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Ce rapport d’habilitation présente une synthese des activités de recherche que j’ai menées ces huit
derniéres années. Il couvre 'année d’Attaché Temporaire d’Enseignement et de Recherche (ATER)
que j’ai effectuée au Laboratoire de Physique de I’Université de Bourgogne (LPUB) apres ma these
de doctorat, mon année de stage post-doctoral effectuée a I'Ecole Polytechnique Fédérale (ETH) de
Zirich (Suisse) ainsi que la période consécutive & ma nomination en tant que Chargé de Recherche

(CR) CNRS au LPUB en 1997.

Le deuxieme partie de ce document est réservée a un développement synthétique de mon curriculum
vite. J’y résume mon parcours scientifique, en soulignant & la fois la variété des thémes abordés et
la cohérence d’ensemble de ma démarche. Je présente les responsabilités que j’assume au LPUB ainsi
que les collaborations locales, nationales et internationales que j’ai développées. Enfin, je décris mon
role concernant les activités et I’animation scientifiques de I’équipe et du Laboratoire au sein desquels
je travaille.

Les troisieme et quatrieme parties de ce rapport sont dédiées aux sujets de recherche et a la
présentation des résultats. J’ai distingué d’une part les recherches concernant la spectroscopie rovibra-
tionnelle dans un état électronique singulet (Partie III) et d’autre part celles concernant la spectro-
scopie rovibronique dans un état électronique dégénéré (Partie IV). Cette seconde thématique est au
coeur du projet de recherche présenté lors de ma candidature au CNRS. Les résultats sont présentés
sous la forme de quatorze articles reproduits dans le présent rapport. J’ai choisi ceux-ci comme les
plus significatifs parmi mes trente-neuf publications acceptées ou soumises au moment de la rédaction
de cette habilitation. Un extrait d’acte de colloque constituant une introduction générale au probleme
de la spectroscopie rovibronique dans les toupies sphériques est également inclus. Afin de présenter les
différents themes et de les situer dans le contexte général, j’ai pris le parti de rédiger des textes intro-
ductifs. J’ai également ajouté quelques compléments concernant des projets en cours. J’espere que cela
facilitera la lecture de ce rapport. L’ensemble de mes travaux sont basés sur les méthodes de théorie
des groupes et de formalisme tensoriel développées et employées au sein du groupe de spectroscopie
moléculaire du LPUB. Je n’ai pas rappelé ici le détail de ces méthodes, ce qui prendrait trop de place.
Mais la plupart des articles inclus comportent une premiere partie de rappel des points essentiels de
ce formalisme.

Enfin, la derniére partie récapitule I’ensemble de ma production scientifique. J’y distingue les
articles dans des revues a comité de lecture (P), les contributions & des ouvrages collectifs (B), les
actes de colloques (A), les conférences invitées (I), les posters présentées lors de colloques (C), les
communications orales présentées lors de colloques (O) et enfin les séminaires (S).
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I — Etat civil

Nom, Prénom : BoupoN, Vincent.

Né le: 25 février 1969 a Ermont (95).

Nationalité: Francais.

Situation familiale: Célibataire.

Adresse: 43E rue de Mulhouse, F-21000 DIJON, France.

IT — Fonction et coordonnées professionnelles

Fonction : Chargé de Recherches CNRS 1€ classe (CR1).
Section CNRS: 04.

Unité d’affectation: UMR 5027,
Laboratoire de Physique de I’Université de Bourgogne (LPUB),
(Directeur : Pr. Jean-Paul CHAMPION).

Adresse: LPUB, 9 Av. A. Savary, B.P. 47 870, F-21078 DIJON Cedex, France.
Téléphone: +33 (0)3 80 39 59 17.

Fax: +33 (0)3 80 39 59 71.

E-mail : Vincent.BoudonQu-bourgogne.fr

Page Web: http://www.u-bourgogne.fr/LPUB/Boudon/Vincent.html

III — Formations et emplois occupés

1. Septembre 1991 — juin 1992: DEA de Physique

Diplome d’Etudes Approfondies (DEA) “Matiere et Rayonnement” au Laboratoire de Physique de
I’Université de Bourgogne.

2. Septembre 1992 — aout 1995: These

Allocataire-Moniteur au Laboratoire de Physique de I’Université de Bourgogne.

3. Septembre 1995 — juillet 1996: ATER

Attaché Temporaire d’Enseignement et de Recherche (ATER) au Laboratoire de Physique de
I’Université de Bourgogne.

4. Aoit 1996 — septembre 1997 : Stage postdoctoral

Groupe du Pr. Martin QUACK,
Laboratorium fiir Physikalische Chemie,
Ecole Polytechnique Fédérale (ETH) de Ziirich (Suisse).

Aout 1996 — Septembre 1997.

Suget : Spectroscopie en jet moléculaire supersonique d’hexafluorures métalliques (WF ¢, ReFg)
et de molécules chirales (CDFCIBr).

Stage financé par le Fonds National Suisse.
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5. Depuis septembre 1997 : CR CNRS
Chargé de Recherches CNRS au Laboratoire de Physique de I’Université de Bourgogne.

IV — Titres et diplomes universitaires

DEA de Physique “Matiéere et Rayonnement :

Juin 1992, au Laboratoire de Physique de I’Université de Bourgogne (Dijon).
Mention tres bien.

Responsable de stage: Pr. J. MORET-BAILLY.

Suget: Les Hexafluorures a Nombre Impair d’Electrons.

These de doctorat :

Soutenue le 26 mai 1995 au Laboratoire de Physique de "Université de Bourgogne (Dijon).
Mention tres honorable avec les félicitations du jury.

Directeurs de thése : Pr. J. MORET-BAILLY et Pr. F. MICHELOT.

Suget: Spectroscopie des Hexafluorures a Nombre Impair d’Electrons.
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V — Parcours scientifique

1. Thématiques abordées

Les trois paragraphes suivants résument brievement les travaux scientifiques effectués aprés ma
these (1995-2003).

e LPUB (1995 — 1996)

Durant mon année d’ATER au LPUB, j’ai poursuivi et complété mon travail de these sur la spec-
troscopie des hexafluorures colorés. Des expériences d’absorption a basse résolution ont été réalisées a
Dijon (collaboration avec Maud Rotger) et ont permis l’enregistrement des spectres proche infrarouge
— visible — ultraviolet de plusieurs molécules (WFg, ReFg, OsFg, IrFg, PtFg).

Des spectres Raman spontané des ces mémes molécules ont été enregistrés dans les laboratoires des
sociétés Jobin-Yvon (Longjumeau, collaboration avec An Tuan Nguyen) et Dilor (Lille, collaboration
avec Bernard Roussel).

Deux collaborations ont été mises en place avec le Pr. Daniel Avignant (Université Blaise Pascal,
Clermont-Ferrand) et le Pr. Henry Selig (Université de Jérusalem, Israél) pour la synthese d’échantil-
lons des ces especes.

De plus, une expérience de spectroscopie d’absorption saturée dans le visible (région des 630 nm) a
été mise en place et testée avec succes sur la molécule d’iode, I3 (collaboration avec Maud Rotger). Un
court séjour dans le groupe du Pr. Welf Kreiner (Université d’Ulm, Allemagne), spécialiste de cette
technique, a été effectué dans ce cadre (cf. paragraphe 5, ci-dessous). Des essais d’absorption saturée
sur IrFg (bande vs, état électronique excité e) se sont révélés infructueux: ce type de molécules tres
lourdes nécessite I'utilisation de techniques de simplification des spectres.

e ETH Ziirich (1996 — 1997)

Mon stage postdoctoral au sein du groupe du Pr. Martin Quack m’a permis de m’initier aux
techniques de spectroscopie d’absorption infrarouge a haute résolution et en jet supersonique. Cette
derniére technique est indispensable a la simplification (par le refroidissement des molécules) des
spectres des especes lourdes comme les hexafluorures métalliques. Deux types d’expériences ont été
réalisées :

— Une expérience “transformée de Fourier (FTIR) + jet supersonique” utilisant un spectrometre
Bomem DA.002. Collaboration avec Hans Hollenstein et Ulrich Schmitt.

— Une expérience “diode laser + jet fente supersonique”. Collaboration avec Yabai He et Maud
Rotger.

Dans les deux cas, des pompes adaptées aux molécules fluorées corrosives ont été utilisées. Les
spectres froids (Tyot < 50 K) des molécules suivantes ont été enregistrés :

— WFg (bande v3). Le spectre de cette espéce a sous-couche compléte a pu étre analysé jusqu’a
J = 48 (nombre quantique rotationnel), complétant ainsi les travaux précédents (de M. Takami,
au Japon, en particulier).

— ReFg (région de la bande v3). Les tous premiers spectres froids et résolus (pour ce qui concerne
lexpérience de spectroscopie par diode laser) de cette molécule & sous-couche électronique in-
complete ont été enregistrés. L’état électronique de base de ReFg est quatre fois dégénéré. Nous
reviendrons abondamment sur cette molécule dans la partie IV de ce rapport, puisque ’exploi-
tation des ces spectres a constitué (et constitue encore) un des éléments majeurs de mes travaux
de recherche effectués par la suite.

— CDCl;s. En abondance naturelle, le spectre de cette molécule est complexe, du fait des deux
isotopes du chlore.

— CDBrCIF. 1l s’agit d’une molécule chirale.
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Les deux derniéres molécules concernent des projets spécifiques du groupe du Pr. Martin Quack.
Nous ne les détaillerons pas ici.

e LPUB (depuis 1997)

Depuis ma nomination au Laboratoire de Physique de 1'Université de Bourgogne (LPUB) en tant
que Chargé de Recherches CNRS, mon activité scientifique vise a diversifier les themes abordés en
physique moléculaire au LPUB et a rechercher de nouveaux champs d’applications. Ces travaux s’ap-
puient sur la longue expérience du Laboratoire concernant la spectroscopie des molécules a haut degré
de symétrie et les techniques associées (hamiltoniens et moments de transition effectifs, formalisme
tensoriel, théorie des groupes, ...), en cherchant a les étendre & de nouveaux types de problemes. Ils
s’orientent autour de deux axes principaux:

— Premiérement, 'analyse de spectres de vibration-rotation de molécules de différentes symétries
dans un état électronique non-dégénéré.

— Deuziémement, la spectroscopie des molécules dans un état électronique dégénéré, travail amorcé
lors de ma these puis lors de mon stage postdoctoral (1996-97) au sein du groupe du Pr. Martin
Quack a 'ETH Ziirich et qui a constitué mon projet de recherche lors de ma candidature au
CNRS.

La description détaillée des travaux de cette période 1997-2003 constituera bien entendu I’essentiel
de ce rapport (cf. parties IIT et IV).

{ Spectroscopie moléculaire 4 haute résolution et analyse de spectres Mes travaux dans
le domaine de la vibration-rotation des molécules “classiques” (& sous-couche électronique compléte)
concernent un certain nombre de molécules pour lesquelles il s’agit soit d’étudier des systéemes de ni-
veaux (isolés ou en groupes appelés polyades) complexes, soit d’élaborer de nouveaux outils théoriques,
voire d’aborder ces deux aspects simultanément. Dans tous les cas, un autre souci important a été de
rendre les résultats accessibles a la communauté sous forme de programmes et de banques de données
spectroscopiques. Succinctement, les différents travaux entrepris concernent les sujets suivants :

— La spectroscopie de Uhexafluorure de soufre (SFg) a connu récemment un important regain
d’intérét depuis que cette espece s’est révélée étre un gaz a effet de serre important dont la
concentration dans I'atmosphere terrestre augmente rapidement (7 % par an). Seule la bande
fondamentale v (vers 10.5 pum) étant bien connue jusqu’a présent, ce qui est insuffisant pour
pouvoir effectuer des diagnostics atmosphériques précis, j’ai tout d’abord été amené a mettre au
point un jeu de programmes adaptés au calcul de spectres des molécules octaédriques (HTDS).
A Taide de celui-ci, et dans le cadre des plusieurs collaborations avec des expérimentateurs
(spectroscopie infrarouges et Raman), diverses bandes (fondamentales, combinaisons, bandes
chaudes) ont pu étre analysées, améliorant significativement la connaissance de cette molécule.

— Spectroscopie des polyades élevées du méthane. Les besoins récents en matiére de spectrosco-
pie du méthane chaud (combustions dans les moteurs fusées, atmospheéres de naines brunes,
..) nécessitent 1’étude de niveaux vibrationnellement tres excités. Dans la suite des travaux
précédemment réalisés au LPUB sur les quatre premieres polyades de CH,4, une premiere ana-
lyse de la trés complexe cinquieéme polyade (icosade, 20 niveaux vibrationnels en interaction)
a été entreprise (spectres du groupe du Pr. Martin Quack, ETH Ziirich), avec des premiers
résultats significatifs pour la région 13.2 — 13.4 pm (bande vy + 2v3).

— Spectroscopie de diverses molécules a haute symétrie. Dans le cadre de plusieurs collaborations
avec des équipes expérimentales (dont, en particulier, le Pr. Hans Biirger a 1'Université de Wup-
pertal, Allemagne) et en vue de diverses applications, des spectres de plusieurs molécules toupies
sphériques “exotiques” et mal connues ont été analysés: Py, GeF4, GeDy, SeFg et Mo(CO)g. Ces
études ont également été ’occasion d’aborder I'approche semi-classique et classique de la struc-
ture des niveaux rovibrationnels (collaboration avec le Pr. Boris Zhilinskii et Dimitrii Sadovskif
de I'Université du Littoral & Dunkerque).
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— Contribution au développement de modéles tensoriels pour des molécules non-sphériques. En
collaboration avec Maud Rotger et le Pr. Michel Loéte au LPUB, j’ai également participé au
développement de modeles tensoriels permettant d’étendre ’approche “dijonnaise” aux molécules
quasi-sphériques (SF5Cl, SO2F59) ainsi qu’a I’éthylene (CoHy). Dans ce dernier cas, le but est
I’étude de I'adsorption de cette molécule dans les zéolithes, avec inclusion de 'effet Stark et du
confinement dans le modele (collaboration avec des collegues chimistes du LRRS ! & Dijon). De
plus, une approche ab initio a été entreprise sur la molécule SF5CI.

— Bangues de données spectroscopiques. L’ensemble de ces résultats est accessible sous la forme
des banques de données STDS, HTDS, C4,TDS, C5,TDS, Do, TDS et du programme GROUP
dédié au formalisme tensoriel (cf. http://www.u-bourgogne.fr/LPUB/shTDS.html).

{ Spectroscopie moléculaire dans un état électronique dégénéré Les espeéces moléculaires
(molécules, ions, radicaux libres) a sous-couche électronique incompléte interviennent dans de nom-
breux domaines : réactions chimiques, milieux en combustion, milieu interstellaire, atmospheres plané-
taires et cométaires, ... etc. Ces systemes possedent des états électroniques dégénérés impliquant des
couplages complexes (Jahn-Teller, ...) entre tous les degrés de liberté moléculaires: électroniques,
vibrationnels et rotationnels (couplages dits rovibroniques).

Nous avons choisi pour aborder ce type de probléeme d’étudier les systemes modeles que sont les
hexafluorures et les hexacarbonyles de métaux de transition qui sont des molécules stables ayant
une structure électronique analogue a celle d’ions ou de radicaux libres, avec en particulier un état
électronique de base généralement dégénéré.

Ce travail de longue haleine, qui a été entrepris lors de ma these, a été poursuivi lors de mon
stage postdoctoral a 'ETH Ziirich d’'un point de vue expérimental, puis au LPUB du point de vue
théorie et analyse depuis ma nomination, en particulier dans le cadre de la these de Michaél Rey que
j’al co-encadrée avec le Pr. Michel Loéte. Il s’est agi, d’une part, de mettre au point un formalisme
adéquat et, d’autre part, de tenter d’analyser les toutes premieres données expérimentales disponibles
pour ce type de molécules :

— Développement d’un formalisme adapté. Apres une reformulation tensorielle des couplages vibro-
niques sur la base des méthodes utilisées au LPUB en vibration-rotation, une nouveau modeéle
pour le développement des opérateurs hamiltonien et moments de transition effectifs a été mis
au point (thése de M. Rey) afin de pouvoir modéliser les spectres a haute résolution de toute
bande vibrationnelle dans des états électroniques doublets, triplets ou quadruplets. Une construc-
tion adaptée des opérateurs électroniques a été introduite. Ce modele évite en particulier les
problemes de matrices infinies apparaissant dans le traitement usuel de I'effet Jahn-Teller. De
nouveaux outils ont été mis en place, en particulier concernant la symétrisation des états de
moment angulaire demi-entier. L’approche algébrique des couplages vibroniques (collaboration
avec F. Michelot) ainsi que approche semi-classique de la structure des niveaux vibroniques ont
également été abordées. L’idée est ici d’aboutir a un ensemble d’outils le plus complet possible
pour une approche globale de la spectroscopie rovibronique dans un état électronique dégénéré,
a 'exemple de ce qui existe pour la rotation-vibration.

— Application auxz molécules V(CO)g et ReF 4. Ce modele a été appliqué (thése de Michaél Rey)
a deux jeux de données obtenus récemment : des spectres d’absorption en jet moléculaire super-
sonique de V(CO)¢ (collaboration avec Pierre Asselin et collegues, LADIR, Paris) et de ReFg
(obtenus lors de mon stage postdoctoral a 'ETH Ziirich, groupe du Pr. Martin Quack). Le profil
de la bande fondamentale la plus intense de chacune de ces molécules (état électronique de base
respectivement trois et quatre fois dégénéré) sont parfaitement reproduits. Une premiere étude
qualitative des spectres a haute résolution de ReFg permet déja d’en reproduire les structures

typiques.

Cette thématique tres complexe nécessitera encore de nombreux développements. L’extension de

1. Laboratoire de Recherche sur la Réactivité des Solides.
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ce type d’étude (modeles + analyse) au radicaux CH30 et CH3S, tres importants en chimie at-
mosphérique, est maintenant envisagée a court terme.

2. Diffusion des résultats

— 39 publications dans des revues a comité de lecture.

— 2 contributions a des ouvrages collectifs.

— 2 actes de colloques (“proceedings” a comité de lecture).
— 5 conférences invitées.

— 62 contributions (orales ou posters) & des conférences.

— 4 séminaires dans des laboratoires étrangers, 1 séminaire en entreprise.

La liste complete des travaux est fournie en annexe (partie VI).

3. Collaborations scientifiques locales

— Dr. Maud RoTGeRr (LPUB).

~ Pr. Michel LoiiTe (LPUB).

— Pr. Gérard PiErre (LPUB).

— Pr. Jean-Paul CuaMPION (LPUB).
— Dr. Tony GABARD (LPUB).

— Dr. Jean-Marc SiMON (LRRS).

4. Collaborations scientifiques nationales et internationales

— Groupe du Pr. Martin Quack, ETH Ziirich (Suisse).

— Groupe du Pr. Hans Biirger, Université de Wuppertal (Allemagne).

— Groupe du Pr. Michel Herman, Université Libre de Bruxelles (Belgique).

— Pr. Boris Zhilinskii, Dr. Dimitrii Sadovskii, Université du Littoral, Dunkerque.
— Pr. Daniel Avignant, Université Blaise Pascal (Clermont-Ferrand).

— Pr. Henry Selig, Université de Jérusalem (Israél).

— Pr. Nelly Lacome et collegues, LADIR, Université Pierre et Marie Curie (Paris).
— Pr. Dionisio Bermejo, Université de Madrid (Espagne).

— Pr. Boris Sartakov, General Physics Institute RAS, Moscou (Russie).

5. Séjours de courte durée a I’étranger

— Du 04/12 au 08/12 1995, séjour a I’Abteilung Chemische Physik — Gruppe Laseranwendun-
genden, groupe du Pr. Welf Kreiner, Universitdt Ulm (Allemagne). Spectroscopie d’absorption
saturée.

— Du 27/04 au 03/05 1998, séjour au Laboratorium fiir Physikalische Chemie, groupe du
Pr. Martin Quack, ETH Ziirich (Suisse). Spectroscopie par transformée de Fourier dans un jet
supersonique de ReFg.

— Du 01/03 au 12/03 1999, séjour au Laboratorium fiir Physikalische Chemie, groupe du
Pr. Martin Quack, ETH Zrich (Suisse). Spectroscopie par transformée de Fourier dans un jet
supersonique de ReFg.

6. Reconnaissance scientifique

En 2001 et 2002, referee pour deux articles de revues internationales (Chirality et Journal of
Molecular Spectroscopy).
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VI — Encadrement

1. Encadrements de stagiaires

— De septembre 1998 & juin 1999, co-encadrement (avec le Pr. M. Loéte du LPUB) d’un sta-
giaire de DEA, Michaél Rey, sur I’“Approche tensorielle des couplages rovibroniques dans les
molécules octaédriques”.

— De septembre 1999 a octobre 2002, co-direction (sous la direction du Pr. Michel Loéte) d’un
thésard, Michaél Rey, sur la “Théorie des spectres rovibroniques des molécules octaédriques :
Hamiltonien et moments de transition”. These soutenue le 24 octobre 2002.

— De septembre 2003 & juin 2004, co-encadrement (avec le Pr. M. Loéte du LPUB) d’un sta-
giaire de DEA, Abdollatyf El Hilali, sur le “Développement d’un modéle rovibronique pour la
spectroscopie des radicauz méthoxy (CH30) et thiométhyle (CH3S)”.

2. Participations a des jurys

— Rapporteur de la thése de Christophe Van-Hecke sur le sujet “Analyse qualitative des spectres
de rotation-vibration: influence du potentiel intramoléculaire”. These soutenue le 14 février 2001
a Dunkerque et dirigée par le Pr. Boris Zhilinskii.

— Membre (en tant que co-directeur) du jury de la thése de Michaél Rey sur le sujet “Théorie
des spectres rovibroniques des molécules octaédriques : Hamiltonien et moments de transition” .
These soutenue le 24 octobre 2002 et co-dirigée avec le Pr. Michel Loéte.

VII — Animation scientifique

1. Participation a ’organisation de colloques

— Participation a l'organisation du 16th Colloguium on High-Resolution Molecular spectroscopy
(HRMS Dijon, 6-10 Septembre 1999) : Organisation générale, gestion du site Web, participation
a la réalisation du livre de résumés.

— Participation a I’ Atelier sur la Spectroscopie de Molécules Piégées dans les Solides organisée a
Dijon le 26 mai 2003 par Maud Rotger dans le cadre du réseau SpecMo du CNRS.

— Participation a l'organisation du 18th Colloguium on High-Resolution Molecular spectroscopy
(HRMS Dijon, 8-12 Septembre 2003) : Organisation générale, gestion du site Web,

http://www.u-bourgogne.fr/LPUB/HRMS

participation a la réalisation du livre de résumés.

— Depuis Septembre 2003, membre du comité scientifique des colloques HRMS (Dijon 2003, Sal-
manque 2005, ... ).

— Préparation de 'organisation d’une école d’été intitulée Molecules Trapped in Solids prévue en
septembre 2004 a Dijon.

2. Animation d’un groupe de travail

Animation avec le Pr. Hans R. Jauslin d’un groupe de travail intitulé “Résonances et Bifurcations”
au sein du LPUB, avec pour but principal de permettre aux personnes du laboratoire travaillant en
physique moléculaire et en physique non-linéaire déchanger des idées. Les théemes abordés concernent
les problmes de résonances en spectroscopie moléculaire et dans les processus multiphotoniques, les

calculs ab initio, ... etc. Dans ce cadre, diverses personnalités extrieures ont été invitées: Pr. Boris
Zhilinskii (Dunkerque), Pr. Walter Thiel (Max Planck Institut, Miilheim, Allemagne), ...

