSOCI
matrices amounts to 8.8 X 10° in both cases. A tight conver-
gence criterion of 5X 10~ E;, was applied. In gerade sym-
metry, only the ground state root was computed, converging
after the fifth iteration. In ungerade symmetry, the three roots
corresponding to the T, state have reached convergence after
ten iterations. For the calculation of transition MEs, the MR-
SOCI vectors were merged subsequently.

For a better comparison with experiment, on one hand,
and the theoretical results by Loboda et al.®® and Minaev and
Agren,(’9 on the other hand, we evaluated phosphorescence
lifetimes both at the 7 and S, minimum geometries. Since
the transition from the T, level is symmetry forbidden in
D,),, only results for the T, and T, levels are shown in
Table V. As a general trend we find that the dipole transition
moments connecting the T, sublevel of T, with the elec-
tronic ground state are at least an order of magnitude larger
than those of T,,. The largest single contribution to
(T, ,|z|S¢) comes from the above-mentioned 1 'B, (n— )
state. Its coefficient in the spin-orbit perturbed wave function
of the T;, level amounts to 0.001 035. A similar value
(0.001 012) is found for the projection of the T; , MRSOCI
vector on the unperturbed S;9 wave function. The perturba-
tional contribution of this state to the phosphorescence rate
can be estimated by multiplying its coefficient in the spin-
orbit perturbed wave function with the spin-free dipole tran-
sition moment to the ground state (0.1909), yielding 198
X 10~%aqy,. Its effect is partially canceled by the contributions
of higher-lying 'B,, states as well as 3Bzg and 3B3g states.

A clear trend concerning the size of the transition MEs
cannot be made out when comparing corresponding numbers
at the Sy and 7T, geometries. While the transition moment
relating the T, , level with S, decreases upon geometry re-
laxation in the excited state, the MEs coupling T, , and S,
remain almost constant when evaluated at the QDPT level
and nearly double at the MRSOCI level. The decrease of the
vertical excitation energy from 1.79 eV at the S, geometry to
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TABLE VI. Timings for different stages of the calculations on free-base
porphin (D,;, symmetry) measured on a single Intel Xeon 2.4 GHz proces-
SOr.

Dim (1 vector) CPU time (h)

MRCI (singlets, 4 states/IRREP) 1.1X10° 26.5
MRCI (triplets, 4 states/IRREP) 1.9 10° 35.5
1-RTDMs (32 singlets+32 triplets) 2.5
576 SOCME:s over 64 states 55
Total (perturbation theory) =70

MRCI (singlets, 1 state/IRREP) 0.4x10° 1.0
MRCI (triplets, 1 state/IRREP) 0.6X10° 7.5
MRSOCI (4 roots) 8.8 10° 25.0
1-RTDMs (4 MRSOCI vectors) 4.8
Total (linear variation) ~39

1.45 eV at the 7| geometry generally leads to an increase of
the T; phosphorescence lifetime. In the MRSOCI calcula-
tions, this effect is surpassed, however, by the strong increase
of the dipole transition ME that enters Eq. (12) quadratically.
The phosphorescence lifetime of the T, state of free-base
porphin, determined as the high-temperature limit in our
MRSOCI calculations, is in excellent agreement with the ex-
perimentally determined natural phosphorescence lifetimes
of 7,=128 s (Ref. 66) and 7,=80 $.55 Our phosphorescence
lifetime computed from a perturbation expansion in the basis
of 64 electronic states is somewhat longer, but still in the
right ballpark, whereas the lifetimes resulting from TDDFT
response calculations®™® are two orders of magnitude larger.
The TDDFT response results appear to agree better with the
experimental estimate by van Dorp et al® predicting a life-
time of about 500 s for the T, level. It should be kept in
mind, however, that the latter authors did not observe phos-
phorescence at all but estimated the phosphorescence life-
time indirectly from the dynamics of microwave-induced
fluorescence signals.

Computer resources required for carrying out spin-orbit
calculations on a molecule as large as porphin using the
DFT/MR(SO)CI branch of the SPOCK package are moderate.
All calculations could be performed on a single-processor
personal computer (PC) with 2 Gbytes memory. Timings for
the various steps of the perturbational and variational calcu-
lations are collected in Table VI. The smaller dimension and
shorter CPU times for the second set of spin-orbit-free DFT/
MRCI runs is a consequence of the fact that a smaller num-
ber of LS states are sufficient to reach convergence in the
MRSOCI approach compared to QDPT. Starting the David-
son procedure in the MRSOCI calculations with converged
spin-orbit-free MRCI vectors accelerates the diagonalization
process significantly so that the actual timing for the MR-
SOCI step (four roots) is kept low.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have presented a new multireference
spin-orbit coupling configuration interaction program,
SPOCK.CL In principle, it can be run as an ab initio MRSOCI
or as an extension of semiempirical DFT/MRCI procedure
including spin coupling between singlet and triplet

J. Chem. Phys. 124, 124101 (2006)

states. Extensive test calculations have been performed for
three typical organic compounds, dithiosuccinimide,
4H-pyran-4-thione, and free-base porphyrin, utilizing the
faster DFT/MRSOCI branch. In all three test cases, com-
puted excitation energies and phosphorescence lifetimes of
the T, states are in very good agreement with experimental
results.

DFT/MRSOCIT calculations carried out with various CI
expansion lengths show that it is sufficient to merge the con-
figuration spaces built up in spin-orbit-free DFT/MRCI cal-
culations for a single root per space and spin symmetry, at
least for typical organic compounds. The computed dipole
transition moments for the Sy« T emission are almost iden-
tical to the ones obtained from the largest calculations. This
result is particularly encouraging with regard to second-order
spin-orbit properties of larger molecules for which the calcu-
lation of many LS states may be cumbersome but is required
for reaching a comparable convergence at the level of
quasidegenerate perturbation theory. For the test cases stud-
ied, the additional inclusion of single excitations showed
only a minor influence on the computed phosphorescence
lifetimes. However, the results were found to be sensitive to
the vector convergence threshold of the iterative Davidson
diagonalization. The proper resolution of the near-degenerate
triplet sublevels requires tight convergence criteria. The nec-
essary convergence threshold is related to the fine-structure
splitting in the T, state which is often well below 1 cm™! in
light organic compounds.

With regard to timing, SPOCK.CI benefits from the appli-
cation of various efficient techniques and approximations.
We would like to mention here the implementation of a
second-quantization formalism, the expansion of the wave
functions in CSFs and fast algorithms for determining their
spin-coupling coefficients, the extensive exertion of the
Wigner-theorem, the use of effective one-electron spin-orbit
integrals, the resolution-of-the-identity approximation for
spin-independent four-index integrals, application of a mul-
tiroot Davidson diagonalization scheme, and, last not least,
the very efficient DFT/MRCI ansatz. Many of these features
were inherited from the original MRCI code by Grimme and
Waletzke;'! others were adapted by us to complex algebra
and extended to include spin-orbit interactions. For the ex-
tremely fast generation of atomic spin-orbit mean-field inte-
grals, the AMFI module by Schimmelpfennig'® has been
made part of the SPOCK package. The variational determina-
tion of phosphorescence rates employing SPOCK.CI may be
even faster than a sum-over-states or a QDPT approach be-
cause the number of roots that have to be determined in the
Davidson procedure is significantly smaller.

Problems may arise in the current single-processor ver-
sion of the program due to the large dimensions of the MR-
SOCI vectors. In particular, if properties of higher triplet
states are to be investigated, memory requirements for the
simultaneous storage of the ¢ and o vectors of all roots may
become significant. A parallelized version of the SPOCK.CI
program that can handle these cases is currently under devel-
opment. A further obvious desideratum is the availability of
scalar relativistic integrals for the treatment of large heavy
element compounds. Presently, scalar relativity can be taken
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into account only in the ab initio branch of SPOCK.CI through
its interface to the MOLCAS program. Ab initio MRSOCI cal-
culations, on the other hand, are feasible only for small to
medium-sized molecules because of the slow convergence of
the correlation energy with configuration space size and be-
cause of size-extensivity problems. An implementation of
scalar relativistic no-pair integral routines into the TURBO-
MOLE package that could remedy this is underway.
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APPENDIX: PROBLEMS IN A REAL DAVIDSON
ALGORITHM

It can be shown™ that the eigenvalues of a complex
Hermitian matrix C,

C=(A+iB), (A1)

with real part A and imaginary part iB are equal to the ei-
genvalues of a (double-sized) real symmetric matrix R

R= .

B A
In the real secular equation all eigenvalues experience an
artificial double degeneracy but are otherwise identical to the

ones of the complex matrix. Concomitantly, two (double-
sized) real eigenvectors,

(v (),

are obtained instead of one complex eigenvector (v+iw) of
matrix C. The second half of the real vectors is to be inter-
preted as the imaginary part, and the second vector is nothing
but the first one multiplied by the phase factor i. Due to their
degeneracy usually only one of these two eigenvectors is
required for evaluating properties.

Operations occurring in the course of the Davidson al-
gorithm are multiplications of vectors with a real scalar, ad-
ditions of vectors, the matrix-vector multiplication, and, in
the orthogonalization step, scalar products of vectors. All of
these steps yield identical results no matter whether we use a
complex or double-sized real algorithm, exemplified here for
the matrix-vector multiplication,

(A+iB)(v +iw)=Av — Bw+i(Aw + Bv),

(A —B)(v) <AU—BW)
B A J\w) \Aw+Bv/)’
except for the scalar product. While the norm is conserved
and expectation values (and therefore energies) are not af-

(A2)

(A3)

(A4)

(AS)
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fected, this does not necessarily apply to off-diagonal MEs.
The scalar product of two complex eigenvectors (v+iw) and
(x+iy) yields

w+iw) - (x+iy) = x+wly +i(—=wix +07y). (A6)

For these vectors to be orthogonal (as required in the com-
plex secular equation), the real and imaginary parts have to
vanish separately. The scalar product of the corresponding
vectors in real space gives

T
v X
( ) ( ):vrx+wTy.
w y

In order to restore the imaginary part of the complex-valued
ME in Eq. (A6), one needs to compute a second scalar prod-
uct between the pairs of degenerate eigenvectors in real
space, e.g.,

T
-W X
V) et
v y

The orthogonalization of the real vectors in the real David-
son algorithm ensures that the right-hand sides of Egs. (A7)
and (A8) are zero and, therefore, also the complex scalar
product equals zero and orthogonality is guaranteed.

On the other hand, the scalar product of the two artifi-
cially degenerate real vectors (A3) does not vanish when
they are interpreted as members of the complex vector space:

(A9)

(A7)

(A8B)

W+ iw) (~w+iv) =i+ w?) =i.

Their nonorthogonality in the complex sense does not con-
stitute a problem as long as no true degeneracy of eigenval-
ues occurs (not counting the artificial degeneracy), because
one may freely choose any one of these two vectors, (v
+iw) or (-w+iv), for the computation of properties. In cases
with true (e.g., twofold) degeneracy of eigenvalues, with cor-
responding eigenvectors (v+iw) and (s+iz), the four vectors
occurring in the real Davidson algorithm would ideally fol-
low the form of Eq. (A3):

o) (o () na ().

In this case, it is not straightforward to deduce which two of
these vectors to choose for the evaluation of properties, in
particular, because the order in which they appear is random.
In the complex sense, the first two vectors are not orthogonal
among each other, but are orthogonal to the second group of
two eigenvectors, which, in turn, are not orthogonal to each
other. Moreover, linear combinations may occur, e.g., the
two rightmost vectors may undergo a linear combination:

v s -w—t —-wH+t
( )and()and( )and( >

w t +U+s +v-s
(normalization has been left out here). Orthogonality in the
real sense is ensured by the algorithm; but in complex vector
space now the first vector is neither orthogonal to the third
nor to the fourth vector. By further mixing of the vectors,
orthogonality may be totally destroyed, leading to unphysical

results in a subsequent property calculation. It should be
noted that this problem is not of theoretical nature but was

(A10)

(A11)

Downloaded 19 Apr 2006 to 134.99.82.26. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

80



3.3. SPIN-BAHN CI

124101-17  sPock.Cl

encountered by us in actual calculations on linear molecules.

In conclusion, this means that the substitution of the
complex Hamiltonian matrix in a SOCI calculation by a real
symmetric one is only applicable if the vectors are not used
in subsequent property calculations. Otherwise, either a com-
plex Davidson algorithm must be employed, or at least, the
orthogonalization step in the real Davidson scheme has to be
modified.
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Anwendungen

Der DFT-Zweig des SPOCK-Pakets wurde inzwischen in einer Reihe unterschiedlicher Mo-
lekiille angewendet. Im Laufe der Anwendungen fand eine stetige Fortentwicklung des
SPOCK-Programms statt. Immer wieder wurde die Notwendigkeit von Detailverbesserun-
gen oder neuen Funktionen aufgedeckt und diese implemetiert.

4.1 Thiophen

Als erste Anwendung der storungstheoretischen Teils von SPOCK, SPOCK.PT, wurde das
Thiophenmolekiil gewihlt. Als moderat grofles organisches Molekiil ldsst es noch eine
Behandlung mit dem ab-initio Zweig zu.

Das Thiophen wurde in der Arbeitsgruppe Weinkauf spektroskopiert. Aus den Beob-
achtungen nach Anregung des Si-Zustands wurde auf ein sehr schnelles ISC in den T5
Zustand, sowie von dort einen ebenfalls sehr schnellen Zerfall in den 77 Zustand geschlos-
sen. Diese experimentellen Befunde sollten mit einer quantenchemischen Untersuchung
durchleuchtet werden. Im Rahmen dieser ersten Untersuchung konnte keine zufriedenstel-
lende Erklarung fiir das Verhalten des Thiophens gefunden werden: An der Geometrie des
Grundzustands sind alle berechneten Matrixelemente zwischen den beteiligten Zustédnden
so klein, dass die schnelle Relaxation in den Triplettzustand nicht erklért werden konnte.
Auch ein kiinstlicher Symmetriebruch durch ein Kippen des Schwefels aus der Molekiil-
ebene brachte keinen weiteren Aufschluss. Die Ergebnisse sind in der Verdffentlichung zum
SPOCK.PT in groflerer Breite diskutiert.

Eine tiefergehende Untersuchung des Thiophens wurde in der Diplomarbeit von Su-
sanne Salzmann mit SPOCK.PT und SpPOCK.CI durchgefiihrt.[50] Dabei wurden auch
Geometrien der angeregten Zustédnde optimiert sowie Geometrieverzerrungen beriicksich-
tigt. In den meisten betrachteten Minimumgeometrien angeregter Zustéinde (bei Sy, Sa,
T} und T3) ist das Molekiil nicht mehr planar. In S35 und 73 wurde dariiberhinaus eine
starke Aufweitung einer C-S-Bindung gefunden. S5 ist das globale Minimum der Singulett-
Potentialfliche. (Die Nomenklatur der Zusténde folgt hier ihrer Reihenfolge im vertikalen
Spektrum.) Vom S; ausgehend wurde ein Pfad minimaler Energie zum Minimum des S
Zustands ermittelt, der nur eine minimale Barriere aufweist, und in dessen Verlauf es zu
mehreren Uberschneidungen mit Triplettzustinden kommt.
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4.2 Uracil

In der Arbeit ,Electronic excitation and singlet-triplet coupling in uracil tautomers and
uracil-water complexes“(,,Elektronische Anregung und Singulett-Triplett-Kopplung in Ura-
cil-Tautomeren und Uracil-Wasser-Komplexen®) wurden Singulett- und Triplettspektren
von Uracil-Tautomeren untersucht. Die stabilste Kernanordnung entspricht der Diketo-
form des Uracils. Die elektronischen Grundzustinde der anderen Tautomere liegen ener-
getisch etwa 0.5-1 eV hoher. Die Rechnungen liefern in Ubereinstimmung mit fritheren
theoretischen und experimentellen Studien grofie Oszillatorstédrken fiir 7 — 7 Anregun-
gen. Fiir Rydberg- und n — #* Zustédnde sind die Dipoliibergangswahrscheinlichkeiten
zum bzw. vom elektronischen Grundzustand klein. Der tiefstliegende Zustand entspricht
einer 3(7m — 7*) Anregung, gefolgt von einem n — 7* Triplett. Im Singulettspektrum der
Diketoform ist die Reihenfolge der Zustidnde umgekehrt. Die Ergebnisse dieser theoreti-
schen Studie zeigen, dass der erste dunkle *(n — 7*) 8; und der (7 — 7*) Sy Zustand, in
den Anregung beobachtet wird, an der Sy-Geometrie energetisch nahe beieinander liegen.
Der Energieunterschied dieser beiden Zustdnde wird durch eine polare Umgebung und
durch die Bildung von Wasserstoffbriicken weiter abgesenkt. Diese Néahe von dunklen und
absorbierenden Zusténden ist ein moglicher Grund fiir das diffuse Spektrum der Absorp-
tionsbanden im Uracil. Die Rechnungen weisen auch darauf hin, dass ein dissoziativer A”
Zustand, in dem ein o} Orbital besetzt wird, eine entscheidende Rolle spielen kénnte.

Spin-Bahn-mean-field-Rechnungen mit SPOCK.PT ergeben vernachléssighare Kopp-
lungen (kleiner 0.3 em™!) zwischen Singuletts und Tripletts gleicher Symmetrie. Im Ge-
gensatz dazu sind die Kopplungsmatrixelemente zwischen den elektronischen A’ und A”
Zustinden groB (etwa 20 bis 40 cm™!). Aus den Spin-Bahn-Matrixelementen, Dipoliiber-
gangsmomenten und Anregungsenergien die sich an der T}-Geometrie ergeben, wurde die
Phosphoreszenzlebensdauer stérungstheoretisch unter Einbezug von je 17 Singulett- und
Triplettzustdnden zu Tg ~ 7.5 s berechnet. ISC-Raten zwischen S und 7} werden als sehr
klein vorhergesagt. Daher kann der T7-Zustand nicht direkt iiber die intensive Sy — So-
Anregung besetzt werden. Stattdessen kann 7j indirekt {iber eine interne Konversion (IC)
von S5 nach S; und anschliefendes ISC nach T3 oder iiber ISC von S5 nach 75 und IC
zwischen den Tripletts erreicht werden.

Im Gegensatz dazu weist T3 ein starkes Spin-Bahn-Matrixelement mit dem Grund-
zustand auf und ihre Dipolmomente unterscheiden sich betrichtlich. Weiterhin leiht ihm
der energetisch nahe liegende So Zustand Intensitédt und ermdoglicht eine effektive Beset-
zung von 15 tiber ISC nach Absorption. Fiir T5 ergeben die Rechnungen demzufolge auch
eine wesentlich kiirzere Phosphoreszenzlebensdauer von Tg ~ 1 ms. Die berechneten Phos-
phoreszenzlebensdauern stiitzen die Annahme, dass die in 2-Methyl-Tetrahydrofuran nach
So — S (7 — m*) Anregung gemessene Phosphoreszenz aus dem (7 — 7*) Ty Zustand
stammt.
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Abstract. Electronic spectra of uracil in its diketo (lactam) form and five enol (lactim) tautomeric forms
have been investigated by means of combined density functional and configuration interaction methods.
We have simulated the effects of hydrogen bonding with a protic solvent by recomputing the spectrum of
uracil in the presence of two, four, or six water molecules. Geometries of the electronic ground state and
several low-lying excited states have been optimized. Spin-orbit coupling has been determined for correlated
wavefunctions employing a non-empirical spin-orbit mean-field approach. In accord with experiment, we
find the diketo tautomer to be the most stable one. The calculations confirm that the first absorption
band arises from the ' (7 — 7*) So — S2 excitation. The experimentally observed vibrational structure in
this band originates from a breathing mode of the six ring. Complexation with water molecules is seen to
cause a significant blue shift of n — 7* excitations while leaving m — 7* excitations nearly uninfluenced.
Computed radiative lifetimes are presented for the experimentally known weak phosphorescence from
the m — 7" excited T: state. Among the uracil lactim tautomers, one is particularly interesting from a

spectroscopic point of view. In this tautomer, the m — 7* excitation gives rise to the S; state.

PACS. 31. Electronic structure of atoms and molecules: theory — 33. Molecular properties
and interaction with photons — 33.50.-j Fluorescence and phosphorescence; radiationless transitions,

quenching (intersystem crossing, internal conversion)

1 Introduction

The pyrimidine bases uracil and thymine exhibit broad ab-
sorption bands in the ultra violet, both in the gas phase
and in solution [1-7]. The first band with an onset at ap-
proximately 4.5 eV in vapor spectra has been assigned to
am — 7w transition [2,7]. This assignment is supported
by recent ab nitio quantum chemical studies [8,9]. They
have shown that the 7 — 7* excited Sy states of uracil and
thymine are the lowest singlet states connected with the
So ground state by a considerable dipole transition prob-
ability. The computed oscillator strength for the n — 7*
transition (Sp — Sp) is about three orders of magnitude
smaller. In the first system, some vibrational structure
was resolved (uracil ~ 790 cm™!; thymine ~ 740 cm™!
at low temperatures (77 K) in 2-methyltetrahydrofuran
(2-MTHF)) [3]. At room temperature or in methanol-
ethanol, no vibrational structure could be made out. Fur-
ther, Becker and Kogan report weak fluorescence or phos-
phorescence, the appearance of which depends strongly on
the solvent.

? e-mail: Christel.Marian@uni-duesseldorf.de

The reason for the diffuseness of the absorption spec-
tra of thymine and uracil is not yet clear. Brady et al.
attribute the spectral broadening either to mixing with a
lower-lying electronic state or to a large geometry change
between the ground and excited electronic states [7]. Can-
didates for an extensive intensity borrowing from the So
state of uracil could be highly excited vibronic levels of
So, S1, or some triplet state. High quality ab initio inves-
tigations predict S; to have a vertical excitation energy of
about 4.5 eV [9], just at the onset of the observed broad
band. So far, the energetic location of the triplet states has
not been determined with high confidence and knowledge
about electronic singlet-triplet coupling strengths in uracil
is completely missing. Considering geometric effects, cer-
tainly a change of bond lengths and angles is to be ex-
pected upon a m — 7" excitation. It is not known, how-
ever, how strongly the molecular geometry influences the
electronic spectrum.

Due to hydrogen migration, several tautomeric forms
of uracil can be thought of (cf. Fig. 1). It is generally
agreed that the diketo (lactam) form (A) is the most stable
one in the electronic ground state and no other tautomer
has ever been identified in solution or in the gas phase [3].
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Fig. 1. Six tautomeric forms of uracil.

The situation is less clear for the excited electronic states,
however. Ito and coworkers reported two band systems
with well-resolved vibrational structures in fluorescence
excitation and dispersed fluorescence spectra in a super-
sonic jet [5,6]. They assigned the two band systems with
0° transition wavenumbers of 35288 cm~! (4.38 eV, sys-
tem I) and 30917 cm™! (3.83 eV, system II) to n — 7*
transitions in the diketo and a ketoenol tautomer, respec-
tively. If the observation of a ketoenol tautomer of uracil
or thymine were confirmed, this had large implications
with respect to mutations in RNA or DNA replication.
Brady et al. were able to reproduce system I [7]. They
could show, however, that the carrier of this sharp fluo-
rescence spectrum was not uracil but an impurity with
higher mass produced in the oven. The origin of system II
remained unclear.

The aim of the present quantum chemical study is to
find an answer to some of these open questions. For all
six tautomers shown in Figure 1, we have determined the
ground state geometry and the electronic spectrum as well
as properties of the low-lying singlet and triplet states in-
cluding their spin-orbit interaction. We have studied the
effects of singlet and triplet 7 — 7* and n — 7* exci-
tations on the geometry of the diketo tautomeric form.
The geometry relaxation after m — o* excitations has
been estimated by calculating the electronic spectrum at
the optimized geometry of the corresponding triplet state,
T4. Further, we have investigated the influence of hydro-
gen bonding on the molecular structure and the electronic
spectrum by computing several uracil water complexes.

2 Methods

The reliable quantum chemical evaluation of the electronic
spectrum and the spin-orbit coupling between electronic
states requires the inclusion of static and dynamic elec-
tron correlation in the wavefunction determination as well
as an efficient treatment of spin-orbit coupling. Standard
ab initio packages are not applicable for this purpose, if
the number of correlated electrons is large.

The combined density functional theory/multi-refe-
rence configuration interaction (DFT/MRCI) method by

The European Physical Journal D

Grimme and Waletzke has proven to yield excellent elec-
tronic spectra of organic molecules [10]. We have used this
method for the determination of pure singlet and triplet
electronic states of uracil in various tautomeric forms. The
idea behind this approach is to include major parts of dy-
namic electron correlation by density functional theory
whereas short MRCI expansions take account of static
correlation effects. To this end, the configuration state
functions (CSFs) in the MRCI expansion are built up
from Kohn-Sham (KS) orbitals. Diagonal elements of the
effective DFT/MRCI Hamiltonian are constructed from
the corresponding Hartree-Fock based expression and a
DFT specific correction term. In the effective DFT/MRCI
Hamiltonian, all in all five empirical parameters are em-
ployed. These parameters depend only on the multiplicity
of the desired state, the number of open shells of a con-
figuration, and the employed density functional, but not
on the specific atom or molecule. Currently, optimized pa-
rameter sets are available only for singlet and triplet mul-
tiplicities in combination with the BH-LYP [11,12] func-
tional. A common set of reference CSFs is used for all
spatial symmetries. The initial set can be generated auto-
matically in a complete active space (CAS)-like procedure
and is then iteratively improved. The MRCI expansion is
kept short by extensive configuration selection. For further
details, we refer to the original publication by Grimme and
Waletzke [10].