3. Financements obtenus

— 1998 : Financement par la Région Bourgogne de ’achat d’une diode laser et de deux détecteurs
adaptés a ’étude de la région des 12 pm, afin de compléter I’équipement de spectroscopie par
diodes laser du laboratoire (collaboration avec M. Rotger).
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— 2003 : Financement par le Programme National de Chimie Atmosphérique (PNCA) du projet
“Spectre du méthane (positions et intensités) dans les régions 1,6 — 2 um et 1.3 — 1.5 um”.

— 2003 : Paiement par le CEA Saclay de calculs de spectres de la bande 3v3 de 23°UFg et 238UF.

VIII — Enseignement et diffusion de ’information scientifique et tech-
nique

1. Enseignements dispensés

— En 1992-1996, en tant qu’allocataire-moniteur puis ATER, enseignements a 1’Université de Bour-
gogne, en 1¢ cycle (DEUG A) : Travaux Dirigés (TD) et Travaux Pratiques (TP) d’électromagné-
tisme et d’optique.

— En 20022003, 12,5 heures de cours au sein du DEA “Matiére et Rayonnement” de ’Université
de Bourgogne. Cours de “Physique Moléculaire” (en remplacement du Pr. Michel Loéte).

— En 2003-2004, 8 heures de cours au sein de ce méme DEA sur “Les FEtats et Transitions Elec-
troniques des Molécules” (nouveau cours).

2. Multimédia et diffusion de I'information scientifique

— Fin 2001 — début 2002, création d’un site consacré a l’enseignement de 'optique matricielle
(niveau DEUG) contenant des applets Java illustrant la construction des images a travers des
lentilles minces ou des miroirs dans I'approximation de Gauss:

http://eunomie.u-bourgogne.fr/Optique

Ce travail a été rémunéré par I’Université de Bourgogne.

— En janvier 2003, participation a la mise en place et a 'animation du stand du LPUB au Salon
des Métiers “Forcing 2003” de Dijon. A cette occasion, une présentation multimédia (diaporama
PowerPoint, animations, films vidéo) des activités de recherche au sein du Laboratoire a été mise
au point.

— En janvier 2004, participation a la mise en place et & 'animation du stand du LPUB au Salon
des Métiers “Forcing 2004” de Dijon.

IX — Responsabilités administratives et collectives

1. Responsabilités administratives
— Membre titulaire de la Commission de Spécialistes de Physique (28-29-30°™ sections) de 1'Uni-
versité de Bourgogne.

— Membre suppléant de la Commission de Spécialistes de Physique (29-30°™¢ sections) de 1'Uni-
versité de Reims Champagne - Ardenne.

— Membre élu du Conseil de Laboratoire du LPUB.

— Depuis début 2002, gestion des finances de I’équipe Spectroscopie et Dynamique Moléculaire —
Phénomenes Non-Linéaires et Champs Intenses dont le coordonnateur est le Pr. Hans R. Jauslin.

2. Responsabilités informatiques

— Je suis membre de la Commission Informatique du LPUB.

— Responsable (Webmaster) du site Web du 18th Colloguium on High-Rsesolution Molecular spec-
troscopy (Dijon, 8-12 Septembre 2003) :

http://www.u-bourgogne.fr/LPUB/HRMS
— Responsable (Webmaster) du site Web du Laboratoire de Physique de I’Université de Bourgogne :
http://www.u-bourgogne.fr/LPUB/
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ainsi que de celui de 'équipe Spectroscopie et Dynamique Moléculaire — Phénoménes Non-
Linéaires et Champs Intenses :

http://www.u-bourgogne.fr/LPUB/tSM.html

— Responsable de 'informatique au sein de I’équipe Spectroscopie et Dynamique Moléculaire. Dans
ce cadre, mise en place un serveur Macintosh sous MacOS X Server, qui est utilisé, entre autres,
comme serveur Intranet pour le Laboratoire.
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Spectroscopie de |'Hexafluorure de
Soufre

Publications P9, P12, P18, P20, P28, P33, P34, P37, P39
Articles de revue B1,B2

1.1 Introduction

La molécule SFg suscite depuis quelques années un regain d’intérét important. En effet, ce composé
apparait désormais comme un polluant atmosphérique non-négligeable et le protocole de Kyoto I'a
classé parmi les gaz a effet de serre dont les émissions doivent étre réduites et la concentration suivie
de pres. L’hexafluorure de soufre est rejeté dans 'atmosphere par diverses industries (électriques, en
particulier). Comme le montre la Figure 1.1, si la concentration actuelle de SFg dans I’atmosphere
terrestre est relativement faible, celle-ci augmente a un rythme assez inquiétant. Tout le probléme est
que, d’'une part, la durée de vie des cette molécule tres inerte est extrémement longue dans I’atmosphere
(~ 3200 ans) et que, d’autre part, sa capacité d’effet de serre est énorme, 23900 fois celle de CO5 1.

BPt .
I I N

N
N Ul w
1

Jury
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Fic. 1.1 — Augmentation de la concentration de SFg dans l’atmosphére terrestre. Source: W. T.
Sturges, School of Environmental Sciences, University of East Anglia (Norwich, Royaume Uni)
et http://cdiac.esd.ornl.gov/trends/otheratg/sturges/sturges.html. Mesures effectuées a
Dome Concordia, Est Antarctique.

1. Cette valeur est ce qu’on appelle le Global Warming Potential (GWP); cela signifie qu’une seule molécule de SFg,
en termes d’effet de serre, est équivalente a 23900 molécules de COx.
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La détection et la mesure de concentration de SFg dans I'atmosphere nécessitent une modélisation
précise des spectres d’absorption de cette molécule. Or, jusqu’a ces derniéres années, sa spectroscopie
a haute résolution était paradoxalement assez mal connue. En effet, si la bande d’élongation v3 (~ 948
cm™!) a été analysée avec un tres grande précision par différents auteurs [B1], 'ensemble des autres
niveaux vibrationnels ont été tres peu étudiés.

1.2 Particularités de SFg

TAB. 1.1 — Les modes normauz de vibration de SFg (nombres d’onde en cm™') pour les différents
isotopomeres (abondance naturelle donnée entre parentheses).

Mode normal vy Vo V3 vy vs Vg
Symétrie dans O, Aig E, Fiy Fyy Fayy Fay
Dégénérescence 1 2 3 3 3 3
Activité Raman Raman Infrarouge Infrarouge Raman Inactif
Type Elongation Pli‘z;ge
328Fg (95.02 %)  T74.545 643.375  948.103 614.982 523.5 346.9
33SFg ( 0.75 %) - — 939.131 613.6 -~ -
34SFg (4.21 %) 774.602 —~ 930.678 612.209 - —~
36SFg ( 0.02 %) - — 915.1 - — -

La Table 1.1 rappelle les caractéristiques des six modes normaux de vibration de SFg. Nous pouvons
faire les quelques remarques suivantes :

— Pour ce type de molécule centrosymétrique, les bandes de parité g ne sont observables qu’en
spectroscopie Raman (pas en absorption). D’une maniére générale, les niveaux vibrationnels de
parité ¢ et u n’interagissent pas entre eux 2.

— La région d’intense absorption est celle de v3. Mais SFg possédant des vibrations de pliage de
relativement bas nombre d’onde, celles-ci sont a l'origine de nombreuses bandes chaudes. L’étude
de la région d’intense absorption, v3, essentielle pour les problemes d’effet de serre ne requiert
donc pas seulement I'analyse de la fondamentale, mais aussi des nombreuses bandes chaudes
présentes dans les spectres. Pour mémoire, notons qu’a température ambiante, seulement 32 %
des molécules SFg sont dans 1'état vibrationnel de base (voire Figure 1.2). Cette région spectrale
étant particulierment dense, 'analyse des bandes chaudes est difficile.

— La fondamentale vg, qui est la plus basse en énergie, est inactive tant en absorption infrarouge
qu’en diffusion Raman. Or, le niveau vg = 1 est le principal “générateur” de bandes chaudes.

Afin de résoudre le probleme des bandes chaudes dans la région v3, il apparait par conséquent nécessaire
d’étudier ’ensemble des niveaux vibrationnels les plus bas (niveaux fondamentaux, harmoniques et
de combinaison). Les cas de vg = 1 est le plus problématique, le seul moyen (indirect) de l'atteindre
étant d’utiliser des niveaux de combinaison impliquant le mode vg.

Rappelons enfin que les bandes harmoniques ou de combinaison de ce type de molécule toupie
sphérique possedent un nombre variable de sous-niveaux de différentes symétries.

1.3 Analyses de bandes rovibrationnelles

Les travaux que j’ai effectués ces dernieres années concernant SF¢ m’ont permis d’analyser plusieurs
bandes vibrationnelles de cette molécule [B1], en collaboration avec différentes équipes expérimentales

2. Sauf a invoquer la violation de parité, phénomeéne de toute fagon négligeable ici.
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F1c. 1.2 — Population des premiers niveaux vibrationnels de SFg (notés [v1vausvavsvg]) en fonction de
la température.

a Madrid, Bruxelles, Paris et Wuppertal. Si quelques analyses ont permis d’améliorer et de compléter
les travaux antérieurs d’autres auteurs, il s’est aussi agi, pour plusieurs bandes, de la toute premiere
analyse a haute résolution.

En particulier, le probléme du mode vg a été abordé grace a la premiere analyse détaillée d’une
bande de combinaison, vy + vg [P9]. Ce travail a été complété par la suite par une analyse simultanée
de ce méme spectre infrarouge et du spectre Raman de la bande vy [P18].

Deux bandes Raman ont été étudiées pour la premiere fois & haute résolution : vo [P18], déja citée,
et v5 [P28]. Récemment, le spectre infrarouge de la bande de combinaison vo + vy [P37] a lui aussi
fait 'objet d’une analyse compléte et ce jusqu’a des valeurs élevées du nombre quantique rotationnel
(J =112).

L’ensemble de ces travaux ont permis d’améliorer la connaissance spectroscopique de SFg. Mais
d’autres niveaux vibrationnels doivent encore étre étudiés avant de pouvoir aborder completement le
probléme des bandes chaudes dans la région r3. Les niveaux de SFg ne présentant pas de structure en
polyades vibrationnelles claire (voir Figure 1.3), il sera nécessaire d’envisager un ajustement global de
I’ensemble des niveaux les plus bas.

L’essentiel des travaux portent sur I'isotopomére principal 32SFg (95.02 % en abondance naturelle).
Mais, a chaque fois que cela a été possible, les isotopomeres mineurs ont également été étudiés.

Ces analyses ont été réalisées a l’aide d’un formalisme tensoriel adapté aux molécules octaédriques
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Fi1G. 1.3 — Les premiers niveauz vibrationnels de SFg classés par symétrie.

de type XYg [P12] (voir Chapitre 3) implanté dans la suite de programmes HTDS [P16] (voir Chapitre
5).

1.4 Articles-clés

Sont reproduits ici deux articles illustrant les avancées récentes que j’ai pu effectuer sur la spec-
troscopie rovibrationnelle de SFg, en collaboration avec des collegues expérimentateurs européens.

— [P20: J. Mol. Spectrosc., 205, 304-311 (2001)] présente ’étude du spectre d’absorption infra-
rouge de la région de la bande fondamentale v4. Ce travail comprend la toute premiere ana-
lyse d’'une bande chaude de SFg, a savoir v4 + vg — vg, qui a bénéficié des résultats obtenus
précédemment sur vg (voir ci-dessus). Le région vy est spectralement moins dense que la région
vs. Dans ce méme article, la bande v3 de I'isotopomere 3*SFg est également prise en compte.

— [P39: soumis au J. Mol. Spectrosc. (2003)] concernant 1’étude du spectre Raman de la région
v1 et du spectre double résonance Raman-Raman de la bande 2vq — v pour 32SFg et 34SFg.
Plusieurs bandes chaudes ont pu étre analysées. Ce travail, en conjugaison avec l’ensemble des
autres analyses que j’ai effectuées a permis la premiere détermination spectroscopique de la
longueur de liaison de SFg. Celle-ci est en parfait accord avec les plus récents calculs ab initio.
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Journal of Molecular Spectroscopy 205, 304-311 (2001)
doi:10.1006/jmsp.2000.8267, available online at http://www.idealibrary.com on
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The high-resolution Fourier transform spectrum of the v, bending region of SF¢ near 615 cm ' has been recorded at 213

K. We were able to perform a simultaneous analysis of the v, and v, + v4, —

Ve bands of the main isotopomer, namely **SFq.

This is the first detailed analysis of a hot band for this molecule. The v, band of *SF, was also analyzed and the Q branch
of the v, band of *SF¢ was identified. In both cases we used the HTDS software developed in Dijon. © 2001 Academic Press

Key Words: molecular spectroscopy; spherical top; SFy; hot

1. INTRODUCTION

Sulfur hexafluoride appears to be a species of growing
importance in the field of atmospheric physics and chemistry
since it is now recognized as a pollutant that can contribute to
the greenhouse effect (/, 2). SF¢ concentration in Earth’s
atmosphere is presently small but increases at a rate of around
7% per year due to industrial emissions (3, 4). This small
concentration is also used to understand gas transport and
circulation phenomena in the middle atmosphere (5, 6).

However, except for the well-known v; stretching funda-
mental (7), the spectroscopy of SFj is still widely unexplored.
We have contributed recently to the study of this molecule by
analyzing high-resolution spectra of the v, and v, + v, bands
S, 9).

We present here a study of the v, bending region near 615
cm™" which completes and extends the work of Kim et al. (10)
performed with intermediate resolution (0.04 cm™") Fourier
transform infrared (FTIR) spectroscopy and Doppler-limited
high-resolution (0.0001 cm™') measurements using a 200- to
400-m optical path diode-laser spectrometer. The present
FTIR spectrum of this region has been recorded in Wuppertal
at a resolution (1/maximum optical path difference) of 0.0028
cm ™' and a temperature of 213 K.

Using the tensorial formalism (/) and the HTDS software
(12) developed in Dijon for XY octahedral molecules, we
were able to perform a simultaneous analysis of the v, bending
fundamental of the *SF; species together with the v, + v, —
Vs hot band. This is the first analysis of a hot band ever
performed for this molecule. We were also able to analyze the
v, band of the **SF, isotopomer (4.21% in natural abundance).

In Section 2 we give some experimental details; then in
Section 3 we briefly recall the basic features of the theory used,
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band.

and finally we explain the details of the analyses in Section 4
and discuss some of the results in Section 5.

2. EXPERIMENTAL

The infrared spectrum of SF¢ was recorded at —60°C using
a stainless steel cell of 220 mm length outfitted with CsBr
windows. A pressure of 2.8 mb (at room temperature) was
adjusted. A Bruker 120 HR interferometer equipped with a
Globar source, a KBr beam splitter, and a liquid-He-cooled
Si:B detector was used. Radiation > 800 cm ™' was eliminated
using a cooled 12.5-mm-long pass filter. The resolution (1/
maximum optical path difference) was adjusted to 2.8 X 107°
cm ™', and in total 743 scans were collected. Calibration was
done by comparison with lines of residual H,O in the inter-
ferometer in the 500—-550 cm ™' range as quoted in Ref. (13).
Wavenumber precision of sharp, unblended lines is better than
2X 10 em™.

An overview spectrum of the v, region is shown at the
bottom of Fig. 1.

3. THEORETICAL MODEL

The theoretical model used in this paper is based on the
tensorial formalism and the vibrational extrapolation methods
developed in Dijon. These methods have already been ex-
plained for example in Refs. (/4) and (/7) and they are imple-
mented in the HTDS software (/2) used to perform the present
analyses. Thus, we just briefly recall here the basic principles.

Let us consider an XY, molecule for which the vibrational
levels are grouped in a series of polyads designed by P, (k =
0,...,n), P, being the ground state (GS). The Hamiltonian
operator can be put in the following form (after performing

some contact transformations)
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FIG. 1. Experimental and simulated spectra for *SF, and *SF, in the v,
region.

H = Hipy=gsy + Hipy + -+ + Hipy, [1]

where J€,,,, contains only rovibrational operators which have
no matrix elements within the P, ., basis sets. The different
terms are written in the form

_ QK nT)T, Ty n Q(K,nT)T, Ty
g = 2t Thes T (2]

all indexes

QKDL

In this equation the 7, are the parameters and the
TQ(K )T, Ty

515 are the rovibrational operators defined as follows

QKD Q(K,nT Iy(T)
T{s}(.&",; — B[R (K.n |® év(s}(S ](Alﬁ [3]

where B is a numerical factor equal to V[T,] (— V3/4)™* if

(K, nI') = (0,, 0A,), and equal to 1 otherwise.

The rovibrational operators 71"/} are obtained by cou-
pling of a rotational operator R**"™ of degree () and a vibra-
tional operator V[;/." of degree (),. The order of each

individual term is defined as Q) + Q, —

305

The effective Hamiltonian for polyad P, is obtained by
projecting ¥ in the P, Hilbert subspace, i.e.,

H(Pn> - P(Pn>%P<Pn>,
[4]

_ g {Pw (Pn) (Pu)
—H{GS}-F +H{P} --+H{P“}.
In order to analyze the v, and v, + vs — v, bands, we use

the following effective Hamiltonians:

e The ground state effective Hamiltonian,

2 = A, [5]

e The v, effective Hamiltonian,

H(w) — H<g;s)} + H(w) [6]

va}?

e The v, + v, effective Hamiltonian,

H(erw, — H((lgww,) + H(lu+w, + H<VA+V(,> + H<V4+V(, (7]

{va+ve}*

In order to calculate transition intensities, we developed the
dipole-moment operator through the zeroth order using the
same methods (11).

We use a coupled vibrational basis taking into account the
six vibrational modes of XY molecules (of respective symme-
try Ay, E,, Fi,, Fi,, F, and F,,). The Hamiltonian and
dipole-moment matrix elements are calculated in the coupled
rovibrational basis

(WO QWi m), (8]

as described in Ref. (/1). In Eq. [8], the ¥(©-)’s and W /s
are harmonic oscillator and rotational wavefunctions, re-
spectively.

4. ANALYSIS

The infrared spectrum of the v, band of *SF, has a very
simple structure with well-separated J clusters, which make it
relatively straightforward to analyze. The band apparently
shows no perturbation from other vibrational levels. This was
already noticed by Kim ef al. (10) who were able to perform an
analysis of the room-temperature spectrum up to very high J
values (>150). They used a very simple Bobin and Fox (/5)
model. These authors also analyzed the v, band of **SF using
the same techniques. They observed several hot bands but did
not analyze them in detail.

As shown in Figs. 2-5, the hot band structure is greatly
simplified when observed at low temperature. The v, + vs —
v, band originating from the very low v (346.9 cm™') inactive
fundamental level clearly dominates, although some other hot
bands (very likely v, + 2v, — 2v5 and v, + vs — vs) are
visible, especially in the Q-branch region (Fig. 2). As it can be
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¥
Simulation : v, v::fVMSF5 V V V
Simulation : v,+v -V of 325176

=] [
O .. . 32
‘4| Simulation : v, of “°SF
% 4 6
E
oo
v
i T
[~|Simulation : composite spectrum

Experiment

614.4 614.6 614.8

1
615 615.2 6154

Wavenumber / e

FIG. 2. Experimental and simulated spectra in the *SF¢ Q-branch region.

seen in Figs. 3-5, most of the P and R lines of v, + vs — v,
appear between the v, J clusters, which makes it possible to
perform detailed assignments and analysis.

We first made a new analysis of v, of SF; as an isolated
band in order to get parameter values for the Dijon tensorial

formalism (/4, 1I) described in the previous section. We
started from the parameters of Kim er al. (10). The correspon-
dence between the Bobin and Fox parameters (/5) and the
“usual” parameters (/6) is given in Ref. (/7) and that with our
formalism is given in Ref. (/4) and in Table 1. For the reasons

34

Simulation : v, of SF6

. . 32
Simulation : v, +v -V, of SF,

E Simulation : ﬂ% 32SF6 ‘\h ‘\h
5| AT e Ty 1 T
; Simulation : cofposite spectrum
WW (e
Experiment
I ! 1 L
611.5 611.7 611.9 612.1 612.3 612.5

Wavenumber / e’

FIG. 3. Experimental and simulated spectra in the **SF, Q-branch region.
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W W b
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)

]

g MAF
2]

=
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=

=

Simulation :llcomposite spectrum!

Experfiment

L 1
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Wavenumber / cm

1 1
604.1 604.3

1

604.5

FIG. 4. Experimental and simulated spectra in the P-branch region.

mentioned above, the assignments were easy to realize. A <(”G*§ \
and H é::; were developed to the sixth and fourth order,
respectively. The ground state parameters were fixed to the
values of Ref. (7). As is usual for heavy molecules, the Q
branch is not sufficiently resolved to allow assignments of Q

lines. In this case, the parameters f,;y " " and
th 7" cannot be determined simultaneously (78).

Thus, we decided to adjust t(zif(‘fff‘)r «fu manually until the

Q-branch profile was correct and then we fixed it to the
value obtained in this way,

tha " =11.02654 X 10 ~* cm ™! 91

in all further fits.

simulation : v, of *sF,

Simulation : Vv, #V v, of TUSF

Simulation :

Simulation : composite spectrum

Transmission

Experiment

1 1
626.5 626.7 626.9

1 |
627.1 627.3 627.5

Wavenumber / e’

FIG. 5. Experimental and simulated spectra in the R-branch region.
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TABLE 1

Parameters for the v, and v, + v, Bands of ¥SF;

Q(K,nT) T, T,

Vibrational Order Parameter t{s}{s,} Value/cm™! “Usual” notation Constrain
level in H QK,nl' ) {s} T, {s'} T4 [16,14] and comments
Ground state 0 2(0,0414) 00000041, 000000A1g 9.1078389192 x 10~ By Fixed

2 4(0,0A414) 000000A;4 000000414 — —6.3369998149 X 10~° —Dq Fixed
4(4,0A14) 00000041, 000000414  1.8196943510x 10710 \F/4\/’)Dm Fixed

4 6(0,0414) 00000041, 000000414  —1.5890094350 x 10~13 Fixed
6(4,0414) 000000414 000000A14 1.0083389785 x 1014 35 /16\/_ VHa: Fixed
6(6,0414) 000000A;4 000000A;,  —1.0615255469 x 10716 —(3/231 /64\/_)H4t Fixed

6 8(0,0414) 000000414 000000A;4  5.9060087823 x 10719 Fixed
8(4,0414) 000000414 000000A;4,  6.5795734511 x 10720 —(3V15, /64\/_ YL4; Fixed
8(6,0414) 000000414 00000041,  —8.9391941374 x 10721 (3V77/256V2) Les Fixed
8(8,0414) 000000414 00000044,  —9.6703402824 x 10722 (1/32+/33) Ls. Fixed

ve =1 o(o 0A1g) 000001F3, 000001F, 346.9 Vg Fixed

1 1(1,0F14) 000001F,, 000001F%, —0.3103(23) 3V2B¢e (ve Coriolis)

2 2(0 0A1g) 000001F5, 000001Fh,  —2.2062929503x 10~2 Bs — By Fixed
2(2,0E, ) 000001F,, 000001Fh,  —2.6343685366x 10~°  —(1/2)aS,, — 6a§24 Fixed
2(2,0F>4) 000001F,, 000001F}, 5.2830499700 x 1075 —(3/4)05,0 + 605, Fixed

3 3(1,0F14) 000001F3, 000001F;, 1.9129608827 x 10~ —(3V/3/4V2F¢ Fo Fixed
3(3,0F14) 000001F2, 000001F,  —3.7106303207 x 107 (3/V/5/2)FS,, Fixed

vg=1 0 0(0,0414) 000100F;, 000100Fi., 614.98196(15) vy

1 1(1,0F14) 000100F;, 000100F}, —8.36914(43) X 102 3v/2B¢4 (v4 Coriolis)

2 2(0,0A14) 000100F1, 000100Fi, —1.9670(71) x 10~° By - Bg
2(2,0E4 ) 000100F}, OO00100F, 1.0265400000 x 10—5 —(1/2)ad,, — 6ad,, Fixed
2(2,0F,4) 000100F, 000100F1, —1.6681(62) x 10~° —(3/4)ady + 6a224

3 3(1,0F}4) 000100F;, 000100F, —3.345(28) x 10—3 —(3V3/4V/2F¢ Fiio
3(3,0F14) 000100F;, 000100F1, 1.712(16) x 107 (3/V5B/2)F,

4 4(0,0A14) 000100F;, 000100F1, —1.93(70) x 10710 —(D4 — Do)
4(2,0E4 ) 000100F;, 000100F, 0.0 Fixed
4(2,0F>4) 000100Fi, 000100F), 0.0 Fixed
4(4,0414) 000100F1, 000100Fi, 0.0 Fixed
4(4,0E4 ) 000100Fi, 000100F), 0.0 Fixed
4(4,0F>4) 000100F;, 000100F), 0.0 Fixed

vy =vg =1 2 0(0,0414) 00010143, 000101Az, 0.2224(25) Aag sublevel

4 2(0,0414) 00010145, 000101424 1.6(1.0) x 10~°
2(2,0E4 ) 00010144 000101Eq 2.002(66) x 10~3

2(2,0F24) 00010145, 000101F4 0.0 Fixed

3 1(1,0F14) 00010142, 000101F,, 0.0 Azg—Fig Coriolis Fixed

2 0(0,0414) 000101E, 000101E, —0.1823(14) Eg4 sublevel

4 2(0,0414) 000101E, 000101E, 0.0 Fixed
2(2,0E4 ) 000101E4 000101E —4.98(96) x 10~

3 1(1,0F14) 000101E, 000101F1, -3.585(91) x 10—* Eg~Fi4 Coriolis

4 2(2,0F,4) 000101Eg; 000101F,4 0.0 Fixed

3 1(1,0F14) 000101E4 000101F,, 2.71(14) x 10~* Eg4—F»g4 Coriolis

4 2(2,0F4) 000101E4 000101F4 0.0 Fixed

2 0(0,0414) 000101F;4 000101F4 0.0689(12) Fig4 sublevel

3 1(1,0F1,4) 000101F;, 000101F;, —-3.03(22) x 1074 Fy4 Coriolis

4 2(0,04:4) 000101F;, 000101F;, —4.49(45) x 10—
2(2,0E4 ) 000101F;, 000101F;, 5.2(1.0) x 1076
2(2,0F5,) 000101F;, 000101F;, 5.86(90) x 10~6

3 1(1,0F14) 000101F;, 000101F, 1.400(18) x 10— Fig~Fy4 Coriolis

4 2(2,0E4 ) 000101F;, 000101F24 —4.05(38) x 10~
2(2,0F>4) 000101F;4 000101F24 0.0 Fixed

2 0(0,0414) 000101F,, 000101F,4 —0.1577(11) Fyg sublevel

3 1(1,0F14) 000101F,4 000101F,, 3.234(25) x 10—3 Fyg Coriolis

4 2(0,0414) 000101F;, 000101F;4 5.23(34) x 1078
2(2,0E4 ) 000101F;4 000101F3, —1.43(11) x 1073
2(2,0F24) 0001014 000101F5g 0.0 Fixed

Then, we started a simultaneous analysis of v, and v, + v4 — FIl,®Fy=A,,@E,®F,,® F,.

ve of "SFe. H g, A", A, and A1) were de-
veloped to the sixth, thlrd, fourth, and fourth order, respec-
tively. The v (F,,) + ve(F,,) vibrational level has four

As a first step, we thus made several tries to find the correct

sublevels since relative positions of these sublevels. The order E,, F,,, F,,
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FIG. 6. Observed a calculated reduced energies for the v, + vg level of ¥SF,.

A,, with increasing wavenumbers was found to be the
correct one, since only this order leads to an acceptable
Q-branch profile (see Fig. 2). We were then able to perform
many assignments and to get a satisfying fit of 26 parame-
ters with a global standard deviation of 0.959 X 10* cm™".
The ground state parameters were again fixed to the values

of Ref. (7) and those of v4 to the values of Ref. (9), except
for t(lé)l(g)r WP which was fitted. The parameters obtained
in this analysis are listed in Table 1 and the fit statistics are
given in Table 2. The four sublevels of v, + v, with
symmetry A,,, E,, Fy,, and F,, are found to lie at 962.104,

961.700, 961.950, and 961.724 cm ', respectively. Figure 6
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TABLE 2
Fit Statistics
“Molecule Band Number of data  J,,, RMST
I5E, Vi 1801 95 0.36
BSFs  myt v — m 943 65  1.58
HSFq vy 103 55 0.41

I Root Mean Square [ 10=3 ¢m~!

shows the observed and calculated reduced energy levels for
the v, + v level.

An isolated band study was also performed for the v, band
of the **SF, isotopomer again starting from the parameters of
Kim et al. The results are given in Tables 2 and 3.

Eé's} and H <V‘} were developed to the sixth and fourth order,
respectively. The ground state parameters were fixed to the
values of *’SF; (7). The value of t{zi}l{’f}”") Fufic was fixed to
that of *SF, obtained as explained above.

5. DISCUSSION

Figures 1 to 5 show synthetic spectra calculated with the
parameters obtained in the present fits. We can see that several
lines are still not reproduced. These belong to other hot bands,
still to be analyzed.

SF, in natural abundance contains four isotopomers in the
following proportions: *’SF, (95.02%), **SF, (0.75%), *SF,
(4.21%), and *SF, (0.02%). The present data enable us to find
the position of the v, Q branch of SF; as explained now. The
vy band center m, can be calculated through (75)

BOUDON, PIERRE, AND BURGER

-
_ [0<0 ,0A1g) FluF1a Lz 1(1,0F1g) F1uF 14
{313} 3 {333
[11]
-y {2(}2(.0}Eg)F1,,F1,, + t(z(}z(.o}ng) F1,,F1u) L.
343 343 s
which leads to
m4(**SFg) = 615.0214 cm ™!, [12]
my(**SF,) = 612.2443 cm ™. [13]

This gives the following isotope shifts for the v, band of SF,

Av,(32 — 34)

— 5 = 1.3886 cm ™!, [14]
which is very close to the value (1.385 cm™") given by Mc-
Dowell in Ref. (19, 20). We can now calculate the position of
the v, band center of *SF,:

my(PSF,) = 613.6328 cm ™. [15]

This enables us to identify the weak Q-branch peak of this rare
isotopomer among the remaining unidentified Q branches as
shown in Fig. 7.

TABLE 3
Parameters for the v, Band of *SF;

Q(K,nT)T,T,

Vibrational Order Parametert{s}{sl} Value/cm™! “Usual” notation Constraint
level in H QEK,nI’ ) {s} T {s'} T4 and comments
Ground state 0 2(0,04;4) 000000A;, 000000A14 9.1078389192 x 102 By Fixed
2 4(0,0414) 000000A1, 000000A;;  —6.3369998149 x 10~° —Dyg Fixed
4(4,0A14) 000000414 000000A;4 1.8196943510 x 10~10 —(\/15/4v/2) Do Fixed
4 6(0,0414) 00000041, 000000414  —1.5890094350 x 10~13 Hy Fixed
6(4,0414) 000000A;, 00000044 1.0083389785 x 1014 3v5/16v/2)Hyy Fixed
6(6,0414) 00000041, 00000041, —1.0615255469 x 1016 —(/231 /64\/_)H4t Fixed
6 8(0,0414) 000000A;4 00000041,  5.9060087823 x 10~1° Fixed
8(4,0414) 000000414 000000A;,  6.5795734511 x 10~20 —(3V/15 /64\/_ YLa: Fixed
8(6,0414) 00000041, 00000041, —8.9391941374 x 10~2 (3V77/2567/2) Le: Fixed
8(8,0414) 000000414, 00000041,  —9.6703402824 x 10~22 (1/32+/33) L, Fixed
vy =1 0 0(0 0A1g) 000100Fi, 000100F;,, 612.20980(24) v4
1 1(1,0F14) 000100F;, 000100F], —7.3202(18) x 1072 3v/2B(4 (va Coriolis)
2 2(0 0A414) 000100F;, O000100F, —2.112(66) x 10~5 By — Bo
2(2,0FE4 ) 000100F;, 000100F, 1.0265400000 X 10~3 —(1/2)adyy — 6aiyy, Fixed
2 0F,4) 000100F1, 000100F7, —1.682(60) x 10~3 —(3/4)ad,0 +6a?§24
3 3(1,0F;4) 000100F}, O000100F;, —5.41(67) x 1078 —(3V3/4V/2F% Ko
3(3 0F14) 000100F), 000100F), 2.52(38) x 10~3 (3/V/5/2)F},,
4 4(0,0A19) 000100F},, 000100Fj, —9.3(3.7) x 10710 —(D4 — Do)
4(2,0E4 ) 000100F;, O000100F, 0.0 Fixed
4(2,0F24) 000100F}, 000100F, 0.0 Fixed
4(4,0A19) 000100F},, 000100F, 0.0 Fixed
4(4,0E4 ) 000100F;, 000100Fi, 0.0 Fixed
4 0F,,4) 000100F1, 000100F, 0.0 Fixed
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FIG. 7. The v, Q branch of ¥SF; (calculated position indicated by the cross).

6. CONCLUSION

This very first analysis of a hot band of the SF; molecule was
made possible thanks to the use of a set of programs called HTDS
(highly spherical top data system) (/2), in reference to the set of
programs called STDS (spherical top data system written for XY,
molecules (21)). This set of programs can be accessed through ftp
(user anonymous) at jupiter.u-bourgogne.fr or on the web at the
URL http://www.u-bourgogne.ft/LPUB/shTDS .html.

The analysis of the other hot bands visible in the present
spectrum would require some new data: in particular, for the
analysis of v, + v5 — v, it would be useful to get a high-
resolution Raman spectrum of v; (near 525 cm™").

Work is presently in progress to analyze hot bands in the v,
stretching region of SFg near 910 cm™" which are of primary impor-
tance for the modeling of the atmospheric absorption of this species.
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High-Resolution Raman spectroscopy of the v
region and Raman-Raman double resonance
spectroscopy of the 2v; — v; band of 32SFg and
31SF¢. Determination of the equilibrium bond
length of sulfur hexafluoride.
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Abstract

The v; region of 32SFg and 3*SFg has been studied by stimulated Raman spec-
troscopy. For both isotopomers, a detailed analysis has been performed. Several
hot bands (11 + v — vg, 11 + 205 — 214, 1 + V5 — v5) have been taken into ac-
count to calculate synthetic spectra that satisfactorily reproduce the experimental
data. These results, together with the previous studies of the other fundamental
bands have allowed us to determine the equilibrium bond length of sulfur hexaflu-
oride as 7, = 1.5560(1) A, in very good agreement with recent ab initio calcula-
tions. The 2v1 — v; band has also been studied for both isotopomers by Raman-
Raman double resonance spectroscopy and the resulting spectra have been ana-
lyzed. In this case, a striking difference is observed between the two isotopomers,
since the 2v; — v band of **SFg appears to have a very narrow structure that
could not be rotationally resolved under the present experimental conditions. All
analyses have been performed thanks to the HTDS program suite (http://www.u-
bourgogne.fr/LPUB/hTDS.html) dedicated to octahedral XY¢ molecules.

Preprint submitted to Elsevier Science 15 December 2003



36 — Partie I1I. Chapitre 1 : Spectroscopie de I’Hexafluorure de Soufre

Key words: Sulfur hexafluoride, Stimulated Raman Spectroscopy, High
Resolution, Double Resonance, Hot Bands

1 Introduction

Sulfur hexafluoride is a species of growing importance in the field of atmo-
spheric physics and chemistry [1] as a pollutant that can contribute to the
greenhouse effect [2,3]. SFg concentration in the Earth’s atmosphere is in-
creasing at a rate of about 7 % per year due to industrial emissions and this
very inert molecule has an extremely long lifetime in the atmosphere (ca.
3200 years) [4,5]. SFg is included as one of the species to control in the Kyoto
protocol [6-8].

However, as we have shown in a recent review article [9] and in previous papers
[10-14], the spectroscopy of this molecule, which is essential for quantitative
measurements in the atmosphere, is still insufficiently known. In particular,
the region of the v fundamental near 948 cm ! is of primary importance
since its very strong absorption is responsible for the huge greenhouse capa-
bilities of SFg. Although the v3 = 1 level itself is very well determined [15],
the hot bands in this region which largely contribute to the absorption (the
ground state population is only 30 % at 300 K [9]) are very poorly known.
The study of these hot bands requires the investigation of many vibrational
bands, including fundamentals, combinations and harmonics. Moreover, SFg
being a centrosymmetric species, many of its vibrational levels (those with
g parity) are infrared inactive and can only be studied using Raman tech-
niques. Another important problem concerning SFg spectroscopy is the vg
vibrational mode which is inactive both in infrared absorption and in Raman
scattering. Since this is the vibrational mode that has the lowest energy (347
em ™! region), it largely contributes to hot bands. The only mean to obtain
informations about vg is to study combination levels implying this vibration.

The present paper is a new contribution to this topic concerning the stimulated
Raman spectrum of the totally symmetric v; stretching band and its associated
hot bands (v +vg—vg, v1 4206 — 216, V1 +15—135), as well as the Raman-Raman
double resonance spectrum of 2vy — v4. It completes our recent studies of the
SFg Raman-active fundamentals which were published in References [11] (12)
and [13] (v5). This work has been realized for the two main isotopomers of
SFg, namely *2SFg (95.02 % natural abundance) and 3*SFg (4.21 % natural
abundance). For 3*SFg, we have used an isotopically pure sample. The v; region
of SFg has already been studied at high resolution by Esherick and Owyoung
[16] (32SFs) and by Volkov et al. [17] (3*SFg). Our contribution improves these
previous studies by integrating higher J values and more hot bands. Moreover,
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it has allowed us to obtain effective Hamiltonian parameters in the “Dijon”
tensorial formalism and thus to complete the HDTS database [18] that we
have built for octahedral XYg molecules. Combining all recent high resolution
analyses (infrared and Raman) of the fundamental bands of SFg, we are able
to give a precise estimate of the equilibrium bond length r. = r5 p of this
molecule.

Double resonance spectroscopy of 2v4 —v4 has never been attempted before. We
observe an impressive difference for this spectrum between 32SFg and 34SFg,
since the 2y — v; band of 3SFg appears to have a very narrow (“collapsed”)
rotational structure which was impossible to resolve under our experimental
conditions.

2 Experiment

2.1 Synthesis of the 3*SFg sample

70 mg of isotopic enriched sulphur powder (2 mmol S, 94.3%, Oak Ridge,
Tennessee) is placed in a 50 ml glass bulb equipped with a glass valve with
PTFE piston (Young, London). After evacuation and cooling to —196 °C, 7
mmol of fluorine from a stainless steel vacuum line are slowly introduced into
the glass vessel. Most of the sulphur burns under this condition and the residue
reacts at room temperature. At —196 °C the excess of fluorine is pumped off
and then 3 ml of NaOH solution (2 mol.I™!) is slowly introduced through the
valve into the cold and evacuated glass bulb. In order to hydrolyze and to
absorb all by-products such as Siky, CO4, SOF,, etc, the content of the bulb
is shaken at room temperature for 20 minutes. Finally the gaseous products
are separated by trap-to-trop condensation in vacuum in a series of traps held
at —30, —90, —196 °C. The trap at —196 °C contains 1.8 mimol 3*SFg of high
purity, checked by IR spectroscopy. The product is stored in flame-sealed glass
ampoules under liquid nitrogen in a long-term Dewar vessel. The ampoules
are opened and resealed by use of an ampoule key [19].

2.2 Stimulated Raman spectroscopy of the vy region

The inverse Raman spectrometer at the IEM in Madrid was used for recording
the spectra. It is based on the design by Esherick and Owyoung and its imple-
mentation at the IEM has been described often (eg. [20,21]) so only the most
relevant details pertaining to this experiment will be given. The probe beam
is a cw single mode Ar™ laser operated at 529 nm with ~ 650 mW, actively
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frequency stabilized and locked to an hyperfine transition of 3°Te,. Its fre-
quency is known with an absolute accuracy of ~ 1 : 108 [22] and its linewidth
(due to the residual frequency jitter) is less than 500 kHz. The pump beam is
generated by pulsed amplification in a three stages amplifier of a single mode
cw ring dye laser, in order to obtain pulses with Fourier limited linewidth. The
pulsed dye amplifier is pumped by an injection-seeded, cavity-extended and
frequency-doubled Nd:YAG laser, that supplies near gaussian (spatially and
temporally, 12 ns FWHM) pulses. The dyes used were Rhodamine 110 in the
ring dye laser and Fluorescein in the amplifier, obtaining ~ 5 mJ per pulse
with the same temporal and spatial characteristics of the Nd:YAG laser. The
instrument apparatus function is the convolution of the lineshapes of both
lasers and is therefore limited by the Fourier transform of the time profile of
the pump pulses, i.e. ~ 3 x 1072 cm™!. When the wavenumber difference of
both lasers matches that of a Raman transition, a transient decrease of the
power of the probe beam is observed. This transient signal, that follows the
temporal profile of the pump laser, is boxcar averaged over 10 shots of the
pump laser as it is scanned. The plot of the averaged transient signal intensity
versus the pump-probe wavenumber difference renders the Raman spectrum.
The scan of the ring dye laser is linearized and calibrated after the recording of
the spectra using the simultaneously recorded transmission fringes of a high
finesse Fabry Perot interferometer of 150 MHz free spectral range, and the
visible absorption spectrum of 2I,. The absolute accuracy of the wavenum-
ber scale is 1 x 107 ecm™! limited by the I, standard, although the internal
precision is better (~ 1x 10~* em™!). The sample was placed in an 80 cm long
glass cell with fused silica windows mounted at Brewster angle, and a triple
pass configuration was adopted. Except for the windows mounts, the cell body
has a double jacket. The outermost cavity is pumped out for thermal insula-
tion, while cold Nitrogen, boiled from liquid Nitrogen tank with a regulated
immersed heater, can flow through the intermediate jacket, and the the sam-
ple is placed in the innermost tube where the temperature is monitored by
a type K thermocouple. Since the Raman signal is generated mostly in the
focal region of the lasers and this is rather short (~ 6 mm), good temperature
uniformity and little contribution to the signal from warmer molecules near
the windows are obtained. Spectra were recorded at 297 K (room tempera-
ture) and also at 197 K in order to deplete the lower levels of hot bands and
facilitate initial assignments. Pressures were 600 Pa for the room temperature
spectra and 250 Pa for the cold ones. Two recordings where averaged in all
studied bands in order to increase the signal-to-noise ratio.

2.3  Raman-Raman double resonance spectroscopy of the 2v; — vy band

The 2v; — 141 band is barely observable at room temperature, since its lower
level is at 774.5 cm™! and only ~ 0.7 % of the molecules are expected in this



1.4 : Articles-clés — 39

state at room temperature. Besides it is overlapped by the tails of vy and the
associated hot bands from v5 and vg. In order to have a significantly larger
fraction of molecules in the v; state, a Raman-Raman double resonance tech-
nique has been employed. Using two pulsed lasers whose frequency difference
is tuned to the frequency of the v; band, a significant increase of the popu-
lation of the v; = 1 level can be achieved via an stimulated Raman process.
After a delay of about 15 ns the pump-probe pair described in Section 2.2
interacts with the sample yielding the spectrum of the transition 2v; — 1.
This technique has also been described elsewhere [23,24] and, again, only the
most relevant details will be given. The 1.06 pm radiation from the Nd:YAG
laser remaining after the frequency doubling mentioned in Section 2.2, passes
through a BBO crystal, and its frequency doubled output pumps a tunable
pulsed dye laser, using in this case Rhodamine 575. The still remaining 1.06
pm radiation is sent to a KDP crystal whose frequency doubled output con-
stitutes the other pulsed beam of the pumping process. Typical energies per
pulse reaching the sample are 25 mJ in the pulsed dye laser and 30 mJ in
the doubled Nd:YAG laser. The wavenumber difference of these two lasers
is tuned to the maximum of the v; band, and, since the bandwidth of this
process is ~ 0.2 em™! (basically the linewidth of the pulsed dye laser) mainly
the rovibrational levels within this bandwidth are populated, hence the need
of a delay before the spectroscopy pair of lasers interacts with the sample,
in aid of rotational population redistribution. The sample pressure in these
experiments was 600 Pa and the temperature was 170 K. Low temperature
is preferred in this case because it increases the population of the vibrational
ground level (it is only 30 % at room temperature) and it also narrows the
distribution of populated rotational levels in this state, therefore increasing
the efficiency of the pumping process.

3 Theoretical model

The theoretical model used in this paper is based on the tensorial formalism
and the vibrational extrapolation methods developed in Dijon. These meth-
ods have already been explained for example in Ref. [25,26]. If we consider
an XYg molecule for which the vibrational levels are grouped in a series of
polyads designed by Py (k= 0,...,n), Py being the Ground State (GS), the
Hamiltonian operators can be put in the following form (after performing some
contact transformations):

H = Hip=asy + Hipy + ...+ Hp,y, (1)
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where the Hyp,y contain rovibrational operators which have no matrix ele-
ments within the P~ basis sets. The different terms are written in the form

_ QK nDP Ly QK LWL,
Hipg = 2 bty T (2)

all indexes

In this equation the t?s(ﬁ’;}r ol term is the parameter and T{sz(}z{(sﬁ}r)rvrv, the
rovibrational operator defined as
Q(K,n)Ty T, ey Dol (T ] (A1g)
Ty " =BV @ RS (3)

where 3 is a numerical factor equal to v/3 (—\/3/4)9/2 if (K,nI') = (0,04,),

and equal to 1 otherwise. As shown by Equation (3), the rovibrational oper-
ators T{Q %I{{ DTy are obtained by coupling of a rotational operator RnT)
of degree € (in the angular momentum components J,, J, or J,) and a vibra-
tional operator € {I;ﬂ;,’}(r) of degree €, (in creation or annihilation operators).

The order of each individual term is Q + €, — 2.

The effective Hamiltonian for polyad P, is obtained by projecting H in the
P, Hilbert subspace, i.e.,

P = pPEIHPED =BG + 4+ B L+ HE (4)
This corresponds to the so-called “vibrational extrapolation”: the effective
Hamiltonian for a given polyad contains all the parameters for the lower
polyads. This allows to study a molecule by climbing up the polyad ladder,
one polyad after the other. Each time a new polyad is studied, the terms that
are added to the effective Hamiltonien consists, in principle, in small contri-
butions.