Technically, the MRCI code and the associated
property programs are linked to the Turbomole pack-
age [13,14]. They can thus take advantage of the efficiency
with which the latter determines two-electron integrals
and KS wavefunctions even for large molecules. Compu-
tationally expensive four-index integrals are evaluated us-
ing the well-known resolution of the identity (RI) method
employing the RI-MP2 optimized auxiliary basis sets from
the Turbomole library [15-17].

Geometry optimizations at the (U)DFT level were
performed utilizing analytical gradients and approximate
Hessians as generated by the rdgrad and relax modules
of the Turbomole package. Unfortunately, these methods
cannot be applied to open-shell singlet states. Moreover,
analytical DF'T/MRCI gradients are not yet available. To
enable the geometry optimization of the S; and Sy states
at the correlated level, gradients were constructed numer-
ically by finite difference techniques and the minima were
located by a conjugate gradient search [18]. The current
first program version works sequentially (one energy point
at a time) and includes drivers for the dscf and ridft mod-
ules of Turbomole and for a DFT/MRCI calculation. An
improved parallelized version will be available soon.

Spin-orbit matrix elements for DFT/MRCI wavefunc-
tions have been generated with the recently presented
spin-orbit coupling kit (Spock) [19]. Key features of this
program are a fast determination of spin-coupling coeffi-
cients between CSF's for spin-dependent one-electron op-
erators and the use of non-empirical atomic spin-orbit
mean-field integrals. The spin-orbit mean-field Hamilto-
nian utilized in this work is an effective one-electron op-
erator derived from the Breit-Pauli Hamiltonian; herein,
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screening by other electrons is incorporated in a Fock-like
manner [20]. As an additional approximation, all multi-
center spin-orbit integrals are neglected. In this way, the
molecular mean field reduces to a sum of atomic mean
fields.

The spin-orbit mean-field approach as such was shown
to yield matrix elements in excellent agreement with
those of the full one- and two-electron spin-orbit Hamil-
tonian [20]. Even for light molecules, the errors are usu-
ally well below 1% [21,22]. For light, conjugated molecules
such as uracil, the one-center approximation is the most
critical one in the hierarchy of approximations for the
treatment of spin-orbit coupling. It was originally devel-
oped for the treatment of spin-orbit coupling in heavy
metal compounds [20]. Multi-center spin-orbit integrals
were found to contribute approximately 5% to the spin-
orbit splitting in the ground state of the w-conjugated
molecules HCgH™, NCsH™, and NC4NT, composed of
first-row elements only [21]. Errors of this size appear ac-
ceptable, as a full spin-orbit treatment is presently out
of reach for molecules of the size of uracil. Moreover,
there are little alternatives to this procedure. A neglect
of multi-center two-electron integrals only, while keeping
all generic one-electron terms, leads to larger deviations
because the one- and two-electron multi-center terms tend
to cancel systematically. Pseudopotential approaches that
are technically also feasible meet the very same difficul-
ties as the mean-field approach whereas parameterized ef-
fective charge spin-orbit Hamiltonians are generally too
crude.

Spock is interfaced to the Turbomole package by the
program SOmf [19]. Herein, mean-field orbitals are gener-
ated automatically for each atom from a restricted (open-
shell) Hartree-Fock atomic ground state calculation and
the atomic mean-field integral program Amfi [23] is called.
Amfi makes use of spherical symmetry; spin-orbit integral
evaluation is thus extremely fast. Finally, SOmf performs
the transformation of the spin-orbit integrals from the
atomic to the molecular orbital (MO) basis set. The ap-
plication of these techniques and approximations in com-
bination with the generation of correlated wavefunctions
via the DFT/MRCI approach makes it possible to com-
pute spin-orbit coupling in organic molecules efficiently
and with high confidence.

3 Technical details

Geometry optimizations of the six local minima (A) - (F)
on the electronic ground state surface were performed for
a restricted closed shell KS determinant. Herein, all atoms
were constrained to lie in a common plane, thus imposing
Cs symmetry. In all cases, the BH-LYP density functional
was employed [11,12]. In addition, we have optimized the
geometries of three low-lying triplet states by means of
an unrestricted open-shell density functional theory pro-
cedure. It has to be noted in this context that the order
of the triplet states is reversed with respect to the singlet
states: T has the same electronic structure as S whereas
Ty closely resembles S;. Starting from the DF'T optimized
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structures, the geometries of the three lowest-lying singlets
(So, S1, and Sz) as well as the two lowest-lying triplets (T
and T3) were refined at the DFT/MRCI level.

We tested three different basis sets: the standard
TZVP and TZVPP basis sets from the Turbomole
library [13,24] and a basis set, which we will call
TZVPP+Ryd, where we added 3s, 3p, and 1d primitive
diffuse Gaussians with origin at a dummy center and ex-
ponents of 0.05, 0.02, 0.008 (s and p Rydberg) and 0.015
(d Rydberg). The position of this dummy center was al-
lowed to adjust in the geometry optimizations. It coin-
cides approximately with the molecular center of mass.
A numerical grid, usually employed for the cesium atom,
was chosen for the quadrature of the exchange correla-
tion at the dummy center. It turned out that the addition
of a second polarization function (TZVPP) had almost
no effect on the DFT/MRCI results. Further, excitation
energies of the low-lying states were not altered upon aug-
mentation of the basis set by Rydberg functions. On these
grounds, we performed all geometry optimizations utiliz-
ing the TZVP basis. Further, the relative energetic loca-
tion of the low-lying states of conformers (A) - (F) and the
spin-orbit coupling between singlet and triplet states were
determined in this basis. On the other hand, excitation
energies and wavefunction characteristics of higher-lying
electronic states are considerably affected by the inclusion
of diffuse functions due to valence-Rydberg mixing. For
the diketo tautomer (A), a vertical spectrum was calcu-
lated both in the TZVP and the TZVPP+Ryd bases.

A common set of molecular KS orbitals, optimized for
the dominant closed shell determinant of the electronic
ground state, was employed as a one-particle basis for
the subsequent MRCI runs. In the latter step, all 42 va-
lence electrons of uracil were correlated. In the TZVP
basis, the MRCI space was spanned by energy-selected
single and double excitations from approximately 70 ref-
erence CSFs. In each irreducible representation, eigenval-
ues and eigenvectors of six singlet and triplet states were
determined. The reference space of the MRCI calculations
in the TZVPP+Rydberg basis comprised approximately
130 CSF's for twelve roots in either spin and space sym-
metry.

The structure of the uracil-water complexes was deter-
mined without symmetry constraints. As it was not meant
to explore a great part of the multi-minima potential en-
ergy hypersurface, we optimized just a single local mini-
mum in each case, starting from a decently guessed nuclear
arrangement. A TZVP basis was used throughout and all
valence electrons on uracil and the water molecules were
correlated. In the MRCI calculations, we computed the
six lowest singlet and triplet states of each complex.

4 Results and discussion
4.1 The diketo form of uracil
4.1.1 The electronic ground state

The calculated equilibrium geometry of uracil in its diketo
form is shown in Figure 2. Bond lengths in the six ring
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Fig. 2. Optimized geometry
(DFT/MRCI, TZVP basis) of the
diketo form (A) of uracil in its
electronic ground state. All bond
lengths are in pm units.
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Fig. 3. The highest occupied n and m MOs. (Diketo form (A),
So geometry, TZVPP+Ryd basis, isoline = 0.020) The black
dot in the six ring indicates the origin of the Rydberg basis.

(m1), e = —0.3607Ey

agree excellently with experimental X-ray structural pa-
rameters [25]. Carbonyl bonds are slightly shorter than
in the crystal structure (120 pm (both C-O groups, this
work) vs. 121.5 pm (C2—O7) and 124.5 pm (C4—Os) [25]).
We attribute parts of these differences to pairing effects in
the solid state. Uracil crystals are built up from hydrogen
bonded dimers in which the carbonyl oxygen Og is bonded
to the N3H group of the partner molecule thus leading to
an elongation of the C4~Og carbonyl bond. A trend in
this direction is also seen in the uracil water complexes
(see below) where the C-O bond distances are larger by
2-3 pm than in the isolated molecule.

Valence MOs that are important for an understanding
of the spectrum are plotted in Figures 3 and 4. The high-
est occupied molecular orbital (HOMO, m3) is a m-type
orbital. It has a Cs;—Cg bonding character and is non-
bonding elsewhere. The second highest MO (HOMO-1,
ny) is an in-plane orbital with large amplitudes for the
Og carbonyl oxygen lone pair and the C4—C; o bond.
The other oxygen lone pair, at O7, dominates the n; or-
bital (HOMO-3). Finally, the third highest occupied MO
(HOMO-2, m1) has major contributions from the p, or-
bitals on N3 and both oxygen atoms. The lowest unoccu-

The European Physical Journal D

(%), €= +0.0611Ey (%), € = —0.0087Ex

Fig. 4. The lowest unoccupied 7* MOs (other information as
in Fig. 3).

pied MO (LUMO, 73) exhibits a node between Cs and Cg
whereas it is 7 bonding with respect to C4—Cs. Further,
it shows some C4—Og anti-bonding characteristics. Several
Rydberg orbitals are located in the energy gap between 73
and 7}, the next valence type MO. Like 7y, 7} is nearly
Cy, symmetric with the second vertical reflection plane
running through N3 and Cg.

4.1.2 Vertical absorption spectrum and characterization
of excited states

Vertical singlet and triplet spectra of uracil were computed
both in the TZVP and TZVPP+Ryd basis sets. As the re-
sults in Tables 1 and 2 suggest, the low-lying states (S, Sz,
Ty, To, and T3) are hardly influenced by the addition of
further polarization functions and diffuse Gaussians. The
first Rydberg excitations are found at 5.73 eV (triplet) and
5.83 eV (singlet). Energies and wavefunction characteris-
tics of all states above 5.7 eV can therefore be trusted only
if computed in basis sets augmented by Rydberg functions.

The first excited singlet state (S1) is dominated by
a single excitation from the second highest occupied
MO (ng, HOMO-1) to the lowest unoccupied MO (7,
LUMO). The singlet-coupled m — 75 (HOMO-LUMO)
excitation yields the second excited singlet Sy. S3 is of T A”
symmetry. Its electronic structure corresponds to the pro-
motion of an electron from the HOMO to the lowest a’ or-
bital, which has Rydberg character at the ground state
equilibrium geometry. Higher-lying singlets are consider-
ably mixed. Dominant excitations occur into the valence
73 and m; orbitals or into a variety of Rydberg orbitals
that are globally labeled by R in Table 1.

As expected for ketones, n — 7* excitations are found
to have negligible oscillator strengths for a dipole tran-
sition from the Sy state. On the other hand, we obtain
significant absorption probabilities for valence m — 7*
excitations, in agreement with earlier theoretical treat-
ments [8,9,27]. All strong transitions found in our cal-
culated spectrum of uracil correspond to experimentally
observed bands [1-4]. It has to be noted, however, that in
polar solvents band maxima may shift considerably with
respect to vapor spectra.

The first broad band in the vapor spectrum with a
maximum at about 244 nm (5.08 eV) [2] is clearly due to
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Table 1. Vertical singlet excitation energies AE [eV] and dipole transition oscillator strengths f(r) of uracil in its diketo form.

State HF/MRCIL; RPA [8] CASPT2 [9] DFT/MRCI, present work absorption
DZVP+Ryd TZVP+Ryd  TZVP TZVPP+Ryd maximum
AEyrer AEgrpa AE  f(r) AE AE  f(r) dominant excitation(s)
So  1'A’ 0.00 0.00 0.00 0.00 0.00
Sy 1'A” 548 6.04 4.54  0.00 4.61 4.61 0.0002 no — 7} 4.68%
5.08%, 4.81°
S, 2tA 6.28 6.29 5.00 0.19 5.48 544 0.2626 mw» — 5 o X
4.77%¢, 4,735
Sz 2tA” 5.83 0.0055 w2 — R
S:+ 3tA” 715 7.32 6.00  0.00 (6.05) 5.95 0.0000 ne — w5, na — {75, 7}
b e
S5 3tA 5.81  0.08 (6.14) 6.15 0.0501 m — 73 (6'05,)’6'0;
6.11¢,6.14
Se 44’ 6.46  0.29 (6.79) 6.53 0.1565 w2 — {nj,R},n2 — R  6.63", 6.81°
S, 4tA” 6.37  0.00 (6.65) 6.57 0.0000 ni — 73, no — 7w
Ss 54 (7.56) 6.65 0.0815 no — R, m — {R, 7}
So  5tA” 6.71 0.0050 w2 — R
Sio 6'A” 6.76  0.0105 w2 — R
S 7TtA” 6.95 0.00 (7.05) 6.85 0.0000 no — {ri, R}
Siz 64’ 7.07 0.0108 m — R
Siz 8'A” 7.09 0.0012 m — R
Sy THA 7.17 0.0543 ns — R
Si5 8'A 729 0.0246 ni — R,n2 — R
Sis 9'A’ 7.01  0.76 (7.66) 7.39 05071 m — {7},R},na — R 6.97°

a

weak perpendicular transition in orthorhombic crystals of 1-methyluracil [26]; ® vapor spectrum [2], (shoulder);

© in trimethyl phosphate [2]; ¢ in water [1]; ¢ in water [4];  in 2-methyltetrahydrofuran and ethanol/methanol [3].

Table 2. Vertical triplet excitation energies AE [eV] and dipole transition oscillator strengths f(r) of uracil in its diketo form.

State HF/MRCI (8] DFT/MRCI, present work
DZVP+Ryd TZVP TZVPP+Ryd
AFE AE AE f(r) dominant excitation(s)

T 1A 4.00 3.68 3.68 g — T4
Ty A" 5.30 4.40 4.39 0.0000 ny — 5
T3 2t A 6.15 5.10 5.08 0.0061 T — T, T — T4
Ty 2t A" 6.94 5.73 0.0005 2 — R
Ts 3tA’ 7.28 (5.85) 5.74 0.0139 m — wh, ™ — {m3, ™1}
Ts 3tA” (5.87) 5.76 0.0000 na — s, n1 — {m5, 71}
T, 4 A (6.39) 6.25 0.0155 m — {7}, R, 73}, 2 — 7}
Ts 4t A" (6.59) 6.50 0.0000 ny — {73, m}}
To 514 6.55 0.0000 ne — R
T1o 514" 6.63 0.0003 7 — R
Ti1 61A” 6.67 0.0000 T — R
T2 7A (6.91) 6.73 0.0000 n1 — {m;, R, w5}, na — m}
Tis 6'A 6.98 0.0021 7 — R
Tia 8lA” 7.01 0.0000 m — R
Tis A 7.09 0.0000 n2 — R
Tis 8LA’ 7.19 0.0000 ni — R,na — R
Tir 9lA’ (7.41) 7.38 0.0911 o — 5
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the Sg — Sy transition. Our best calculation (DFT/MRCI
geometry, TZVPP+Ryd basis) poses the Sy vertically at
5.44 eV. The band maximum experiences solvent shifts
toward lower energies by up to 0.33 eV (compare Tab. 1).
These trends are easily explained by the higher dipole mo-
ment of the Sy state (5.59 D in the TZVPP+Ryd basis)
compared to the ground state dipole moment (4.51 D) and
the concomitant larger electrostatic interaction with the
solvent. We attribute the shoulder at 205 nm (6.05 eV) [2]
in the vapor spectrum to the weaker So — Sy transition.
In accord with the smaller dipole moment of the upper
state (2.48 D), this band experiences a blue shift in po-
lar solvents. For the next higher band system, measured
at 187 nm (6.63 eV) [2] in the gas phase, a blue shift
is reported in water. In this case, we find nearly equal
dipole moments in the upper (S¢ 4.06 D) and lower (So
4.51 D) states. However, the S¢ MRCI wavefunction has
considerably large coefficients for na — R excitations that
are disadvantaged by hydrogen bonding (see below). The
transition for which we find the largest dipole oscillator
strength is So — S16 at 7.39 eV. We believe that this exci-
tation corresponds to the strong band at 177 nm (6.97 eV)
reported by Callis for uracil in water [4]. A similar assign-
ment was made by Lorentzon et al. [9]. As shown in Ta-
ble 1, we find a valence-Rydberg mixed character for the
S16 state. The most prominent valence configuration rep-
resents an excitation from the 7y orbital to the virtual 7}
orbital (see Figs. 3 and 4). Both orbitals are nearly sym-
metric with respect to an approximate vertical reflection
plane and a two-fold rotation axis through N3 and Cg. As
already discussed by Lorentzon et al. [9], the large transi-
tion moment stems from a charge transfer from N3 to the
carbonyl groups.

The order of states is different in the triplet mani-
fold where the m — 3 excited state corresponds to
Ty and the triplet-coupled ny — w3 excitation to Ts
(Tab. 2). The third triplet state T3 is a mixture of HOMO
— LUMO+1 and HOMO—-2 — LUMO excited config-
urations. It is located energetically well below a closely
spaced group of triplets containing among others the first
Rydberg state (T4) in the triplet spectrum.

Most of our findings are in good agreement with ex-
perimental gas phase spectra and the results of previous
CASPT?2 calculations [2,9]. The largest deviation is found
for the Sg — So transition. If the band maximum is iden-
tified with the vertical excitation energy, our calculated
value is too high by 0.35 eV. Our computed So — S5 and
So — Sg vertical excitation energies, on the other hand,
agree very well with experimental observations. Both cor-
respond primarily to m — 7 excitations, i.e., T — 73
and my — mj, respectively. It remains unclear at this
point, why the first my — 7} excitation (So — S2) be-
haves differently. The energetic location of the Rydberg
states was not determined at the CASPT?2 level nor did
the authors investigate the triplet states of uracil. Differ-
ences between the computed CASPT2 and DFT/MRCI
excitation energies are found to be somewhat smaller for
n — 7 states than for m# — 7* states. The general
good agreement between the computed DFT/MRCI spec-
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second excited singlet state of
uracil.
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trum and experiment found in this work are in accord
with the results of Grimme and Waletzke [10]. In a series
of DFT/MRCI calculations on 37 vertical transitions in
mostly organic molecules, these authors obtained a root
mean square deviation from experimental data of 0.15 eV,
the largest error being —0.35 eV for an n — 7* tran-
sition in thioformaldehyde. Unscaled excitation energies
from Hartree-Fock based MRCI and random phase ap-
proximation (RPA) calculations by Petke et al. [8] are
considerably too high.

4.1.3 Geometries of excited states and vibrational fine
structure

The observation of at least three vibrational quanta
(spaced by =~ 790 cm™!) superimposed on the broad,
otherwise featureless first band suggests a considerable
change of geometry in the upper state [3]. A harmonic
vibrational analysis of the Sy equilibrium structure (at
the DFT level) exhibits two modes in the desired energy
range. Mode 11 at 798 cm™! is an out-of-plane vibration
of Cy (the center of the N,N-C-O trihedron). Mode 12
at 802 cm™! corresponds to an in-plane breathing vibra-
tion of the six ring. The computed frequency of mode 11
is in excellent agreement with a measured IR band for a
C-O out-of-plane vibration at 806 cm™! [28]. The inten-
sity of mode 12 (4 km/mol) is probably too low for an
experimental observation in the infrared.

Optimization of the Sy state geometry without sym-
metry constraints at the DFT/MRCI level did not show
any tendency for an Sp minimum structure with a pyra-
midal N,N-C-O group. The most obvious change with
respect to the Sy molecular geometry is the breaking of
the double bond between Cs and Cg (compare Figs. 2
and 5) and the shortening of the single bond between Cy
and Cs. These trends are consistent with the nuclear dis-
tortions in mode 12. Indeed, the central CH group (Cs
and the H linked to it) is the group with the largest dis-
placement vector. From these results we conclude that the
vibrational structure observed by Becker and Kogan in the
first band system is due to a symmetric breathing mode
of the six ring. This assignment is also consistent with
a moderate change of the vibrational spacing for N,N-
dimethyluracil (DMU) (=770 cm™!) and a larger red shift
for thymine, i.e., 5-methyluracil with the methyl group re-
placing the hydrogen at Cs. Due to geometry relaxation,
the energy of the Sy state drops by approximately 0.5 eV
yielding an adiabatic excitation of 4.99 eV in the TZVP
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Table 3. Relative energies AE [eV] of uracil in the diketo tautomeric form at various molecular geometries (DFT/MRCI, TZVP
basis). The nomenclature So, S1, Sz, T1, T2, and T4 follows the order of states at the ground state equilibrium geometry.

State So geometry S1 geometry S2 geometry T, geometry T2 geometry T4 geometry®
n—m* T T n— " T—0o"
So, 11A’ 0.00 0.59 0.63 0.47 0.52 5.84
Sy, 114" 4.61 3.96 4.30 4.41 3.96 4.11
Sp, 21 A’ 5.48 5.21 4.99 5.10 5.23 5.88
Ty, 134 3.68 3.51 3.29 3.20 3.52 6.09
Ta, 124" 4.40 3.84 4.22 4.32 3.83 4.97
Ty, 284 5.10 4.72 4.99 5.04 4.73 6.52
¢ optimized at the UDFT level.
Table 4. Dipole moments p [D] of uracil in the diketo tau- &
tomeric form at the ground state geometry and at the equi-
librium geometry of the respective state (DFT/MRCI, TZVP
basis).
State So geometry equilibrium geometry
So, 11 A’ 4.58 4.58 ‘
S, 114" 2.54 2.98 J
Sa, 2' A/ 5.85 5.11
Ty, PA 3.89 3.75 i
To, 13A” 2.67 3.02

Og

l130

14 137
H N3)/ 4\CsH

137 J:14O
12 6H Fig. 6. Optimized geometry
07)/ 12%\,\11/140 (DFT/MRCI, TZVP basis) of the

H

first excited singlet state of uracil.

basis. Emission from the Sy state is predicted to occur at
4.36 eV because the molecule retains the Sy geometry for
a short period of time also in the Sy state (see Tab. 3).

Weak fluorescence was observed at 300 nm (4.13 eV)
for uracil and DMU in a hydroxylic solvent (ethanol-me-
thanol) and attributed to an n — 7* transition [3]. In
2-MTHF, only DMU shows fluorescence whereas uracil
phosphorescences. The ny — 75 excitation leads to a con-
siderable lengthening of the C4—Og carbonyl bond and the
formation of a double bond between C4 and Cs (Fig. 6).
An adiabatic excitation energy of 3.95 eV (compared to
4.61 eV in absorption and 3.36 eV in emission) is obtained
for Sy.

The S; state exhibits a much smaller dipole moment
than the Sy ground state (Tab. 3), and will experience a
blue shift in polar media whereas Sg is lowered. More-
over, hydrogen bonding is supposed to favor electronic
states with doubly occupied n; and no orbitals because
these orbitals exhibit considerable lone-pair character at
the carbonyl oxygens (Fig. 3). In a polar protic solvent,
hydrogen bonding will therefore enforce the blue shift of

Fig. 7. Optimized geometries (DFT, TZVP basis) of uracil-
water complexes.

the S; excitation energy, thus reducing the energy gap be-
tween S; and S further. These assumptions are verified
by the trends found for various uracil water complexes
sketched in Figure 7. Interestingly, we find the largest
effects for uracil-4H,O, probably due to the asymmetric
arrangement of the water molecules. (In the starting ge-
ometry, each water molecule was bonded to a single N or
O atom. The asymmetric arrangement is caused by collab-
orative reinforcement of the hydrogen bonds.) As shown
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Table 5. Excitation energies AE [eV] of low-lying electronic states in isolated uracil molecules compared with uracil-water

complexes. All geometries were optimized at the DFT level.

State DFT/MRCI, TZVP basis
uracil uracil-2H2O uracil-4H, O uracil-6H2 O

S1 Y(n2 —75) 4.68 4.91 5.13 5.07

Se  (me —735) 5.55 5.44 5.33 5.43

Ty 3(m — ) 3.77 3.78 3.77 3.83

Ty 3(na — 73) 4.45 4.70 4.94 4.87

Ty  3(m — w5, m — 7}) 5.16 5.14 5.13 5.12
in Table 5, the n — 7* excited states (S; and Tq) are Os
significantly raised in energy in hydrogen bonded com- 4122
plexes with respect to the ground state and m — 7* ex-
citations. Oscillator strengths for a dipole transition to HNl& 4%(1: H
the electronic ground state remain nearly constant upon 3 5
complexation with water molecules. In conclusion, energy 137‘ l148
considerations argue for S; as the origin of the 300 nm ]@/CZ\ 6H  Fig. 8. Optimized geometry
fluorescence. The computed oscillator strenrgth of the ver- 07 138> 14?,7 (DFT/MRCI, TZVP basis) of the
tical transition amounts to merely 4 x 107° at this point H first excited triplet state of uracil.

on the potential hypersurface, however [3].