For the analysis of 1 and its hot bands, we need the following effective Hamil-
tonians:

e The v, effective Hamiltonian,

v) _ p(n) (1)
HY = HiGd + H (5)

e The 2v, effective Hamiltonian,

v 2v 2v 2v
e < g o

e The vy + 4 effective Hamiltonian,

Hntve) — HEI(J;‘IS_E%) +H{<Zé;—l/6> + HEZS—V& + H{(Ziil’jg (7)
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e The vy + 2u4 effective Hamiltonian,

n+2v6) _ 17{r1+2vs) (v1+2vs) (v1+2vs) (v1+2uvs) (v1+2v6) (v14+2v6)
HO = Hygey ™ Hogy ™+ Higgy * + Hi ™ Hy Ly H G oy

e The vy + v5 effective Hamiltonian,

ntvs) — H{%IS_E%) +H{<Z;;—V5> + HEZS—%) + H{(Ziil’j:% (9)
In order to calculate Raman intensities, the effective polarizability operator
is expressed using similar methods [26]. Since experimental Raman intensi-
ties cannot be precisely determined, this operator is expanded up to order
zero only. All the bands involved in the present study correspond to an in-
crease of one quantum on the v; mode and thus, in each case, the zeroth order
polarizability always correspond to the same single operator symbolically de-
noted P{Oé%%jlgf 4191 Gince we will only consider here relative intensities, the
corresponding parameter is simply fixed to 1.

4 Analysis

The contributions of the ground state (GS), v, 2vg, Vs, 1, 11 + Vs, V1 + 20,
1 +v5 and 214 to the various effective Hamiltonians have been expanded up to
order 6, 3, 2, 3, 4, 3 4 4 and 6, respectively. The GS and vg parameters have
been fixed to the values obtained in Ref. [11] and those of v; have been fixed
to the values from Ref. [13]. For the GS, v = 1 and vs; = 1 levels, we took
the same parameters for 32SFg and 34SFg. While this is fully justified for the
GS whose isotopic dependency can be considered as negligible, for the vg = 1
and vs = 1 levels there is, of course, an isotopic shift. However, this one is
presently not known precisely since no study of 3*SFg has been yet performed
for these levels. Nevertheless, since we only study here difference bands like
v + vg — g and v; + v5 — vs, the fact that we ignore the isotopic shift on vg
and v5 does not change the results.

All the analyses were performed thanks to the HTDS software [18]. We detail
below the results for the various bands that we were able to analyze. The effec-
tive Hamiltonian parameters are summarized in Tables 1 (v; and 2v; —v4) and
2 (hot bands). The ground state parameters have not been repeated in Table 2.
In these two Tables, we have indicated in the last column the correspondence
between our tensorial notation for parameters and the usual “Robiette” nota-
tion [27,25]. We can notice that, due to the vibrational extrapolation scheme
used in our model (see Section 3), most of the parameters that are specific to
a given combination or harmonic level are in fact corrections to the parame-
ters of the levels below. This is why, in the last column, many parameters are
denoted by the letter A. For instance, for the v; band, this is the difference
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Fig. 1. Overview of the Raman spectra of the v region of 32SFg and 3*SFg at room
temperature compared to the simulations.

AB; = B; — By which is fitted rather than the B; rotational constant itself.
In the same way, ADy; means Dy, — Do, ABy; means By; — By (where By
stands for the v; = 2 rotational constant), etc. For combination levels like
v1 = vg = 1, we have AB1g = Byg + By — By — B, ctc.
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Fig. 2. Part of the v + vg — g region of 32SFg and 3*SFg at room temperature
compared to the simulations.

For the v fundamental itself, we started the study by using the parameters
from Refs [16,17]. We were thus able to assign significantly more lines (up
to higher J values) than in these previous studies and our fits lead to quite
more precise parameter values. Our results are summarized in Table 1. We
have combined data from our cold and room temperature spectra. It was
possible to fit fourth order parameters. Their contribution appears to be more
important for 3*SFg than for 32SFg.
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Fig. 3. The 2v1 — v; double resonance spectrum of 32SFg and 3*SFg at 170 K
compared to the simulations.

4.2 Hot bands in the vy region

As it has been shown in Ref. [29] and as it can be seen in Figure 1 many
hot bands appear at room temperature in the vy region. Again by combining
our cold and room temperature spectra we were able to obtain a good fit of
the “main” hot band, namely v; + v5 — 5. For 32SFg this improves the study
of Ref. [16]. Contrary to this previous work, we did not fit the correction to
the rotational constant ABjg (which would be a 4th order contribution) but
rather the correction to the Coriolis parameter A(B()is = (B()1s — (B()s

10
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Table 1

Effective hamiltonian parameters and fit statistics for vy and 2v; — v4.

Q(K,nI)[, 17
Parameter t (Hnl)lu L,

328F6 34SF6

“Usual” notation

s}{s’
Q(K,nTI) {s};j{ } {s'}1, Value / cm~1 1 Value / ecm~1 T (Refs. [27,25,28])
Ground state
2(0,0A14) 000000414 000000414 9.1078389192 x 10 —2 By
4(0,0A14) 0000004145 00000041, —6.3369998149 x 10 —° —Do
4(4,0A14) 000000414 000000A1, 1.8196943510 x 1010 —(+v/15/4+/2) Doy
6(0,0A14) 000000A1, 000000A14 —1.5890094350 x 1013 Hp
6(4,0A14) 000000414 00000041, 1.0083389785 x 10~ (3V5/16v2)HY,
6(6,0A14) 000000414 00000044 —1.0615255469 x 1016 —(v/231/64v2)HY,
8(0,0A14) 000000414 00000041, 5.9060087823 x 10~ 19 Lo
8(4,0A14) 000000A14 000000A14 6.5795734511 x 10—20 —(3v/15/64v/2) LY,
8(6,0A14) 000000A1, 000000A14 —8.9391941374 x 10— (3V77/256v/2) LY,
8(8,0A14) 000000A1, 000000A14 —9.6703402824 x 10~22 (1/32+/33) LY,
v1 = 1 level.
0(0,0A14) 100000A14 100000A14 774.544759(56) 774.60264(17) v
2(0,0A14) 10000041, 10000041,  —1.10574(24) x 10 =% —1.0437(10) x 10 —4 AB;
4(0,0A414) 100000A14 100000414 9.8(1.9) x 10712 —2.58(11) x 10710 —AD;
4(4,0A14) 100000414 10000041, 0.0 2.50(68) x 10712 —(+/15/4v2)AD14
o/ cm~! 0.247 0.601
Jmax / Number of data 120 / 91 98 / 82
v1 = 2 level
0(0,0A14) 200000A14 200000414  —1.73476(26) —2.015 2X11
2(0,0A14) 200000414 20000041, —1.243(35) x 10 = 8.5 x 10 —° AB11
4(0,0A14) 200000414 20000041, —4.870(96) x 10 —° 0.0 —AD1;
4(4,0A14) 200000A14 200000414 0.0 0.0 —(v/15/4v/2)AD114
o/ cm—! 0.611
Jmax / Number of data 98 / 48 —

T Standard deviation is indicated in the unit of the last two digits for fitted parameters, the others being fixed.

o is the root mean square of v},

s — Ycalc*

(which is a 3rd order contribution). This seems more reasonable due to the
relative contributions of these terms. The vy + 15 — 15 hot band of 3*SFg has
been analyzed here for the first time since it was not fitted in Ref. [17]. Figure 2
shows the 4 + 15— 1 region for both isotopomers, compared to the simulation.

It was also possible to perform a fit of v, +v5 —v5 of 32SFg using the v5 param-
eters from Ref. [13]. Since the v5 band of **SFg has not yet been analyzed, we
did not intend to fit the 14 +v5 — 5 hot band for this isotopomer. We just used
the same v5 and vy + v5 parameters to simulate spectra for both isotopomers.

Figure 1 shows the overview of the v; region compared to our simulations. For
these, we also included the vq + 215 — 215 hot band by simply fixing the v; + 21
specific parameters to zero and by moving by hand the 2v4 anharmonicity

11
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parameters to a value which puts this hot band at the correct position. These
anharmonicity constants were taken identical for both isotopomers.

For 3*SFg, the small band near 772.6 cm ™" has been identified to be 2v; —v; and
was included in the simulation using the results from the next paragraph. Some
other hot band appear around 773 em~'. According to Ref. [29], this includes
contributions from several complicated bands like vy + (v5 + v4) — (V6 + v4).
No attempt to analyze these additional hot bands has been performed here.

Table 2 summarizes all these hot band results. Our anharmonicity constants
X6 and Xi5 are in good agreement with those of Ref. [29].

4.3 FEquilibrium bond length of sulfur hexafluoride

The present fit of ABj, combined with By [15] and the AB values for all
the other fundamentals of 32SFg, namely vy [11], v [15], vy [12], v5 [13] and
ve [10,11], allows us to calculate the 7. equilibrium bond length of sulfur
hexafluoride. To do this, we use the formula [30]

h

2 27
32miemypr?

1 6
Be - BO - é ZABzdz — (10)
i=1
where AB; = B; — By and d; is the degeneracy of oscillator i (dy = 1, ds = 2,
d3 = dy = d5 = dg = 3). Given the high accuracy of all AB values and
neglecting the electronic effects we can thus estimate

re = 1.5560(1) A. (11)

This value is very close to the most recent ab initio results [31] and to the
force field calculation of Krohn and Overend [32] that both give r. = 1.5561
A. Up to our knowledge, Equation (11) represents the first direct experimental
determination of r, of SF.

4.4 The 2vy — vy band

As Figure 3 shows, the 2v; — v spectrum of 32SFy is quite simple. Its analysis
was straightforward, using vibrational extrapolation from v;. The results are
shown in Table 1. We find an anharmonicity constant X;; ~ —0.867 cm™!,
in good agreement with the value —0.896 cm™! reported in Ref. [28] in which
much lower precision data were used.

The 3*SFg case is much more intriguing since in this case the rotational
structure is completely collapsed into a narrow unresolved band. In fact,

12
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Table 2
Effective hamiltonian parameters and fit statistics for v +vg — vg and v1 + v5 — vs.

Parameter t?s(}li’gli)r” T 328 g 348 “Usual” notation
Q(K,nl)  {s}Ty {s'}1, Value / cm~! 1 Value / cm~! 1 (Refs. [27,25,28])
vg = 1 level

0(0,0A14) 000001F2,, 000001 F5y, 346.9 ve
1(1,0F1¢) 000001 F2, 000001F2, —0.31032909393 3v2(B¢)e
2(0,0414) 000001 F5,, 000001 F, —0.22062929503 x 10 —* ABg
2(2,0Eg ) 000001 F2, 000001F2, —0.26343685366 x 10 —* —a8y0/2 — 605y,
2(2,0F2g) 000001 F5, 000001 Fs,, 0.52830499700 x 10 —* —3a8,,/4 +6aS,,
3(1,0F1g) 000001F3, 000001F%, 0.19129608827 x 10 —6 —(3V3/4V2)F8,
3(3,0F1g) 000001 F5, 000001F%, —0.37106303207 x 10 —6 (3V/5/2)FS,,
vg = 2 level
0(0,0A14) 000002A14 000002414 —0.13 (A1g sublevel)
0(0,0414) 000002E4 000002E, —0.13 (Eg sublevel)
0(0,0414) 000002F24 000002F4 —0.13 (Fag sublevel)
v = 1 level
0(0,0414) 000010F24 000010F2g 524.03074724 vs
1(1,0F14) 000010£5g4 000010F2g —0.19000327358 3vV2(B¢)s
2(0,0414) 000010F24 000010F2 —0.16017985186 x 10 —3 ABs
2(2,0E4 ) 000010F24 000010F2 0.22320710649 x 10 —3 —a3y0/2 — 603y,
2(2,0F2g) 000010F24 000010F24 —0.24308388824 x 10 —* =305, /4 + 603,
3(1,0F14) 000010F24 000010F2g —0.52728567909 x 10 ~7 —(3V3/4V2)F},
3(3,0F14) 000010F24 000010F%4 0.33933691037 x 10 ~7 (3V/5/2)Fp,,
v1 = vg = 1 level
0(0,0A414) 100001F2, 100001Fs,  —3.5924(14) x 10 ~1  —3.60199(89) x 10 ~! X16
1(1,0F14) 100001 £, 100001F%, 2.01(54) x 10 =5 1.82(51) x 10 —° 3V2A(BC)16
o/ cm™! 0.704 0.518
Jmax / Number of data 88 / 39 78/ 37
v =1, vg = 2 level
0(0,0A414) 100002414 10000241, 0.0 (A1g sublevel)
0(0,0414) 100002E4 100002E, 0.0 (E4 sublevel)
0(0,0414) 100002F24 100002F2 0.0 (Fag sublevel)
v = w5 = 1 level
0(0,0414) 100010F24 100010F2,  —1.08140(67) —1.08140 X15
1(1,0F14) 100010F5g 100010F2g —2.788(18) x 10 —3 —2.788 x 10 5 3vV2A(BC)1s
2(2,0414) 100010F24 100010F»g 2.077(16) x 10 —> 2.077 x 10 —° ADBis
2(2,0E4 ) 100010F24 10001024 0.0 0.0 —
2(2,0F34) 100010F24 100010F2 0.0 0.0
o/ cm™! 1.643 —
Jmax / Number of data 88 / 45 —

T Standard deviation is indicated in the unit of the last two digits for fitted parameters, the others being fixed.

o is the root mean square of vy, See Table 1 for ground state parameters.

s ~ Ycalc:

13



48 — Partie 1I1. Chapitre 1 : Spectroscopie de I’Hexafluorure de Soufre

as can be seen in Figure 1, this band can be observed in the room tem-
perature spectrum of the 3*SFy isotopomer as opposed to the case of the
32SF¢ isotopomer. By moving parameters by hand, we found that an anhar-
monicity constant X;; ~ 1.0075 em™! and a rotational constant correction
ABiy = Byi — By ~ 85 x 107 cm™ gives a satisfactory reproduction of
the band profile, as shown in Figure 3. We have presently no explanation for
this big difference between the two isotopomers. Further investigation of the
neighbor bands would be necessary to identify a possible perturber. However,
at the present time, vibrational levels in the vicinity of v; = 2 (1550 em™?
region) are not known.

5 Conclusion

We have been able to perform a detailed analysis of the v, region and of the
2v; — 1 band of 32SFg and 3*SFs. We have found that the v, = 1 vibrational
level of 3*SFg has an extremely narrow rotational structure, compared to that
of 3SFg. The equilibrium bond length of SFg has be estimated.

These results will be now used for the analysis of infrared spectra of combina-
tion bands implying quanta of vq, like 11 4+ 13 or v; + vy, for instance. A further
step would be to attempt a global fit of all the lowest SF¢ vibrational levels.
We also intend to complete the work on the 3*SFg isotopomer by studying its
vo and v5 Raman-active fundamentals.

The HTDS software [18] used to perform the present analyses can be freely
downloaded though the World Wide Web at the URL:

http://www.u-bourgogne.fr/LPUB/shTDS.html

It has been updated to include the parameter files resulting from the present
study.
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Chapitre

\

ROISIEME PARTIE

T

Spectroscopie des Polyades Elevées du
Meéthane

Publication P33
Article de revue B2
Proceeding A1

2.1 Introduction

La molécule de méthane est un sujet d’étude majeur pour I’équipe de spectroscopie moléculaire du
Laboratoire depuis de trés nombreuses années. Il fut méme & lorigine du développement du modele
tensoriel pour les toupies sphériques. Récemment, un regain d’intérét important est apparu pour la
spectroscopie des états excités de CHy, d’une part dans le domaine de l’astrophysique (atmospheéres
des naines brunes et des exoplanetes) [A1] et, d’autre part, dans le domaine des combustions (moteurs-
fusées a méthane). Bien entendu, cette molécule est aussi un gaz a effet de serre et constitue un des
polluants majeurs de 'atmosphere terrestre [P33,B2].

Personnellement, je ne me suis impliqué dans cette thématique que récemment, et ce sur les deux
points suivants :

— D’une part, j’ai intégré a la base de donnée STDS (voir Chapitre II1.5) les résultats récents
concernant l'octade (troisieme polyade) et la tétradécade (quatrieme polyade) issus de la these
d’Olivier Robert.

— D’autre part, j’ai pu réaliser un analyse préliminaire de la région de la bande v+ 213 appartenant
a licosade (cinquiéme polyade), en collaboration avec Michael Hippler et le Pr. Martin Quack
(ETH Ziirich, Suisse).

Dans ce chapitre, je commence par effectuer quelques rappels généraux sur la spectroscopie de CHy,

puis je présente les résultats obtenus récemment dans la région de l'icosade. Je reproduis également un
article général sur les outils développés au Laboratoire pour la spectrsocopie des gaz a effet de serre.

2.2 La spectroscopie du méthane

La caractéristique essentielle des spectres du méthane est le regroupement des niveaux en polyades,
les fréquences fondamentales des modes normaux satisfaisant la relation approximative

v X UV3 X~ 2V2 ~ 21/4. (11121)

Rappelons que v1(A1) et v3(Fy) sont les modes d’élongation et que vo(E) et vy(F3) sont les modes de
pliage. Nous pouvons définir les polyades du méthane de la maniére suivante: un niveau vibrationnel
(v1,v2,v3,04) appartient & la polyade P, si

n = 2(vy + v3) + vy + vy. (111.2.2)

La figure 2.1 représente schématiquement les six premiéres polyades vibrationnelles de CH 4.
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Fi1a. 2.1 — Les polyades vibrationnelles de CHy.

Cette structure particuliere justifie pleinement 'utilisation de la technique dite d’extrapolation
vibrationnelle '. Brievement, celle-ci consiste & écrire Phamiltonien tensoriel comme une somme de
contributions pour chaque polyade,

H=Hp=asy + Hpy +-- -+ Hpy +-o -+ Hep oy + Hypy +- - (I11.2.3)

L’hamiltonien effectif pour une polyade P, donnée est alors obtenu par projection dans le sous-espace
de Hilbert correspondant,

H<P> = psboopyp<he> — HEleZ + Hpn” + .+ Hgh” + .+ HEm + H oo (111.2.4)

Ainsi, ’hamiltonien effectif de chaque polyade contient les opérateurs, et donc les parameres, associés
a toutes les polyades inférieures. Les “nouveaux” parametres associés a la polyade étudiée sont, en
principe, des “petites corrections”. Par exemple, si nous prenons I'exemple élémentaire d’une bande
fondamentale, son hamiltonien effectif contiendra la constante rotationnelle By, issue de I'analyse de
I’état de base, et la “correction” AB = By — By, plutét que la constante By de état v = 1.

En pratique, cette approche permet ’analyse des polyades les unes apres les autres et s’est avérée
jusqu’a présent tres productive.

1. Celle-ci est en réalité utilisée pour I’ensemble des analyses présentées dans ce rapport ; mais il est clair qu’elle est
pleinement adaptée au cas du méthane, molécule pour laquelle elle a été développée a l'origine.
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A T’heure actuelle, on peut considérer que les analyses de I’état de base, de la diade, de la pentade
et de I'octade? sont achevées, tant du point de vue des fréquences que des intensités. L’analyse de la
tétradécade n’est encore que partielle 3.

2.3 Avancées récentes: ’icosade de CH,

Récemment, j’ai pu entreprendre une premiere étude concernant l'icosade du méthane, grace a
des spectres FTIR et CRDS enregistrés par Michael Hippler & PETH Ziirich (Suisse). Il s’agit bien
évidemment d’une polyade extrémement complexe, avec 20 niveaux vibrationnels correspondant a 134
sous-niveaux en interaction. L’analyse complete de cette polyade représente un travail considérable
qui prendra de nombreuses années. Je me suis pour l'instant intéressé a la région de la bande la plus
intense, vy + 2v73.

TAB. 2.1 — Nombre de paramétres spécifiques pour ’hamiltionien effectif de l’icosade

Polyade P(] P1 P2 P3 P4 P5
Etat de base Diade Pentade Octade Tétradécade Icosade

Ordre du devel. 6 6 4 4 4 7
Nb. param. H 10 62 134 253 248 6469

300

Expérience
200 —
100 -

o IIAILLJLI

A/10°
[—}
|

Simulation (7, = 45 K)

T T T
7508 7510 7512 7514 7516
Nombre d' onde / cril

F1G. 2.2 — Détail de la branche Q de vy + 2vs (spectre CRD de Michael Hippler, ETH Zirich, Suisse),
comparé a l’expérience.

La Table 2.1 donne le nombre de parametres pour les différentes contributions & I’hamiltonien
de licosade. Cette table appelle quelques commentaires. Afin d’avoir suffisamment de parametres
ajustables pour la bande vy + 2v3, il m’a été nécessaire de développer la contribution de 'icosade
jusqu’a l'ordre 7, d’out un tres grand nombre de parametres (mais dont seulement un tout petit nombre
sont ajustés dans la suite). Ceci peut sembler disproportionné au regard des contributions de 'octade
et de la tétradécade. Mais il faut préciser que les parametres de la tétradécade utilisés proviennent du
meilleur ajustement global réalisé par Olivier Robert, cette analyse étant encore tres incomplete. Une

2. J.-C. Hilico, O. Robert, M. Loéte, S. Toumi, A. S. Pine and L. R. Brown, J. Mol. Spectrosc., 208, 1-13 (2001).
3. O. Robert, J.-C. Hilico, M. Loéte, J.-P. Champion and L. R. Brown, J. Mol. Spectrosc., 2009, 14-23 (2001).
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F1a. 2.3 — Portions de la bande vo + 2v3 (spectre FT de Michael Hippler, ETH Ziirich, Suisse),

comparées a l’expérience.
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analyse “finale” de la tétradécade nécessiterait probablement un développement & ’ordre 6. Méme pour
loctade, il est permis de se demander si un développement a l'ordre 5 ne permettrait pas d’améliorer
encore les résultats existants (cf. note 2 page 53).

J’ai abordé 'analyse de la région vo+ 213 en utilisant, d’une part, 'étude préliminaire de M. Hippler
et M. Quack? et, d’autre part, les résultats d’un calcul ab initio récent® concernant les positions des
six sous-niveaux vibrationnels de cette bande. J’ai décalé les valeurs de cette derniere référence de
+11 em~! afin de faire correspondre le sous-niveau “actif” F, avec la principale branche @) observée
dans cette région. J’ai alors pu attribuer un certain nombre de raies et effectuer un ajustement dans
les conditions suivantes :

— 25 parametres ajustés pour vy + 2v3 (7 pour le sous-niveau F}, 7 pour le sous-niveau Fy, 7 pour

l'interaction F} — Fj, et 4 pour un des sous-niveaux E).

— Les parametres purement vibrationnels pour les sous-niveaux Ai, As et pour le second sous-
niveau F sont restés fixés aux valeurs ab initio®.

— Tous les autres parametres de v + 2v3 ont été fixés a 0.

— La position d’un des sous-niveaux F, de 319 4 v3 a été ajustée.

— Le moment dipolaire a été développé a l'ordre 3, ce qui donne 44 parametres d’intensité. 26
d’entre eux ont été fixés manuellement a des valeurs donnant un profil raisonnable pour ’en-
semble de l'icosade, les autres restant fixés a 0.

Jai ainsi pu effectuer 164 attributions et obtenir un RMS de 71.15 x 1073 ¢cm™!. Les Figures 2.2

et 2.3 illustrent le résultat. La Table 2.2 donne les positions ajustées des sous-niveaux de vo + 2v3,
comparées au calcul ab initio®.

TAB. 2.2 — Positions des sous-niveaux de vy + 2v3.

Sous-niveau (symmétrie) Ajusté / cm™' Calculé / cm™' T Ajusté—Calculé / cm~!

Ay 7557.26 7546.94 +10.32
Ay 7546.62 7533.95 +12.67
E 7459.55 7440.53 +19.02
E 7554.61 7540.01 +14.60
P 7512.77 7501.09 +11.68
I 7510.29 7498.83 +11.46

t Calcul ab initio, voir note 5 au bas de cette page.