Surprising results are obtained if one optimizes the ge-
ometry of another A” open shell configuration (T4 and S3
in the vertical spectrum) where a hole has been created in
o and a particle in the lowest unoccupied a’ symmetric
orbital. As mentioned before, this orbital has predomi-
nantly Rydberg character at the Sy equilibrium geometry.
When the geometry of the triplet state is relaxed, the a’
orbital gains more and more valence character and even-
tually turns into a oy antibonding orbital. As a conse-
quence, uracil loses the hydrogen atom linked to Ny. (In
nucleic acids, this particular photochemical bond cleavage
will not occur as uracil is linked to the RNA backbone at
the Ny position.) At large N1—H distances, the lowest elec-
tronic state is a singlet of ! A” symmetry. In addition to the
dominant my — oy configuration, the wavefunction has
large coefficients for double excitations, the most impor-
tant being ongmy — af(H%. At the T4 optimized geometry
(with an N-H distance of roughly 400 pm), 1' A” is located
~4.1 eV above the diketo minimum on the Sy potential
energy hypersurface and only marginally above the 'A”
(n2 — 7%) S1 minimum. The corresponding triplet state
is higher in energy (at ~5.0 eV). Both A” states are lo-
cated significantly below the first 1 A’ state (~5.8 eV) that
correlates with the the diketo (A) ground state configura-
tion. These results are noteworthy, because they suggest
the existence of a flat potential well on the singlet hy-
persurface close to the dissociation continuum. Further,
they imply that various intersections of potential energy
hypersurfaces occur in the energy regime of the mo — 73
absorption. At present, we do not have a computer code
for a systematic search of potential hypersurface cross-
ings. Without having properly located the seam or point
of intersection between (w2 — ¢*) and the other singlet
states, all discussion about predissociation or a fast relax-
ation to the electronic ground state being the cause for
the diffuseness of the absorption spectrum must remain
speculative, of course. Nevertheless, our results strongly

point towards a participation of the (w2 — o%y) excited
state in the depletion of the *(ms — 7%) population®.

4.1.4 Spin-orbit coupling and phosphorescence

A broad phosphorescence band with maximum at 450 nm
(2.76 eV) was observed by Becker and Kogan [3] at
77 K for uracil in 2-MTHF, a polar aprotic solvent. It
is quenched upon N,N-dimethyl substitution or in a hy-
droxylic solvent. In the latter cases, fluorescence is found
instead. The triplet state lifetime was not determined for
the uracil molecule. A rough estimate can be obtained
from measurements of the corresponding transition in
thymine, however. For thymine, Becker and Kogan ob-
serve a total triplet lifetime of 78" = 75 ms at 77 K in
2-MTHF from which they derive a phosphorescence life-
time of 79 a2 0.7 s [3]. This weak phosphorescence was
assigned as 3(m « 7*) transition by these scientists.
From an energetic point of view, this assignment is in
good agreement with our calculations: at the T4 equilib-
rium geometry (sketched in Fig. 8), the computed verti-
cal deexcitation energy of the isolated molecule amounts
to ~2.73 eV (see Tab. 3). Adiabatically, T; is located
about 3.20 eV above Sy. For phosphorescence in an or-
ganic molecule to be large, two scenarios can be thought

of [30,31]:

1. the triplet state interacts strongly wia spin-orbit cou-
pling with an excited singlet state that in turn has a
large dipole transition moment to the singlet ground
state;

2. the triplet state has a large spin-orbit matrix element
with the singlet ground state and the (static) dipole
moments differ considerably between the two.

! After submission of this work we became aware of an ar-
ticle discussing the role of singlet wo™ states in photochemical
hydrogen detachment and hydrogen transfer reactions [29].
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Table 6. Spin-orbit matrix elements (absolute values) [cm™!]
of the lowest singlet and triplet states in the diketo (A) form
of uracil, calculated at the T1 geometry. The component of the
spin-orbit Hamiltonian is indicated in parentheses.

(T1(A")[HsolSo(A)) 0.008(z)
(T1(A")[Hso|S1(A”)) 0.510(x)/33.523(y)
(T1(A)[Hs0[S2(A)) 0.024(2)

T2 (A")|Hso|So (A’

)

) 9.157(x) /42.805(y)
(T2(A")|Hso|S1(A")

)

)

)

) 0.215(z)

) 2.936(x)/23.370(y)
) 0.402(z) /30.874(y)

(

(
(T2(A")|Hso|S2(A
(T2(A”)|Hso|T1 (A’

(T3(A")[HsolSo(A)) 0.001(z)
(T3(A")|HsolS1(A")) 2.870(x)/31.610(y)
(T3(A")[HsolS2(A")) 0.019(z)
(T3(A")|[Hso|T1(A") 0.020(2)

)
(T3(A")|Hso|T2(A")) 2.616(x)/32.428(y)

Neither condition is fulfilled by the T; state of uracil.
In Table 6, spin-orbit matrix elements between the low-
lying electronic states of uracil are listed. Spin-orbit inter-
action is very weak between T and A’ symmetric singlets,
i.e., m — T excitations that have high probabilities for a
dipole transition to the ground state. This applies equally
to matrix elements with energetically higher A’ states, not
shown in the table. The direct spin-orbit interaction be-
tween T; and Sy is negligibly small, too. On the other
hand, significant spin-orbit interaction with the A” states
(n — 7*) is found, the latter having only marginal radia-
tive transition probabilities to So. Employing spin-orbit
matrix elements, dipole transition moments, and exci-
tation energies as computed at the T; geometry, we
calculate the high-temperature limit for the T; phos-
phorescence lifetime to be 7% ~ 7.5 s. These results
are in agreement with qualitative considerations about
phosphorescence rates of 3(m — 7*) states in organic
molecules [32]. Further, rates for inter-system crossing
(ISC) between So and T; are predicted to be very small.
T4 will therefore not be populated directly via the strong
So — So absorption. Indirectly, Ty may be reached from
the Sy state either by internal conversion (IC) from Ss to
S1 and subsequent ISC to T; or by ISC between Sy and
Ty and IC within the triplet moiety.

The T state, by contrast, exhibits an important di-
rect spin-orbit coupling matrix element with the Sy elec-
tronic ground state (Tab. 6) and their dipole moments
differ considerably (Tab. 3). Moreover, its spin-orbit in-
teraction with the close-lying Sy state lends intensity to
the phosphorescence and enables the effective population
of Ty wia ISC after absorption. Accordingly, our calcu-
lations predict a much smaller radiative lifetime for To
(7% 2~ 1 ms). On the other hand, the large spin-orbit cou-
pling between T4 and the lower-lying T and Sy states will
lead to a rapid non-radiative decay of the Ty state, if vi-
brational overlap is sufficient. At the Ty optimized geome-
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l138 Fig. 9. Optimized geometry

(DFT/MRCI, TZVP basis) of the
second excited triplet state of
uracil.

E[eV]
6.0
5.0
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A B C D E F

Fig. 10. Relative DFT/MRCI energies (TZVP basis) of
low-lying electronic states for various tautomers of uracil:
diketo (A), ketoenol (B)—(E), dienol (F) (cf. Fig. 1). Solid lines
denote states of A’ symmetry, dashed lines A” states. For each
tautomer, singlets are shown to the left, triplets to the right.

try (Fig. 9), the energy gap between T2 and Sy amounts to
approximately 3.3 eV which is still quite a lot, whereas the
energy difference between To and T is only 0.3 eV. All of
these facts support the assumption that the radiative and
non-radiative depletion of the T is fast.

4.2 Other tautomeric forms of uracil
4.2.1 Relative stabilities of ground and excited states

Relative energies of the electronic ground states and low-
lying excited states of the six tautomeric forms (A-F)
of uracil are sketched in Figure 10. In accord with ex-
periment, the diketo form (A) is found to represent the
global minimum on the ground state potential energy sur-
face. Next in energetic order come the ketoenol forms (B)
and (E) and the dienol tautomer (F). They are predicted
to have very similar ground state energies in the gas phase,
approximately 0.5 eV above the diketo minimum. Esti-
mating solvent effects on the basis of dipole moment dif-
ferences (Tab. 7), it can be assumed that tautomer (B) is
stabilized relative to the diketo form by a polar solvent
whereas (E) and (F) will be destabilized. The ketoenol
forms (C) and (D) are those with the largest dipole mo-
ments and least favorite energies in vacuo. Similar trends
have been obtained earlier by AM1 calculations [33,34].
The first excited triplet state (7 — 7* in all tau-
tomers) follows roughly the energetic trend of the elec-
tronic ground state, with the exception of the dienol
form (F) where Ty is considerably blue shifted. No such
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Table 7. Relative DFT/MRCI energies, dipole moments (TZVP basis) and oscillator strengths of uracil in various tautomeric
forms: diketo (A), ketoenol (B)—(E), dienol (F). Ground state geometries were optimized at the DFT level. For structure codes,

see Figure 1.

tautomer 11A’(S0) 114" (n — 7*) 1A (r — )

AE [eV] p[D] AE[eV] p[D] fr) AEeV] p[D]  f(r)
diketo (A) 0.00 4.53 4.68 253 0.2x107° 5.55 5.88  0.277
ketoenol  (B) 0.54 4.98 5.62 .10 1.2x107° 5.34 3.68 0.110
ketoenol  (C) 0.95 7.33 5.49 425 3.6x1073 5.55 2.55  0.179
ketoenol (D) 0.83 6.47 5.17 2.11  0.7x107* 6.43 5.14  0.095
ketoenol  (E) 0.47 3.23 5.36 226 0.3x107° 5.55 3.04  0.223
dienol (F) 0.52 1.35 5.82 1.96 9.9 x107? 5.85 0.82 0.113

trends can be made out for the other low-lying excited
electronic states. Even their relative order varies from tau-
tomer to tautomer. Oscillator strengths are found to be
very small for all no — 73 excitations. The observation
of strong fluorescence from an n — 7* excited state in
a ketoenol tautomeric form of uracil, as reported by Ito
and coworkers [5,6], appears thus extremely improbable.
In contrast, the m — 7* excited 2 'A’ state is connected
to Sp by a reasonable dipole transition probability in all
tautomers.

4.2.2 The ketoenol tautomer (B)

Among all non-diketo tautomers, ketoenol (B) is the most
interesting one: besides (A) and the higher lying form (D),
it is the only tautomer that can occur in nucleic acids.
Furthermore, the order of the n — 7* and 7@ — 7" ex-
cited singlet states is reversed compared to their order in
the diketo form, i.e., 2' A’ represents the S; state in tau-
tomer (B). This fact shows that the 21 A’ (7 — 7*) and
11A" (n — m*) potential energy surfaces must intersect
somewhere. A geometry optimization of the T; state in
the ketoenol form (B) leads to the lowest point on the
21 A’ hypersurface detected so far, merely 4.99 eV above
the diketo ground state or 4.45 eV above the local mini-
mum of form (B). The calculated oscillator strength for a
dipole transition from Sop — S; should be sufficient for an
experimental observation in absorption.

Whether it will be possible to observe fluorescence
from this state will critically depend on the solvent. We
predict the Sy and T states of tautomer (B) to be nearly
degenerate in the gas phase. The electronic spin-orbit cou-
pling matrix element between these states is not very
large (see Tab. 8), but appears to be sufficient for a rapid
inter-system crossing between states with nearly zero en-
ergy gap. In a polar solvent, S; should drop significantly
below Ty because of its higher dipole moment (3.68 D
(S1) vs. 0.27 D (T2)) precluding a non-radiative spin-
forbidden transition from S; to Ts5. Complexation with
water molecules in the gas phase ought to have a simi-
lar effect on the energy gap between S; to Ts. Spin-orbit
coupling to the lower-lying T; state is not efficient ei-
ther because of a nearly vanishing electronic interaction
matrix element and small vibrational overlap. In a po-

Table 8. Spin-orbit matrix elements (absolute values) [cm™*]
of the lowest singlet and triplet states in the ketoenol (B) forms
of uracil at the ground state equilibrium geometry. The compo-
nent of the spin-orbit Hamiltonian is indicated in parentheses.
Note that the order of singlet states is reversed with respect to
tautomer (A).

(T1(A")[Hso|So(A")) 0.04(z)
(T1(A")|HsolS2(A"))  8.15(x)/16.08(y)
(T1(A)[Hso[S1(A")) 0.00(z)
(T2(A")[HsolSo(A")) 4.69(x)/1.60(y)
(T2(A")|Hso|S2(A")) 2.82(z2)
(T2(A")[HsolS1(A"))  5.04(x)/1.00(y)
(T2(A")|Hso|T1 (A7) 2.08(x)/0.27(y)
(T3(A")[Hso|So(A")) 0.00(z)
(T3(A")|Hso|S2(A"))  8.39(x)/1.44(y)
(T3(A")|Hso|S1(A4")) 0.01(2)
(T3(A")|Hso|T1(A") 0.01(2)

)
(T3(A")|Hso|T2(A"))  4.50(z)/2.57(y)

lar surrounding or in hydrogen-bonded complexes, the
S1 (m — ©*) state might therefore show fluorescence in
the ketoenol tautomeric form (B), if the latter can be
synthesized.

5 Conclusions

In this work, we have investigated the singlet and triplet
spectra of several uracil tautomers by quantum chemi-
cal methods. The most stable nuclear arrangement corre-
sponds to the diketo form of uracil, the electronic ground
state of other tautomers being approximately 0.5-1 eV
higher in energy. Our calculations yield large oscillator
strengths for 7 — 7* excitations, in agreement with ear-
lier theoretical and experimental studies. Rydberg and
n — 7 states exhibit very small probabilities for a dipole
transition from or to the electronic ground state. The low-
est lying excited state corresponds to a 3(m — 7*) excita-
tion, followed by a triplet coupled n — 7* state. The order
of states is reversed in the singlet spectrum of the diketo
form. The results of the present theoretical investigation
show that the first dark 1(n — 7*) S; and the (7 — 7*)
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S, state, into which absorption is observed, are close in
energy at the So equilibrium geometry. The energy gap
between these states is even diminished in a polar sur-
rounding and due to hydrogen bonding. The proximity of
dark and absorbing states may be one reason for the dif-
fuseness of the uracil absorption bands. Our calculations
indicate that also a dissociative A” state in which a ofy
antibonding orbital is occupied might play a decisive role.

The vibrational structure in the first broad band with
a spacing of ~ 790 cm ™! has been identified to stem from
a breathing vibration of the uracil six ring. A carbonyl
out-of-plane vibrational mode exhibits nearly the same
frequency. The question whether the latter mode leads
to vibronic interaction between the S; and So state can
presently not be answered with high confidence and must
remain speculation for the time being.

Spin-orbit mean-field calculations yield large coupling
matrix elements between A’ and A” electronic states. By
contrast, the interaction between singlets and triplets of
the same spatial symmetry is negligible. Calculated phos-
phorescence lifetimes support the assumption that the
phosphorescence, measured in 2-methyl-tetrahydrofuran
after S — Sy (m — 7*) absorption, stems from the
3(r — 7*) Ty state.
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4.3 Dithiosuccinimid

In der Arbeit ,,Quantum Chemical Investigation of Spin-Forbidden Transitions in Dithio-
succinimide®(,,Quantenchemische Untersuchung spinverbotener Ubergéinge in Dithiosuc-
cinimid“) wurden das elektronische Anregungsspektrum des Dithiosuccinimids sowie die
auftretenden Spin-Bahn-Kopplungseffekte untersucht. Die Ergebnisse stehen in sehr guter
Ubereinstimmung mit Experimenten von Meskers et. al.[51], und bieten dariiber hinaus
Erkldrungen fiir bisher ratselhafte Details der beobachteten Spektren.

Aufgrund der zwei Thiocaobonylgruppen zeigt Dithiosuccinimid ein dichtes Spektrum
tiefliegender Valenzzustiinde. Die ersten beiden angeregten Singulettzustinde Sy (1Bj) und
So (1 A3) haben n — 7*-Charakter und sind lediglich 0.2 eV getrennt. Hier bestitigen sich
die Ergebnisse von Meskers et. al, die die Symmetrieeigenschaften dieser Zustdnde aus po-
larisierten Phosphoreszenzanregungsspektren bestimmt haben. Die Ubergangswahrschein-
lichkeiten in den elektronischen Grundzustand sind gering, wie es fiir n — 7* angeregte
Zusténde zu erwarten ist. Die beiden starken Absorptionsbanden bei 3.96 und 4.96 eV
[51]sind dominiert von Einfachanregungen aus hochliegenden besetzten m-Orbitalen ins
tiefstliegende * Orbital. Die zugeordneten Zusténde sind ' By (S3) und ' A1. Eine Vielzahl
weiterer, dunkler Singuletts liegt unterhalb dieser beiden stark absorbierenden Zustén-
de. Bemerkenswert ist, dass einer dieser Zwischenzusténde einer Doppelanregung aus den
beiden hichsten besetzten nichtbindenen Orbitalen in zwei 7*-Orbitale entspricht. Drei
Triplettzustinde finden sich in unmittelbarer Nachbarschaft zu S;und So: zwei n — n*
Zustiande (T; und Ty), sowie die m — m*Triplettanregung (T3).

Der elektronische Grundzustand und die tiefliegenden m — 7* angeregten Zustédnde
sind Cy,-symmetrisch. In den letzteren ist die C—S-Bindung gegeniiber dem Grundzustand
deutlich aufgeweitet. Diese Geometrierelaxation betriagt etwa 0.3 eV. Im Gegensatz zu den
m — 7 Anregungen zeigen die ersten beiden n — 7* Zustinde Co-Symmetrie mit einem
symmetrisch verdrillten Ring, wobei interessanterweise der SC(NH)CS-Chromophor seine
Planaritéit nachzu beibehilt. Die adiabatischen Anregungsenergien der m — n* Zustédnde
weichen um lediglich 0.1 eV von der vertikalen ab. Dies zeigt, dass die Energiehyperflichen
flach und die geometrischen Verzerrungen klein sind.

Grofle Spin-Bahn—Matrixelemente treten zwischen n — 7* auf der einen Seite und
dem elektronischen Grundzustand oder m — 7™ Zustdnden auf der anderen Seite auf.
Der Absolutwert des Matrixelements zwischen T; und Ty héngt stark vom Scherenwinkel
2a = 180° — 2¢ zwischen den beiden C=S-Gruppen ab, ihr Verhéltnis ist proportional zu
tan(¢). Betrachtet man die nichtbindenden Orbitale n; und ny als Linearkombinationen
reiner Schwefel-p, und p.-Orbitale, so lidsst sich dieser Befund leicht erkldren (Definition
der Winkel und Achsen finden sich in der Veréffentlichung).

Die Phosphoreszenz aus Ty erhélt ihre Intesitdt hauptsachlich aus zwei Quellen. Die
z-Komponente zeigt starke Wechselwirkung mit dem Ss Zustand, der seinerseits einen star-
ken dipolerlaubten Ubergang in den elektronischen Grundzustand hat. Die y-Komponente
koppelt direkt iiber 7:(30 mit Sg. Neben der Spin-Bahn-Kopplung bestimmt der Unter-
schied in den Dipolmomenten von T; und Sy die Kopplungsstiarke. Die Emission aus der
x-Komponente ist unerheblich. Eine stérungstheoretische Rechnung mit einer Zustands-
summe iiber 64 Singulett- und Triplettzusténde ergibt eine Hochtemperatur-Phosphores-
zenzlebensdauer von 0.5 ms fiir Ty in qualitativer Ubereinstimmung mit der experimen-
tellen Gesamtlebensdauer (strahlend und strahlungslos) von 0.1 ms und der Lumineszenz-
Quantenausbeute von 0.5 £+ 0.2, aus der eine experimentelle strahlende Lebensdauer von
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0.2 ms geschlossen wird. Die groflien Spin-Bahn-Matrixelemente mit Sz fithren zu erheb-
lichen Dipoliibergangsmatrixelementen zwischen So und To. Wéhrend strahlungslose Pro-
zesse die Emission effizient 16schen, wird ein spinverbotener Ubergang von So nach Ty
mit einer Wahrscheinlichkeit vergleichbar derer der spinerlaubten So— S; Absorption vor-
hergesagt. Die y-polarisierte Bande Nummer 3 im Phosphoreszenzanregungsspektrum|51]
wird diesem spinverbotenen Ubergang zugeordnet. Auf diese Weise lost sich das Réitsel
um den Intensitdtsunterschied zum Absorptionsspektrum.

Bei den spiteren Spin-Bahn-CI-Rechnungen zeigte sich, dass die storungstheoretischen
Rechnungen in dieser Publikation noch nicht vollstindig konvergiert waren.[52] Die Un-
terschiede sind aber insbesondere in den kurzlebigen Zusténden so gering, dass sich keine
Anderung der wesentlichen Aussagen ergibt.
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The vertical and adiabatic electronic spectra of dithiosuccinimide have been investi¢
by means of multi-reference Mgller—Plesset perturbation theory and combined der
functionaymulti-reference configuration interaction methods. Geometries of the electr
ground state and several low-lying excited states have been optimised at the lev
time-dependent density functional theory. We have determined spin-orbit coupling
correlated wavefunctions utilising a non-empirical spin-orbit mean-field approach.

Because of the two thiocarbonyl groups present in the molecule, dithiosuccinir
exhibits a dense spectrum of low-lying valence states. The first two excited singlet s
(S and S,) originate fromn — 7* excitations. Nearby, three triplet states are locate
two n — n* states T, andT,), and ar — n* triplet excitation {;). The experimentally
observed strong absorption band with maximum 262V arises from ther — 7*
excited!B, (S;) state.

Computed radiative lifetimes are presented for the experimentally known phos)
rescence from then — 7* excited T, state. Further, we find nearly equal probabilitie
for the spin-forbiddenS, — T, and the spin-allowedy, — S, transitions in absorption.
On these grounds, we assign band number 3 in the spectra measured by Meakers
[J. Phys. Chem. 99 (1995) 1134] to this spin-forbidden transition.

* Corresponding author. E-mail: Christel.Marian@uni-duesseldorf.de
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1. Introduction

Thiocarbonyl compounds have been subject of spectroscopic researcl
a long time [1]. Theim — n* andz — n* excited states are found at consic
erably lower energies than in the parent carbonyl compounds. Therefore, t
states often tend to relax by photophysical rather than photochemical proce
even in solution. In addition, spin-orbit coupling is much more pronouncec
sulphur containing systems. Spin-forbidden transitions in thiocarbonyl cc
pounds are thus more easily accessible to experimental investigation.

Only recently, Moule and Lim provided a rationale behind the remal
able diversity in gas-phase luminescence properties of small, highly symm:
(C,,) thiocarbonyl systems such as thioformaldehyde, thiophosgene, thi
clobutanone, and thiocyclopentanone [2]. They correlate the presence o
sence of detectable luminescence to the extent of non-planarity in the ex
state. This governs the Franck—Condon factors and hence the rate of the
peting radiationless transition if the responsible electronic coupling is
absent for other (symmetry) reasons.

The medium-sized dithiosuccinimide molecule is highB,) symmetric
(cf. Fig. 1), too. However, the two coupled=<S groups in the chromophore
entail a lager number of excited states in the low energy regime, compare
simple thiocarbonyls. Intense phosphorescence of high quantum yield has
found experimentally in a glassy matrix at 77 K by Mesketral. [3]. From
magnetic circular dichroism and polarised phosphorescence excitation spe
the same authors were able to assign the lowest singlet and triplet * states
and determine the polarization and intensity source of the phosphoresce
An X-ray crystal structure aided by semi-empirical molecular geometry o}
mization was reported by Ratajczak-Sitatzal. [4]. Earlier work comprises
absorption spectra that were interpreted by semiempirical CND€&lcula-
tions [5, 6]. To our knowledge, nab initio electronic structure calculation has
been performed for this system until now.

T1
Sg\C/NQ\C/S7
LT
AN

Fig. 1. The dithiosuccinimide molecule.
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In this paper, we present a quantum chemical investigation of the phe
physics of the dithiosuccinimide molecule which focusses on spin-forbidc
transitions. Computed vertical electronic excitation spectra are reported,
cluding triplet states of low energy that have not been characterised in ex
ment. In addition, geometries of the lowest excited states have been optim
to examine the adiabatic order of states. From the calculated spin-orbit cc
ling matrix elements, we are able to give a detailed picture of triplet st
population and depopulation mechanisms such as singlet-triplet absorption
inter-system crossing. A theoretical value for the radiative lifetime of the lo
est triplet state is given.

2. Methods

Rates of photophysical processes in molecular systems depend, of cours
the magnitude of the underlying coupling (spin-orbit coupling in our case), |
also on the energetic location atod details of the potential energy surfaces ¢
the involved (excited) electronic states. From the quantum chemist's poin
view, description of both these factors represents a difficult task: For exci
electronic states, static and dynamic electron correlation have to be taken
account in the wave function determination. Evaluation of spin-orbit coupli
matrix elements in a non parametrised manner is bottlenecked by the comy
ity of the two-electron term of the spin-orbit Hamiltonian. Therefore, if th
system under consideration is not a small molecule, starattéritio packages
can hardly be used and one has to think how the computational efforts ma
reduced.

A very efficient and accurate way to compute spin-free electronic spectr:
organic molecules is the combined density functional thauonlti-reference
configuration interaction (DF/IMRCI) approach [7]. The principal idea is to
include major parts of dynamic electron correlation by density functional tt
ory whereas static correlation effects are taken into account by short Mt
expansions. The configuration state function (CSF) basis of this MRCI
pansion is built up from Kohn-Sham (KS) orbitals. The effective DIMRCI
Hamiltonian matrix is constructed from the exaab (nitio) expressions and
DFT specific corrections. All in all, five global parameters are introduced, (
pending only on the multiplicity of the considered state, the number of of
shells of the respective configuration, and the employed density functional,
not on the specific atom or molecule. Currently, optimised parameter sets
available only for singlet and triplet multiplicities in combination with the BH
LYP [8, 9] functional. A common set of reference CSFs is used for all spal
symmetries. The initial set can be generated in a complete active space (C
like procedure and is then iteratively improved. The MRCI expansion is k¢
short by extensive configuration selection. For further details, we refer to
original publication [7].
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Technically, the MRCI code and the associated property programmes
linked to the TURBOMOLE package [10, 11]. They can thus take advantage «
the efficiency with which the latter reduces the computational expense for-
two-electron integrals and the determination of the KS wavefunction. Fol
index integrals are handled using the well-known resolution of the identity (F
method [12, 13]. Throughout, we employ the RI-MP2 optimised sets from tl
TURBOMOLE library as auxiliary basis sets [14, 15].

For comparison, we also computed the electronic spectrum by means
multi-reference Mgller—Plesset theory. For this purpose, we usedAake P
ALLEL RI-MR programme [16]. Here, the zeroth-order reference consis
of a (restricted) ClI wave function in a Hartree—Fock (HF) one-particle b
sis. The programme allows for configuration selection on the basis of t
MR-MP2 energy contribution of a CSF to any of the states of interest. Tl
advantage of this method is that the number of selected CSFs that enter
laborious iterative determination of the first-order perturbed wavefunction
extremely reduced. Therefore, even excited states of large systems sugh a
can be investigated by this puab initio treatment. For further details we refer
to Ref. [16].

The geometries of the low-lying singlet and triplet excited states we
optimised employing an analytical time-dependent density functional thec
(TD-DFT) gradient [17]. The computations were carried out with elsef
module of TURBOMOLE Version 5.5 [17-19].

Spin-orbit coupling matrix elements in the basis of the PDMRCI wave-
functions are computed using the recently developed spin-orbit coupling
Spock [20]. Key features of this programme are: Firstly, spin-coupling coeff
cients between CSFs for spin-dependent one-electron operators are detern
fastly by means of a pattern technique which is an extension of the work
Wetmoreet al. [21] to spin-dependent one-electron operators [20, 22]. Se
ondly, the (one-center) spin-orbit mean-field Hamiltonian is applied, whic
is a non-empirical effective one-electron operator [23]. Herein, the expe
sive two-electron terms of the full Breit—-Pauli Hamiltonian are treated i
a Fock-like manner. Even for light molecules for which these terms res
in a screening of the one-electron terms of up to 50%, the errors introduc
by this approximation are usually well below 1% [24, 25]. Additional com
putational savings are achieved in the one-center approximation where
molecular mean field reduces to a sum of atomic contributions. Origina
devised for heavy-metal compounds [23], this atomic mean-field appro
mation could be thought of as the more critical one for organic, especia
conjugated systems, constituted from light atoms only. For the first-orc
spin-orbit splitting in the ground state of the systemsgHC NCs;H*, and
NC,NT, it was found that the one-center approximation causes an error
only approximately 5% [25]. Errors of this size appear quite acceptable
view of the enormous requirements of resources for a full spin-orbit tre:
ment even of medium-sized molecules. Moreover, this approach has the
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vantage of being controllable at each step in the hierarchy of approxir
tions.

Spock is interfaced to the TRBOMOLE package by the program
SOMF [20]. Herein, mean-field orbitals in the employed basis set are ger
ated automatically for each atom from a restricted (open-shell) Hartree—F
atomic ground state calculation. Afterwards, these are transferred to the att
mean-field integral program AMFI [26], together with the atomic orbital (AC
basis set data. Wri makes use of the spherical atomic symmetry; spin-ort
integral evaluation is thus extremely fast. Finally, @©Operforms the trans-
formation of the spin-orbit integrals from the AO to the molecular orbital (MC
basis set.

Spin-orbit coupled wave functions, fine-structure splittings, and dipc
transition probabilities of spin-forbidden transitions are determined at the le
of quasi-degenerate perturbation theory (QDPT) in the basis of the LS cou
Cl states [27].

The application of these techniques and approximations in combinal
with the generation of correlated wavefunctions via the DARCI approach
makes it possible to compute spin-orbit coupling in organic molecules €
ciently and with high confidence.

Vibrational frequencies and normal modes for the ground state KS
terminant were computed with theeof or ce module of the TRBOMOLE
programme package [10, 11]. Information about the vibrational structure of
phophorescence band was obtained with the HOTFCHT programme of Be
et al. which is based on a time-independent approach [28]. Franck—Con
factors for electronic transitions are calculated in the harmonic approxir
tion. We employed the closed-shell KS determinant vibrational frequencies
normal modes for both ground and excited states. We are thus able to d
contributions to the Franck—Condon activity from displacements in the exci
state.

3. Technical details

For all geometry optimisations at the density funtional level of theory we chc
the BH-LYP functional [8, 9]. TZVP basis sets from theuRBOMOLE library
are applied throughout, unless mentioned otherwise [29]. The geometry of
electronic ground state of the dithiosuccinimide molecule was optimised
plying the restricted Kohn—-Sham density functional theory algorithm of t
TURBOMOLE package [10, 11]. From X-ray data, the ground state geometry
dithiosuccinimide is known to exhibit approximately, symmetry in the solid
state [4]; the observed small distortions may be explained by site-site inte
tions in the crystal. Geometry optimisation of the isolated molecule withc
symmetry constraints revealed an alm@sf symmetric structure distorted
slightly towardsC, by a small torsion of the-H,C—CH,— group with respect
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to the chromophore. Whe@,, constraints are imposed, an almost isoene
getic structure is obtained. Therefore, in order to facilitate comparison w
other work, only theC,, constrained ground state structure will be considert
further.

Excited states of (thio)carbonyl compounds are known to exhibit a py
midal structure at the (thio)carbonyl carbon atom in many cases. To acce
for this, for each state under consideration TD-DFT optimisations in the lov
symmetriesC, andC, were run.

At the optimised geometries, single-point DAMRCI calculations were
carried out. The one-particle basis consisted of the KS orbitals of the
computed closed-shell ground state determinant at the respective georn
1s electrons at carbon and nitrogen centers as@4, and 2o electrons at sul-
fur centers were treated as frozen core; thus all the valence electrons '
correlated. In the case @f,, symmetry, four roots of singlet and triplet multi-
plicity were determined in each irreducible representation. In the case of
lower point groupsC, and C; this corresponds to eight roots. The referenc
space approximately comprised 130 CSFs in total for all states of one multi
city. The dimension of the actual MRCI space per spatial and spin symm
including energy-selected single and double excitations out of the refere
space was approximately 17000 CSFOp and 36000 CSFs in the lower
point groups. Additionally, for the ground state geometry a IDRCI cal-
culation was performed utilizing the TZVPP basis sets from theBOMOLE
library [29], augmented by <3 3p, and M primitive diffuse Gaussians lo-
cated at the molecular center of mass. Exponents were chosen as 0.05,
0.008 ¢ and p Rydberg) and 0.015d(Rydberg). This basis set will be called
TZVPP+Ryd in the following. The MRCI problem in this basis blows up t
190 reference CSFs and 160000 selelected CSFs.

The one-particle basis for the complementary MR-MP2 calculations v
comprised by a closed-shell HF determinant. Four singlet and three tri
states were computed in each spatial symmetry. The reference space cont
all in all 665 configurations in the singlet case and 444 configurations in
triplet case. Using a selection threshold df/OE,,, a total of 65 x 10° (4.4 x
10°%) configurations were incorporated into the truncated singlet (triplet) fir
order interaction space.

Spectral shifts due to electrostatic interactions in polar solvents were ¢
mated employing the conductor-like screening model (COSMO) of solvat
which is implemented in the RBOMOLE package [30]. A dielectric con-
stant ofe = 32.60 corresponding to methanol at room temperature was chos
Of course, hydrogen bonding cannot be taken into account properly this v
The COSMO module provides gradients but, unfortunately, is unable to h
dle open shell cases at present. Therefore, the geometric relaxation in soli
could be computed only for the ground state. Spectral shifts for the exci
states are taken from DFWMRCI calculations in the one-particle basis o
COSMO optimised KS orbitals.
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4. Resultsand discussion
4.1 Electronic structure and spectrum

4.1.1 The eectronic ground state

The calculated structural parameters for the electronic ground st@te siym-
metry are listed in Table 1. Our structure agrees with the experimental dat
from X-ray crystallography [4] up to 1 pm in bond lengths and 2 degrees in
bond angles. For example, the average bond length in the two thiocarbon:
groups in the crystal amounts to 163 pm which is exactly the same value ¢
in our optimised structure. For the-® bond distance we obtain 136 pm,
compared to 137 pm from experiment. The largest difference in bond angle ¢
2 degrees is found for-€N—C with 117 degrees (this work) and 114.7 degrees
(experiment). This overall good agreement may be regarded as a confirm
tion that dimer formation in the crystal package due teH\--- S hydrogen
bonding has little effect on the molecular skeleton. Similar conclusions coulc
already be drawn from semiempirical calculations [4], but their calculatef C
bond lengths for the isolated molecule are generally smaller than the X-ray dat
by 4—-7 pm.

For the subsequent discussion of electronic structure, the five-membere
ring is chosen to lie in thgz plane which is consistent with Ref. [3]. Valence
molecular orbitals that are important for an understanding of the electronic
spectrum are depicted in Figs. 2 and 3. As the dithiosuccinimide chromophor
contains two coupled €S moieties, two linear combinations of sulphur lone-

Tablel. Selected structural parameters for the optimised ground and excited states eqt
librium geometries. The nomenclatug, S;, S, T:, T, andT, follows the order of states

at the ground state equilibrium geometry. All bond lenglifsin pm units, anglesz) and
dihedrals in degrees. Atoms are labeled according to Fig. 1.

state S S § S T, Tz T
symmetry C,, C, C, C, C, C, C, Cy

d C:—-& 163 167 168 170 166 167 171 172
d N,—C; 136 136 135 135 136 136 135 138
d N,—H; 100 100 100 101 100 100 100 100
d C;—-C, 151 151 150 150 151 150 151 150
L Cs—N,—C; 117 116 116 117 116 115 117 114
L N,—C;—& 125 124 127 123 124 127 123 125
L N,—C;—-C, 107 107 107 107 107 107 108 108

dihedral H;—N,—C3-S§;
dihedral N,—C;—C,—Cs
dihedral C;—C,—C5—C;s

o O o
o~ O
RR
o O o

1 1 0 O
v 15 0 O
2 18 0 O
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(n,),€= —0.2854E,,

s

(m)),e= -0.3514E,,

Fig. 2. The highest occupied n and = MOs. (S, geometry, TZVP basis, isoline = 0.050).

o oy °
D wOT ¢

(1), €= +0.0129E,,

4

(T5),£ = —0.0533E,,

Fig. 3. The lowest unoccupied 7* MOs. (Other information as in Fig. 2).

pair orbitals arise. The b, symmetric one (for which the xz plane is a noda
plane) is found to be the highest occupied molecular orbital (HOMO, n,).
The other one transforms as a;, and is the second-highest MO at the ground
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state geometry (HOMO-1n,). As Falth et al. already pointed out, the in-
teraction of the lone pairs in these orbitals is mediated by symmetric :
antisymmetrico type contributions in the region of the-@ bonds [5]. Be-
low these lone-pair orbitals, the two orbitals denotadand =, are found.
The a, MO is recognised as the antisymmetric linear combination of tv
proper G=S groups orbitals, the symmetric counterpart of which is lowe
in energy and ommitted in the figure. The other onebofsymmetry may
alternatively be regarded as a linear combination of sulphur and nitrogen Ic
pair orbitals which are perpendicular to the five-membered ring. Howe\
we prefer to follow the symmetry argument and therefore account this orb
as being ofr type. The lowest unoccupied MO (LUMG;) is of a, sym-
metry and anti-bonding with respect to both=6 groups. It may be viewed
as built from twox* orbitals of isolated &S groups by (negative) linear
combination. Without diffuse functions in the AO basis, the second-low:
unoccupied MO (LUMG-1, rr;) also is ofr* type, exhibiting nodal planes
perpendicular to and in the middle of the-@ bond axes. It possesses onl
minor contributions at the sulphur atoms. Concerning the TZVR¥A basis
set calculations, the second-lowest unoccupied MO corresponds to a to
symmetric Rydberg orbital. Further, the two lowest unoccugiedrbitals
exhibit mixed valence-Rydberg character. To be consistent with the nomr
clature of the TZVP MOs, we denote the valence part of these mixed orbi
by ;.

The calculated electric dipole moment for the ground state amounts
2.14 D, pointing from the five-membered ring towards the HNbond. For
comparison, the thioformamide molecule exhibits approximately twice ti
value (4.46 D with B3LYP, 4.01 D from experiment) [31]. Surely, the lowe
polarity of dithiosuccinimde is related to its high molecular symmetry whic
results in cancellation of single contributions to the total dipole moment
some extent.

4.1.2 Vertical absorption spectrum and characterization of excited states

The computed vertical singlet and triplet spectra together with the experim
tal absorption maxima from Ref. [3] are shown in Tables 2 and 3. Upon us
the TZVPR+-Ryd basis set, the first Rydberg excitations are found &t &V
within the triplet manifold and 23 eV within the singlet manifold, respec-
tively. The physical meaning of all states abové &/ computed in the TZVP
basis set without diffuse functions is thus questionable. Therefore, they
omitted in the tables. Nevertheless, these states are incorporated into the :
intermediate states when the radiative lifetime of Thetate is determined by
perturbation theory.
The DFT/MRCI calculations reveal that the first excited singlet st&te

is of B, spatial symmetry, resulting from thg, — =} (HOMO-LUMO) ex-
citation. As expected fon — n* transitions, its oscillator strength is rathe

106



4.3. DITHIOSUCCINIMID

214 J. Tatcheret al.

Table2. Vertical singlet excitation energieAE [eV] and dipole transition oscillator
strengthsf(r).

State MR-MP2 TD-DFT DFTMRCI experiment
TZVP TZVP TzZVP TZVPPR-Ryd
AE AE AE AE f(r) dominant AE
excitation(s)
S 1'A;  0.00 0.00 0.00 0.00
S 1B, 258 3.13 2.68 2.65<2x10* n, — 7} 2.7F,2.82
S 1'A, 278 3.36 287 283 .0 n, — 7} 3.04,3.08
S 1'B, 3.87 472 418 4.14 014 Ty, —> 75 3.96,3.87
S 2'A, 439 — 470 451 ()] n, — m;
S 2'B; 457 — 489 4.70<9x10™* n, — i}
S 2'A — — 483 480 =00 ny,n,—m}
S 3'A — — — 503 0.003 Ty —> 7}
S 2'B, — — — 523 0.065 n,— R
S 4'A, 4388 — — 531 0114 T —> 75 ~ 4.96"
S 3'B; — — — 567 0.040 7, — R

& from absorption in cyclohexane (Meskestsal. [3])

® from absorption in methanol (Meskess al. [3])

¢ calculated as second root &y symmetry

d tentative assignment d#\, (wr — 7*) by Meskerset al. [3]

small. TheS, (1'A,) state with the leading configuration — 73 (HOMO-1,
LUMO) is located only~ 0.2 eV aboveS,. The corresponding dipole transi-
tion § < S, is forbidden inC,, symmetry. The results are corroborated b
the MR-MP2 calculation that shows differences in excitation energy of ¢
proximately 01 eV for these states compared to DIMRCI. Concerning the
assignment of5, and S,, we are thus in agreement with Mesketsal. who
deduced the symmetry properties of these states from polarised phosph
cence excitation spectra [3]. However, our DIWMIRCI energies are slightly
lower (=~ 0.1-02 eV) than the absorption maxima observed in cyclohexar
In contrast, singlet excitation energies obtained from the TD-DFT treatm
are systematically overestimated by abol& €. This may be related to the
importance of double excitations for the correlation treatment in the pres
case.

Following Ref. [3], the source of intensity for the forbidden transitio
S — S is vibronic coupling with ther, — 75 (HOMO-2, LUMO) excited
state 1B,, giving rise to a strong absorption band @&eV. We find this state
0.2 eV higher in energy, at.44 eV in DFT/MRCI, whereas it comes out at
3.87 eV in the MR-MP2 calculation. A further relatively strong transition
~ 4.96 eV is mentioned in Ref. [3]. It may be associated with Sg4*A,)
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Table3. Vertical triplet excitation energieAE [eV] and dipole transition oscillator
strengthsf(r).

State MR-MP2 TD-DFT DFTMRCI experiment
TZVP TZVP TZVP TZVPR-Ryd
AE AE AE AE f(r) dominant AE
excitation(s)
T, 1°B, 243 2.72 247 243 n, — o} 2.63
T, 13%A, 2.60 2.94 267 262 .013 n, — mj;
T, 1°A, 3.30 318 349 341 ~00 {”1 — 7
Ty —> T,
n *
Ts 2°A, 4.34 — 475 453 Q31 { 27 T
n, — Ty
TG 2382 —_— —_— 4.63 4.60 (00} Ny, Ny — (77.';)2
T, 2°B, 4.47 — 493 4.69<4x10* n, — oy
Te 2°A, — — 478 474 ~00 n,n,— w7}
T, 3°B, — — — 511 0.0 n,— R
T 3°A; 489 — — 513 =~00 {”2 T
T —> Ty
Ty 4°A, — — — 533 0.003 n, — R
T, 3°B1 — — — 559 %00 1, — R
Tz 4°B, 5.2F — — 5.62 Qo0 T —> T

2 from absorption in cyclohexane, not observed in methanol (Meskeat [3])
b calculated as second root A&y symmetry
¢ calculated as second root By symmetry

state which results from; — n} excitation and also has a considerable osci
lator strength in our calculation.

In the triplet manifold, the states corresponding to the> 7* excited
singlet statesS, and S, are T, and T,. Again, the lowest state results from
n, — 73 (HOMO-LUMO) excitation and thus exhibit8, spatial symmetry
in accord with Ref. [3], where the phosphorescence is attributed to*Be 1
state.

As expected, the singlet-triplet splitting is much larger for the— =}
(HOMO-2, LUMO) excited statd; (1°B,) than for then — =* onesT, andT..
As a consequencdy gets so close td, that one can hardly decide which of
them is really the lower one in the vertical spectrum. And indeed, the energ
order of T, andT; is changed in the MR-MP2 calculation which reveals an e
citation energy forT; almost equal to that of,. TD-DFT even predicts the
m, — w5 excited state to be the lowest triplet state. In the following we adc
the DFT/MRCI order of states, throughout.
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Among the several further states belowD BV, we only mention the
7, — 7} excited triplet statél, (13A;) at 341 eV which is the counterpart of

S (4'A).

4.1.3 Geometries of excited states and spectral shifts in solution

Geometries of excited states were optimised with TD-DFT, allowingCior
andC, symmetric distortions from the ground state geometry. For the obtai
molecular geometries corresponding to minima on the potential energy
face, single-point DFIMRCI calculations were carried out. The results a
presented in Tables 4 and 5. The corresponding structural parameters are ¢
in Table 1.

In general, the minimum energies f@, and C; symmetry are almost
equal. This indicates that the molecule does not undergo a dramatic ch
in structure such as pyramidalization in the chromophore region for one
the states under consideration. Indeed, the only emerging deviation 1
C,, symmetry is that the alkyl backbone is twisted somewhat out of pla
As the associated normal mode owes a very low frequency and the di
tion is small, this comes along with an almost negligible relaxation of t
energy.

More significant changes with respect to the ground state geometry
constituted by bond elongations in the chromophore region. Fon ther*
excited stated; andT,, the C=S bond lengths are 166 pm and 167 pm,
spectively, which has to be compared with 163 pm for the ground state.
involved 7} MO exhibits a node along the=£S bond axis. The bond order
may thus be reduced byfor each G=S bond when this MO becomes singl
occupied. For comparison: In simple thiocarbonyl systems such as thiop
gene, the &S bond length in the — 7* excitedT, state is 174 pms. 162 pm
in the ground state corrsponding to a bond order reductiog [#2]. The
N—C bonds are not changed significantly. The amplitude oftth#O at the
nitrogen atom vanishes and it can thus be considered as nonbonding in th
gion. The most prominent change in bond angle appears for+f@-MN6 angle
which is enlarged by 2at theT, equilibrium geometry. For tha — 7* ex-
cited singlet state$§, and S,, the optimised structures are quite similar to tr
triplets. (The calculated oscillator strength for tBg— S, electronic transi-
tion at theS, equilibrium geometry isc 1 x 10°°. This low value is related
to the fact that the chromophoric symmetry is left unchanged in the exc
state.)

For ther — n* excited states, the elongation of the-€ bonds is even
more pronounced. This is expected, as botland, are bonding in this re-
gion. For theT, (7, — n}) state, a value of 172 pm is obtained. The-®
bonds are also noticeably lengthened in this state. This may be due tc
admixture of a configuration in whichy; is occupied. This MO is strongly anti-
bonding with respect to the -NC bonds. However, the qualitative picture o
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Table4. Relative energiea E [eV] of dithiosuccinimide at various molecular (triplet) ge-
ometries (DFFMRCI, TZVP basis). The nomenclatu®, S;, S;, Ty, T,, and T, follows

the order of states at the ground state equilibrium geometry. Adiabatic TD-DFT enen
in parentheses.

State T, geometry T, geometry T; geometry T, geometry
n, — m; n, — m; T, — T} T, —> T}

TD-DFT (C,) TD-DFT (C,) TD-DFT (Cy) TD-DFT (Cy)
S 0.03 0.08 0.19 0.24
S 2.56 2.57 2.56 2.59
S 2.74 2.70 2.72 2.72
S 4.00 4.03 3.88 3.92
T; 2.36 (2.66) 2.38 2.39 241
T, 2.55 2.51 (2.83) 2.56 2.55
Ts 2.64 2.67 2.57 (2.16) 2.63

T, 3.32 3.33 3.27 3.21 (2.87)

Table5. Relative energiea E [eV] of dithiosuccinimide at various molecular (singlet) ge-
ometries (DFFMRCI, TZVP basis). The nomenclatu®, S;, S;, Ty, T,, and T, follows

the order of states at the ground state equilibrium geometry. Adiabatic TD-DFT ener
in parentheses.

State S. geometry S, geometry S; geometry
n, — m} n, — m} T, —> 73

TD-DFT (Cy) TD-DFT (C,) TD-DFT (Cy)
S 0.03 0.08 0.13
S 2.56 (3.07) 2.57 2.56
S 2.73 2.70 (3.24) 2.73

S 3.97 4.01 3.89 (4.54)
T, 2.36 2.38 2.38
T, 2.55 251 2.56
Ts 2.62 2.65 2.58
T, 3.31 3.31 3.28

orbital nodes surely is insufficient to describe the intricate force balancinc
the five-membered ring.

Aside from total excitation energies, the single-point DMRCI results
support the TD-DFT findings: The lowest DFWIRCI energy is always ob-
tained at the TD-DFT minimum geometry of the respective state. Also, diff
ences in vertical and adiabatic excitation energies are comparable in magn
and trend. Both methods thus seem to agree concerning the local shape ¢
potential energy surface.
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v, (487cmt)

I

V,3(1308cmit )

I

Vpg(1497cm? )

Fig. 4. Sketch of totally symmetric normal modes that are expected to be Franck—Cor
active in theS, <— T, radiative transition and may contribute to the vibrational structure
the phosphorescence band (BH-LYP functional, TZVP basis).

The energetic relaxation is considerably larger for the> 7* excited
states than for the — 7* states (approximately.®eV vs. 0.1 €V). Therefore,
at the T; geometry, T, and T; are predicted to be almost degenerate by t
DFT/MRCI calculations. Overall, relaxation of the molecular structure in t
lowest excited states is small due to the stiffness of the five-membered ring

Vibrational normal modes along which the molecule is displaced with
spect toS, in the T, state were obtained with the HOTFCHT programme. Tl
totally symmetric normal modes that are expected to be important for the vil
tional structure of the phophorescence band are depicted in Fig. 4.

An estimate of the spectral shifts in polar aprotic solvents can be m
from Table 6. The tabulated DFMRCI excitation energies are computel
employing a one-particle basis which has been optimised together with
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Table6. Relative energie\ E [eV] of dithiosuccinimide states at various molecular ge
ometries using COSMO solvation model=£ 32.60, methanol) (DFTMRCI, TZVP ba-
sis). The nomenclatur&,, S;, S,, T:, T,, and T, follows the order of states at the ground
state equilibrium geometry.

State S geometry T, geometry T; geometry absorption [3]
(reoptimised) — — (methanol)
S 0.00 0.07 0.15
S 2.85 2.78 2.76 2.82
S 3.03 2.90 291 3.08
S 4.12 4.02 3.86 3.87
T, 2.64 2.58 2.58
T, 2.84 2.71 2.74
Ts 291 2.82 2.73
T, 3.59 3.46 3.39

Table7. Dipole moments [D] of dithiosuccinimide at the ground state geometry and ¢
the equilibrium geometry of the respective state (PMRCI, TZVP basis).