Il est clair que ceci n’est qu’'un travail tres préliminaire. Michaél Rey, actuellement en stage post-
doctoral au sein du groupe du Pr. Martin Quack (ETH Ziirich, Suisse) tente actuellement de poursuivre
cette analyse. Il a pu tres récemment améliorer significativement les résultats décrits ci-dessus.

2.4 Perspectives

Les applications concernant le méthane chaud (atmospheres stellaires, combustions) nécessiteront
de “grimper” encore plus haut dans I’échelle des polyades. Des spectres de ces polyades supérieures
existent d’ores et déja, comme l'illustre la Figure 2.4 avec la polyade Pg (triacontade).

Il apparait cependant évident que, pour des polyades aussi élevées et complexes, la méthode utilisée
jusqu’a présent atteint ses limites, le nombre de parametres nécessaires explosant littéralement.

Pour aller plus loin, d’autres méthodes devront étre mises en place. Nous pouvons penser princi-
palement a trois axes de recherche:

— Une meilleure utilisation des calculs ab initio afin de déterminer les parameétres réellement per-

tinents.

— Une approche d’extrapolation statistique des niveaux élevés, theme déja abordé au Laboratoire

par Jean-Paul Champion.

4. M. Hippler and M. Quack, J. Chem. Phys., 116(14), 6045-6055) (2002).
5. X.-G. Wang and T. Carrington Jr., J. Chem. Phys., 119(1), 101-117 (2003).
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— L’utilisation d’une approche classique du type de celle que nous avons utilisée pour la molécule
P4 [P26], en collaboration avec Dimitrii Sadovskii & Dunkerque (these de Christophe Van-Hecke
dont j’ai été rapporteur). Grossierement, la méthode consiste a partir d’'un modele classique
simple a peu de parametres et d’en déduire, par transformations de contact, les valeurs des
parametres de 'hamiltonien effectif.

Une demande de bourse post-doctorale sur cette thématique a été présentée cette année a la Région
Bourgogne.

—

0.6
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\ ‘ \ ‘ ‘ \ ‘ \ ‘
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linda 27—Jun—2003 12:35

F1G. 2.4 — La triacontade de CHy. Source: L. R. Brown, JPL (Pasadena, USA).

2.5 Article-clé

Est reproduit ici un article tres général sur la spectroscopie de certains gaz a effet de serre, dont
le méthane.

— [P33: Env. Chem. Lett., 1, 86-91 (2003)] présente les outils développés au laboratoire pour la
spectroscopie de CHy, SFg et CFy.
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Abstract Highly symmetrical molecules such as CHy,
CF, or SFg are known to be atmospheric pollutants and
greenhouse gases. High-resolution spectroscopy in the
infrared is particularly suitable for the monitoring of gas
concentration and radiative transfers in the earth’s
atmosphere. This technique requires extensive theoretical
studies for the modeling of the spectra of such molecules
(positions, intensities and shapes of absorption lines).
Here, we have developed powerful tools for the analysis
and the simulation of absorption spectra of highly
symmetrical molecules. These tools have been imple-
mented in the spherical top data system (STDS) and
highly-spherical top data system (HTDS) software avail-
able at http://www.u-bourgogne.fr/LPUB/shTDS html.
They include a compilation of modeled data obtained
during the last 20 years. An overview of our latest results
in this domain will be presented.

Keywords Greenhouse gases - Molecular spectroscopy -
Simulation - CHy - SFg - CF, - Climate change

Introduction

Among the various gaseous pollutants that are present in
the earth’s atmosphere, the greenhouse gases require
careful monitoring for the global warming survey. These
species are very strong absorbers in the infrared region
and some of them are chemically “inert” in the sense that
they hardly react with other molecules and thus have a
long or even extremely long lifetime in the atmosphere.
These compounds have various natural or non-natural
sources. The most abundant greenhouse gas is carbon

V. Boudon can also be reached at http://www.u-bourgogne.fr/
LPUB/tSM.html.

V. Boudon () - J.-P. Champion - T. Gabard - G. Pierre - M. Loéte -
C. Wenger

Laboratoire de Physique de I’Université de Bourgogne,

CNRS UMR 5027, 9 Av. A. Savary,

21078 Dijon Cedex, France

e-mail: Vincent.Boudon@u-bourgogne.fr

dioxide (CO,). Nonetheless, several other gases, even if
present in much lower quantities, must be taken into
account since their absorption is much stronger than that
of CO,. Table 1 shows selected data about important
greenhouse gases, and especially their so-called “global
warming potential” (GWP). This value compares the
ability of a given molecule to trap heat in the atmosphere
compared to CO; (that has thus a GWP equal to 1). More
precisely, the GWP of a greenhouse gas is the ratio of
global warming (both direct and indirect), also known as
radiative forcing, between one unit mass of a greenhouse
gas and one unit mass of carbon dioxide over a period of
time.

The quantitative remote sensing of molecular species
in the atmosphere is usually done by means of infrared
absorption spectroscopy, either from the ground or from
balloons (Pieroni et al. 2001) or satellites. It is thus
necessary to develop precise models able to reproduce
molecular absorption spectra in both frequency and
intensity. CHy, CF4; and SFg are highly symmetrical
molecules. Such compounds, also called “spherical-top”
molecules have complex vibration — rotation spectra,
which require specific theoretical treatment. During the
last 40 years, our group has developed models for
handling such complex spherical-top spectra (Moret-
Bailly 1959, Champion et al. 1992). Spectrum calcula-
tions and fitting programs implementing these methods,
as well as results from analyses, are available using the
STDS (Wenger and Champion 1998) and HTDS (Wenger
et al. 2000) software.

The aim of the present paper is to give an overview of
what can be done with the STDS and HTDS tools in the
field of greenhouse gas spectroscopy. Thus, after recalling
a very few basic properties of XY, and XY molecules
and their spectroscopy, we will review the cases of
methane, sulfur hexafluoride and carbon tetrafluoride.
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Table 1 Selected data about important greenhouse gases. Concentration is given in parts per trillion (10'2) in volume (pptv)

Gas Global warming potential Lifetime (years) Concentration (pptv) Annual increase (%)
Co2,° 1 ~250 0.360x10° 0.4

CH4, ° 21 ~12 1.720x10° 1.6

CFg, ® 6,500 ~50,000 75.0 1.0

SF¢, © 23,900 ~3,200 38 8.0

SF5CF¢ 22,200 ~3,500 0.12 -

 hitp://www.epa.gov ° Khalil 1999 © Geller et al. 1997 9 Sturges et al. 2000

A c,

a b

Fig.1 a A tetrahedral molecule like CH;. b An octahedral
molecule like SFe. Examples of symmetry axes are given (Cs and
C, are rotations of 27/3 and 27/4, respectively, and Sy is a rotation
of 27z/4 combined with an inversion of all coordinates). The spectra
strongly depend on these symmetry properties

Theoretical considerations

Readers interested in the detailed theory of spherical-top
spectra can refer to several of our previous papers
(Champion et al. 1992; Cheblal et al. 1999). In this
section, we will focus on the specific aspects of the
methods developed and used in our group.

In order to determine gas concentrations in the
atmosphere, it is necessary to compare in situ or remote
spectroscopic measurements with synthetic spectra. This
requires the calculation of transition frequencies and
intensities. Both depend strongly on the symmetry of the
molecule. Here, we consider so-called ‘“spherical-top”
molecules (molecules whose ellipsoid of inertia is a
sphere), i.e., either tetrahedral molecules of type XY4 or
octahedral molecules of type XY¢. Their symmetry point
group is thus either T, or O, respectively. Examples of
such molecules with their main symmetry elements are
shown in Fig. 1.

Tetrahedral XY4 molecules possess four fundamental
frequencies of vibration, usually labeled by vy, v, v3 and
v4. Vibrations v; and vs correspond to stretching motions,
while v, and v4 correspond to bending motions. It is
possible to observe the v; and v4 fundamental frequencies
in infrared absorption and all four fundamental frequen-
cies using the Raman scattering technique. This can be
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Fig. 2 Vibrational polyads for a molecule and examples of possible
absorption transitions. Such a structure results in well-defined
absorption windows, as shown in Fig. 3a in the case of methane

explained by symmetry considerations that we will not
develop here.

In the same way, octahedral XY molecules have six
fundamental frequencies of vibration, usually labeled by
Vi, V2, V3, V4, V5 and Vg Vibrations vy, v, and vz are
stretching modes, while v4, Vs and v are bending modes.
Only the v; and v4 fundamental frequencies can be
observed by infrared absorption, while only v;, v, and vs
can be observed using Raman scattering. The v mode is
optically inactive. This last point has some consequences
that we will discuss later for SFg.

Each vibrational band has a very complex rotational
structure. The specificities of our approach for the
analysis and the calculation of rotation-vibration spectra
of these species can be summarized as follows:

- The fundamental, harmonic and combination bands of
vibration are usually grouped in packets called
polyads. Figure 2shows a schematic example of a
vibrational polyad scheme of a molecule. The exis-
tence of such polyads results in well-defined absorp-
tion regions or "windows" in the spectra. Our method
consists of a step-by-step study of the different
polyads: Py(the ground state), Py, Py, ...

All these techniques are implemented in the programs
included in the STDS (Wenger and Champion 1998) and
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HTDS (Wenger et al. 2000) packages. Moreover, specific
methods have also been developed for the modeling of
line shifts and line broadenings that are induced by
collisions between molecules. This is essential for the
remote sensing of gas mixtures like the earth’s atmo-
sphere. This point will be discussed later when dealing
with the case of methane.

Methane (CH,4)

Methane is a relatively abundant constituent of planetary
atmospheres. It is also one of the major greenhouse gases
on earth (Table 1) with many natural, industrial or
agricultural sources. As a result, remote sensing applica-
tions require good knowledge of its spectroscopic
parameters: position, intensity, air-broadened line width,
lower-state transition energy, self-broadened line width,
temperature dependence of the air-broadened width and
the air-broadened pressure shift. In recent years, labora-
tory studies have resulted in significant revisions of these
molecular line parameters in the public databases (Roth-
man et al. 1992; Rothman et al. 1998; Goldman et al.
2000).

The main difficulties in modeling the vibration —
rotation spectrum of methane arise from the existence of
essential degeneracies (induced by symmetry properties),
accidental resonances (between stretching and bending
vibrational motions) and broad rotational fine structure
(large inertia constant).

The accuracy of the modeling of the methane infrared
(IR) spectrum is enough to satisfy the needs of atmo-
spheric applications: a few 10> cm™ for line positions
and a few percent for line intensities, including 12cH,,

3CH,4 and CH;D.

The low-resolution overview infrared spectrum of
methane plotted in Fig. 3a reflects its polyad structure.
Numerous experimental and theoretical studies have been
devoted to its analysis over decades. At present, the lower
polyads (Py: ground state — P;: dyad — P;: pentad — P3:
octad) covering the region from 0 to 4,850 cm™ can be
considered as well known.

Appropriate effective frequency and intensity models
have been developed and applied to analyses of the
ground state (Champion et al. 1989a; Roche and Cham-
pion 1991), in the range below 10 um, the dyad (Brown et
al. 1989; Champion et al. 1989b; Roche and Champion
1991; Ouardi et al. 1996) from 5 to 10 um (see Fig. 4),
and the pentad (Hilico et al. 1994; Féjard et al. 2000) from
3 to 5 um. The analysis of the next polyad (octad)
observed from 2 to 3 um has recently been performed
(Hilico et al. 2001). The upper polyad (tetradecad, Py) is
only partially analyzed (Robert et al. 2001).

The line parameters of the dyad system (v, and vy4
interacting bands) are modeled with an accuracy of
0.00006 cm™' for positions and 3% for intensities
respectively. For the pentad system (vi, V3, 2V, Vo+Vy,
2v,) around 3 pm, the accuracy achieved is 0.002 cm™ for
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Fig. 3 Simulation of the infrared absorption spectrum of methane
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Fig. 4 Distribution of measured line intensities in the region of the
v3 band of methane. Each dot represents a transition. The intensity
scale is logarithmic, showing that strong as well as very weak
transitions are considered in the analysis

positions and 3% for intensities (see Fig. 4). Selected
transitions from the v; band of CH4 are proposed as
secondary standards with absolute accuracy of 0.002 cm™
for positions and 2% for intensities. Figure 3b shows an
overview of the strongest v3 band. Of course, all the lines
shown on this last figure have their own complex
substructure that can be observed at higher resolution.
In addition to '2CHy, the next two main isotopomers
('3CH4 and CH3D) contribute also significantly to the
absorption spectrum. They have motivated several works.
In particular, a global analysis of nine interacting bands of
CHsD in the 3 pum region has been published recently
(Nikitin et al. 2002). Further details, updates and refer-
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ences are available at http://www.u-bourgogne.fr/LPUB/
methane/metspec.htm

Let us now say a few words about the problem of line
shapes which we illustrate with the case of methane. As
already explained, the remote sensing and detection of
such molecular species as spherical tops in the atmo-
sphere is usually done through the measurements of
spectra in the infrared region. In most of the thermody-
namic conditions encountered in this medium, a given
spectrum cannot be modeled as a simple sum of profiles
over all the individual lines. While the line widths do
depend on the individual quantum numbers of the lines,
the collisional transfers of populations in the lower and
upper states of the transitions induce a phenomenon
known as “line-mixing”, or collisional coupling of lines
(Pieroni et al. 1999, 2000, 2001; Grigoriev et al. 2001).
As a consequence, the spectrum of a given vibrational
band must be calculated as a whole, to give satisfactory
agreement with the measurements.

Sulfur hexafluoride, SF¢

Some new interest in sulfur hexafluoride studies has
appeared recently, since this compound has proved to be a
species of growing importance in the field of atmospheric
physics and chemistry (Reddmann et al. 2001). In fact, it
is now recognized as a pollutant that can contribute to the
greenhouse effect (Khalil 1999; Dervos and Vassiliou
2000). This molecule is a by-product of electrical
industries. Because of its chemical stability and diffusion
properties, it is also the “air” in “Nike Air” shoes. At
present, the concentration of SF¢ in the earth’s atmo-
sphere is small, but increases at a rate of about 7% per
year due to industrial emissions (Geller et al. 1997; Volk
et al. 1997). Moreover, its lifetime in the atmosphere is
very long, reaching 3,200 years (Geller et al. 1997; Volk
et al. 1997) or maybe even more (Reddmann et al. 2001)
as shown in Table 1. This molecule is also observed at
low altitude, near large urban areas (Ho and Schlosser
2000). The small, but regularly increasing SF¢ concen-
tration is also used to understand gas transport and
circulation phenomena in the middle atmosphere (Eklund
1999; Hall et al. 1999; Khalil 1999; Manzini and Feichter
1999; Ray et al. 1999; Kjellstrom et al. 2000) or to
monitor the distribution of other pollutants such as
chlorofluorocarbons (CFCs) (Hurst et al. 1997; Wamsley
et al. 1998; Romashkin et al. 1999). For all these reasons,
correct quantitative measurements and monitoring of SFg
in the earth’s atmosphere is necessary.

However, as we have shown in Boudon and Pierre
(2002) and in earlier papers (Boudon et al. 1998, 2001;
Bermejo et al. 2000), that the spectroscopy of this
molecule is still not very well known. The present
knowledge about SFg spectroscopy is very limited
compared to methane for instance. In particular, the
region of the v3 fundamental frequency near 948 cm™ is
of great importance since its very strong absorption is
responsible for the huge greenhouse capabilities of SF.
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Fig. 5 Comparison between STDS and HITRAN simulations of the
v3 stretching fundamental of SFg with an experimental spectrum
from N. Lacome

Nevertheless, if the v3=1 level itself is very well known
(Acef et al. 2000), the hot bands in this region, which
largely contribute to the absorption (remember that the
ground state population is only 30% at 300 K), are very
poorly known. The knowledge of these hot bands requires
the study of many other vibrational states, especially
those with low energy.

Up to now, only one hot band of SFg has been analyzed
in detail: v4+ve—Vv¢ in the v4 bending region (Boudon et al.
2001). Several vibrational levels have been analyzed with
the aim of understanding the much denser v; region.
However, this work is in progress and still requires a lot
of effort, from both the experimental and theoretical
sides. One important technical difficulty arising when
dealing with octahedral molecules like SFg is related to
the v bending mode. This vibration, which is the lowest
in energy and thus very important for hot band generation,
is inactive in both infrared absorption and Raman
scattering (see Theoretical considerations). Thus, some
of our recent works (Boudon et al. 1998, 2001), although
they do not concern the v3 region directly, intended to
collect indirect information on this mode through the
analysis of combination levels associated with this
vibration. The final aim of this is the analysis of v3+ve—Ve.

Figure 5 shows a comparison between data from the
existing databases and an actual experimental spectrum of
the v; region. While in this case the HTDS simulation and
the HITRAN data (Rothman et al. 1992; Rothman et al.
1998) give quite similar results, the lack of hot band data
is very clear when compared to the real spectrum. We are
presently working on the analysis of the most important
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Fig. 6 Absorption spectrum of the vs band of CF4 at 296 K
calculated using STDS. The parameters provided in STDS in this
case were obtained through a fit up to J=40. Higher J values are
extrapolated

hot bands in the region, namely v3+vg—Vs and v3+vs—vs.
The last one should benefit from our recent study of the
Raman spectrum of vs (Boudon and Bermejo 2002).

As for methane, the problem of line broadening of SFg
transitions in an SF¢/N, mixture has been treated recently
in the case of the v; band (Gamache et al. 2001).

Tetrafluoromethane (CF,)

The spherical top data system (STDS) and highly-
spherical top data system (HTDS) databases contain
parameters for several other spherical-top molecules. The
most interesting as far as atmospheric absorption is
concerned is CF;. As for SFe, this is an important
greenhouse gas with an extremely long lifetime in the
atmosphere as shown in Table 1 and in several references
(Harnisch et al. 1996; Khalil 1999). Furthermore, CF, is
one of the most important polyfluorocarbons (PFCs)
measured in the earth’s atmosphere. It is one of the by-
products of aluminum manufacturing. Its concentration is
increasing at ~1% per year. However, the CF, spectros-
copy is even less known than that of SFe. Figure 6 shows
an example of STDS calculation for the very strongly
absorbing v; stretching fundamental (Gabard et al. 1995)
and also illustrates how the spectrum calculations can be
extrapolated to higher J values than those that were
measured experimentally.

Conclusion

We have presented the spherical top data system (STDS)
and highly-spherical top data system (HTDS) spectro-
scopic tools for the simulation of spherical-top spectra.
Compared to other classical databases such as HITRAN
(high-resolution transmission molecular absorption data-

base; Rothman et al. 1992, 1998; Goldman et al. 2000),
these packages offer the advantage that they not only
provide computed lists of measured transition frequencies
and intensities, but rather programs and parameter files
that allow the user to calculate spectra for specific
physical conditions. This allows extrapolation to higher
temperatures, pressures, or excited levels, within some
reasonable limits, of course.

We have discussed the examples of CHy, SFg and CF,.
It is clear that, even for the widely studied methane
molecule, a lot of work still has to be done for the
complete and precise modeling of the absorption spectra.
Our group will thus continue its efforts in this direction.
At the same time, similar tools will be developed for other
types of molecules, which are also of atmospheric
interest.
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Spectroscopie de Diverses Molécules a
Haute Symeétrie

Publications P10, P15, P17, P21, P22, P26, P29, P31, P3j

3.1 Introduction

Outre CHy et SFg abordées dans les chapitres précédents, la famille des molécules toupies sphéri-
ques comprend de nombreuses autres especes dont beaucoup présentent des intéréts variés, tant sur le
plan fondamental que sur celui des applications réelles ou potentielles. Les outils théoriques ou infor-
matiques mis en place pour I’étude du méthane ou de 'hexafluorure de soufre m’ont également permis
de réaliser un certain nombre d’analyses sur certaines de ces molécules “exotiques”, en collaboration
avec plusieurs équipes expérimentales.

3.2 Les molécules étudiées

Je présente ici succinctement les différentes molécules toupies sphériques que j’ai été amené a
étudier ces derniéres années.

P4 (phosphore blanc). Cette molécule constitue la plus simple possible des toupies sphériques, puis-
qu’elle consiste en quatre atomes identiques disposés en un tétraedre régulier. Elle ne possede que
trois modes normaux de vibration: v1(A1), v2(E) et v3(Fy). Seul v3(Fy) est actif en absorption
infrarouge [P10]. La structure géométrique tres simple et le petit nombre de modes vibrationnels
de P4 ont permis une étude de sa structure rovibrationnelle par 'approche classique, menant a
quelques prédictions intéressantes [P26], qui restent toutefois a confirmer expérimentalement.

GeDy4 et GeF,4 (germane et tétrafluorure de germanium). Les molécules a base de germanium sont
difficiles & étudier du fait des cing isotopes de cet élément présents en abondance naturelle. En
collaboration avec le groupe du Pr. Hans Biirger aWuppertal (Allemagne), nous avons pu étudier
les spectres d’échantillons isotopiques de ™ GeDy [P31] et °GeFy4 [P21].

SeFg (hexafluorure de sélénium). Certains isotopomeéres de cette molécule tres similaire & SFg ont
des applications médicales. J’ai participé & I’analyse de la bande de pliage v4 de 89SeFg [P22].

WPFg (hexafluorure de tungstene). J’ai été amené a enregistrer des spectres d’absorption infrarouge
en jet supersonique (transformée de Fourier et diode laser) de cette molécule lourde lors de mon
stage post-doctroal au sein du groupe du Pr. Martin Quack a 'ETH Ziirich [P29]. Ce travail était
un préliminaire a ’étude de la molécule “open-shell” ReFg dont nous reparlerons au Chapitre
1V.3.

Mo(CO)g (hexacarbonyle de molybdeéne). Les carbonyles de métaux de transition présentent une
absorption extrémement intense dans la région de I’élongation C-O, vers 2000 cm~'. En colla-
boration avec Pierre Asselin et ses collegues (Université Pierre et Marie Curie, Paris), nous avons
étudié le spectre d’absorption en jet supersonique de la bande vg. Ce travail était un préliminaire
a I’étude de la molécule “open-shell” V(CO)g dont nous reparlerons au Chapitre IV.2
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3.3

Articles-clés

Sont reproduits ici quatre articles illustrant quelques résultats originaux.

[P10: Chem. Phys. Lett., 305, 21-27 (1999)] présente ’étude du spectre d’absorption infrarouge
de la bande d’élongation v3 de la molécule Py.

[P31: J. Mol. Spectrosc., 216, 408-418 (2002)] concerne analyse de l’ensemble des bandes
fondamentales de la molécule "°GeDy. Ce travail a permis la premiere détermination expérimen-
tale précise de la longueur de liaison du germane.

[P12: J. Mol. Spectrosc., 197, 222-231 (1999)] présente le formalisme tensoriel adapté aux
molécules octaédriques de type XYg. Le cas de l'effet Stark pour ces molécules est également
abordé dans cet article.

[P17: J. Mol. Spectrosc., 201, 95-108 (2000)] concerne 1'étude semi-classique de la structure
rovibrationnelle de la bande vg d’élongation C—O de Mo(CO)g, réalisée en collaboration avec des
collegues de I'Université du Littoral a Dunkerque. La structure des niveaux d’énergie rotation-
nelle est tres particuliere du fait d’une constante de Coriolis anormalement petite dans le niveau
vibrationnel vg = 1. L’analyse semi-classique permet de comprendre certains aspects étonnants
de cette structure.
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Abstract

We present the first high-resolution infrared absorption study of the v; fundamental of white phosphorus, P,. This

spectrum has been analyzed using the STDS (Spherical Top Data System) software. The band center lies at 466.286 cm
—B,/2, we found that the ground-state bond length is r,=219.58 pm. This value is

With the approximation (B¢ ); =

consistent with that of ab initio studies reported previously but significantly different from a value obtained from a Raman

study. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

In spite of its fundamental importance as a well-
known metastable modification of a ubiquitous, com-
mon element of technical importance the structure
and spectroscopic parameters of the free P, molecule
are not known at high accuracy. Experimental stud-
ies related to the structure of P, are (i) an old gas
phase electron diffraction study yielding r, = ro(P—
P)=221(2) A [1] and (ii) a low- temperature X-ray
diffraction study of crystalline white phosphorus giv-
ing a P—P bond length of 2.209 + 0.005 A [2]. Since
P, has no permanent dipole moment and is therefore
not amenable to microwave spectroscopy, (iii) the

* Corresponding author. Fax: +33 3 80 39 59 17; e-mail:
boudon @jupiter.u-bourgogne.fr

vibration—rotation Raman spectrum of the v, band
studied by Brassington et al. [3] provided the hitherto
unique experimental information on the ground-state
(GS) rotational constant B, = 0.11015 £ 0.00005

, from which r, = 2.2228 + 0.0005 A was cal-
culated.

This apparently very accurate P—P bond length
has been seriously called into question by two recent
high-level ab initio calculations [4,5]. These defi-
nitely rule out P—P bond lengths greater than 2.20 ;X
and their best estimates, after applying empirical
corrections, are r, = 2.194 A [4] and r,=2.186 +
0.001 A[S] With the help of the ab initio anharmonic
force field a ‘“true’ r, value, 2.191 £ 0.001 A, was
predicted [5], which is more than 0.03 A shorter than
that deduced from the Raman experiment [3].

Less disputable but nevertheless numerically not
consistent is the location of the three vibrational
fundamentals of P,. In the most recent Raman study

0009-2614 /99 /$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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of P, at 540 K [6] the following band centers have
been determined:

v(A) 600.51 + 0.01 cm ™’
v,(E) 360.813 + 0.014 cm ™'
vy(F,) 466.925 + 0.009 cm ™'

The wavenumbers of v, and v, represent the
centers of the Q branches. The v, to v; wavenum-
bers differ by 5-6 cm ! from those obtained at 580
K that were reported by Bosworth et al. [7]. The only
infrared (IR)-active fundamental v, has been studied
at low resolution in the gas phase at 503 K, and the
band center was located at 464.5 cm ™~ '[8].

The authors of Ref. [5] do not endorse these
figures and they believe that hardly any discrepancy
exceeding a few cm™' is possible with regard to
their ‘best’ values, which are 625, 374 and 472
cm ™!, respectively, for v,, v, and v,. Part of this
apparent discrepancy is ascribed to the fact that at
the elevated temperatures of the relevant measure-
ments a shift to small wavenumber is expected due
both to vibrational and rotational population of highly
excited states [5].

In order to measure a state-resolved rovibrational
band of P, in the IR, to determine the ground- and
excited-state rotational constants B, and B, to settle

the disagreement concerning the structure of P,, and
to determine the band center of v,, we have per-
formed a high-resolution IR study of this band at the
lowest temperature feasible, 413 K. We have re-
solved the Q branch and the tetrahedral fine struc-
ture of the J clusters in the P and R branches and
unambiguously determined several spectroscopic pa-
rameters up to third order that enable a satisfactory
reproduction of the experimental spectrum by a sim-
ulation. Here we report our results.

2. Experiment

Measurements were performed using a Bruker
120HR interferometer employing an external stain-
less steel cell of 140 cm length and 8 cm inner
diameter equipped with KBr windows. The parallel
external beam of the interferometer was used in
conjunction with an external detector chamber simi-
lar to the arrangement described in Ref. [9]. During
the experiment the cell was heated to 140°C. The
interferometer was equipped with a globar source, a
3.5 pm Mylar beam splitter and a liquid helium-
cooled B:Si detector. A 12.5 pm low-pass filter was
used, and the 370-800 cm™' region studied. The

o o
o0 \O
‘ :

Transmission
o
~J
T

0.5F

430 440 450

460 | 470 480 490 500

Fig. 1. Global view of the v; band of P,.
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Table 1
Effective parameters for the v; band of P,. The standard deviation is given in parentheses, in the units of the last two digits
Level Order Parameter BT Value/cm™! Notation of Constraint
Robiette et al.
OQ(K,nT) {s}T, {sI" —v
GS 0 2(0,0A ) 000A 000A, 0.1128757(25) B,
2 40,0A ) 000A 000A ~2.0347 % 1078 -D, Fixed
4(4,0A ) 000A , 000A , —45675%x 1071 —(15 /4/2)D,, Fixed
vi=1 0 0(0,0A ) 001F, 001F, 466.17262(20) v,
1 1(1,0F)) 001F, 001F, Fixed 0 3Y2 By ¢,
with 3= —1/2
2 2(0,0A ) 001F, 001F, 2.387(15) X 10~° B, — B,
2(2,0E) 001F, 001F, —4.893(36) X 1075 —(1/2)aypp — 6y,
2(2,0F,) 001F, 001F, 2,080 X 1074 —(B/8) ey +6ay, Fixed
3 3(1,0F,) 001F, 001F, ~538535)x 1077 —(3y3 /4/2)F,,
3(3,0F,) 001F, 001F, —~3342026) X 10~7  (3y5 /2)F},
656 lines fitted  J,,, = 63 0=254x10"3 cm™!
resolution (1 /maximum optical path difference) was P, was evaporated from a heated glass container
adjusted to 6 X 107% cm ™', and trapezoidal apodiza- in a flow of Ar passing beforehand through a capil-
tion applied. A total of 22 scans were collected, and lary of 100 cm length and 0.6 mm diameter to avoid
a signal-to-noise ratio of the power spectrum of ca. back diffusion. This container the temperature of
50 was achieved. Calibration was done with H,O which was adjusted to ca. 120°C was connected to
lines taken from Ref. [10] in the 500-550 cm ! the absorption cell. The absorption cell was continu-

region. Wavenumber accuracy is 1 X 107° cm ™', ously pumped, removed P, being condensed in a

Simulation ‘MK‘%Z{:’/‘;‘/E
=
=
E R@31) R(32) R(33) R(34) R(35) R(36)
8 Experiment
=
477 477.5 478 478.5 479
em™!

Fig. 2. Detailed portion in the R-branch of the v; band of P, compared to the simulation. The J values are indicated. Symmetry
assignments are shown for the R(34) cluster.
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liquid nitrogen trap to which a pressure gauge was
connected. A capillary in the vacuum line served to
adjust the pumping efficiency such that a total gas
pressure of ca. 3000 Pa was maintained in the ab-
sorption cell.

3. Theory

X, molecules like phosphorus possess three nor-
mal modes of vibration, say v,, v, and v;, of
respective symmetry A, E and F, in the 7; point
group [11,6]. v4(F,) is the only IR-active fundamen-
tal (the two others are Raman active).

The theoretical model described below to develop
the Hamiltonian operator is based on the tensorial
formalism and vibrational extrapolation methods used
in Dijon. These methods have already been ex-
plained for example in Ref. [12]. We recall here the
basic principles and their application to the case of
an X, tetrahedral molecule.

If we consider an X, molecule for which the
vibrational levels are grouped in a series of polyads
designed by P, (k=0,...,n), P, being the ground
state (GS), the Hamiltonian operator can be put in

V. Boudon et al. / Chemical Physics Letters 305 (1999) 21-27

the following form (after performing some contact
transformations):

A= py=csy T Zpyt 0 T,

g, gt Hoy. ()

Terms like Z|,, contain rovibrational operators
which have no matrix elements within the P,/ .
basis sets. The effective Hamiltonian for polyad P,
is obtained by projecting # in the P, Hilbert
subspace, i.e.

(P2 = pCPO g p (P — <P 4 P
HS™W = pogpito = Hikw + HY

.. (P,) . (P (P>
to FHpy e A HG T HG S
(2)
The different terms are written in the form

#, r

Py~
allindexes

ey, Q (I, THT QK nH]AD
X[ V{xv){s’) ®R " ] :

t.(l(K,izF)FVFV'
(s}s"}

(3)
In this equation, the t{géf)’”r Iy are the parameters
to be determined. “V4/~™" and RZU"T) are
vibrational and rotational operators of respective de-
gree (2, and (2. Their construction is described in

Ref. [12]. Again, the vibrational operators only have

Simulation

Experiment

Transmission

465.5 465.75

466
cm™!

466.25 466.5

Fig. 3. Detailed portion in the Q-branch of the v; band of P, compared to the simulation. The sub-bandhead labels according to Fig. 2 of

Ref. [15] are indicated.
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matrix elements within the P, _, basis sets. The
order of each individual term is 2+ 2, — 2.

Such a Hamiltonian development scheme enables
the treatment of any polyad system. In this work
however, since we only consider an isolated funda-
mental band, we will use only the two following
effective Hamiltonians:

« The GS effective Hamiltonian,

HO B, 4)

+ The v; stretching fundamental effective Hamilto-
nian,

H =H{y) + H' (5

A dipole moment operator is developed in the
same way, but, in the case we study in this Letter, it
reduces to a single trivial operator. As we do not
consider absolute intensities, the corresponding pa-
rameter is set to one.

We use a vibrational basis in the coupled form

|1pv(cv)>= HWIEAI) ® qflv(zlz,cz) ® ‘I{,(}'3”13C3’](CV)>,
(6)

the ¥'s being harmonic oscillator wavefunctions. The
Hamiltonian and dipole moment matrix elements are
calculated in the coupled rovibrational basis

Hq,v(co ® gfru,m]“)% (7)

1€ being a rotational wavefunction.

4. Analysis of the v; spectrum

All the calculations and fits were realized using
the STDS (Spherical Top Data System) program
chain developed in Dijon (see Ref. [13]). As this
software is designed for the study of tetrahedral XY,
molecules with four normal modes of vibration
(v, (A ), v,(E), v4(F,) and »,(F,)) we simply used it
by considering the v4(F,) fundamental of P, as a
v,(F,) fundamental of an XY, molecule. In order to
get a correct vibrational partition function, the v,
frequency was set to an arbitrarily high value.

Here, #gs, is developed to second order and
A, 1s developed to third order. The assignments of
the v, band of P, were realized as follows. We first
made preliminary simulations using ab initio GS

parameters from Ref. [5] and with the band center
placed at the maximum of the most prominent Q
branch feature of Fig. 1. As X, molecules only have
one F, vibration, the zeta sum rule [14] reduces to
{3=—1/2. We thus approximated ;""" =
3V2(B¢), by —3B,/ V2. Several trials were made
for different values of 735""", 137" being
set to zero. This procedure enabled us to assign
many lines in the P and R branches. Since the Q
branch consists of several hundreds of unresolved
transitions in a very small frequency range, this was
too dense to allow any assignment in this region.

Then, it was possible to perform a parameter fit
using a least-squares fit method. The fit was realized
using the following constraints:

1SFOTr: was fixed to —3B,/V2 and B, was

fitted. In view of the smallness of the difference

Calculated reduced energy levels
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J
Fig. 4. Reduced energies for the v; band of P,. The top diagram
shows only the levels corresponding to lines that could be ob-
served and assigned. The values of the R quantum number are
indicated (R = J — 1 where [ is the vibrational quantum number).
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(B; — By), 2.39 X 107 cm™ ", it does not matter
for the conclusions whether B, or B, is used.

+ the other GS parameters where fixed to their ab
initio values,

- 13T was fixed to zero in a first step since
it is not possible to fit it simultaneously with
13" if no Q branch assignments are avail-
able.

Since the Qbranch shows a characteristic sub-band-
head structure (Fig. 3) [15], it was possible to adjust
manually the value of #35)™™" as follows: this
parameter was set to different values and each time
the other parameters were fitted again with the same
constraints as above. This was repeated until the Q
branch simulation was correct. Table 1 shows the
result of the final fit. Six hundred and fifty six P
and R transitions were assigned and the root-mean-
square deviation is 2.54 X 107 cm~'. The maxi-
mum J values that could be assigned in the P and
R branches were 54 and 63, respectively.

As can be seen in Fig. 2 and Fig. 3, the simulation
is very satisfactory. Fig. 4 shows the reduced energy

levels obtained by subtracting the scalar terms, i.e.

Ered =E— Zt{({)l)%giOAl)A]A](J(J+ 1))9/2
0

=E—B,J(J+1) +DyJ*(J+1). (8)
The top of the figure displays only levels corre-

sponding to the transitions that could be assigned.
5. Discussion
The band center m can be calculated through [16]:

2
— +0(0,0A)F,F, __ 1(1,0F))F,F,
m= Iy 3 o)

+2(REEETE £ 2R0FIRE) 4 (9)
and we find
m=466.286cm™! . (10)

The strict selection rules that apply to spherical
top rovibrational spectra make it impossible to deter-
mine B, from GS combination differences (this is
the same as for the axial rotational constant in
symmetric top molecules). Thus, as mentioned above,
we were forced to make the assumption that (B{ ),
= B, {, which is only approximative. Although this

assumption is based on two approximations, namely
B, = B;, which is correct within 0.02% (see Table
1), and the neglect of any v-dependance of ¢, this
appears to be justified.

If we calculate the GS bond length using our B,
value, we get

h
=‘/— =219.58 pm, 11
"o 8micm, B, P (1)

(mp =5.143397 X 10~ 2° kg) which is close to the
219.1 pm ab initio value [5]. Moreover, if we make
two new fits by varying ¢; by =+ 1% (which would
be a pessimistic error; in CH,, for instance, the zeta
sum rule is verified with a much better precision
[17]), we obtain r,=219.22 and 219.95 pm, respec-
tively. These results seem to definitely rule out the
high r, value derived from the Raman study of Ref.
(3]

The hot bands that appear in the experimental
spectrum could not be analyzed here because of their
complexity. They should be dominated by v; + v, —
v, since v,(E) is the lowest fundamental band at
360.813 cm ™' [6,3]. The understanding of this hot
band would probably require first the analysis of the
v, + v; combination band.

6. Conclusions

We have been able to locate the v; fundamental
band of P, unambiguously in the gas phase, and
resolved the rotational structure. We conclude that,
with the assumption that (B{), = —B,/2, we can
support the ab initio structural parameters for P, [4,5]
rather than those from Raman spectroscopy [3]. The
difference between our v, value and the ab initio
calculation [5] is 6 cm™! which is an acceptable
discrepancy. This corresponds to ‘a few cm !’ as
mentioned in Ref. [5].
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The four fundamental bands of °GeD, have been analyzed using the STDS software developed in Dijon (http://www.u-
bourgogne.fr/LPUB/sTDS.html). Both infrared and Raman spectra were used to observe all fundamental bands. Infrared spectra
of monoisotopic "°GeD, were recorded in the regions 600 and 1500 cm™! using the Bruker 120HR interferometer at Wuppertal.
The resolution (1/maximum optical path difference) was between 2.3 and 3.3 x 1073 cm™! for the v3 and v, infrared-active
fundamental bands as well as for the interacting v, band. A high-resolution stimulated Raman spectrum of the v; band has been
recorded in Madrid. The instrumental resolution of the Raman spectrum was 3.3 x 10~ cm~!. We have performed a global fit
of the ground state, v,/v, bending dyad, and v, /v; stretching dyad. We have used 1146, 139, and 676 assigned lines for v, /vy,
vy, and v3, respectively. The standard deviation is 2.2 x 1073 cm~! for the bending dyad, 1.6 x 10~3 cm~" for the v; infrared
lines, and 1.7 x 1073 cm™' for the v; Raman lines. These results enabled us to perform the first experimental determination of

the equilibrium bond length of germane as r, = 1.5173(1) A.

(© 2002 Elsevier Science (USA)

Key Words: high resolution infrared spectroscopy; Raman; germane isotopomers.

1. INTRODUCTION

In the series of MD4 molecular species (M = C, Si, Ge, or
Sn) high-resolution studies are missing only for GeD4, while
low-resolution Raman and infrared spectra have been reported
(7). One reason for this deficiency is certainly the isotopic effect
of Ge, which has five isotopes with quite comparable natural
abundance. This, of course, complicates the spectra consider-
ably. However, the spectroscopic knowledge of GeD; is inter-
esting in itself since it would add valuable information on the
structure of germane. It is thus challenging to overcome the
difficulties due to isotopes in order to obtain detailed spectra
and to analyze them. Moreover, since only the complete set of
rovibrational parameters can provide the information required
to determine the equilibrium structure, the study should be as
global as possible. Another interesting question concerning this
molecule would be to see how overtones of GeD, fit between
SiD4 (which shows no local mode behavior) and SnD, (local
mode behavior at vgyeren = 3 (2)).

We have circumvented the isotopic problem by synthesizing
monoisotopic "°GeDj and present here the first high-resolution
study of this molecule. We have realized a global fit of the four
fundamentals, using Fourier transform infrared spectra of the
bending dyad v,/v4 and of the stretching fundamental v3 (both

Supplementary data for this article may be found on the journal home page.

0022-2852/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.
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recorded in Wuppertal), as well as a Raman spectrum of the v,
totally symmetric stretching (recorded in Madrid). Due to the
strong interaction between v, and vy, forbidden lines appear in
the bending dyad infrared spectrum, which also allowed us to
fit some of the ground state parameters. The analysis has been
realized thanks to the STDS software (3) developed in Dijon for
tetrahedral spherical tops.

After presenting the Raman and infrared experiments, we
briefly recall the basic principles of the tensorial formalism that
we use for such molecules. We then detail the results of the global
analysis of our "°GeDy data and give a preliminary estimate of
the r, equilibrium bond length for germane.

2. EXPERIMENTAL DETAILS

2.1. Material

0GeD, was made from 7°GeO, (97.1% "°Ge) by dropwise
addition of a solution of GeO, and NaBD, in KOD/D,O to a
solution (30%) of D3P0, in D, 0O (4). The gaseous products were
separated in a standard vacuum line and 7°GeD, was obtained
by fractional condensation.

2.2. Raman Experiment

The spectrum has been recorded with the high-resolution
Raman spectrometer of the Instituto de Estructura de la Materia
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in Madrid, described elsewere (5, 6). It follows the quasi-
continuous wave (g-CW) scheme first proposed by Esherick
and Owyoung (7). The probe beam is a frequency-fixed CW
Ar™ laser and the pump beam is produced by pulse-amplifying
the CW output of a ring dye laser in a three-stage dye amplifier
pumped by an injection-seeded Nd:YAG laser. The frequency
of the pump laser is scanned and when the frequency differ-
ence between pump and probe lasers matches a Raman-active
transition of the medium, a transient power transfer from the
upper frequency laser (Ar™ CW in our experiment) to the lower
frequency one (pulsed dye) is observed. This transient signal is
proportional to the Raman scattering cross section of the transi-
tion.

In this experiment, the Art laser was operated single-mode
at 514 nm, 800 mW, locked in a double loop scheme. In the
first loop, it was locked to a transmission fringe of a 300 MHz
FSR confocal Fabry—Perot étalon. In the second loop, the
étalon was locked to the a3 hyperfine component of the P(13)
43-0 B’T§, < X'=} absorption of the '*"I, molecule by a
polarization spectroscopy setup (8). The resulting bandwidth,
mainly determined by the residual jitter, was about 500 kHz,
FWHM. For the pump laser, the ring dye laser was operated
with rhodamine 110 and the dye amplifier with rhodamine 6G.
The spectral bandwidth of this laser is limited by the Fourier
transform of its nearly Gaussian temporal profile (12 ns FWHM)
to about 3 x 1073 cm™'. As the apparatus function of the spec-
trometer depends on the convolution of the spectral profile of
both the probe and pump lasers, the second one limits the spec-
tral resolution to the above-mentioned value. Lenses of focal
length 0.5 m have been used to focus and recollimate the laser
beams in and out of the sample. This relatively high focal length
has been chosen in order to decrease as much as possible the AC
Stark effect associated with the pump laser field (6, 9). Several
spectra were recorded at pump laser energies ranging between
1.3 and 8.0 mJ per pulse to estimate the wavenumber shifts due
to this effect. For the J = 7 to 9 multiplets used for the test,
broadening was very apparent as the laser energy increased, but
the shift was nearly zero as expected for a Q-branch (9). We
determined a shift of —5 x 10~ ¢cm™!/mJ with an uncertainty
of 100%. A peak energy of about 1.3 mJ was finally used, as
we estimated that for the resolution and accuracy of our exper-
iment no significant shift and broadening were present under
these conditions. In this way, isolated lines near the band origin
fit reasonably well to a Gaussian of 0.004 cm~' FWHM. The
convolution of the Doppler width (0.0021 cm™!) and an appa-
ratus function of 0.003 cm~' assumed to be Gaussian yields a
total width of 0.0037 cm~'. As the apparatus function is not
exactly Gaussian, we believe the observed linewidth is consis-
tent with the assumption of no significant AC Stark broade-
ning.

The pressure of the sample was also limited to 100 Pa in order
to avoid pressure broadening and shifts. A triple pass configu-
ration was used in order to increase the signal-to-noise ratio of
the spectrum.

409

2.3. Infrared Experiment

Altogether four spectra have been recorded with a Bruker
120 HR interferometer. For the bending fundamentals v, and vy
two spectra were measured in the 430 to 750 cm ™! range using a
Globar source, a KBr beam splitter, and a liquid-He-cooled Si:B
detector. A resolution (1/maximum optical path difference) of
3.3 x 1073 cm~! was achieved. A cell of length 28 cm was
used, and pressures of 50 and 300 Pa were chosen. The number
of scans was 110 and 1061. Calibration was performed in the
region 500-525 cm™! using H,O lines (10).

For the study of the stretching region, two spectra were
recorded in the range 1230-2350 cm™' employing a Globar
source, a KBr beam splitter, and an MCT 800 detector. A reso-
lution of 3.3 x 1073 cm™! was achieved, and a 28-cm-long cell
was used. The pressures were 43 and 750 Pa, respectively, and
478 and 226 scans were collected. Calibration was done with
H,O lines in the region 1600-1700 cm~! [10].!

Figure 1 shows an overview of the FTIR spectrum of the
bending and stretching dyad regions.

3. THEORY

The theoretical model used in this contribution is based on the
tensorial formalism and the vibrational extrapolation methods
developed in Dijon. These methods have already been explained,
for example, in Refs. (/1, 12) and they are implemented in the
STDS software (3) used to perform the present analyses. Thus,
we just briefly recall here the basic principles.

Let us consider an XY, molecule for which the vibrational
levels are grouped in a series of polyads designated by Py
(k=0,...,n), Pybeing the ground state (GS). The Hamiltonian
operator can be put in the form (after some contact transforma-
tions)

H =Hp=csy + Hipy + -+ Hipy, (1]
where H p,) contains only rovibrational operators which have no

matrix elements within the Py _; basis sets. The different terms
are written in the form

Hipg= Y.

all indexes

QK. ,nIH, Ty

Q(K,nD)T, Ty
{sHs} .