State S geometry equilibrium geometry
S, 1A 214 2.14
S, 1'B, 1.35 1.45
S, 21A; 1.23 1.14
S;, 1'B, 1.43 1.86
Ty, 1B, 1.30 1.36
T,, 13A; 1.18 1.06
Ts, 1°B, 0.94 1.21
T, 13A; 154 1.67

surrounding screening charges in the COSMO model. For this purpose,
geometry of the ground state firstly was reoptimised at the uncorrelated lewv
get the minimum energy structure of the solvated system. However, no che
compared to the vacuum ground state geometry emerged. Analogous sil
point DFT/MRCI calculations at the vacuum equilibrium geometries offthe
and T, states are also presented in Table 6 as solvation effects may cruc
influence the energetic order of these states. It is found that singlet and tri
n — 7 states exhibit a blue shift in our model afl6—-Q20 €V. The energetic
location of theS; (7, — =}) state is nearly left unchanged. At the ground sta
geometry, for example, it is shifted to lower energies 6®&V. However, the
7 — m* triplet statesT; and T, appear to be blue-shifted byl3-0.16 eV. This
contradicts the conventional rule of thumb that> 7* states experience more
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hypsochromic shifts with increasing solvent polarity whereas- 7* states
encounter bathochromic shifts. Table 7 shows the dipole moments for the s
under consideration. It is seen that in our caserthe 7* excited states do not
owe dipole moments much larger than the> 7* ones. Also, the ground state
value exceeds all others. Therefore, even forithe- 7* excited states hyp-
sochromic shifts may occur. These shifts are more pronounced for-ther*
excited states, however. Following Table 6, the near-degenardGyaoid T; is
not lifted by solvent effects.

The computed vertical excitation energies from Table 6 agree excelle
with the experimental absorption data in methanol taken from Ref. [3]. It |
to be kept in mind, however, that hydrogen bonding with protic solvents is
accounted for in this model.

4.1.4 Spin-orbit coupling

In Table 8, spin-orbit matrix elements for the low-lying electronic states of 1
dithiosuccinimide molecule are listed. In view of the subsequent discus:
of the phosphorescence rate, the given values are computed at the eq
rium geometry of thel; state inC, spatial symmetry. However, the distortior
from C,, symmetry in theT, state is small, especially in the chromophore r:
gion where the largest contributions to spin-orbit interaction are expected.
matrix elements thus approximately ob€y, symmetry selection rules: The
coupling terms that vanish i@,, symmetry do not exceed a few wave numbe
at theT, state geometry.

Large spin-orbit matrix elements are found between the electronic gro
state and triplet states of — 7* type. The same applies to matrix elemen
betweem — 7* andz — 7* excited states both for the singlet-triplet and fc
the triplet-triplet coupling case. On the other hand, the coupling between
T — m* states is two orders of magnitude smaller than for the above-mentio
cases. The size of the coupling matrix element of twe> 7* states is in-
termediate, roughly one order of magnitude smaller than ann* /7w — 7*
coupling. This behaviour is widespread and is known as El-Sayed'’s rule [3

Of particular importance concerning the radiative properties of the low
triplet state is its spin-orbit coupling to tf®(w, — 75) state which gives rise
to the most intense band in the absorption spectrum. Meskalsestimated
the corresponding matrix element from the extinction ratio ofShe> T, and
S — S; absorption bands to approximately 150Crf8]. In contrast, our cal-
culated value amounts to only &0cm-*. However, we obtain a large matrix
element of 13565 cnt! between theS; and theT, state. This difference in
coupling strength may be rationalised as follows: We consider the leading «
figurations which are, — = for T;, n, — =} for T,, and, — 7} for S,.
The coefficients of the corresponding CSFs in the PARCI wave functions
appoximately amount to.9 for all three states. As the mean-field spin-orb
operator is an effective one-electron operator, a non-zero matrix element it
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Table8. Spin-orbit matrix elements (absolute values) féinof the lowest singlet and
triplet states, calculated at tiie geometry. The component of the spin-orbit Hamiltoniai
is indicated in parentheses.

(T1|Hs0lS)  6.02()/182.95§)
(Tal Hsol S1) 0.36@)
(Ty|Hsol ) 14.28)/0.50()
(T1lHsol S) 60.52@)

(T2l Hsol S) 72.23@)

(Tol Hsol St 13.57&)/1.30()
(T2l Hs0l S) 0.08(2)
(To|Hs0lSs)  0.39)/131.55§)
(T2l Hsol Ta) 13.84()/1.70()
(Tsl Hsol S)  0.02()/2.14(y)
(Ts|Hsol S1) 73.64@)
(TslHsolS,)  1.76()/170.36()
(Ts|Hsol S) 0.55@)
(Ts|Hsol Ta) 71.67@)
(Ta|Hsol To)  1.57()/164.43§)
(Tal Hsol S) 4.87(@)
(TalHsolS)  0.20()/135.00§)
(Tal Hsol S) 54.60@)

(T4 Hsol S5) 0.11()/0.63()
(T4l Hso| T2y 0.13()/133.84§)
(Tal Hsol T2) 55.53¢)

( )

0.01()/1.03()

tained only between configurations that are single excitations with respec
one another. If we neglect contributions from other configurations which .
admixed with much smaller coefficients, the matrix elem@itHsq.|Ss) is
governed by the integrah,|Hsq,|72) whereas(T,|Hsqy|S;) is governed by
(n1|Hsaylm2). The lone-pair orbitals, andn, are located almost exclusively
at the sulphur sites. To a good approximation, they are linear combination
sulphur 3 A0s which are lying in the/z plane and which are perpendicular tc
the C=S bond. In a local coordinate system at the sulphur centers, the orie
tion of the lone pairs with respect to thexis is described by the rotation angle
¢ (Fig. 5). For the MOs1, andn, we thus get:

(cospp, s + Singpy s + COSpP, s, — SiNpPys7)

(cospp, s + Singp,.ss — COSPP, s + SiNppPys7) -

SNl
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Fig. 5. Definition of the rotation angle in a local coordinate system at one of the sulpht
centres.

For thewr, MO we write

1
T2 =N (Pess+ Pxsr )

where the dots denote contributions from other centera\aisochosen to give
the proper normalization. In the one-center approximation, the MO integ
are related to the symmetry equivalent AO integrals by:

V2
(N1|Hsqylm,) ~ N cosp( P, slHsayl Py s)

V2 .
(N2|Hsg|mmo) ~ N Sing(pPy.slHsozl Pxs) -

As the coefficients of the leading configurations are comparable, this me
that the ratio of the above matrix elements is determined to a good approx
tion solely by the angle:

(T1lHs02lS;) _ sing
~ =tange. 1
(TolHsoy|Ss)  cosg ¢ @)

To illustrate this rule of thumb with numbers: At thg state geometry,
the spin-orbit integrals of interest amount (| Hsg,|72) = 1287 cm* and
(N1|Hsaylm2) = 2924 cm*. The ratio of the integrals is thu®,|Hsq,|72)/
(n1|Hsoy|m,) = 0.440. The angle is calculated from Table 1 to be 2&hich
leads to tamp ~ 0.445.

In turn, this means that these spin-orbit matrix elements strongly depen
the anglep. Hence, they vary in magnitude upon deflection alongthetally
symmetric normal mode (see Fig. 6). The latter may be termed the scis
ing mode of the two €S groups. Similar considerations concerning the anc
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vg(235cm? )

Fig. 6. Sketch of the scissoring mode of the twe=6 groups (BH-LYP functional, TZVP
basis).

¢ apply to other spin-orbit matrix elements. This is shown in Fig. 7 togeth
with a one-dimensional cut through the computed potential energy surfa
for the lowest excited states. The undistorted starting geometry in this c
corresponds to the ground state equilibrium geometry for technical reasc
The matrix element$T;|Hso,|S;) and (T,|Hsqy|S;) become comparable for
a curvelinear distortion 0£40% of the normal mode unit vector. This corres:
ponds tog ~ 41° which is almost the value of 45%expected from our crude
model.

For an estimate of inter-system crossing rates, we have determined
tential energy curves of the ground and excited electronic states as
dimensional cuts along the scissoring mode. Note, however, that these cu
are not computed around the proper potential energy minimum of the partict
excited state and do not take account of the correct Duchinski transformati
of the normal modes. Their use for determining inter-system crossing rate
therefore somewhat questionable and the main intention here is to give a q
itative picture of the situation. The potential energy plots reveal almost eq
slopes and equal minima positions for the pairs of st&ig¢s, andT,/S,, but
displacements in minima and low-energy crossings for example for the ps
T,/S, and T3/ S,. Anyway, the computation of proper inter-system crossin
rates suffers from the limits in accuracy that are inevitably imposed on the ¢
culated excitation energies. What can be said i3;lis energetically located
below S,, the inter-system crossing is expected to occur very fast. Amgig
located belowS,, the corresponding radiationless transition will take place
a sizable rate despite the relatively small coupling matrix element. If we or
consider the electronic coupling matrix elements, the rat&,ef: T; inter-
system crossing is expected to be about two orders of magnitude larger 1
that of S, ~ To.

The spin-orbit matrix element between tfe state and the electronic
ground states, is very large. However, this does not necessarily mean that t
radiationless relaxatioi; ~ S, is fast and efficient. Instead, a fast radiation
less transition requires large Franck—Condon factors between the vibratic
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Fig.7. DFT/MRCI excitation energies and spin-orbit coupling matrix elements (abso-
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zero level of the initial and isoenergetic excited vibrational levels of the
nal state as well. The equilibrium geometries of both states are rather sin
and the energy gap is more than 2 €V. Therefore, it can be concluded tha
overlap of these vibrational wave functions is small. The inter-system crc
ing T, ~ § thus will not be efficient. The totally symmetric normal mode
V11, Va3, @anNdvyg May act as accepting modes to which the electronic energy
the T, ~ & transition is initially transferred. However, they are only weakl
accepting due to smallness of structural change in the excited state. The
ation may be compared with thiocyclopentanone which also is planar if the
state and phophoresces with high quantum yield [2]. It has to be mentior
however, that fluorescence is observed for this sytem in the gas phase, toc

4.1.5 Phosphorescence and singlet—triplet absorption

Probabilities and rates of spin-forbidden radiative transitions were obtail
from the spin-free electric dipole operator matrix elements and the eigenvec
of the spin-dependent Hamiltonian in quasi-degenerate perturbation the
Phosphorescence ratgs ;) and lifetimes(z, ) for individual sublevels of the
lowest triplet state are given by the usual expression for spontaneous emis
applied to the spin-orbit coupled system:

1 4e?
kp,z =

3 2
Tpe ~ 3che (ETl - ESo) ‘“8'(1-1’5 - SO)‘ )

Here, spin-orbit perturbed states are labelled by leBefsin contrast toS, T
for the Russel-Saunders coupled states (see Table 9 for more details). If 1

Table9. Vertical excitation energies [crh] and transition dipole moments [D] for the
lowest SO coupled triplet states at tfie state equilibrium geometry. States are labele
as T, whereT; denotes the corresponding pure triplet state grelXx, y, z) the domin-
ant Cartesian spin component. The (main) polarization direction of the transition dif
moment is given in parentheses. Radiative lifetimgs[ms] for the T, state sublevels.

(QDPT, 32 states) (QDPT, 64 states)
AE e Mel (TL; — Sp) Tpe AEen Mel (Tig — Sp) To.c
T.x 188317 22x10*(z9 9670 1880% 30x10*(z20 5130
T,, 188335 41x102%(y) 0.28 1880/ 48x102(y) 0.21
T,, 188345 18x1072(2) 1.45 18808 1.8x1072(2) 1.40
T,x 202603 39x10°2(x) 202318 45x10° (x)
T,, 202612 7.8x10°3%(2 202323 63x103 (2
T,, 202935 12x107*(y) 202638 12x101(y)
Tsy 210374 83x1073(2) 210250 8.6x1073 (2
Tsx 211079 10x10°3(2) 210949 80x 10 (2)
Ty, 211129 10x102(x) 211006 11x1072(x)
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is no pronounced fine-structure splitting and we are not concerned with \
low temperatures, the triplet sublevels will be almost equally populated in tt
mal equilibrium. Under these circumstances, one can only observe the ave
of the individual phosphorescence rates which is termed the high-temper:
limit of the phosphorescence ratgqy:

- 1
Kp.high = 3 (kp,x +Kpy + kP,Z) :

As already mentioned above, the chromophore exhibits al@gssym-
metry in theT, state. Therefore, the mechanismsSf— T, absorption as
well asS, < T, emission can be understood applyig symmetry selection
rules. A detailed description of the coupling scheme which explains the
tensity sources of spin-forbidden radiative transitions in the dithiosuccinim
molecule has been given in Ref. [34].

In summary, theS, < T, transition is expected to occur fast from the
andy Cartesian spin states of tfig state, whereas thesublevel merely does
not emit:

e z sublevel: The subleverl, , interacts with singlet states @&, spatial
symmetry. The most important of these is tRestate due to its large dipole
transition moment and relatively small energy separation. The spin-orbit |
turbed T, , state thus exhibits the same polarization directignfor electric
dipole transitions as th8; state. A further possible source of intensity Tar,
may be comprised by admixtures Af symmetric triplet states to the grounc
state. The spin-orbit coupling in this case involves zh@artesian spin com-
ponent of the interacting triplet state 8§ spatial symmetry. The polarization
direction isy, too.

e y sublevel: TheT, , state contains an admixture of ti§g ground state.
Likewise, theT, , sublevel appears in the spin-orbit perturti&dground state
wave function. As a result, the dipole moment difference of3hendT, states
weighted by the perturbation coefficiefi;|Hso|S)/(E(Ty) — E(S)) enters
the dipole transition matrix element of tiig, state. The corresponding radia
tive transition is thus polarised. Interaction with excited totally symmetri
singlet states and higher lying triplet statesByfspatial symmetry may also
contribute to thiz polarised transition.

e X sublevel: The third sublevel df, with x Cartesian spin component cai
only interact with singlet states @&, spatial symmetry. Consequently, the trar
sition S — T4, is dipole forbidden in first-order perturbation theory and the
occurs no emission from this state.

Our computed dipole transition probabilities (Table 9) reveal that the dc
inant polarization direction of the phosphorescence iand that intensity
borrowing from theS; (7, — 7}) state is the main source. The same wi
found experimentally by Meskegs al. [3]. Emission from theT, , state is of
minor importance, despite of the large spin-orbit matrix element betweer
and S,. The reason is that the dipole moment differenc&pénd S, is only
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moderate and that there are no further excited states of appropriate spatial
metry (*A;,® B,) at low energies which owe a considerable oscillator streng
Our theoretical value for the high-temperature phosphorescence katgis-
1.8x10*°s™ (tpnign~ 0.5 ms) using a basis of 64 Russel-Saunders coupl
states (32 singlets and 32 triplets) for the perturbation calculation. This agi
very well with experiment: Meskert al. report a monoexponential decay o
emission with a life time of A +0.01 ms in a glassy solvent (EPA) at 77 K anc
a quantum yield of luminescence o0t 0.2. From these values we deduct
a pure radiative life time of approximately2ms. In view of the large sensi-
tivity of the computed value to errors in energy and dipole transition mat
elements this agreement is quite satisfactory.

Upon looking at Table 9 and the experimental phophorescence band in
one could ask whether thE,, state contributes to the emission or not. Th
dipole transition moment of this state is larger than that of The state by
a factor of approximately three. TheCartesian spin sublevel of the state
also derives its radiative intensity from coupling with tBestate. Hence, the
polarization direction of emission frof,, would bey, too. In addition, the
computed energy difference betweenandT, is so small that it matches the
separation of two strong maxima in the experimental band. However, it is g
erally accepted that emission only occurs from the lowest excited states of ¢
multiplicity (Kasha’s rule) [35]. The reason is thgt~ S, and T, ~ T, radi-
ationless transitions are generally (and in particular in the condensed ph
much faster than emission from higher excited states. Exceptions are ¢
scarce. The most prominent one is azulene which exhiiits- S, fluores-
cence which can be explained on the basis of a |&ge S, energy gap [35].
To our knowledge, the only reported caseSyf«— T, emission are dimethyl-
benzaldehydes in mixed crystals which show an anomalously small energy
(100 cnT? or less) betwee (7 — 7*) and T,(n — =*), enabling thermal
population ofT, [36]. In the present case, however, this gap betwBeand
T, is much larger & 1400 cnt?). Thermal population will thus not suffice for
observable emission froff, at 77 K. Further, there is a sizable direct and ir
direct (viaTs) spin-orbit coupling betweet, andT, (see Table 8). As there is
no evidence for th&, ~» T, radiationless transition to be inefficient, we assig
the whole band t@, phosphorescence. The two observed maxima may thus
constituted by the 6 0 origin band and a vibrational progression of thgor
Vg totally symmetric vibrations.

In contrast to emissior, — T,, absorption should be observable in ex
periment. The dipole transition moment is comparable to that computed
the § — S, transition(0.14 D). Indeed, in the experimental phosphorescent
excitation spectrum the intensity ratio of the bands, assigned t&the S
andS, — S, transitions, changes with respect to the absorption spectrum
The bands that were assigned to e~ S, transition by Meskerst al. are
more intense in the excitation spectrum than the band of the forbiidenS,
transition whereas this ratio is inverted in absorption. The strongest phos
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rescence excitation band in the region of e~ S, transition, is ay polarised
band (denoted “band 3” in Ref. [3]). Meskestsal. explain this band in terms
of vibronic coupling ofS; andS; and attribute the change in intensity to an un
known decay channel &,. Our results, however, strongly suggest that this
polarised band can be assignedc— T, absorption. The puzzle of intensity
change in phosphorescence excitation is thereby easily resolved as alread
absorption ends up in a triplet state.

5. Conclusions

In this work, we have investigated the electronic spectrum of dithiosuccinimi
and spin-orbit coupling phenomena ocurring herein by means of quant
chemical methods. Our results are in very good agreement with recent exf
mental findings by Meskest al. [3] and, moreover, provide an explanation for
some puzzling details of the observed spectra.

Because of the two thiocarbonyl groups present in the molecule, dith
succinimide exhibits a dense spectrum of low-lying valence states. The 1
two excited singlet state$S{ andS,) originate fromn — 7* excitations, with
1'B, and £A, separated by roughly.DeV. These results corroborate the as
signment by Meskerst al. [3] who deduced the symmetry characteristics ¢
these states from polarised phosphorescence excitation spectra. As exp
for n — n* excited states, probabilities for a transition to or from the ele
tronic ground state are small. The two strong absorption bands with maxi
at 3.96 and M6 eV [3], respectively, are dominated by single excitations frol
high-lying occupiedr orbitals to the lowest unoccupiee* MO, giving rise
to a'B, (S;) and aA; state. Several (dark) singlet states are located energ
ically between these strongly absorbing singlets. Quite remarkably, one of
intermediate states corresponds to a double excitation from the two highesi
cupied nonbonding orbitals to twg* orbitals. We find three triplet states in the
energetic neighbourhood & andS,, i.e., twon — n* states [, andT,) as
well as ar — 7 * triplet excitation ).

The electronic ground state and the low-lying— 7* excited states ex-
hibit C,, symmetric equilibrium geometries. In the latter, C—S bonds are cc
siderably longer than in the electronic ground state, a geometry relaxat
yielding roughly 03 eV in energy. In contrast toa — 7* excitations, aC,
symmetric twisted ring structure results from the first and secord* ex-
citations. Interestingly, the SC(NH)CS chromophore nearly retains its plana
also in the latter. The adiabatic and vertical excitation energies of ther*
states differ by merely.Q eV showing that their potential energy hypersurface
are rather flat and the distortions are small.

We obtain large electronic spin-orbit coupling matrix element betwet
n — 7* excited states on the one side and the electronic ground state
T — m* excited states on the other side. The absolute siZg ahd T, spin-
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orbit matrix elements depends strongly on the scissoring angie ZBC° — 2¢
between the two €S groups, their ratio being approximately proportional t
tan(g). This finding is easily explained by a simple model that viewsrthe
andn, nonbonding orbitals as linear combinations of pure sulghuand p,
orbitals.

Phosphorescence from borrows intensity from two major sources. The
z sublevel interacts heavily with th&; state which in turn exhibits a very
strong dipole-allowed transition to the electronic ground state.yT$igblevel
is coupled directly by#so with the S, state. Besides spin-orbit interaction
the coupling strength is determined by the dipole moment difference betw
T, and &. Emission from thex sublevel is insignificant. A sum-over-states
perturbation calculation including 64 singlet and triplet states yields a hig
temperature phosphorescence lifetime of approximatély3 for theT, state,
in qualitative agreement with the experimental total (radiative and non
diative) lifetime of 01 ms and a luminescence quantum yield of &9.2
from which we deduce an experimental radiative lifetime of approximate
0.2 ms. Because of its large spin-orbit matrix element with$hetate, dipole
transition matrix elements betweé&y and T, are sizable. While emission is
quenched efficiently by nonradiative processes, we predict the spin-forbid
transition fromS, to T, to occur with a probability comparable to the spin
allowed §; — S, absorption. We assign thepolarised band number 3 in the
phosphorescence excitation spectrum [3] to this spin-forbidden transition, 1
easily resolving the puzzle of intensity change with respect to the absorp
spectrum.
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4.4 Psoralene

In der Arbeit ,Electronic excitation spectra and singlet-triplet coupling in psoralen and
its sulfur and selenium analogs®(,,Elektronische Anregungsspektren und Singulett-Triplett-
Kopplung in Psoralen und seinen Schwefel- und Selen-Analoga®)[53] wurden vertikale An-
regungsspektren sowie erstmals auch Spin-Bahn-Matrixelemente des Psoralens und der
Schwefel- und Selen-Analoga vertffentlicht.

Die berechneten Absorptionsspektren stehen in guter Ubereinstimmung mit experi-
mentellen Werten und Rechnungen mit zeitabhéngiger Dichtefunktionaltheorie (TD-DFT)
aus der Literatur. Beziiglich der Abhéngigkeit der Energie eines bestimmten Zustands
vom Substitutionsmuster mit Heteroatomen stellen die quantenchemischen Rechnungen
Informationen iiber dunkle Zustdnde zur Verfiigung, die experimentell schwer zugénglich
sind. Die Energieunterschiede der tiefliegenden angeregten Zusténde, die fiir das Singulett-
Triplett ISC von grofier Bedeutung sind variieren in den betrachteten Systemen erheblich.
Die n — 7* Zusténde werden bei Anwesenheit von Schwefel oder Selen im Pyronring stark
abgesenkt. Die Absenkung der m — 7* Zustédnde ist weniger ausgeprigt. Dies fiihrt dazu,
dass in den Rechnungen fiir PSO(O-S)! und PSO(O-Se) die n — 7* Zustinde zum S,
nahezu entartet sind. Andererseits bleibt die Energie der n — 7n* Zusténde bei einer Sub-
stitution im Furanring nahezu unbeeinflusst, wihrend der m — 7* Zustand S; energetisch
leicht abgesenkt wird. Der Energicunterschied zwischen S; und den n — #n* Zustédnden ist
also im PSO(S-O) und PSO(Se-O) erhoht. Im MO-Bild kénnen diese Befunde mit der star-
ken Lokalisierung der n Orbitale in der Ndhe der Cabonylgruppe in Verbindung gebracht
werden. Gleichermaflen ldsst sich der T; Zustand als Diradikal in den 5,6 Positionen des
Pyronrings betrachten. Dies erklért, dass die Energie dieses Zustands in allen betrachteten
Psoralenen nahezu konstant ist.

In Verbindung mit den Anregungsenergien erlauben die Spin-Bahn-Matrixelemente, die
wichtigsten Populationsmechanismen fiir Triplettzustéinde zu umreiflen. Fiir die meisten
Systeme gibt es mindestens drei Tripletts mit @ — «* Charakter und einen mit n — «*
Charakter unter S; oder nahe entartet dazu. Obgleich die adiabatischen Anregungsenergien
noch nicht bekannt sind, kann geschlossen werden, dass diese Zusténde an ISC Prozessen
beteiligt sind, die vom adiabatisch tiefstliegenden Singulett ausgehen. Letztere kénnen
abhingig vom System und wahrscheinlich auch vom Losungsmittel sowohl n — #* als
auch m — 7* Charakter haben. Da alle Kopplungsmatrixelemente zwischen Singuletts und
7 — m*-Tripletts vernachlissigbar klein sind, ist es sehr wahrscheinlich, dass *(n — 7*) ~»
3(r — 1) oder (7 — 7*) ~ 3(n — 7*) die dominanten Kanéle des ISC in die Tripletts
sind. Dabei muss jedoch beriicksichtigt werden, dass alle n — n* angeregten Zusténde in
polaren Losungsmitteln eine erhebliche Blauverschiebung erfahren, sodass sie energetisch
unter Umstidnden nicht erreichbar sind. Auf den ersten Blick widersprechen diese Befunde
den experimentellen Ergebnissen, nach denen die Triplett-Quantenausbeute mit steigender
Polaritat des Losungsmittels ansteigt.

Um diese offenen Fragen zu klidren wurden von Jorg Tatchen weitergehende Untersu-
chungen zu den Geometrien angeregter Zustinde, zu Schwingungsfrequenzen und Frack-
Condon-Faktoren fiir strahlungslose Ubergéinge durchgefiihrt.[54; 15]

'Fiir die Erklirung dieser Bezeichnungen sei auf die Versffentlichung[53] hingewiesen.
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Abstract

We have calculated the vertical singlet and triplet excitation spectra and spin—orbit coupling matrix elements for psoralen and its
derivatives resulting from the replacement of intracyclic oxygen by sulfur or selenium. Molecular ground state equilibrium geometries
have been determined employing Kohn—Sham density functional theory. Electronic excitation energies and oscillatory strengths have been
obtained utilizing a combined density functional/multi-reference configuration interaction method. Spin-orbit coupling matrix elements
for correlated wavefunctions have been computed applying the efficient, purely nos-empirical spin-orbit mean-field approximation.