T{SHS’) 2]

In this equation the t[?}({[f,]" DTy

Q(K,nD),T,,
T(SHS/}

are the parameters and the

are the rovibrational operators defined as

TQ(K,nl")l",,l"v/

_ QK,nT) o €Tl (T)Y(A)
)17} = B[R ® Vigy 1™ (3]

! According to recent calibration standards (24) the band centers of v; and v3
are too large by 0.350 x 1073 cm™!. Otherwise the lower and higher pressure
spectra in their respective regions match each other within better than 0.2 x
1073 em~1,
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where § is a numerical factor equal to «/[FL,](—\/§/4)Q/2 if
(K,nI') =(0,0A,), and equal to 1 otherwise. The rovibrational

QK T, T,
operators TS)([S,’]” )

operator R of degree Q (in the rotational angular mo-
mentum components Jy, Jy, and J;) and symmetry I" and a
vibrational operator ¢ V(l;}” ﬁ%’;m

As detailed in Ref. (/7), these vibrational operators are them-
selves obtained from the coupling of elementary creation (a™)
and annihilation (a) operators with a total degree €2,. I', and
Iy are the respective symmetries of the creation and anihila-
tion parts and € = %1 is the symmetry against time reversal.
Of course, I'y ® Iy D I', so the rovibrational operator is totally
symmetric (A, species). The order of each individual term is
defined as © + 2, — 2. The effective Hamiltonian for polyad
P, is obtained by projecting H in the P, Hilbert subspace, i.e.,

are obtained by coupling of a rotational

H ) = P(P")HP(P">,

e (P (P2}
= Hgg + -+ Hpy +- -+ Hpy. [4]

In order to analyze the fundamental bands of GeD,, we use

the following effective Hamiltonians:

e The ground state effective Hamiltonian,

77(GS 7 (GS)
A = H 5.

(5]

Overview of the FTIR spectrum of the bending dyad (a) and of the stretching dyad (b) regions. In (a), the forbidden Q lines of v, appear clearly near

e The v, /v, bending dyad effective Hamiltonian,

77 (va/ve) _ gy (va/va) ry(v2) 7y (va) ry (v2/va)

H™ = Higsy" + Hypy g + Hiypy + Hiypy 161
e The v, /v3 stretching dyad effective Hamiltonian,

7 (vi/v3) _ gp{vi/vs) 77 (vi) 77 (v3) iy (vi/v3)

HU = Higsy" + H oy + Hiyyy + Hiy gy 171

In order to calculate transition intensities, we developed the
dipole moment (for infrared absorption) and polarizability (for
Raman scattering) operators through the zeroth order using the
same methods (/7).

We use a coupled vibrational basis taking into account the
four vibrational modes of XY 4 molecules (with respective sym-
metry Ay, E, F,, and F3). The Hamiltonian, dipole moment,
and polarizability matrix elements are calculated in the coupled
rovibrational basis

|[lD£/,!IC) ® lIJSCU):l(]‘))7 [8]
as described in Ref. (/1). In Eq. [8], the ¥(¢)’s and W)’
are harmonic oscillator and rotational wavefunctions, respect-
ively.
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TABLE 1 4. ANALYSIS
Values of the Ground State Parameters
ond P b Valuo/om—1a In order to analyze the v;, v3, and v, infrared bands together
rder " arameter duefem with the Raman spectrum of vy, we used the effective Hamiltoni-
0 02 ,(2(5%;1) 1.3530633(54) ans described before. The parameters of these Hamiltonians are
5 o4 40,41) 6.994(10) x 10-6 obtained by simultaneous fitting of the different spectra. After
Loy} —6.994(10) x .. . .
A3.A7) _, apreliminary assignment and study of each dyad (the bending
2 04 ’(0)(0)1 —2.308(18) x 10 .
2/ V4 1/V3 )
601) . dyad v,/v4 and the stretching dyad v /v3) separately, we fitted
L, Al — . .
4 06 Toj10} 1.426(14) x 10 the whole set of lines simultaneously. The two dyads and ground
4 06 f%f{é;') —9.91(18) x 107" state parameters are determined using all possible assignments
4 06 r%f(‘(ﬁ‘) —5.4(1.2) x 1072 of experimental lines. In this way, 139 Raman lines of v, for J
6 08 ,(8(;%;1) —9.59(13) x 10-13 values between 0 and 23 and 240, 676, and 906 lines of v,, v3
6 08 (841 2.47(72) x 1015 and vy, respectively, for J values up to 29 are used.
(8(?6(.(21) s We developed the Hamiltonian up to sixth order for the ground
6 08 ! (8(1)8((2 ) —4.08(66) x 10 state and the bending state v,/v4 and up to the fifth order for
s —1 .
6 08 "10)(0)' —6.0921) x 107 {he stretching state v /v3. However, one of the fourth order pa-
rameters of v; and the fourth and fifth order parameters of the
¢ The standard deviation (lo’) is given in parentheses.
TABLE 2

Values of the Bending Dyad Parameters

QK ,n,T)

Value/cm~'4

Order  Hun 45 12)2) 12)4) 144}
0 20 00, A1) 660.82647(23) 594.92632(13)
0 21 1 Fo —1.74169(11) 3.045292(33)
2 22 120, A 8.1948(25) x 1073 —4.8422(11) x 1073
2 22 122 E) 3.3848(25) x 103 7.3359(17) x 103
2 22 122 F) —3.8606(55) x 1073 —1.02166(23) x 1072
3 23 3. F1) 1.483(12) x 1073 1.71933(66) x 104
3 23 136, 42) —1.0343(12) x 10~
3 23 3G, F1) 6.311(16) x 1073 1.38993(82) x 104
3 23 133, F2) 2.120(37) x 1075
4 24 140, A 2.654(69) x 1077 —8.714(27) x 1077
4 24 142 B —7.985(39) x 10”7 3.814(24) x 1077
4 24 142 F2) —3.123(44) x 1077 8.374(39) x 1077
4 24 144 A —4.765(17) x 1077 4.197(13) x 1077
4 24 144, E) 9.898(65) x 1077 0.0
4 24 144 F) —4.26(12) x 1077
4 24 144 F2) 6.806(33) x 1077 1.785(55) x 1077
5 25 5 Fy) 0.0" 7.095(50) x 1079
5 25 153, 42) —1.59(18) x 10~
5 25 G ) 0.0° 1.180(76) x 10~°
5 25 156, F2) 0.0°
5 25 1565 0F) 0.0" 0.0
5 25 6. 1) 0.0° 0.0
5 25 565, F2) 0.0°
6 26 160, 4D 0.0 5.430(33) x 10710
6 26 162 E) —1.284(25) x 10710 0.0
6 26 6@, F2) 0.0° 1.751(23) x 10710
6 26 164 A 0.0 9.198(79) x 10~
6 26 164 E) 3.324(73) x 10710 0.0"
6 26 £6¢4. F) 0.0°
6 26 164 F2) 0.0° 5.49(37) x 10711
6 26 166, An) 1.58(35) x 1011 —2.135(73) x 1011
6 26 1606, E) —4.87(43) x 10~ 8.14(15) x 10~ 1
6 26 £6(6. F1) 0.0°
6 26 £6(6, 0F3) 0.0 0.0
6 26 £6(6. 1F2) 0.0 —3.5221) x 10711

“The standard deviation (10) is given in parentheses.
” Fixed value.
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TABLE 3
Values of the Stretching Dyad Parameters
Value/cm ™14

Order  Hun 15 (" 1y 13} 16)3)
0 20 £00. A1) 1510.51692(63) 1523.41352(12)
0 21 10, o —1.50737(32) x 107!
2 22 120, Ap) —6.3311(34) x 1073 —5.30045(90) x 103
2 22 122 B 1.1174(17) x 1073
2 22 122 Fy) 2.756(17) x 1073 —1.4924(14) x 1073
3 23 30 ) —8.501(55) x 107°
3 23 136, F) 2.046(66) x 1076
3 23 136 F2) —4.70(61) x 10~°
4 24 140, Ap) 0.0° 0.0
4 24 142 E) 1.56(17) x 1078
4 24 142 F) 0.0 0.0
4 24 4% A 1.44(16) x 1078 3.78(57) x 1072
4 24 144 ) 0.0
4 24 144 F2) 0.0 —9.36(34) x 1078
5 25 S0 F) 0.0
5 25 93 ) —2.263(57) x 107°
5 25 153, F) 0.0
5 25 15G.0F) 0.0
5 25 G 1FD) 2.12(67) x 10~10
5 25 6 F2) 0.0

@ The standard deviation (1o) is given in parentheses.
b Fixed value.

interaction between v; and v; were not determined and were
thus fixed to zero. Because the interaction between v, and vy is
not as strong as in methane or silane the #(5)(4 interacting param-
eters of fifth and sixth order were also fixed to zero. Some other
parameters were also fixed to zero according to the ambiguity
theory (13-16).

Because the accuracy of the A®*P experimental data is, for the
higher J values, better than that of the model (A™), we used a
weighted least-squares fit procedure. The weight w; of each set i
of data is equal to one over the square of the estimated accuracy
A,

—. [9]

with

A2 = (A1) 4 (AP, [10]

In this study, the effective Hamiltonian of the stretching dyad
converges faster than that of the bending dyad. Thus, the fol-
lowing considerations are more convenient for the bending part
of the effective Hamiltonian. The accuracy of the Hamiltonian
model is considered to have the same order of magnitude as that
of the energy contribution of the neglected terms. In the present
analysis, the seventh order is the lowest one to be neglected.
For the two dyad terms, the neglected energy contribution is

estimated to have the order of magnitude

AP = Preglected X J7 = 1.0 x 1075 x J7. [11]
This value gives for J =29
A" ~2 %103 em [12]

The experimental wavenumber accuracy of infrared experimen-
tal lines is estimated to be A;"F =3 x 107* cm™! while the
Raman line accuracy is approx1mately 1073 em™!.

To determine the values of effective Hamiltonian parame-
ters, we minimize the following dimensionless quantity Q in
the least-squares procedure:

0= Z

Tables 1 to 3 show the values of the fitted effective parameters
for the ground state, bending dyad, and stretching dyad, respec-
tively. Table 4 shows detailed statistics concerning this global
fit.

eXP cal
f ) [13]

5. DISCUSSION

Figures 2 to 4 show comparisons of experimental and calcu-
lated spectra in different parts of the bending dyad. In particular,
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TABLE 4
Fit Statistics: SD Is the Standard Deviation

V1 1%)

V3 Vg

Number Number Number Number
J of data SD/cm ™! of data SD/cm™! of data SD/cm ™! of data SD/cm™!
0 1 0.0013
1 1 0.0015 4 0.0008 3 0.0012
2 2 0.0011 6 0.0008 4 0.0008
3 3 0.0010 9 0.0009 8 0.0007
4 4 0.0009 3 0.0007 11 0.0010 10 0.0009
5 4 0.0007 4 0.0008 14 0.0012 12 0.0010
6 6 0.0006 7 0.0010 16 0.0010 14 0.0009
7 6 0.0007 15 0.0017 19 0.0008 17 0.0009
8 7 0.0012 15 0.0013 21 0.0015 18 0.0008
9 8 0.0016 19 0.0023 24 0.0007 21 0.0009
10 9 0.0051 17 0.0018 27 0.0012 24 0.0007
11 9 0.0007 19 0.0013 26 0.0005 24 0.0009
12 11 0.0012 21 0.0013 24 0.0005 29 0.0014
13 11 0.0007 18 0.0015 29 0.0006 33 0.0010
14 7 0.0007 17 0.0027 29 0.0008 36 0.0016
15 4 0.0008 7 0.0019 30 0.0010 34 0.0010
16 6 0.0008 14 0.0040 30 0.0010 39 0.0014
17 5 0.0004 4 0.0029 32 0.0015 37 0.0011
18 8 0.0008 6 0.0010 36 0.0020 47 0.0013
19 7 0.0006 6 0.0023 35 0.0010 47 0.0011
20 4 0.0005 7 0.0020 39 0.0015 48 0.0012
21 6 0.0011 7 0.0015 38 0.0015 50 0.0016
22 6 0.0014 8 0.0016 43 0.0021 56 0.0017
23 4 0.0041 7 0.0012 42 0.0019 43 0.0010
24 8 0.0017 43 0.0033 50 0.0021
25 7 0.0035 29 0.0039 51 0.0018
26 1 0.0024 20 0.0060 45 0.0027
27 3 0.0019 48 0.0042
28 40 0.0053
29 18 0.0088
Total 139 0.0017 240 0.0020 676 0.0015 906 0.0014

Fig. 4 displays the region of forbidden lines where quite strong
v, lines appear thanks to the coupling with v4. Figure 5 shows
the calculated reduced energy levels, obtained by subtracting the
scalar term, i.e.,

Eea=E=3 tojoy U0+ D)
Q

=E —BoJ(J + 1)+ DoJ*(J +1)* —---. [14]

Figure 6 compares experiment and simulation for the Q
branch of v; and Fig. 7 illustrates this the Raman spectrum of
v;. A detail of the Raman spectrum showing some Q multiplets
of v; is displayed in Fig. 8. The calculated reduced energies for
the stretching dyad are shown in Fig. 9.

The present results allow us to calculate the r, equilibrium
bond length. To do this, we use the formula (/7)

4
d;
Be=Bo+) i, [15]

i=1
where

2(0,ADI T

i = —AB; = —1;i) = Bo — B 161

and d; is the degeneracy of oscillator i (d) =1, d, =2, ds
dy =3). The B, value obtained in this way leads to r,
1.5173 A. Although the uncertainty is not easy to determine,

given the high accuracy of our A B values (see Tables 2 and 3) and
neglecting the electronic effects, we estimate ittobe 1 x 107* A,

|
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giving finally
re = 1.5173(1) A. [17]

This constitutes the first experimental determination of the equi-

librium bond length of germane (r, being the same for all iso-
topomers) since it uses the first complete set of fully determined
non zero «; values. The existing parameters for GeHy itself (/8)
are not reliable for such a calculation since the full set of four «;
values has never been determined for any of the various GeHy
isotopomers.
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FIG. 9. Calculated reduced energy levels for the v /v3 stretching dyad.
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6. CONCLUSION

We have performed the first high-resolution spectroscopic
study of GeDy using monoisotopic °GeDy by realizing a global
fit of the bending and stretching dyads. Complete tables of mea-
sured and assigned transitions (infrared and Raman) are avail-
able on the journal’s home page. The analysis has been per-
formed thanks to the STDS software (3), which can be freely
downloaded at the URL http://www.u-bourgogne. fr/
LPUB/sTDS.html.

These results can now be used in conjunction with those con-
cerning the various isotopomers of GeH, (18-23) for a better de-
termination of the potential of germane. As already mentionned
in the Introduction, it would also be interesting to study the over-
tones of "°GeDy and their rotational structure in comparison with
the other MDy species.
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We present a development of the dipole moment and polarizability operators of octahedral molecules, using a tensorial
formalism analogous to the one developed for tetrahedral molecules. These operators are involved in the calculation of the
intensities of rovibrational transitions as well as in the calculation of the Stark effect. Expressions for the matrix elements are
derived. Two simplified models for the study of the Stark effect in such molecules are also proposed and discussed. © 1999
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1. INTRODUCTION

The theory of transition moments operators (dipole moment
or polarizability) is essential for the study and prediction of
rovibrational transition intensities in polyatomic molecules.
The tensorial formalism developed in Dijon for the expansion
of the Hamiltonian operator of spherical top molecules has also
been applied to the transition moment operators, as summa-
rized in a review article (/). In this paper, however, only the
case of tetrahedral (point group 7T';) molecules was treated.
Nevertheless, it appears that octahedral (point group O,) mol-
ecules also form an important family of spherical top species as
it can be seen in Table 1. The v; fundamental stretching band
of SF, is probably the most precisely measured band ever in
molecular spectroscopy, as far as the frequencies are concerned
(2—-4). However, apart from this specific case, since these
heavy species have been up to now substantially less studied
than XY, molecules (like CH,, SiH,, . . . ), there are only a very
few data concerning their transition moments (6) (see Table 2).
For several molecules in Table 1, there exist spectra for which
a theoretical model for the interpretation of intensities would
be necessary. This does not concern only fundamental bands
anymore; for example, the high-resolution spectrum of the
v, + vs combination band of *SF, has been recently investi-
gated (5).

The aim of this paper is to provide a tensorial development
of the transition moment operators. This enables the determi-
nation of the matrix elements which appear in intensity calcu-
lations for rovibrational electric dipole and Raman transitions.
As we make extensive use of tensorial formalism, the reader
not familiar with this viewpoint should refer to Ref. (/) where
it has been explained in detail. Section 2 recalls the basic
theory of transition moment operators and Section 3 deals more
specifically with the case of octahedral molecules. The differ-
ences with the tetrahedral case and especially the fundamental
role of the parity in the O, group are explained in detail. The
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last section of this article is dedicated to the study of the Stark
effect in octahedral molecules. We will see that a static Stark
effect cannot lead to the determination of the dipole moment
(unlike the case of 7, molecules) since it only implies the
polarizability. Thus, such a static effect would probably be
very small (although there exists no estimation of the polariz-
ability). However, the huge electric fields involved by the use
of powerful pulsed lasers in spectroscopy experiments induce
lineshifts and deformations due to the dynamic Stark effect, as
shown experimentally by Reuss and coworkers (7—10). In this
case coupling terms involving the dipole moment must be
taken into account. Two simplified models which could serve
as a starting point for the study of such phenomena will be
described.

2. BASIC PRINCIPLES

In this section, we recall briefly the basic principles of the
expansion of transition moment operators. This is valuable for
any polyatomic molecule and can be found in detail for exam-
ple in Ref. (11).

2.1. Transformed Operators

Successive Van Vleck contact transformations are generally
applied to the Hamiltonian and transition moment operators.
The aim of these contact transformations is to introduce ap-
propriate basis functions in which the transformed Hamiltonian
H has a completely diagonal or block diagonal form with
respect to some vibrational subspace. These subspaces of close
vibrational levels correspond to the so-called polyads.

If A represents either H (Hamiltonian), p (dipole moment),
or a (polarizability), the transformed operator A is given by
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TABLE 1
Octahedral Molecules with a Nondegenerate Electronic Ground State
Type Generic name  Molecules
XYg Hexafluorides  SFg, CrFg, SeFg, MoFg, TeFs, WFg, PtFg, PoFg, UFg, PuFg
Hexachlorides  SClg, SeClg, TeClg, MoClg, WClg, UClg
X(YZ)s Hexacarbonyls Cr(CO)s, Mo(CO)s, W(CO)e
XsYs Cubane CgHg
Note. Hexachlorides, hexacarbonyls, and cubane are octahedral only if equivalent atoms are
identical (same isotope).
A — -1 _ ; l — e aMO
A=TAT = A+i[S, Al + S [S.[S, Al +. .., mo=nit 2|5 =) dn
. 5.0/ 4
. s 1 [3]
with 7= e". 2
Loy (37“) -
2 aqy,u-aq_y’,g-‘ 5, 5’0o LRI )

S is a Hermitian operator and is called the generator of the
contact transformation. It has been shown that S is necessarily
a sum of rovibrational operators (/).

2.2. Dipole Moment

The dipole moment components in the laboratory-fixed
frame (LFF) we (with @ = X, Y or Z) can be related to the
components w, (With 6 = x, y or z) in the molecule-fixed
frame (MFF) through

Bo = 2 A okto 2]
0

where the Ay, are the direction cosines.

In the small amplitude motion approximation one can ex-
pand each component w, as a power series in the dimensionless
normal coordinates ¢, (where s is the oscillator index and the
o are its components)

TABLE 2
Values (in Debye) of the Zeroth Order Dipole Moment
Parameters for the v; and v, Fundamentals of SF, and UF,
(from Ref. 6)

Parameter SF¢ UFg Notation of other authors T

0(0,041,)A1gFlu 3
Ky | 0672 0667 VBl(uos)] :\/; sl

0(0,0414)A14F1w 3
e 0282 017 VB |(noa)| = \/; J1aa]

tWehave;;,-:(g—:—e) ,i=3or4.
6/ .

s,0,8",0" e

where puj is the permanent dipole moment of the molecule (if

it exists). The other terms are induced by molecular vibrations.
One can show that the LFF components of the transformed

dipole moment can be written in the symmetrized form (/)

~ 1 ~ ~
Lo = 2 E (Mo.ofig + Toho.o)- [4]
0

Like the contact transformation generator S, iy, and fie are
also sums of rovibrational operators, as implied by Eq. 1.

To establish the expressions of fi, and fie, it is necessary to
introduce in a first step the spherical components of the dipole
moment operator. The LFF spherical components, denoted
wi, are related to the MFF ones w{" through (1)

1) — (1)
fn) - E P Iiml‘l‘l(c > [5]
k

where the 9}, are Wigner’s harmonic functions (12) (k, m =
—1, 0 or 1). The Cartesian and spherical components in both
frames are linked through the relations:

po = 2, (1; ml@)pul), [6]

m

po= 2 (s kloyu i, [7]

k

where the (1; m|®) and (1; k|6) are called Stone coefficients
(13).

2.3. Polarizability

The application of an electric field £ to the molecules,
induces a dipole moment, defined as

Copyright © 1999 by Academic Press



3.3 : Articles-clés — 87

224

Ko, = E ag,0,E0, [8]

[C2)

where a0, is @ LFF component of the polarizability tensor. It
can be related to the MFF components o, 4, through

E )\91,61)\92,62a0|01' [9]

01,02

®@,0, =

As for the dipole moment, the small amplitude motion approx-
imation allows to develop the «a,q, as a series of dimensionless
normal coordinates like

aa0192
aoleg = ag]@g + Z ( aq q.\,z:r
: [10]

1 %0,
+ —

) 2 (gwam)eqx,gqy,(,r+...,

5,0,5",0"

where ay,, is the permanent polarizability (if it exists). The
other terms are induced by molecular vibrations.

Just as for the dipole moment one has to consider the
transformed polarizability and in the LFF we have (/4)

1
&o0, = 2 2 ()\01,01)\92,(9}_&6197_ + dg0A0,,0M0,0,) [11]
0

The spherical components in the LFF («\”) and in the MFF
(a”) are linked through

al) = E DB, [12]

where L takes only the values O and 2. For the g Wigner’s
harmonics (/2)

L= > m, k=0, |
L=2 = m k=0, +1, +2. [13]
Finally, we have
ape, = 2 (L; m|©,0,)ar, [14]
L.m
@y, = 2 (L; k[0,0)af”, [15]

L.k

where the (L; m|®,0,) and (L; k|6,6,) are Stone coefficients
(13).
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TABLE 3
Symmetry of the Hamiltonian (H), Dipole Moment (),
and Polarizability («) Operators Expressed in the Molecule-
Fixed Frame (MFF) and Laboratory-Fixed Frame (LFF) for
Molecules Belonging to the 7, and O, Symmetry Groups

Operator Ty Op
MFF LFF MFF LFF
H A Ay Ay Asg
I F Az Fiy Aty
a A169E€BF2 A1 Alg@Eg@Fgg Alg

3. TENSORIAL FORMALISM FOR
OCTAHEDRAL MOLECULES

In this section, we will focus on the particularities of the
tensorial expressions of the transition moments in the O,
group. Table 3 shows the symmetries of the Hamiltonian, the
dipole moment, and the polarizability operators in the LFF and
MFF for T, and O, molecules.

3.1. Expression of the Hamiltonian

The expression of the Hamiltonian developed using the
tensorial formalism in the O, group is very close to the one
used for tetrahedral molecules (7', group) (/). Compared to T,
(isomorphous to O), the O, group has an additional index to
characterize its irreducible representations (irreps): the parity
(g or u). H should belong to the totally symmetric irrep, which
is A,. So, the initial (untransformed) Hamiltonian is expanded

. . : Q(Kg.nTg)ar T T
as a series of rovibrational operators T, ¢ T x®2l2x ag

H= S dmenen e,
all indexes
[16]
(x =g oru).