The theoretical data allows for a detailed assignment of experimental absorption bands [J. Photochem. Photobiol. B: Biol. 35 (1996)
221]. The computed excitation energy of the first v — 7* singlet transition varies from 3.81 (7H-furo [3,2-g] [1] benzopyran-7-one) to
3.12eV (7H-selenolo [3,2-g] [1] benzoselenopyran-7-one). The energy of the lowest triplet T — r* state Ty is remarkably constant in
all cases (2.95-2.73 eV). The energies of the dark n — 7* states are found to be lowered considerably (up to ~0.80 eV) upon replacing
intracyclic oxygen at the pyrone side by sulfur or selenium, but much less upon hetero-atom substitution solely at the furan side. For all
the heteropsoralens, additional low-lying 7 — o* states have been found that are important for photochemical ring opening reactions.

The spin-orbit coupling between the T; state and the ground state S amounts to less than 2 cm™! for all cases. Between n — *
and 7 — 7™ states appreciable spin—orbit coupling matrix elements are observed which indicate a probable channel for singlet—triplet
radiationless transitions. Their size varies from several ten wavenumbers for those psoralens which have oxygen or sulfur in the pyrone

ring to several hundred wavenumbers in the case when selenium is present in the pyrone ring.

© 2003 Elsevier B,V. All rights reserved.

Keywords: Spin-orbit coupling; Multi-reference configuration interaction; Excited states; Psoralen; Photodynamic therapy

1. Introduction

Psoralens (also called furocoumarins) are a class of
photobiologically active substances which are of pharma-
ceutical use in many respects [1,2]. In a PUVA therapy
(psoralen plus ultraviolet A or UV-A radiation) of skin dis-
eases, oral or topical application of psoralens is combined
with the exposure of the diseased skin to UV-A radiation
[3]. This treatment is effective against, e.g., psoriasis and
vitiligo [3]. In photopheresis, peripheral blood is the target
of the photobiological action of psoralens in order to treat
cutaneous T-cell lymphoma and other autoimmune disor-
ders [3]. As some psoralens show antibacterial activity and
also antiviral activity (among others against Herpes virus

* Corresponding author, Tel.: +49 211 81 13209;
fax: -+49 211 81 13466.
E-mail address; christel, marian@uni-duesseldorf,de (C.M. Marian).

1010-6030/$ — see front matter © 2003 Elsevier B.V, All rights reserved.

doi: 10.1016/.jphotochem.2004.05.026

and HIV type-1 virus), another possible field of application
for psoralens is the purification of blood and blood products
[4].

During the last 40 years, much effort has been spent in
photobiological, photochemical, and photophysical research
on clarifying the underlying mechanisms of the desired
phototherapeutical effects and undesired side effects of
psoralens (for reviews see [1,2,5)). It has been found that
these heterocyclic carbonyl compounds can undergo pho-
tocycloadditions to biomolecules such as DNA and RNA
or unsaturated fatty acids [3). In the case of DNA, the
psoralen is assumed to be intercalated between the two
DNA strands first [6]. After photoexcitation, it may form
photocycloadducts to pyrimidine bases (most effectively to
thymidine) involving the C=C double bond of the furan
ring (2, 3-position, see Fig. 1), the C=C double bond of the
pyrone ring (5, 6-position, see Fig. 1), or both [3,6]. In the
latter case, the resulting cross-links between the two DNA
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3 4 5 part responsible for their increased reactivity. However, a
/ 6 definite answer to the question about the reacting state in
2 the psoralen photocycloaddition to DNA is still missing
X Y770 (see, for example, Ref. [5]). For a similar discussion on the
! 9 8 photodimerization of coumarin see Ref. [14].
XY=0,S orSe Early spectroscopic studies of Song and coworkers on the

Fig. 1. Chemical structure of psoralens: in the parent compound:
X =Y = O. In synthetic thio- and seleno-psoralens one or both of the
intracyclic oxygen atoms is replaced by sulfur or selenium. We use the
numbering for the parent compound throughout.

strands will inhibit the excessive mitosis of cells, causing
a reduction of the proliferation which is characteristic, e.g.,
of psoriasis. This DNA reaction is also thought to be the ac-
tive principle behind the antiviral and antibacterial activity
of psoralens [5]. However, photoexcited psoralens may also
take part in electron transfer reactions to molecular oxygen
leading to the formation of superoxide (Og)_) or hydroxyl
(OHO®) radicals (oxygen-dependent type I reactions) [7,8].
Additionally, they may produce singlet molecular oxygen
(67 (lAg) via excitation energy transfer (oxygen-dependent
type II reaction) [5,7,8].

As some of the possible photoreactions (e.g. the
oxygen-dependent type I and II reactions) of psoralens
may cause severe side effects, many synthetic psoralens
have been developed in order to minimize these effects
and optimize the phototherapeutical use [1,9,10]. Among
them, sulfur and selenium analogs of psoralen (Fig. ! and
Table 1) show enhanced light absorption in the UV-A re-
gion (400~320 nm, often a wavelength of 365 nm is used in
practice) compared to the parent psoralen [11]. For some
of these compounds (especially 7H-thiopyrano [3,2-f] [1]
benzofuran-7-one), a high DNA-~photobinding ability has
been observed [12]. As nucleic acid bases are known to
quench psoralen triplet states effectively [13], it seems
likely that the reaction of psoralens with DNA proceeds via
a triplet excited state. Further evidence is given by the ex-
cited state lifetimes which are much longer for triplet states
than for singlet ones [4]. Concerning the heteropsoralens
(HPS), an enhancement of the singlet—triplet intersystem
crossing (ISC) rates and triplet formation quantum yields
due to the heavy atom effect is expected to be at least in

Table 1
Nomenclature of sulfur and selenium analogs of psoralen

parent psoralen (X = Y = O, Fig. 1) revealed a T state
of m — 7 type phosphorescing at A = 456 nm with a
life time of tp & 0.66's in ethanol at 77 K [15,16]. Fluores-
cence is observable in ethanol, too. However, the quantum
yield of fluorescence (@r ~ 0.019) is much less than the
one of phosphorescence (@p ~ 0.13) and the fluorescence
band is very broad and shape-less. Mantulin and Song sus-
pected an excited singlet state of n — «* type near the
lowest excited singlet state of 7 — * type to be involved
in the fast radiationless depletion of the singlet 7 — 7*
state to the electronic ground state Sp [15]. Further studies
on various psoralen derivatives, e.g. on 8-methoxypsoralen
by Lim and coworkers [17], showed a strong dependence of
the fluorescence quantum yield on the solvent and on the
temperature. The same applies to the triplet formation quan-~
tum yield. More precisely, both the quantum yields of fluo-
rescence and triplet formation were found to decrease with
decreasing solvent polarity or proticity and with increas~
ing temperature. Lim and coworkers introduced the term
“proximity effect” and suggested vibronic coupling of the
Si(m ~ =*) state with a nearby Sy(n — w*) state via an
out-of-plane bending mode to be responsible for this behav-
ior [17,18].

The absorption, fluorescence emission, and triplet-triplet
absorption spectra for five HPS in various solvents such as
benzene, ethanol, and trifluoroethanol (TFE) were investi-
gated by Aloisi et al. [4]. In addition, they studied the quan-
tum yield of singlet-oxygen production after photoexcitation
in aerated solution. From these data, rate constants and quan-~
tum yields for various radiative and non-radiative transitions
were derived. Collet et al. studied the photosensitized gen-
eration of hydroxyl radicals in water by ESR spin trapping
techniques [11]. They also presented absorption spectra for
all heteropsoralens in water, ethanol and mixtures of both
[11]. In addition, the efficiency of photobinding to DNA
for varjous heteropsoralens was evaluated by Collet et al.
[12].

X Y Heteroanalogs Abbreviation®
0 o] 7TH-furo {3,2-g] [1] benzopyran-7-one PSO(0-0)
0 S 7H-thiopyrano [3,2-f] [1] benzofuran-7-one PSO(0-5)
(¢] Se 7H-selenopyrano [3,2-f] [1] benzofuran-7-one PSO(0-Se)
S (o} 2H-thieno [3,2-g] [1] benzopyran-2-one PSO(S-0)
Se (o] 2H-selenolo [3,2-g] [1] benzopyran-2-one PSO(Se-0)
S S 7H-thieno [3,2-g] [1] benzothiopyran-7-one PSO(S-S)

S Se 7H-selenopyrano [3,2-f] [1] benzothiophen-7-one PSO(S-Se)
Se S 2H-selenolo [3,2-g] [1] benzothiopyran-2-one PSO(Se~S)
Se Se 7H-selenolo [3,2-g] [1] benzoselenopyran-7-one PSO(Se-Se)

4 Taken from Collet et al. [11].
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So far, theoretical investigations on psoralen and its
derivatives have been carried out solely by semiempirical
methods [4] or time-dependent density functional theory
(TD-DFT) [8,19]. The purpose of the current work is to
elucidate mechanisms and trends in the photophysical prop-
erties of HPS utilizing more advanced quantum chemical
methods. The questions to be dealt with are:

(1) What is the effect of the hetero-atom substitution on the
vertical electronic excitation spectra and the capability
of absorption in the UV-A region?

(2) Which spin-orbit matrix elements give rise to noticeable
ISC from the singlet into the triplet manifold? How does
spin—orbit coupling (SOC) between singlet and triplet
states change when intracyclic oxygen is replaced by
sulfur or selenium?

(3) Is there a pronounced dependence of electronic excita-
tion energies on the solvent polarity? What are the con-
sequences with respect to intersystem crossing channels
which are accessible upon UV-A excitation?

2. Methods and computational details

For the computation of electronic excitation spectra, a
quantum chemical method has to be applied which allows
for a balanced description of static and dynamic electron
correlation and which brings about high computational
expense. In order to minimize the latter, we decided to
determine the potential energy surface minima of the elec-
tronic ground states at the level of density functional theory
(DFT). The vertical electronic excitation energies and the
dipole (transition) matrix elements were obtained from sub-
sequent single-point calculations applying the combined
density functional theory/multi-reference configuration in-
teraction (DFT/MRCI) approach of Grimme and Waletzke
[20]. Spin-orbit matrix elements (SOMEs) for the corre-
lated DFT/MRCI wavefunctions were computed using the
spin—orbit coupling kit Spock which has recently been
developed in our laboratory [21].

In Sections 2.1-2.4 below, details of the various compu-
tational procedures are given. Unless noted otherwise, C,
symmetry constraints were imposed and TZVP basis sets
from the TurBOMOLE library [22] were applied. For the
parent psoralen (X = Y = O), additional calculations with
a second basis set including diffuse functions were carried
out in order determine the energy regime of the lowest
Rydberg states. This basis set called TZVP + Ryd consists
of the original TZVP basis set and 3s, 3p, and 1d primi-
tive diffuse Gaussians with origin at two dummy centers
and exponents of 0.05, 0.02, 0.008 (s and p-Rydberg) and
0.015 (d-Rydberg). The two dummy centers were located
inside the pyrone and the furan ring, respectively, and were
allowed to adjust during the geometry optimization. The
introduction of a third dummy center inside the central
benzene ring was not found to change the results noticeably.

2.1. Geometry optimization

For the electronic ground states, geometry optimizations
were performed applying the restricted Kohn—Sham DFT al-
gorithm of the TURBOMOLE 5.6 program package [23]. The
B3-LYP functional was used [24,25]. Harmonic vibrational
frequencies were calculated analytically at the resulting ge-
ometries to ensure that they correspond to true minima of
the potential energy surface. Utilizing the TZVP+-Ryd basis
set for the parent psoralen, a numerical grid, usually em-
ployed for the cesium atom, was chosen for the quadrature
of the exchange correlation potential at the dummy centers.

2.2. Electronic spectra

The DFT/MRCI method of Grimme and Waletzke repre-
sents a very efficient and accurate means to obtain spin-free
electronic spectra for large organic systems (errors in exci-
tation energy usually less than 0.3eV) [20]. The principal
idea is to include major parts of dynamic electron correla-
tion by density functional theory whereas static correlation
effects are taken into account by short MRCI expansions.
This MRCI expansion is built up from a one-particle ba-
sis of Kohn~Sham orbitals employing the BH-LYP func-
tional [26,27]. Molecular orbitals were generated using the
TuRBOMOLE 5.6 program package [23]. The MRCI expan-
sion is kept short by extensive configuration selection. For
further details concerning the DFT/MRCI method we refer
to the original publication of Grimme and Waletzke [20].

We calculated 12 roots for the A and 8 roots for the A” ir-
reducible representation of the Cg; symmetry group both for
the singlet and the triplet multiplicity. Utilizing the TZVP
basis set and applying standard selection thresholds, the di-
mension of the actual MRCI space ranged from approxi-
mately 1x10° to 7x 10° configuration state functions (CSFs)
per space and spin symmetry depending on the system un-
der consideration. The size of the final reference space was
approximately 100-200 CSFs per space and spin symmetry.
Upon employing the TZVP + Ryd basis set for the parent
psoralen, the dimension of the MRCI space was approxi-
mately 1.6 x 105 CSFs for the singlet case and 2.3 x 108
CSFs for the triplet case. The size of the reference space
amounted to 100-130 CSFs, here.

2.3. Spin-orbir coupling

SOME:s in the basis of the DFT/MRCI wave-functions
were computed using the recently developed Spock [21].
Key features of this program are: first, spin-coupling co-
efficients between CSFs for spin-dependent one-electron
operators are determined fast [28]. Secondly, the one-center
spin—orbit mean-field Hamiltonian is applied [29]. This
non-empitical effective one-electron operator freats the
expensive two-electron terms of the full Breit—Pauli Hamil-
tonian in a Fock-like manner [29]. The one-center approxi-
mation where the molecular mean-field is reduced to a sum
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Vertical electronic excitation energies AE (eV) and oscillatory strengths f(r) for the parent psoralen PSO(0-0) (X = Y = O, see Fig. 1) at the optimized

equilibrium geometry of the ground state Sy

State

DFT/MRCI [TZVP] DFT/MRCI [TZVP + Ryd] TDDFT [19], Experiment, AE (eV)
: IR 2 AE (eV)
Dominant excitation(s) c* AE (eV) f(y AE (V) f0n
S 2'A ay— ks 0.75 3.81 0.168 3.81 0.166 3.7 3.76°, 3.73%, 3.70°
S VA" ny3—m 0.66 424 ~0 421 ~0 4.40
S3 W mpg—mf.mao>w,, 069,002 448 0299 448 0276 436 4.19%, 4,35, 4.51%, 4.19°
Sq 4'A’ @ — o* (mixed) 4.96 0.053 4.91 0.039 4.97 4.73b
S5 5'AY mges oy o), 055,022 526 0756 520 0.775 5.24 5.00°, 5.14%, 5.10°
Ss 6'A’ @y @, Moy >, 043,014 555 0004 550 0.010 5.56
S7 2lAT - - - - 5.50 0.003 -
T BA myo — T, TH > T 047,033 295
T; 2°A" @ — w* (mixed) 3.28
Ta 3PA oy — T4 TH-1 = T 049, 0.19 3,79
T4 1PA" ng3— w, np-3 = M., 066,032 4.08
Ts 4%°A" @ —» 7* (mixed) 4.37
Te S5°A'  mpe) — wi. T~ 033,020 456
T; 6A @ - m* (mixed) 4.61

2 From absorption in ethanol at 77K [15].

5 From absorption in cyclohexane [34] (multiple entries correspond to vibrational progressions).

€ From absorption in water—ethanol (volume ratio 95:5) [11].

of atomic contributions brings about considerable additional
computational savings. Originally devised for heavy-metal
compounds [29], this one~center mean-field approximation
proved to cause only minor errors even in the case of light
organic molecules [30].

2.4. Solvenr effects

For the parent psoralen, spectral shifts due to electrostatic
interactions in polar solvents were estimated employing the
conductor-like screening model (COSMO) which is imple-
mented in the TURBOMOLE package [31,32]. Of course, hy-
drogen bonding cannot be taken into account properly this
way. A dielectric constant of € = 78.54 cormresponding to
water at a temperature of 298 K was chosen [33]. Electronic
excitation energies are taken from DFT/MRCI calculations
in the one-particle basis of COSMO optimized Kohn~Sham
orbitals utilizing the TZVP basis set. Because of technical
reasons, C; symmetry had to be used. 14 roots were com-
puted for both singlet and triplet multiplicity. The geometry
of the ground state was reoptimized.

3. Results and discussion

3.1. Vertical electronic excitation spectra and
characterization of the low-lying excited states

3.1.1. The parent compound

For the parent psoralen (X = Y = O, see Fig. 1), elec-
tronic excitation energies from TD-DFT calculations apply-
ing the B3-LYP functional have recently been reported by
Llano et al. [8] and Nakata et al. [19]. Nevertheless, we dis-
cuss the vertical electronic excitation spectrum of the par-

128

ent psoralen in some detail here, because this will pave the
way for a discussion of the spectral changes occurring when
sulfur or selenium is substituted for intracyclic oxygen. The
vertical singlet and triplet spectra obtained from DFT/MRCI

(TH-1), €=

—0.2915Ey

(m%), ¢ = —0.0388Ey

—0.3595Ey

(np-3), €=

Fig. 2. The highest occupied and lowest unoccupied Kohn—Sham MOs
for psoralen PSO(0-0) (X =Y = O, see Fig. 1. Sy geometry, BH-LYP
functional, TZVP basis, isoline = 0.050.)
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computations together with the TD-DFT values from Ref.
[19] and some experimental absorption maxima from Refs.
[15,34] are shown in Table 2.

The valence molecular orbitals which are involved in the
dominant excitations listed in Table 2 are depicted in Fig, 2.
With respect to the location of nodal planes, these valence
molecular orbitals are in close agreement with those pre-
sented by Nakata et al. [19]. The lone-pair orbital (denoted
ny-3 in Fig. 2) is localized almost exclusively around the
carbonyl group of the pyrone ring. The occupied orbital
TH-1 is completely delocalized and is bonding in the region
of the 5-6 double bond in the pyrone ring. The highest oc-
cupied molecular orbital (HOMO, denoted my in Fig. 2) is
mainly located at the furan side and the benzene ring. It is
bonding with respect to the 2-3 double bond. The lowest un-
occupied molecular orbital (LUMO, denoted rj in Fig. 2)
has major contributions in the pyrone ring and is antibond-
ing with respect to the 5-6 double bond. The centroid of the
virtual orbital 'rr‘i Tl is (like that of the orbital my) directed
towards the furan ring, but 7] 1 is antibonding with respect
to the 2-3 double bond. The 2-3 and the 5~6 double bonds
are involved in the [2 4 2]-photocycloaddition reactions of
psoralens to DNA bases.

At the equilibrium geometry of the ground state, our cal-
culations predict the lowest-lying singlet excited state S;
to be the 2!A’ state of w — w* character. The dominant
configuration for this state (wy — r}) corresponds to the
HOMO-LUMO transition. Our computed excitation energy
of 3.81eV is in excellent agreement with the experimental
absorption maximum at 3.73 eV in cyclohexane [34] and the
theoretical value of 3.77 eV obtained by Nakata et al. [19].
The S» state corresponds to the ng—3 — 'n'E excitation. En-
ergetically, it is located at 4.24 ¢V, in good accord with the
value 4.40eV given in Ref. [19]. The TD-DFT calculations

Table 3

of Nakata et al., however, predict it to be the third excited
singlet state, slightly above another ™ — «* excited state
[19]. In our calculations, the latter state appears as Sz at
4.48eV. Both the S; and S3 7 —> 7™ excited states show a
middle-sized oscillatory strength. Due to the energetic loca-
tion, the practically important absorption in the UV-A region
ranging from 320 to 400 nm may be addressed solely to S;.
At higher energies of ~5¢eV, a strongly absorbing state is
found in experiment [34]. We assign the transition between
Sp and S5(5'A") at 5.26eV with an oscillatory strength of
0.756 to this band. The energy of this m — * excitation
is almost unchanged by the inclusion of diffuse functions in
the basis set, confirming that it is a pure valence-type state.

In the triplet manifold, there are three states (T1-T3) of
w — m* character in the vertical spectrum with energies
below the first excited singlet state S;. As expected, the
singlet-triplet splitting is much larger for the ™ — 7™ ex-
cited states than for the n — 7* excited states. The ny—3 —
mf excited triplet state T4(13A") is located above S and
only slightly below the corresponding singlet n — ™ state
Sa(1'A").

Remarkably, the spatial wave functions of the m — w*
excited triplet states differ considerably from their singlet
counterparts. The lowest excited triplet state T is not dom-
inated by the HOMO-LUMO transition 1ty — 7, in con-
trast to S;. Instead, it shows strong mixing of the config-
urations 7y — 7f and mg-| — m}. From the shape of
the MOs involved in the low-lying  —+ #* transitions, one
would assign a sizeable shift of electronic charge towards
the pyrone ring and a reduction in bond strength both for the
2-3 and the 5-6 double bonds to the S; state. The charge
displacement should be much less in the T, state for which
a strong reduction in bond order in the 5~6 double bond
but almost no change in the 2-3 double bond is expected.

Vertical electronic excitation energies AE (eV) and oscillatory strength f(r) for singlet states in parentheses for mono-substituted heteropsoralens

(DFT/MRCI, TZVP basis, equilibrium geometry of the ground state)

State X=0,Y=S8 X=0,Y=Se X=§8Y=0 X =8¢Y=0"

) 21A (= ™) 214N (r— ™) 21A7 (= ™) 2A (7 — )
3.45 (0.081) 3.25 (0.059) 3.65 (0.028) 3.58 (0.005)

Sa 1'A” (0 — 1) 1'A” (n > 7%) 31AY (17 — 1) LA (- )
3.62 (~0) 344 2 x 1074 4.18 (0.370) 4.03 (0.340)

53 31A’ (1 —> ’lT*) 3]A/ (w ™) llA” n— ) ]lAH (n— )
4.16 (0.107) 4,06 (0.080) 422 3 x 1074 423 (3x 107

Sa AN (1 — %) A" (= %) AN (11— %) 2A" (1 — o)
4.52 (0.076) 4,35 (0.067) 4.64 (0.315) 4,32 (=0)

Ss 51AY (- 7%) SIAY (m— 1) SIAY (= %) A (> )
4.83 (0.741) 4.65 (0.639) 5.02 (0.645) 4.49 (0.454)

T BA (r— %) BA" (1 — ) 1A (m — a%) PA (1 — %)
2.85 278 2.91 2.87

Ta A (7 — %) BA (= ) A (1 — 1) PA (- )
3.13 3.02 3.16 3.15

Tz BPA (= 7¥) BA" (n -~ 1) BA (7 - %) BA (7 — 7*)
3.45 3.29 3.53 3.38

Tq BA" @ — ) PA (1> %) BA (8 > ) PA" (m = o%)
3.47 3.34 4.05 4.04

" The n — w* type state 2*°A” corresponds to Tg and is located at 4.06eV. The Ts state at 4.05¢eV originates from a 7 — w* excitation.
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Vertical electronic excitation energies AE (eV) and oscillatory strength f(r) for singlet states in parentheses for di-substituted heteropsoralens (DFT/MRCI,

TZVP basis, equilibrium geometry of the ground state)

State X=8Y=8§ X=8Y=Se X =8, Y=§ X = Se, Y = Seb

Sy 2PA7 (1 — %) WA (- o) A (1 — ) LA (> %)
3.34 (0.024) 3.15 (0.027) 3.29 (0.013) 3.12 (0.022)

S, A" (0 - a*) 1'A" (0= 7*) 1'A" (n— %) 1'A" (n— %)
3.58 (~0) 341 2 x 1074 3.58 (=0) 341 (2 x 1074

S A (- %) A (- 1) A (7 — %) A" (- %)
3.95 (0.218) 3.85 (0.188) 3.85 (0.229) 375 (0.214)

Sy AN (> ) LA (> ) HA (= 7) AA (1= %)
431 (0.142) 4.19 (0.076) 4.19 (0.234) 4,09 (0.152)

Ss S5'A! (- ) STAT (= %) 2'A" (7 — o*) 2A" (1 = o%)
4,67 (0.798) 4,53 (0.770) 4.21 (=0) 4,17 (=0)

Ti BA (1= %) 1A (= ) 1BA (m— ) 1BA (m > 1)
2.82 275 2.80 273

Ts PN (- %) A (- ") 2A (= ) A (w— )
2.97 2.85 2.95 283

T3 FA (1 - %) 3BA (- ) A (1~ %) 3A (1 — )
3.28 3.21 3.20 315

T4 PAY (0 o) A" (0 > w%) BA” (0 — %) 1BA” (n - )
341 3.25 3.41 3.24

45'A" (1t — m*) at 4.59eV with an oscillatory strength of 0.738.
b 51 A" (1 — m*) at 4.48 eV with an oscillatory strength of 0.754.

Actually, the characterization of Ty as a strongly localized
diradical in the 5, 6-positions in the pyrone ring was already
postulated by Song and coworkers in the early 1970s [15].

The different localization of electronic charge in the ex-
cited states brings about large differences in the excited state
dipole moments (see Table 6). The dipole moment of the
ground state Sp amounts to 6.23 D, pointing from the furan
ring towards the carbonyl group. Whereas the dipole mo-

E[eV}

5.3

ment of 8; (8.66 D) is considerably increased with respect
to the ground state value, this is not the case for the T; state
(5.77 D). For the ng—3 — 7} excited states Sy and Ty, a
shift of charge towards the furan ring results in a strong re-
duction of the dipole moment to 1.23 D. For the high-lying
7 —» m* excited state Ss, a relatively moderate increase of
the dipole moment compared to Sy is observed, correspond-
ing to a value of 7.21 D.

45 -

atoms in X and Y position for compound

Fig. 3. Vertical excitation energies AE (eV) of heteropsoralens at the equitibrium geometry of the ground state So. (Abscissa encoding corresponding to
Fig. 1. DFT/MRCI, TZVP basis, higher-lying states of m — m* type are ommitted.)
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3.1.2. Thio- and seleno-psoralens

For the mono- and di-substituted heteropsoralens, the ver-
tical electronic excitation spectra are given in Tables 3 and
4, respectively. In addition, the excitation energies are rep-
resented graphically in Fig. 3.

A look at Fig. 3 reveals that the hetero-atom substitution
In Y position has a large effect on the excitation energy of
the singlet and triplet excited states of n — w* character.
In contrast, substitution in the X position does not intro-
duce any noticeable change in the excitation energy of these
states. For example, in PSO(O-Se) (X = O, Y = Se) the
vertical excitation energy of the n — u™* type state 1!A” is
lowered by 0.80&V compared to the parent psoralen whereas
in PSO(Se-0) (X = Se, Y = 0) this state is found at the
same energy as in the parent psoralen. These findings are
obviously related to the facts that the n orbital is strongly
localized at the carbonyl group and that the LUMO m} has
only minor contributions in the 1-position at the furan side.

In contrast, the vertical excitation energy of the T; state,
being of 7 — 7 type in all cases, is remarkably constant,
For all the psoralens under study, this behavior supports the
view of T as a diradicaloid state which is localized in the
5-6 double bond of the pyrone moiety and is therefore nearly
unaffected by hetero-atom substitution. In the S state more
prominent changes occur, in particular upon substitution in
the six-membered pyrone ring. This state is appreciably low-
ered in excitation energy upon hetero-atom substitution (up
to 0.69eV for X = Y = Se). The different behaviors of S;
and T| may be taken as an indication that, similar to the sit-
uation for the parent psoralen, the electronic structure of the

Table 5
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S) state is more ionic than that of the T state for all these
psoralens.

In Table 5, data of the experimental absorption spectra for
all HPS in a water-ethanol mixture are given together with a
tentative assignment of the bands to our computed electronic
transitions. The experimental data are taken from the work
of Collet et al. [11] Our calculated excitation energies are in
very good agreement with the experimental values. A max-
imum deviation of 0.31eV is recognized in the case of the
So — S3 transition for PSO(O-S). For the parent psoralen
and its analogs which are hetero-substituted at the pyrone
side only, we assign the lowest  — 1r* singlet states with
moderate oscillatory strengths to long-wavelength shoulders
given by Collet et al. For all psoralens which contain sul-
fur or selenium inside the five-membered ring, however, the
lowest-lying singlet 7 — =* states show very low oscilla-
tory strengths (<0.03), For these compounds, we suggest the
first pronounced band to result from an excitation of the sec~
ond  — w* excited state, whereas the lowest-lying m —
m* states may be associated to the broad long-wavelength
tails appearing in the experimental spectra. Concerning prac-
tical application in PUVA, the marginal intensity of the
So — Si transition has not necessarily to be a major draw-
back. Sufficient absorption in the UV-A region may be pro-
vided by the second m — m* excited singlet states which are
lowered in energy upon disubstitution down te 3.75-3.95eV
according to our calculations (Tables 3 and 4).

Quite remarkably, in the vertical spectra of all hetero-
substituted psoralens, we find additional states of A” sym-
metry in the energy regime below 5.5¢V that do not result

Wavelengths Amax of experimental absorption maxima and corresponding extinction coefficients € in water—ethanol (volume ratic 95:5) taken from Collet

et al. [11] and assignment to our calculated gas phase transitions®

X Y Amax (nm) AEgs (eV) € (dny’ mol™! em™1) Assignment AEq (eV) §i3)
o o] 3350 (3.70) 7600 Sp— Sy 3.81 0.168
296 (4.19) 13900 So— 3 4.48 0.299
(243) (5.10) Sp — Ss 5.26 0.756
o S 365 (3.40) 3300 Sp— S 345 0.081
322 (3.85) 9700 Sp— 83 4.16 0.107
(259) (4.79) So— S5 4.83 0.741
0 Se 375° (3.31) 2700 Sy — Sy 3.25 0,059
323 (3.84) 9100 Sp — S3 4.06 0.080
(261) (4.75) Sy — Ss 4.65 0.639
S 0 316 (3.92) 13500 Sy — Sy 418 0.370
(272) (4.56) So— Sy 4.64 0315
S S 336 (3.69) 10600 So— 3 3.95 0218
(296) (4.19) Sp— Sy 431 0.142
S Se 337 (3.68) 12000 Sp— 83 3.85 0,188
(295) (4.20) Sp— 84 4.19 0.076
Se 0 323 (3.84) 13600 Sy — Sy 4,03 0.340
(280) (4.43) Sp — S 4.49 0454
Se S 342 (3.63) 10500 Sy — S5 3.85 0.229
(298) (4.16) Sy — Sy 4.19 0.234
Se Se 343 (3.62) 9900 Sp— S3 375 0214
(301) (4.12) Sy =S4 4.09 0.152

UV-A region which we obtained from the plotted spectra published by Collet et al.

b Shoulder.
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Table 6
Dipole moments u [D] of ground and excited states for mono-substituted heteropsoralens (DFT/MRCI, TZVP basis, equilibrinm geometry of the ground
state)
State Dipole moments {j¢)

X=0,Y=0 X=0,Y=S8 X=0,Y=3Se X=8,Y=0 X =8e,Y=0
So XA’ 6.23 XA 6.11 XA 5.82 X'A 5.90 XA 5.80
S 2tA’ 8.66 21A 785 2lA 7.08 21N 9.56 21N 10.44
Sy 11A” 1.23 1'A” 212 1'a” 215 31A! 10.78 3IAY 10.98
S3 3lA’ 9.92 1A 8.64 A’ 8.08 a” 122 11A” 1.16
Sy 4lp’ 6.77 41N 545 4la 5.60 4ty 6.30 21A7 6.37
Ss 5'A 7.21 51A 5.60 slA 4.26 sla’ 521 Al 6.60
Ty 1*A! 577 1A 597 1A’ 6.02 £a’ 5.81 PBA 6.04
T, 277’ 7.45 23N 724 24 6.85 22A! 8.03 230 8.15
Ty 3¥Af 7.88 3P 6.57 PA” 2,01 3347 7.11 33N 7.15
Ty 13A" 1.23 17a” 197 P’ 5.29 A 130 1A 6.22

# Here, the states 17A” and 2'A” are of w — o* type. 2°A” (not shown) is of n — =* type.

from n — * excitations. These states correspond to single
excitations from m-type MOs into virtual MOs of A’ sym-
metry which we denote by o in order to emphasize that they
are valence like and not Rydberg like. The singlet-triplet
splitting for these states is small (around 0.2-0.3eV). The
occurrence of states of this type at low excitation energies
can be related to the questions of photostability and pho-
toreactivity of the psoralens. The lowest excitation energies
(4.17eV for the singlet and 3.92 for the triplet) of m — o*
excited states are obtained for PSO(Se-Se). For PSQ(Se-O),
our calculations predict the lowest excited triplet state of A”
symmetry to be of w — o™ type with an excitation energy
of 4.04 eV below the nearly degenerate 23A” state of n —
7* type at 4.06 eV, In the case of PSO(O-Se), however, the
lowest excited triplet state of m — o™* type is located consid-
erably higher at 4.42 eV. Thus, psoralens which contain se-
lenium in the furan ring are expected to be least photostable
in accord with chemical intuition. In the case of the parent
psoralen, the lowest singlet state corresponding to an exci-
tation from a m-type orbital into an orbital of A’ symmetry
(2'A” at 5.50eV employing the TZVP + Ryd basis set) is
of s-Rydberg type at the ground state equilibrium geometry.

3.2, Solvent effects

Excitation energies of the parent compound in aqueouns
solution as mimicked by the COSMO solvation model are
displayed in Table 8. The most pronounced changes com-
pared to the vacuum values are observed for the n — w*
states. They are blue-shifted by 0.48 eV. For the 1t — 7* ex-
cited singlet state S, a red shift of 0.11 eV is obtained. Com-
paring the experimental absorption maxima in cyclohex-
ane (median of vibrational progression at 4.35 eV, [34]) and
water—ethanol mixtures (band maximum at 4.19eV, [11}]),
an experimental estimate of 0.16eV may be extracted for
the bathochromic shift of the Sy — S3 transition. The
effect of solvation on the energy of the other m — =*
states is almost negligible within this model. In a simpli-
fied picture, the energetic stabilization or destabilization
of the ground and excited states in polar solvents is con-
nected to their dipole moments and the extent of polariza-
tion they induce in the surrounding solvent. Compared to
the electronic ground state, the n — 7* states show dra-
matically reduced dipole moments. The dipole moment of
the 1 — r* state S3 is noticeably increased, explaining the

Table 7
Dipole moments # [D] of ground and excited states for di-substituted heteropsoralens (DFT/MRCI, TZVP basis, equilibrium geometry of the ground state)
State Dipole moments (u)

X=8Y=8§ X=8,Y=2_¢ X =8¢ Y=8 X =Se, Y = Se®
So x'a’ 5.78 X'A! 5.51 X'A! 572 X'a 5.45
S, 2lA! 8.31 2'A 7.28 2'a 8.92 2'A7 773
Sz 1'A” 1.64 A" 1.62 a” 1.49 LIA" 1.54
S3 3'A’ 10.31 3la 9,96 3iA 11.05 3lA! 1091
Sy 4'A’ 5.36 410! 525 41A! 5.96 AV 5.51
Ss 5'A7 4.10 51/ 2.62 2147 5.44 217" 4,93
T 1A’ 5.57 1*a’ 5.39 1PA 5.62 13A/ 5.34
T, 23 8.49 234 776 234’ 935 237/ 8.54
T; kN 5.87 3 4.88 33 5.65 334’ 4.83
T, 13A” 155 17A” 1.52 1347 141 13A" 145

“ Dipole moment of Sg (5'A’): 3.43 D,
b Dipole moment of S¢ (S'A’): 243 D.
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Table 8

Simulated electronic spectrum for psoralen PSO(0-0) assuming a solvent
polarity corresponding to water (¢ == 78.54) using COSMO: vertical
excitation energies AE (eV) and oscillatory strengths f(») (DFT/MRCI,
TZVP basis, equilibrium geometry of the ground state reoptimized with
COSMO)

State Symmetry Type AE §iG)
So XA

S1 21A! T T 3.80 0.140
Sy 3TA 7= a* 437 0.381
S3 1'A” n - 7 472 2% 1074
Sy 4N T 496 0.055
Ss N T~ 530 0.636
S5 6'A T 7t 557 0.016
S7 A T T 571 0,083
Ty 13A T 7t 3.00

Ta 224’ T~ 7t 328

T3 3¥A T~ 7t 379

T4 43N T 439

Ts 1*A7 n-» m* 456

Te 5 =T 459

T7 A w~ 4.68

Ty TIA T — 531

Ty A - 7t 5.66

calculated red-shift in polar solvents. The absence of any
noticeable bathochromic shift for the other m — 7* ex-
cited states in our calculation is consistent with their mod-
erately changed dipole moments compared to the ground
state.

The dipole moments for the ground and low-lying excited
states of all the HPS are shown in Tables 6 and 7. They
are comparable to the corresponding ones for the parent
psoralen. In a first approximation, we thus expect the solvent
effects for these compounds to be very similar to the above
findings. Remarkably, the dipole moments of the m — o*
states (21 A” and 13A” for PSO(Se~0)), are somewhat larger
than the ground state value.

Table 9

3.3. Spin~orbit coupling

For the psoralens under investigation, SOMEs which were
computed at the ground state equilibrium geometries are
listed in Tables 9 and 10. We restrict our presentation to
matrix elements between low-lying singlet and triplet states
which may thus be important for intersystem crossing pro-
cesses following photoexcitation in the UV-A region. For
showing up trends, the matrix elements are also depicted in
Fig. 4.

For all psoralens under investigation, the tabulated
SOMEs between a triplet and a singlet m — 7* excited
state as well as SOMEs between a triplet w — =* state and
the ground state do not exceed 1-2cm™! and are often much
less. On the other hand, the singlet—triplet coupling between
a state of A’ symmetry and a state of A” symmetry typi-
cally is in the order of several tens per centimeter to several
hundreds per centimeter. This applies to n — @*/7 — 7*
couplings, to those ones between n — * triplet states and
the ground state Sp, and also to couplings between m — ¢*
excited states and states of A’ symmetry. The observed
proportions of n — 7*/ar — ¥, w > /7 - =¥, and
n — a*/n — a* couplings are widespread in organic
photophysics and are known as El-Sayed’s rules [35].

Large changes in SOMEs are expected upon hetero-atom
substitution because the atomic SOC constants increase
strongly with the nuclear charge [36]. It becomes imme-
diately evident from a look at Fig. 4 that the substitution
of selenium for an intracyclic oxygen atom of the parent
psoralen can cause an enormous increase of the SOMEs,
indeed. Replacement of oxygen by sulfur causes less dra-
matic effects on the SOMEs and their order of magnitude is
roughly the same as for the parent psoralen. More precisely,
the extent of change in the singlet-triplet coupling which
is induced by selenium substitution depends on the pair of
states under consideration and the site of substitution (furan
or pyrone moiety). Selenium substitution in the 8-position

Spin—orbit matrix elements (absolute values) [em™"] of the lowest singlet and triplet states for the parent psoralen and mono-substituted heteropsoralens
(DFT/MRCI, TZVP basis, equilibrium geometry of the ground state. The component of the spin-orbit Hamiltonian is indicated in parentheses.)

X=0,Y=0 X=0,Y=8§ X=0,Y=S¢ X=8Y=0 X =8¢ Y=0"
(1PA’| M50l X'A") 5x 1072 (2) 4% 1072 (z) 13 4% 1072 (z) 0.4 (2)
(1BA"Hg0]|2' A 7% 1073 () 4 %1072 (z) 02 (2) 1x 1072 (z) 0.3 (z)
(23A"|Hs0l2' A 5x 1073 (z) 8 x 1072 () 03 () 2%1072 (z) 0.2 (2)
(33A’|Hs0|2' A" 5% 1073 (z) 2% 1072 (z) 04 (z) 4 %1072 (z) 0.3 (z)

(PA"|Hsol X' A
(1PA"|Hsol2' A%
(BA"|Ms0l3'A)
(1PA"[Hgol1' A™)
(23A[Ms0[1'A")
(33 A Hso 1! A")
(IJAHI?{SOIIIA”)
(23A”|'H50|X|A')

415 (x)/27.9 (y)
9.8 (x)/2.9 (y)
10.8 (x)/6.7 (y)
24.7 (x)/13.4 (y)
4.2 (x)/0.3 (y)
0.8 (x)/1.9 (y)
9% 1072 (z)
15,5 (x)/1.2 (y)

70.5 (x)/34.6 (y)
24.1 (x)26.2 (y)
9.6 (x)/2.6 (y)

9.1 (x)/6.4 ()
25.8 (1216 (y)
26.1 (x)/19.9 (y)
0.3 (z)

27.8 (x)/125.6 (y)

209.5 (x)/92.2 ()
277.1 (N7 ()
2.9 (0)/43 (y)
1684 (x)/106.5 (y)
2029 (x)/113.2 (y)
127.1 (x)/70.5 (y)
04 (2

197.7 (x)/621.8 (y)

39.6 (x)/29.6 (y)
6.2 (x)/0.4 (y)
10.5 (x)/9.2 (y)
21,3 (x)/14.7 (»)
11.0 ()/3.6 (»)
04 ()24 (»)
0.1 (z)

38.9 (x)/114.3 (y)

282.1 (x)/565.3 (y)
47.9 (x)/106.7 (y)
2.3 (0199 ()
19.2 (x)/22.8 ()
11.3 (x)/04 (3)
0.5 (/8.4 ()

02 ()

413 (x)/20.0 (y)

“Here, the state 1°A” is of w — ¢* type. 2°A” is of n — m* type.
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Spin-orbit matrix elements (absolute values) [cm™'] of the lowest singlet and triplet states for di-substituted heteropsoralens (DFT/MRCI, TZVP basis,
equilibrivm geometry of the ground state. The component of the spin-orbit Hamiltonian is indicated in parentheses.)

X=8,Y=8 X=8Y=58 X=%,Y=8 X =8¢, Y =8¢
(PA M50 X1 A" 5% 1072 (2) 14 (2) 0.4 (2) 0.5 (2)
(13A'|Hgo[2!A") 9% 1073 (2) 0.2 (2) 0.2 () 0.2 @
(2°A'{Hso[2'A") 8x 1072 () 02 (2) 01 @ 6x107 (2)
(PA'|Hgol2'A") 3% 1072 () 02 () 03 (2) 05 @

(IPA"|Hsol X1A")
(PA"[Hs0l2'A%)
(BA"1Hg03'A%)
(PA'Hs0l1'A")
(23 A'[Hsol1'A”)
(3%A!|Hsol1'A")
(13AU]%SOH]AH)
(A" [ Hsol X' A")

68.4 (x)/374 (v)
23.4 (0273 (y)
8.0 (x)/3.1 ()
14.8 (x)/0.2 ()
247 (x)/26.9 (»)
16.7 (x)/13.7 (y)
02 (@)

33,5 (x)/864 (0

202.4 (x)/100.8 (»)
258.3 (x)/178.0 (y)
26.5 (x)/23.8 (y)
158.5 (x)/110.8 ()
2024 (x)/127.6 (»)
67.4 (x)/41.3 (¥)
0.2 ()

161.3 (x)/609.8 ()

64.3 (x)/41.4 (y)
213 (x)/35.1 (y)
7.5 (x)/16.3 (y)
14.7 (0)/5.6 (3)
23.6 (x)/37.6 ()
119 (x)/13.6 ()
0.1 ()

269.6 (x)/546.4 (3)

191.2 (x)/118.8
234.8 (x)/202.3
347 (0/22.8 (y

)
(
)

1383 (x)/118.7 (y
(
)

Y
)

)
195.3 (x)/158.3 (y)
304 (xy/23.9 (¥
0.2 (1)
211.3 (x)/453.6 (¥)

in the pyrone ring (X = O, Y = Se) strongly increases
the SOMEs between the lowest-lying n — ©* type singlet
(triplet) state and  — =™ type triplet (singlet) states in
many, but not all of the tabulated cases. For example, the
matrix element (I3A”(n — 7)|Hsox[2'A/(r — @)
amounts to 277.1cm™! in PSO(O-Se) which corresponds
to an increase of almost a factor of 30 compared to the
parent psoralen. As the electronic coupling matrix element
enters quadratically into the Golden Rule formula for radi-
ationless transition rates, an increase by a factor of 1000 of
the S ~» T ISC rate for PSO(O-Se) compared to the parent
psoralen seems plausible. The matrix element (13A”(n —
)| Hgo,x31A/ (r — 1)) is less influenced and shows a
lowering down to 2.9 cm™! for PSO(0-Se) from a value of

600 T T T T

10.8cm™! for the parent psoralen. On the contrary, sele-
nium substitution solely in the 1-position at the furan side
(X = Se, Y = O) does not bring about any appreciable
changes for those tabulated SOMEs which involve the low-
est lying singlet (S3, 1'A") or triplet (T, 23A”) state of
n —» «* type. Instead, for PSO(Se—O) large SOMEs occur
between the lowest triplet state of m — o type (T4, 1°A”)
and some m — 7" excited singlet states. A hugh matrix
element of 565.3c¢m™! for Hso,y is also observed between
T4 and the ground state Sg.

These findings are intimately related to the 1/r-depen-
dence of the spin—orbit Hamiltonian: considerable spin~orbit
integrals between two MOs will only arise if these MOs
are located in the same spatial region. As the mean-field

<i|Hggli> [1/cm]
8
(=}
T

100

T T T T
<o E) 1 [Hyo ol In—m) 15 —+—
< (=12 Hg ol s(n—7,) 1>
< (n—=n) 1 Hggl Jm—m) 1>
< (- 7)1 Hgg | S~ ) 2>
< (n—w) LiHgg yyl 3~ 1) 3>
<5, |HSSO‘Z ) 1>
<8y [Hspxyl =7 1> -0

atoms in X and Y position for compound

Fig. 4. Absolute values of spin-orbit matrix elements [cm™']. (Abscissa encoding corresponding to Fig. 1. If there is more than one nonvanishing
Cartesian component of the spin-orbit Hamiltonian between to states the sum of their absolute values is depicted.)
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operator is an (effective) one-electron operator, non-zero
matrix elements occur only between configurations that are
singly excited with respect to one another.

SOME: will thus be significantly increased upon selenium
substitution only if the above conditions are fulfilled for
the main configurations of the states involved. For example,
the (highest occupied) n orbital is localized at the carbonyl
group for all heteropsoralens just as the MO ny-_3 in Fig. 2.
If the 7 orbital involved in the m — =" excitation shows
a noticeable amplitude in this region, the SOME between
the lowest n — 7™ excited states and this 7 — 7™* excited
state is expected be very large, e.g. in PSO(O-Se). Simi-
larly, the large SOME (1’A"(m — *){Hs0,,[1'A’(Sp)) in
PSO(Se~0) can be explained by the amplitudes of the
and o* MOs at the 1-position in the furan ring.

Assuming that the shape and energetic order of the MOs
and the electronic structure of the excited states are com-
parable for all the psoralens, a pronounced regularity in the
size of the SOMEs is predicted. According to Fig. 4, this ac-
tually is the case to a large extent. One has to keep in mind,
however, that these SOMEs are calculated at the respective
ground state equilibrium geometry. Hetero-atom substitution
may result in major changes in the adiabatic order of states.
Hence, a similar regularity with respect to the time constants
of spin-forbidden processes is by no means certain,

As discussed above, the n — 7™ states are thought to be
involved in the singlet-triplet ISC because of their appre-
ciable SOMEs, At first sight, one might conclude that the
ISC rate and as a consequence the triplet formation quan-
tum yield will drop down sharply when the solvent polarity
exceeds a certain value and the ISC channels involving the
n — 7* states are not energetically accessible any more.
Note, however, that Lim and others observed experimentally
an increase of both the fluorescence and the triplet forma-
tion quantum yield upon increasing the solvent polarity or
proticity. Of course, the quantum yield of triplet formation
is a result of the competition of several processes. Among
them, the internal conversion to the ground state plays a
prominent role.

4, Conclusion

In this work, we have given a compilation of vertical elec-
tronic spectra and—for the first time—spin-orbit coupling
matrix elements for psoralen and its sulfur and selenium
substituted derivatives.

Our calculated absorption spectra are in close agreement
with experimental values and previous TD-DFT calculations
from the literature. Regarding the dependence of the energy
of a specific state on the hetero-atom substitution pattern,
our quantum chemical calculations are able to provide in-
formation about dark states which is difficult to access ex-
perimentally. More specific, the energy differences between
low-lying excited states which are of great importance with
respect to singlet-triplet ISC are found to vary strongly in

the systems under study. The n — 7 states are lowered
in energy by a large amount, when sulfur or selenium is
present in the pyrone ring. The lowering of the w ~ m*
state Sy is less pronounced. As a result, the n — 7* states
become nearly degenerate to S; in our calculated vertical
spectra for PSO(O-S) and PSO(O-Se). On the other hand,
substitution inside the furan ring does almost not affect the
energy of the n — 7* excited states, but lowers slightly the
a — m* state Sy in energy. The energy gap between S; and
the n — =™ excited states is thus increased for PSO(S-0)
and PSO(Se-0). In the MO picture, these findings may be
related to the strong localization of the n orbital near the
carbony! group. Similarly, the view of the = — =* T state
as a diradical in the 5, 6 positions of the pyrone ring may
explain that the energy of this state is almost constant for
all psoralens under study.

In all heteropsoralens, low-lying 7 — o™ excitations are
found. We expect these states to be closely related to photo-
chemical reactions involving bond cleavage and to the pho-
tostability of the psoralens.

In connection with the excitation energies, the calculated
SOMEs allow to sketch the most important triplet state pop-
ulation mechanisms, For most of the systems, there are at
least three triplet states of . — or* and one of n — &* char-
acter below or nearly degenerate to the S; state. Although
the adiabatic excitation energies are unknown yet, we re-
gard these states to be potentially involved in ISC processes
starting from the adiabatically lowest excited singlet state.
The latter may be of 7 — «* or n — m* type depend-
ing on the system and—probably—even the solvent. As all
the coupling matrix elements between a singlet and a triplet
7 — 7" state in this energy regime are negligibly small,
it is very likely that '(n = 7*) ~ 3(w = 7" or (7 —
%) ~» 3(n — %) are the dominant channels of ISC into
the triplet state manifold. Note, however, that all n — =*
excited states exhibit a considerable blue shift in polar sol-
vents and thus may not be accessible energetically. At first
sight these findings contradict the experimental observation
that the triplet quantum yield increases with increasing sol-
vent polarity.

To resolve open questions which are connected with ra-
diationless transitions in psoralens, a more detailed knowl-
edge about the excited states in psoralens should thus be
helpful. In a forthcoming publication we will discuss ex-
cited state equilibrium geometries, vibrational frequencies,
and Franck—~Condon factors for radiationless transitions. At
the same time we will investigate the . — ¢ states in more
detail.
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4.5. PORPHIN

4.5 Porphin

Porphin ist die Stammverbindung fiir in vielen biologischen Prozessen wichtige Systeme.
Es ist durch seine Struktur ein hervorragender Chelatligand, um Metallatome zu binden.
Dabei bleiben iiber und unter der Ringebene zwei potentielle Bindungsstellen fiir weite-
re Liganden frei. An diesen Stellen kénnen Molekiile gebunden werden oder Reaktionen
stattfinden.

Beispielsweise ist im Blutfarbstoff Himoglobin ein Eisenion an ein substituiertes, zwei-
fach deprotoniertes Porphin koordiniert. Ein Sauerstoffmolekiil kann an der freibleibenden
Koordinationsstelle gebunden, und so transportiert werden. Im Chlorophyll ist in einem
Porphyrinderivat Magnesium zu einem im sichtbaren Spektrum absorbierenden Komplex
gebunden. Jeweils zwei dieser Komplexe bilden gemeinsam ein aktives Zentrum, das das
eingefangene Licht an ein Redoxkette weitergibt.

Porphinderivate finden breite Anwendung als Tripletterzeuger. Diese sind durch hohe
Triplett-Quantenausbeute und eine fiir Spiniibertragung auf andere Molekiile ausreichend
lange Ti-Lebensdauer gekennzeichnet. So zerfallen nach optischer Anregung der intensi-
ven Soret-Bande und interner Konversion in den S7 Zustand nur 5% des Porphins durch
Fluoreszenz. Die Triplettausbeute liegt bei nahezu 90%.

All diese Parameter machen das Porphinmolekiil zu einem guten Studienobjekt, um
daran nicht nur die Leistungsfihigkeit des neu entwickelten Programmpakets fiir gréfiere
Molekiile zu testen, sondern auch interessante Einblicke zu gewinnen.

Das Porphyrin fand Eingang in zwei Veréffentlichungen: In der Arbeit zu den Spinkopp-
lungskoeffizienten wurden Berechnungen am freien Porphin, sowie an Metallporphyrinen
durchgefiihrt und das Laufzeitverhalten von SPOCK.PT demonstriert. In der Publikation
zum Spin-Bahn-CI-Teil wurde am freien Porphin in einer eingehenderen Untersuchung die
Berechnung der Spin-Bahn-Kopplung mittels Stérungstheorie und Spin-Bahn-CI gegen-
iibergestellt.

4.5.1 Metallporphyrine

Untersucht wurde die freie Base des Porphins, sowie Magnesium-, Zink- und Galliumpor-
phyrin. In diesen Metallporphyrinen sind jeweils die im Zentrum des Rings befindlichen
Protonen durch ein entsprechendes Metallion ersetzt. Die Ergebnisse sind in der Verof-
fentlichung iiber die Spinkopplungen als Testfall veroffentlicht.[28]

In erster Linie wurden Zustidnde betrachtet, die energetisch unter oder nahe bei der
intensiv absorbierenden Soret-Bande liegen, also die Singulett- und Triplett- Zusténde in
By~ und Bs,-Symmetrie etwa unterhalb von 3.5 eV. Die berechneten Energien der Q. /Qy
und Soret-Banden stimmen mit den experimentellen Werten — soweit bekannt — sehr gut
iiberein.

Unsere Erwartung, dass durch die Anwesenheit der Metalle deutlich gréfiere Spin-
Bahn-Matrixelemente als im freien Porphin auftreten kénnten, wurde widerlegt. Im freien
Porphin sind diese allesamt extrem klein: keines ist groBer als 0.01 em ™!, Zwar sind die ent-
sprechenden Matrixelemente in den Metallporphinen deutlich gréfer als im freien Porphin,
jedoch iiberschreitet nur eines die Grenze von 1 em™!: (23Bs,|Hs0(2)[23Bay) = 1.3cm ™!
im Zink-Poprhyrin.
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4.5.2 Lebensdauern im freien Porphin

In einer eingehenderen Untersuchung wurden Dipoliibergangsmomente, Phosphoreszenz-
raten und Lebensdauern des ersten angeregten Triplettzustands im freien Pophin unter-
sucht. Diese Ergebnisse sind als Anwendungsbeispiel in der Arbeit zu SPOCK.CI veroffent-
licht.[52]

Zunichst wurden die Geometrien der ersten angeregten Singulett- und Triplettzusténde
S1 und T mit zeitabhéngiger Dichtefunktionaltheorie im TZVP-Basissatz bestimmt. Eine
Verzerrung der Geometrien aus der Planaritdt heraus kénnte durch Symmetriebriiche zu
deutlich gréferen Spin-Bahn-Matrixelementen fiithren, als sie im Grundzustand gefunden
wurden. Trotz deutlicher Verzerrung der Startgeometrien aus der Ebene heraus und Op-
timierung in C'; Symmetrie kehrten jedoch alle diese Zustidnde im Laufe der Optimierung
in Dop-Symmetrie zuriick. Alle folgenden Rechnungen wurden daher in Dsp-Symmetrie
durchgefiihrt.

In der Veroffentlichung der Ergebnisse ist die Zuordnung der abgebildeten Orbitalen
durcheinander geraten. Die korrekte Zuordnung der Orbitale und ihrer Bezeichnungen ist
hier nochmals in Abbildung 4.1 zu sehen. Anhand der Besetzungsénderung der Orbitale
konnten die Geometrieéinderungen im T} erkldrt werden.

An den ermittelten Miminumgeometrien der drei Zustdnde wurden DFT/MRCI-Rech-
nungen fiir acht Zusténde in jeder Spinsymmetrie durchgefithrt (insgesamt 64 Zusténde).
Die Ubereinstimmung der berechneten Energien sowohl mit Ergebnissen anderer Rech-
nungen, als auch mit experimentellen Daten ist hervorragend.

Auch an den Geometrien der angeregten Zusténde sind die berechneten Spin-Bahn-
Matrixelemente der energetisch tief liegenden Zustédnde nicht signifikant gréfler als an der
Grundzustandsgeometrie. Einige der Matrixelemente mit energetisch hoher liegenden n —
m*-Zusténden, an denen das abgebildete nichtbindende Orbital 1165, (HOMO-9) beteiligt
ist, erreichen jedoch etwa 20 em™!.

Eine Durchfithrung der Spin-Bahn-CI-Rechnungen ist mit der derzeitigen, noch nicht
parallelisierten Version von SPOCK an einem derart groBen System (114 korrelierte Elektro-
nen in 516 Orbitalen) nur unter Einschriankungen moglich. Eine Reduzierung der Rechung
auf einen Zustand pro Spinsymmetrie bringt iiber das Selektionskriterum nach Energie der
hochsten angeforderten Wurzel eine Verkleinerung des Konfigurationsraumes. Weiterhin
zerfillt die Spin-Bahn-Hamiltonmatrix in zwei etwa gleich grofle Blocke, da die geraden
und ungeraden Symmetrien nicht gekoppelt sind. Jeder dieser beiden Blécke hat eine Di-
mension von etwa 8.8 *x 10%. Die gute Effizienz des Pakets aus DFT/MRCI und SPOCK zeigt
sich deutlich in Tabelle VI der Veréffentlichung, die die Rechenzeiten zusammenfasst. So
sind fiir den storungstheoretischen Teil (64 Zustéinde) fiir die Energien, Matrixelemente
und Dichtematrizen lediglich knapp 3 Tage (70 Stunden) Rechenzeit vonnéten, und fiir den
variationellen Teil mit 16 Zustdnden gut 1 1/2 Tage (39 Stunden). Die Rechnungen wur-
den auf einem inzwischen schon nicht mehr ganz aktuellen System mit 2.4 GHz Prozessor
und 2 GB Arbeitsspeicher durchgefiihrt.

Phosphoreszenzraten, Dipoliibergangsmomente und Lebensdauern der Komponenten
des Ty, und Ty, des ersten angeregten Trippletts wurden an der Grundzustandsgeometrie
und an der 7T7-Geometrie sowohl storungstheoretisch, als auch variationell bestimmt. Da
auch hierbei im Satz der Verdffentlichung ein Fehler auftrat, sind die Ergebnisse hier noch-
mals in Tabelle 4.1 aufgefiihrt. Die berechneten Werte der Hochtemperaturlebensdauer
zwischen etwa 100 und 200 Sekunden stimmen sehr gut mit den experimentell ermittelten
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2a,, (HOMO-1)

4bs, (LUMO)

116y, (HOMO-9)

Abbildung 4.1: Orbitale des Porphins an der Ty Geometrie
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Phosphoreszenzlebensdauern von 128 s [55] bzw. 80 s [56] iiberein. Fiir eine tiefer gehende
Analyse der Daten sei auf die Verdffentlichung [52] hingewiesen.

<T1,Z’x‘SO> <T17x|Z’SO> kz k‘m T(Tl’z) T(Tl,m) T(Tl)
[eag] [eag] [s~1) [s™'] 5] 5] [5]

QDPT_16( Sp)  6.6*10°% 68.2¥1076 2.7*10~* 0.0289 3720 34.6 103
QDPT_64( Sp)  4.4*1076  62.4*1076 1.2%107* 0.0237 8470 42.1 126
SOCI16( Sp)  2.2*1076  53.0*107% 3.0*10~° 0.0175 33235 57.3 171
QDPT_16( Ty) 4.2¥107¢ 68.7%107% 5.6*10~° 0.0151 17700 66.2 198
QDPT_64( Ty) 3.071076  68.4*107% 2.9%*1075 0.0150 34624 66.7 200
SOCI_16( Ty)  0.5*1076¢ 91.8*1076 8.1*10~7 0.0275 1200000 36.4 109

Tabelle 4.1: Dipoletibergangsmomente, Phosphoreszenzraten und Lebensdauern itm Porphin an
den Sy und Ty Geometrien mittels Quasientarteter Storungstheorie und Spin-Bahn-CI berechnet.
7(T1) bezeichnet die gemittelte Lebensdauer der Ty Feinstrukturniveaus im Hochtemperaturlimit;
die nachgestellten Zahlen _16 und _64 geben die Zahl der beriicksichtigten Zustinde an.

Bemerkenswert sind die Ergebnisse bei Zeitmessungen, die in Tabelle 4.2 wiederge-
geben sind. Da in der stérungstheoretischen Rechnung viel mehr angeregte Zustéinde im
DFT/MRCI berechnet werden miissen, um eine konvergierte Stérsumme zu erreichen, dau-
ert diese Rechnung insgesamt knapp doppelt so lange, wie die Spin-Bahn-CI-Rechnung,
obwohl natiirlich in diesem Fall die Berechnung der Spin-Bahn-Kopplung deutlich aufwen-
diger ist.

dim(1 vector) CPU time

MRCI (singlets, 4 Zust./Irrep) 1.1%10° 26.5h
MRCIT (triplets, 4 Zust/Irrep) 1.9%106 35.5h
1-RTDMs (32 Singuletts + 32 Tripletts) 2.5h
576 SOCMEs iiber 64 Zust. 5.5h
Gesamt (Storungstheorie) ~T0h
MRCI (Singletts, 1 Zust./Irrep) 0.4*10° 1.0h
MRCT (Tripletts, 1 Zust./Irrep) 0.6*10° 7.5h
MRSOCI (4 Wurzeln) 8.8%106 25.0h
1-RTDMs (4 MRSOCI Vectoren) 4.8h
Gesamt (Variationsrechnung) ~39h

Tabelle 4.2: Zeitmessung der verschiedenen Rechnungen am freien Porphin (Dap symmetry) auf
einem einzelnen Xeon 2.4 GHz Prozessor.
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Zusammenfassung

In dieser Arbeit wurden neue Methoden zur Berechnung der Spin-Bahn-Wechselwirkung
entwickelt, programmiert, getestet und auf mehrere gréflere organische Molekiile angewen-
det. Aufbauend auf dem semiempirischen DFT/MRCI-Ansatz, der Konfigurationswechsel-
wirkung mit Dichtefunktionaltheorie kombiniert, wurden Module implementiert, mit de-
nen die Spin-Bahn-Wechselwirkung entweder stérungstheoretisch oder im Rahmen eines
Spin-Bahn-CI voll variationell in der Berechnung beriicksichtigt werden kann.

Die Hauptmerkmale des neuen Programmpakets SPOCK (SPin-Orbit-Coupling Kit)
sind

der schnelle DFT/MRCI-Ansatz

die Einzentren-mean-field-Ndherung fiir die Spin-Bahn-Integrale

e ein effizienter Anregungsmusteransatz zur Spinkopplung

die RI-Ndherung im Spin-Bahn-CI

der multi-root Davidson Algorithmus im Spin-Bahn-CI

Durch die Kombination all dieser modernen Verfahren ist ein héchst effizientes Programm
entstanden, das fiir die Berechnung der Spin-Bahn-Kopplung und daraus abgeleiteter Ei-
genschaften in groflen Molekiilen geeignet ist. Der Anregungsmusteransatz wurde im Rah-
men dieser Arbeit auf spinabhéngige Einelektronenoperatoren, sowie fiir den Zweielektro-
nen-Spin-Bahn-Operator erweitert.

Das Programmpaket wurde ausgiebig getestet und liefert in allen Féllen, in denen
ein Vergleich mit anderen Methoden méglich war, eine sehr gute Ubereinstimmung der
Ergebnisse bei wesentlich geringeren Rechenzeiten. Es konnte gezeigt werden, dass mit dem
eigentlich aufwendigeren Spin-Bahn-CI eine Ersparnis an Rechenzeit erzielbar ist, da fiir
die storungstheoretische Behandlung oft viele hoch liegende Zusténde nur zum Zwecke der
Konvergenz der Stérsumme berechnet werden miissen. Im Spin-Bahn-CI reicht hingegen
ein deutlich kleinerer Konfigurationsraum aus, um bereits gleich gute oder sogar bessere
Ergebnisse wie mit einer langen Storentwicklung in einem gréfleren Konfigurationsraum
zu erzielen.

In ersten Anwendungen wurden Thiophen, die DNS-Base Uracil, Dithiosuccinimid, das
medizinisch bedeutsame Psoralen, sowie das in vielen biologischen Systemen anzutreffende
Porphyrin untersucht. Die Berechnung von Spin-Bahn-abhéngigen Eigenschaften wie z.B.
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Phosphoreszenzlebensdauern oder Dipoliibergangswahrscheinlichkeiten ergeben in diesen
Systemen — soweit bekannt — sehr gute Ubereinstimmung mit experimentellen Daten.

Mit dem neu geschaffenen Programmpaket steht nun ein effizientes Werkzeug zur Ver-
fiigung, mit dem die Berechnung der Spin-Bahn-Kopplung in gréfieren Systemen zur Rou-
tineaufgabe werden kann. So betrégt die Rechenzeit im grofiten betrachteten System, dem
Porphyrin mit 114 korrelierten Elektronen, lediglich etwa drei Tage auf einem PC der
aktuellen Generation.

Weitere Steigerung der Effizienz und Anwendungsfelder des Programms sollen zukiinf-
tig erreicht werden durch

e cine Parallelisierung von SPOCK.CI
e die Einbettung in eine QM/MM-Umgebung
o die Implementierung von skalarrelativistischen Korrekturen in TURBOMOLE

e cine Parametrisierung des DFT/MRCI fiir Duplettzustinde
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Anhang

6.1 Inputbeschreibung

Bei den Eingabeparametern fiir SPOCK wird zwischen boolschen Parametern, die ein be-
stimmtes Verhalten des Programms ein oder ausschalten, und Parametern, die einen kon-
kreten Wert iibergeben unterschieden. Letztere verlangen nach einem Gleichheitszeichen
(=) und dem entsprechenden Wert. Boolsche Parameter kénnen mit on und off geschaltet
werden.

Allgemeine Parameter:

$title=<STRING>
Eine bis zu 80 Zeichen lange Zeichenkette als Titel fiir die Rechnung.
Vorgabe: leer

$checkonly on/off

Ist checkonly gesetzt, so werden alle Priifungen auf Vorhandensein und Konsistenz
der Dateien durchgefiihrt, jedoch vor der eigentlichen Rechnung angehalten.

Vorgabe: off

$intfile=<STRING>
Angabe des Dateinamens fiir die Spin—Bahn—Integrale.

Vorgabe: SQUARE-igls

$printints on/off
Ermoglicht die Ausgabe der Spin—Bahn—-Integrale.
Vorgabe: off

$print=<INTEGER>

Ermoglicht eine Einstellung der Mitteilungsfreude von SPOCK. Derzeit sind nur die
Werte 0 und 1 vergeben.

Vorgabe: 0
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$quiet on/off

Durch setzen von $quiet on wird die Ausgabe auf das unbedingt notwendige redu-
ziert.

Vorgabe: off
Parameter fiir die Matrixelementberechnung:

$mes on/off
Ermoglicht das Abschalten der Matrixelementberechnung.

Vorgabe: on

$largeme=<INTEGER>

Durch setzen dieses Parameters konnen die <INTEGER> grofiten Beitrige zu jedem
Matrixelement ausgegeben werden (maximal 20).

Vorgabe: 0

$somefile=<STRING>

Die Matrixelemente werden in die Datei mit Namen <STRING> geschrieben. Dies
wird benétigt fiir den Transfer der Matrixelemente zum Programm soc_qdpt. Der
Aufbau der Datei ist selbsterklirend durch Kommentare dokumentiert.

Vorgabe: SOMEs
Parameter fiir die Stérungstheorie

$socqdpt on/off

Ermoglicht das Abschalten der stérungstheoretischen Berechnung der Spin—-Bahn-—
gekoppelten Zustéande.

Vorgabe: on

$printmat on/off
Ermoglicht die Ausgabe der Storungsmatrix vor der Diagonalisierung.

Vorgabe: off

$usemp2 on/off

Nur in ab—initio Rechnungen:
Verwendung der MP2 Korrektur fiir nicht selektierte Konfigurationen bei den Ener-
giewerten der Stérungsmatrix.

Vorgabe: off

$usedavid on/off

Nur in ab—initio Rechnungen:
Verwendung der Davidson—Korrektur bei den Energiewerten der Stérungsmatrix.

Vorgabe: off
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Parameter fiir Storungstheorie und Spin-Bahn—CI:

$complex on/off

Umschaltung zwischen der Verwendung komplexer (on) oder doppelt so grosser re-
eller (off) Matrizen. (siche Abschnitt 3.3.2)

Vorgabe: off

$printcomplex on/off

Fiir Fehlersuche kénnen im Falle von $complex off die artifiziellen entarteten Ei-
genwerte und -vektoren ausgegeben werden.

Vorgabe: off

$stateshift=<int>

Die spinfreien CI-Zustéinde kdonnen mittels dieses Schalters verschoben werden, um
die Energiewerte einer besseren Rechnung, oder eines Experiments nachzubilden.
<int> gibt die Anzahl der zu beriicksichtigenden Zustéinde an. In den folgenden
Zeilen werden diese Zustdnde und ihre Energie ndher spezifiziert. Jede Zeile besteht
aus vier Eintragen:

<mult> <sym> <root> <energy>
Dabei ist

— <mult> die ausgeschriebene Multiplizitéit des Zustands (singlet, doublet, ...)
— <sym> die Symmetrie in TURBOMOLE-Notation

— <root> die Nummer der Wurzel und

— <Energy> die Energie in atomaren Einheiten

Der erste Zustand ist der Referenzzustand, zu dem die anderen in Relation verscho-
ben werden. Beispiel:

$stateshift=3

singlet al 1 0.0
triplet bl 1 0.1
triplet b2 1 0.1

Hier wiirden der erste 3B; und der erste 2By Zustand auf den Wert 0.1 Ej, relativ
zum ersten ' A; verschoben werden.
$shift_thresh=<real>

Da durch das Verschieben der Zustidnde die CI-Matrix vollsténdig gefiillt wird, kann
mit diesem Parameter ein Selektionsschwellwert angegeben werden. Nur CSF mit
groBeren Koeffizienten werden dann bei der Verschiebung beriicksichtigt. (Dieser
Parameter hat experimentellen Charakter!)

Vorgabe: 0.0

Parameter fiir das Spin—-Bahn CI:
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$soci on/off
Ermoglicht das Anschalten des Spin—Bahn CI.
Vorgabe: off

$nroots=<INTEGER>
Anzahl der Zustédnde, die im Spin—Bahn CI berechnet werden sollen.

Vorgabe: alle Wurzeln aus der Stérungstheorie

$nprintcomp=<INTEGER>

Bei der Ausgabe der Eigenvektoren des Spin—Bahn CI werden die <INTEGER> gréfiten
Koeflizienten ausgegeben.

Vorgabe: 5

$davidtiming on/off
Detaillierte Zeitmessung der einzelnen Schritte wéhrend des Davidson—Algirithmus.

Vorgabe: off

$spinorbit on/off

Zu Testzwecken kann der Spin—Bahn Operator ausgeschaltet werden. Die erhaltenen
Energien und Vektoren entsprechen dann denen des spinfreien CI.

Vorgabe:on

$restart on/off

Ermoglicht ein Fortsetzen der Rechnung mit den Vektoren einer vorherigen Rechnung
als Startvektoren.

Vorgabe: off

$startvec_only on/off
Ermoglicht Abbruch der Rechnung nach Erzeugung der Startvektoren.
Vorgabe: off

$prec=<REAL>

Dieser Parameter steuert die Genauigkeit der Rechnung. Mogliche Werte liegen zwi-
schen 1000 (geringste) und 0.001 (hochste). Er entspricht dem gleichnamigen Pa-
rameter im DFT/MRCI. Auswirkungen ergeben sich beim Konvergenzkriterium des
Davidson—Algorithmus, sowie auf den Schwellwert fiir die Beriicksichtigung von Ma-
trixelementen im spinfreien Hamiltonoperator.

Vorgabe: 1.0

$memvec=<int>

Zur Verfiigung stehender Arbeitsspeicher fiir die Speicherung der CI-Vektoren in
Megabyte. Minimalanforderung sind 2 komplexe Vektoren, also ist 2*16*(Dimension
des Vektors).

Vorgabe: 512
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6.2 Dateien und Datentransfer zu anderen Programmen

Der Informationstransfer zwischen den verschiedenen beteiligten Programmen lduft zum
grofiten Teil iiber Dateien mit standardisierten Namen, die in entsprechenden Verzeichnis-
sen auf der Festplatte vorliegen miissen:

Dateiname

Bedeutung

SQUARE-igls

Einelektronen-Spin-Bahn-Integrale, Name frei
wahlbar

control TURBOMOLE-control-file, gelesen werden die
Symmetriegruppe und DFT-Informationen

oneint spinfreie Einelektronenintegrale

bkji Dreiindexintegrale der RI-Ndherung

scrat<mult>/ Unterverzeichnis aller Daten der Multiplizitat

scrat<mult>/civec.<sym>
scrat<mult>/HC.info.<sym>

scrat<mult>/energy.<sym>
scrat<mult>/refconf
scrat<mult>/mosort

scrat<mult>/ndimsym

<mult>

konvergierte spinfreie CI-Vektoren

Vernichter- und Erzeugerinformationen fiir die
selektierten Konfigurationen der Symmetrie
<sym>

spinfreie CI-Energien

Referenzen in Besetzungszahlschreibweise
Sortierung der MOs. (Abbruch wenn sie nicht in
allen Multiplizitéiten gleich ist)

Anzahl an Konfigurationen und CSFs im Refe-
renzraum und im selektierten Raum

SOMEs

socivec

Spin-Bahn-Matrixelemente {iber die spinfreien
CI-Wellenfunktionen. Das Format ist in der Da-
tei selbsterkldrend angegeben.
Spin-Bahn-CI-Vektoren
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Danke!

Mein erster Dank gilt meiner Doktormutter Christel M. Marian. Sie hat mir dieses iiberaus
interessante und herausfordernde Thema vermittelt. Von ihrem grofien Erfahrungsschatz
konnte ich in schwierigen Situationen immer wieder profitieren. Fiir das mir entgegenge-
brachte Vertrauen und ihre Geduld bedanke ich mich sehr herzlich!

Diese Arbeit entstand in enger und fruchtbarer Zusammenarbeit mit Jorg Tatchen.
Die Entwicklung eines derart umfangreichen Programms kann allein von einer Person
kaum bewerkstelligt werden. Gemeinsam habe wir oft an Losungsdetails getiiftelt, und
immer wieder in Reaktion auf durchgefithrte Rechnungen Probleme korrigiert und neue
Funktionen eingebaut. Vielen Dank, Jorg!

Timo Fleig danke ich nicht nur fiir die Ubernahme des Koreferats dieser Arbeit, son-
dern auch fiir viele Diskussionen {iber die Relativistik oder iiber Implementierungsfragen,
iiber Wissenschaft im Allgemeinen und die Stellung der Chemie in ihr, sowie fiir den fast
téglichen kleinen Fufiballplausch.

Stefan Grimme und Mirko Waletzke haben die DFT/MRCI-Methode entwickelt und
stellten den Quelltext des Programms zur Vefiigung. Ich danke ihnen fiir die Einfiihrung
in den Code und fiir viele ergiebige Diskussionen in der Anfangszeit meiner Promotion.

Ich danke auch Bernd Schimmelpfennig fiir das AMFI-Integralprogramm, dessen Effi-
zienz einen ganz wesentlichen Beitrag zum SPOCK-Paket liefert.

Im Institut fiir Theroretische Chemie herrscht ein ausgesprochen angenehmes Arbeits-
klima. Allen Mitgliedern danke ich fiir diese freundliche Atmosphéire.

Der Deutschen Forschungsgemeinschaft DFG gilt mein Dank fiir die Forderung dieses
Themas in einer Zeit, in der es nicht selbstverstédndlich ist, fiir Grundlagenarbeit enspre-
chende Mittel zur Verfiigung zu haben.
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