The (&g 2" are the parameters of the model. The
coupled rovibrational operators

TQ(K\ nlg)anlyanlsy (R O(Kg.nTy)

e ® EV(XIFIXOerl/\/(rg))(Algl
ns}{ms

{n.}m.) (171
are constructed exactly in the same way as in T, (). The parity
of the rotational operator R“*“*"" being always taken as g (by
convention), that of the vibrational operator V{ifxe3 T ig
necessarily g too. The expression of the rotational and vibra-
tional operators is detailed in Ref. (/). In Eq. [17], € is the
symmetry under time reversal and is related to the rotational
degree () through
e=(—1)% [18]
The transformed Hamiltonian has the same form as the
initial one (Eq. 16),
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"’Q(K‘ nlg)anl 1yal’ 2)(7~Q(Kxy nlg)anl el 1)(
inghms) {nsh{ms}

A= 3

all indexes

[19]

().(K;, nlg)ail a2l
{ns}{ms} }

where the transformed parameter set {f
depends on both the initial parameter set {z{x8¢ i xe2l2y)
and on the set of parameters of the contact transformation
operator S.

In the following, we use a coupled rovibrational basis de-
noted

|\II‘(CT) _ |[\Ij§v[JQ,nC,g) ® \I,SC\H]ETCT)>. [20]

Here, W§/*"“* is a rotational function of symmetry C,, (n is
a multiplicity index (1)), and W “” is a vibrational function of
symmetry C,.. J is the rotational quantum number, M is the
LFF spherical component, C, the rovibrational symmetry with
component o, and T = g or u is the parity. M is generally
omitted for simplicity.

The Hamiltonian eigenfunctions are linear combinations of
such functions and we denote them

| {7y, [21]

where o numbers the energy levels in increasing order within
a (J, C,) block.

The general expression of the matrix elements of the Ham-
iltonian operators is given in the Appendix.

3.2. Expression of the Dipole Moment

Each component of the initial (untransformed) dipole mo-
ment in the MFF is expanded as a series of purely vibrational
operators (see Eq. 3),

(Fr) — arl1yaolay(F1a) + vy il 1yaolay (F1,)
po = X gty e,
[22]

all indexes
(x=goru, x=x ® u).
Here, the overall parity is # and € = +1. The w3 "
are the dipole moment parameters.
As the contact transformation generator is expanded as a

series of rovibrational operators (), the transformed dipole
moment,

~ (F1u) ~ {i it,F1u
I‘Lg W — E "L(,}M(G{I} 1)’ [23]
{i}
is also formed by a series of rovibrational operators
Mg{i},Fn,) = (R OKenTre) (@) evz;rl)‘{nss)zl‘zx(l‘.ul)E’Flul’ [24]

225
with

e= (-1 [25]
For sake of simplicity, we represent all the indexes in Eq. 24 by
the symbol {i}. The G'" are the transformed dipole moment
parameters. It can be shown that the LFF components of the
transformed dipole moment can be expressed using Eqgs. 4 and
6 as

’1<®Am — \5 E (1; m|®) E ﬂ{i}[c(lg.m) ® M({i}.m)]mu).
m {i}
[26]

This expression involves the direction cosines tensor, C'¢"'),
which is the tensor of Ag4 coefficients of Eq. 2. The square
brackets represent the symmetrized tensor product defined as

[A(rl) ® B(rz)]m = % ((A<Fl) ® B(rz))(F)

[27]
+ (7 1) l‘|+l‘2+l‘(B (I'2) X A (1‘1)) ([‘)).
We finally recall that the intensity of the dipole transition

between the molecular rovibrational states &, (with energy E;)
and @, (with energy E,) is calculated through

Siy= Kifgieith'/kT 2 |<(f)i|ﬁ2|(f)f>|2’

Mi,My

[28]

where K is a numerical coefficient (depending on the transi-
tion frequency and on the temperature) and g; is the spin
statistical weight of state ®,. The sum is realized over the
spherical components M; and M, of the two states in the LFF.
The Appendix gives the general expressions for the matrix
elements of the transformed dipole moment operators.

3.3. Expression of the Polarizability

The polarizability operator is expanded in the same way. For
the MFF components of the initial (untransformed) polarizabil-
ity, we get

aBt = S

all indexes

arl'yal'2y(Tg) + v 7a1l 1yaal 2y (Lg)
« (n].y)(ll)'(h}z * V(nls}{lrfl.r)z B 0>
[29]

(x = g oru),
where 0 is a component of the operator a“*"*’. The overall
parity is g and € = +1. The a2 2I ") are the polarizability
parameters.

Just as for the dipole moment (see above), the transformed
polarizability,
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Gty = 3 g@rop iy [30]
{1y
is expanded as a series of rovibrational operators,
it,Tg) _ T ey onT1yaal2 (T )y (T
P%{I} o) — (RQ(Kg T're) ® V{”lx}(lm‘} )g x). [31]

The symbol {i} represents all the indexes in Eq. 31. The
@'’ are the transformed parameters and

e= (-1 [32]

The LFF components of the transformed polarizability are

dﬁﬁb‘; — <0; 0|®1®2> E d((i}-Alx)[C(OmAu) ® P((i}ﬂm)](m.\"
{it

+ \’5 2 (2;m|©,0,) > @
m {it

X [C(zg.Eg) ® P({f}.Eg)](Alg)

+ \6 2 (2; m©,0,) E @@
m {it

X [C(lg,Fzg) ® P((I'),F:g)](Alg)

[33]

with ®,, ®, = X, Y, or Z. The first term (A,, symmetry) in
this expression represents the isotropic part of the polarizabil-
ity, the two other terms (E, and F,, symmetry) are the aniso-
tropic part.

The intensity of Raman transitions is expressed as

Ly = Ryge ™" > > |<‘f’i|&@@'|‘f'f>|z-

0,0' MM,

[34]

The general expression for the matrix elements of the trans-
formed polarizability operators is given in the Appendix.

3.4. Selection Rules

. . . . C
Let us consider two rovibrational wavefunctions, say |\I’,(V,,, )

and |W7)). The selection rules come directly from the ex-
pressions of the matrix elements given in the Appendix and
from the properties of the different coupling symbols involved
(1, 12). These rules are presented in Table 4 for the different
operators. The rule concerning J comes from the nonzero
condition of the K isoscalar factors (see Appendix); the rule C’
= C comes from the fact that all three operators are of
symmetry A, in the LFF (see Table 1), while the parity
selection rule depends on the parity of the operator under
consideration.

AND BOUDON

TABLE 4
Selection Rules for the Hamiltonian (A), Dipole Moment
(1), and Polarizability (&) Operators

H i a0 &2
AJ 0 0, £1 0 0, £1, £2
AM 0 0, £1 0 0, £1, £2
Symmetry C'=C ('= C'=C
Parity =7 &7 =7
Component o' =0 o' =0 =0
Note. & and &” are the isotropic and anisotropic parts of the

polarizability, respectively.

3.5. Discussion

The above selection rules show that the most important
difference between the O, and T, groups is for the dipole
moment which is of F, (resp. A,,) symmetry in MFF (resp.
LFF) in O,, while it is of F, (resp. A,) symmetry in 7.
Moreover, in O,, one has to take the parity into account. In
particular, dipole-induced transitions (absorption or emission)
can only occur between states of opposite parity (only g <> u
transitions). As a consequence, pure rotational transitions in a
given vibrational state are forbidden. Polarizability-induced
(Raman) transitions can only occur between states of the same
parity (only g <> g or u <> u transitions). The bands observed
in absorption (or emission) spectra of octahedral molecules
cannot be observed in Raman spectra and reciprocally. This is
completely different from the case of tetrahedral molecules.

4. STARK EFFECT

In this section, we develop an application of the formalism
detailed in the preceding sections to the Stark effect. We
present here the basic principles and two simplified models to
treat the Stark effect. These results could be used as a starting
point for the study of octahedral molecules submitted to a
time-dependent electric field (like a pulsed laser), i.e., of the
dynamic Stark effect.

4.1. Basic Principles

Let us suppose that we have developed a transformed Ham-
iltonian H (in order to isolate the polyads) for the molecules in
the absence of any external electric field, as well as the corre-
sponding transformed transition moments. If a electric field E
is applied to the molecules, the Hamiltonian becomes

5=+ " + A, [35]
where “H and “H are interaction terms between a molecule
and the field, i.e.,

Copyright © 1999 by Academic Press
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=
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=
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=
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N Q 8
o G

N

(J.M,C) block (t=uorg)
2X2 matrix approximation

M — zero-field energy

FIG. 1.
field approximation. Rows and columns represent polyads with alternatively g
or u parity.

The 2 X 2 matrix approximation for the Stark effect in the weak

[36]
(37]

H is block-diagonal (one block per polyad), but fi and & are
not. So the Stark Hamiltonian A is not block-diagonal and the
polyads defined for zero-field are not isolated anymore. How-
ever, if the nondiagonal energy contribution is small enough
(weak field case), one can perform a second contact transfor-
mation (this one is field-dependent) to isolate the polyads
again, that is

AS=a-j- [38]
Doing so, the contribution of the nondiagonal terms is removed
to higher orders of the development.

4.2. Application to Octahedral Molecules

Considering the parity selection rules (see Section 3.4), one
can see that the dipole moment being of parity u it can only
connect polyads of opposite parity, while the polarizability (g
parity) connects only blocks with the same parity (see left part
of Fig. 1). As a consequence, the dipole moment has no matrix
elements within the diagonal blocks (see also the rule implying
the absence of pure rotational transitions, in paragraph 3.5). jx
appears only in the nondiagonal blocks. After the contact
transformation (right part of Fig. 1), ;:L disappears. Thus, from
Eq. 38, A’can be written in the form

227

HS=H - &E:E. [39]
This is different from the case of tetrahedral molecules (/) for
which the diagonal blocks depend on i like in Eq. 38. The
parameters of fu for T, molecules can be determined through
the observation of the static Stark effect (15-19).

If we consider an isolated polyad, the polarizability selection
rules (see Section 3.4) are such that AJ = 0, =1, or £2. Thus,
the Stark matrix is an infinite band matrix. As a first step, we
can neglect interactions between levels with different J values.
As we have also the selection rule C' = C (see Section 3.4),
we can restrict our study to a single (J, C,) block (7 = u
or g).

Let us take an electrical field polarized in the LFF along the
(0Z) axis. In this case, only the @, component of the polar-
izability is involved and we can write

HS=H— a}"E3. [40]
We have here the simplified selection rule AM = 0 which
comes from the nonzero conditions of the Stone coefficients
(13). So we can finally restrict ourselves to the study of a single
(J, M, C,) block. Formally, the expression of the doubly
transformed polarizability & is the same as that of the trans-
formed polarizability &. If we replace the Stone coefficients in
Eq. 33 by their values (/3), we obtain

- | B )
d(zglg) - _ ,75 d((l},Algl[C(O,Alg) ® P({I}vAlg'](Alg)
A}
2 ~ ({iLE, 2 i
-— & it g][C(—,ER) ® P({r‘,-,Egi](Ale) [41]
V3
_ \E &({f},l«‘;g)[c(z,rzg) ® P((i},r‘;g)](mgl.
The matrix elements within a (J, M, C,) block are then
- _ - 2J + 1
T Y R ey
+\F 2[3M* = J(J + 1)](2J + 1)
3 20 +3)(2) +2)(20 + D220 — 1) A

X Alay, @),

where the @ are the zero-field Hamiltonian eigenfunctions.
For sake of clarity, the specific contributions of the isotropic
and anisotropic parts (see Eq. 54 in the Appendix) are
simply represented by I(«,, «,) and A(a,, «,), respec-
tively. The J and M dependence comes from the expression
of the 3j symbol of Eq. 56 (see Appendix). Equation 42 is
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the one which is useful in practice for Stark effect calcula-
tions. Values for the I(«,, «,) and A(«,, a,) coefficients
can be obtained from the authors upon request. This can be
rearranged in the form

(B~ i)

[43]
= (I (a1, o) + Ay, az)Mz)E%-

These matrix elements are proportional to E 2, the coefficient

|(f)§wJCTm)>
Eg
($(ay, ay) + d(a), a) M) E7

The diagonal terms are the displaced energies,
ES‘ =Ey+ ($(a, a) + dA(a;, ai)Mz)Eéa [45]

E;’ being the zero-field energy (i = 1, 2). The eigenvalues
E*(M) and E~(M) of this matrix are given by

+ 0 L
E*(M) =~

+ \/(ES” - Eé”)z + 4(9(ay, @) + sd(ay, az)M2)2E4z
* ) .

[46]

Let us consider the two limit cases. The weak field case,

(E¢' — E¢)* > 4(9(ay, an) + (e, ) MP)’ES. [47]
The eigenvalues can be expanded as
~ (§(a1> a") + &q’(ala a")Mz)zEé
E“(M)=E® + T +...,
( ) 0 (E() _ Eo’)
(48]
. Iy, an) + Ay, ay) M?)E,
gty = b — Flon @) + e ) MBS
(Eo -k )
[49]

To this order of development, the Stark effect is quartic in
E,. The isotropic part shifts the levels independently of M,
while the anisotropic part induces a splitting which is smaller
than the distance between the two zero-field energy levels, as
shown on Fig. 2a.

CHEBLAL, LOETE, AND BOUDON

comprising a constant plus another part which is quadratic
in M.

4.3. 2 X 2 Matrix Approximation

Practically, inside the (J, M, C,) blocks, there appear
couples of very close energy levels. If the electric field is not
too strong, we can restrict ourselves to the study of these two
levels; in this case, the Stark effect is simply described by a
2 X 2 matrix (see also lowest part of Fig. 1),

| )
(9 (ay, ay) + 524(0‘1, a,) M?) E% ) [44]
Ey :
The strong field case,
(Eg' = E5)? < 4(9 (o, @) + sha;, ar) M?)’ES. [50]
Here, the Stark energies are expanded as
. Egl + ‘“(t)vz
EE(M) = [51]
+ ($(a,a,) + d(a,a) MYE; + . ..

To this order of development, the Stark effect is quadratic in
E;,. The anisotropic term induces a splitting which is greater
than the zero-field energy separation, as shown on Fig. 2b.

4.4. 4 X 4 Matrix Approximation

We have seen in the preceding sections that the 2 X 2 matrix
approximation is valuable only if the electric field-induced
interactions between the different polyads are relatively weak.
If this is not the case, we have to take these interactions
explicitly into account.

Let us consider, for example, two interacting polyads of
opposite parity (Fig. 3). We now choose two relatively well
isolated couples of levels, one in each of the two polyads.
These two couples of levels are coupled by the transformed
dipole moment f (right part of Fig. 3). We thus obtain a 4 X
4 matrix which corresponds to the simultaneous study of a
four-level system and of the dipole-induced transitions be-
tween them (lowest part of Fig. 3). The off-diagonal 2 X 2
block depends on fi and represents the transition moments. Its
matrix elements are linear in M and in E,.

If we consider two interacting polyads of the same parity ( g
or u), the off-diagonal block depends only on & and represents
Raman transition moments.

This scheme is the one that could be used for the study of the
dynamical Stark effect.
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E*(£2)

S p
E+0)

E,' T g
.M, Co,04

o | GMCuop)
EO 1T —".:.,‘

E~0)
E-(1)

E-2)
E;=0 E;#0

—a— Weak field Stark effect.
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E+(£2)
E*(t1)
E*0)

E;] __(J,M,Ct,ocl),

Oy |

2 (M, Cpay
E~(0)
E-(1)

; E-(2)

E;=0 Ez#0

-b- Strong field Stark effect.

FIG. 2. Energy level scheme for weak (a) and strong (b) static Stark effect.

5. CONCLUSION

In this paper, we have explained the methods to expand
the transition moment operators for octahedral molecules
using a tensorial formalism. We have shown the main dif-
ferences between the O, and T, cases. The formulas nec-
essary to calculate the matrix elements of these operators

Block I
u UM,C,p)

N
=

1S
)

i

TS

c

7
=)

’Z/////
7
e

7

©

|
0

\

72

ol

2

IR

//////%'

74,
7
.

o~
7
/
7
a

e 0 ©
§§\\\§\\\§\\\\\\\\\\\\§ ’ \\\\\\\xx\\\\
510 0 @
Block 11
JM,C)
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FIG. 3. The 4 X 4 matrix approximation for static Stark effect.

have been given as well as the related selection rules. The
parity selection rule plays an important role in O, molecules
and is the most important source of differences with T,
molecules. A new version of the STDS software developed
in Dijon for the calculation of XY, molecular spectra (20)
has been recently released for the case of XY, molecules
(21); it uses the formulas derived in the present paper for
intensity calculations.

Two simplified models for the study of the Stark effect in
octahedral molecules have been detailed. This could serve
as a starting point for the study of octahedral molecules
interacting with electric fields, either static or time-depen-
dent.

Another interesting extension of this work would be the
study of electronic transitions in octahedral molecules. Some
species like ReFy, ItFg, PuFg, V(CO)g, . . . are open-shell sys-
tems with low-lying electronic states. These ones (including
the ground electronic state) can be degenerate. We have al-
ready started to study the problem of Hamiltonian expansion in
the case of (ro)vibronic couplings in such degenerate electronic
states (22-24). We now intend to extend this study to the
expansion of the transition moment operators for rovibronic
transitions (either inside a given electronic state, or more
generally between two different electronic states). The com-
plete understanding of rovibronic transitions in highly sym-
metric molecules is still an open question which could be
interesting for many other molecular problems (spectroscopy
of molecular ions, free radicals, etc.).

Copyright © 1999 by Academic Press



3.3 : Articles-clés — 93

230 CHEBLAL, LOETE, AND BOUDON
APPENDIX

Matrix Elements of the Hamiltonian Operators

<[‘I’ (Jon' Cle) ® ¥ (’G’T)J (Cr)

(Rn(Kx.n,.l}) ® EV?’:E(]’);C:7F7)((F§))(AK|[\I[(./,¢,71Crg) ® \I;SYCW)]ETCT»

=38,,(-1) T+C+Crt+ G

_ J ’ ’
(—=1) (J, K, J,) {Crg Cl, Eva,rwzrgx(m”q,(cv,)>_

T CT n Vr
o I R R

[r— K ’ r
\[r] (n Crg nrrg ncrg) Cr-r {nshms}
[52]
Matrix Elements of the Dipole Moment Operators
([\I,ug',n'c,!gj ® \I,(JC,!T')](CM [C(lg.ﬂg) ® M({i},ﬂu)](mu; [\I,(Jg.nc,.g; ® \I’<.C”)](C’)>
(_ )C+C' el el : ' ’ L Co Ch
= e Y v ||\va"’>[ nerregees s [fer e
cr
r c, C, (1 J J) (K J, J) , , [53]
X \”u rg rg} K g " g” K 8 " g” , g’ + (-1 J+J -1 C J, RQ(KK) J
{Crg 1_‘l'g Flu " (OFlg’ ncrg n Crg) (nrrrg n Crg n Crg) ( ) ( ) < 5” || g>
c., C r, ¢, C (1 J J) (K J J,)
X " & /rg }{ ‘H“ 8 rg} K 8 4 g” ’ g’ K $ § n g” .
E [{ C,. C.J\lCl T, Fy HE (0F,, n"C% n'C,) "™ (nI, nC, n"C%)
Matrix Elements of the Polarizability Operators
<[q,(fg'.n'f,-’gl ® \I,(Q-‘w)](cf) [C(Lg.l“g) ® P({i}.rg)](Alg)|[\I,(Jg.nCrg) ® ‘I’(C”)](C’)>
1 . , , e c,, C., C. ,
=5 (=D)LL NI )W VT wf?”’>{ .. C FW} [ (=D IR )
I, J, J?) (K J J,) [54]
X ” 'rg K 8 ” g” K 3 ” g” 8 + (=1 r+T, J RQ(KX) J
2 {C rg Clg rg} E ( g ncrg n Crg) (anrg n Crg nclq) ( ) < g’” || g>
T r J J%) (K J, J)
X ‘Hg '8 } K n g” ’ g’ K $ ’ g’ n g” .
% [{C C,. E (OF n"C%, n'C,) "~ (nI, n'C,, n"C7)
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Rotational structure of the triply degenerate vibrational state v¢(F,) of the octahedral molecule Mo(CO), is analyzed
qualitatively on the basis of classical mechanics. We show that the energy level redistribution between the vibrational
components of v¢(F,) occurs due to rotational excitation and is related to the formation of singular points of classical
rotational energy surfaces. The singularity is stable under small variations of parameters of the effective rovibrational
Hamiltonian. Parameters responsible for the persistence of this phenomenon are specified. Comparison with quantum
calculations demonstrates the high qualitative and quantitative accuracy of our classical analysis. © 2000 Academic Press

Key Words: rovibrational interactions; spherical top molecules; quantum-classical correspondence.

1. INTRODUCTION

Modern spectroscopic studies produce an increasing amount
of information on the rotational structure of different vibra-
tional states of a constantly widening variety of molecules.
Typically this information is represented as a list of effective
parameters which can be used to reproduce quantum energies,
transition frequencies, and intensities with sufficiently high
precision. On the other hand, we can use the same effective
parameters to describe global qualitative features of the sys-
tems of energy levels and corresponding spectral transitions.
For example, we can study formation of vibrational bands,
energy level clusters, modification of the cluster structure, etc.
Such qualitative analysis attracts increasing attention of spec-
troscopists. It is mainly based on the theory of classical dy-
namical systems which at the first sight does not seem to be
very relevant to “purely” quantum systems such as a simple
molecule in a specific quantum vibrational state. At the same
time, several classical approaches were used very successfully
over the last two decades to interpret quantum effects observed
in rotational, vibrational, and electronic structure (see Refs.
(1-19)). In fact, once the advantages of qualitative classical
analysis are appreciated in full, this analysis will become a
natural complement of practically every spectroscopic study.

Classical interpretation of molecular spectra was pioneered
by Dorney and Watson (/), who successfully explained the
existence of six- and eightfold degenerate clusters of rotational
levels of spherical top molecules in terms of stable classical
rotation (precession) around six and eight symmetry axes of the
type C, and C,, respectively. This approach was largely ad-

vanced in the works by Harter and co-workers (2, 3, 4, 6), who
introduced the so-called rotational energy surface (RES) to
describe the structure of quantum rotational multiplet of a
nondegenerate isolated vibrational state (4). Pavlichenkov and
Zhilinskif (5) considered and interpreted quantum analogues of
classical bifurcations of RESs which occur naturally when
rotational excitation (i.e., quantum number J) increases. The
RES construction was generalized to a group of quasi-degen-
erate vibrational levels in (6, 7). Crossings of the RESs repre-
senting such a group, known also as diabolic points, were
analyzed in (8). General rules governing level redistribution
which takes place at such crossings in tetrahedral molecules
were formulated in a series of works by Brodersen and Zhil-
inskif (14, 15, 16). Generalizations to other systems, such as
vibrational polyads, formulation of the qualitative analysis on
the basis of topological and group theoretical arguments, and
examples are discussed in (/2, 11, 17). In this work we present
classical qualitative and quantitative interpretation of the ef-
fective quantum Hamiltonian of the octahedral molecule
Mo(CO)s whose triply degenerate vibrational state v recon-
structed by Asselin et al. (20) is of a quite unusual rovibra-
tional structure. Reference (20) describes the first high-resolu-
tion spectroscopic study of this heavy spherical top. The
authors where able to fit data from the v, band up to J = 74.

2. EFFECTIVE HAMILTONIAN AND QUANTUM-
CLASSICAL CORRESPONDENCE

The octahedral molecule Mo(CO)s possesses 13 normal
modes of vibration (27). We study the triply degenerate C—O
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stretch fundamental state v, of symmetry F,,. This vibrational
state can be considered as isolated because (i) among the six
C-O stretch fundamentals (A,, + E, + F,,), it is the only
state of the u symmetry type; (ii) for the O, molecules inter-
actions between u and g states are forbidden; and (iii) C-O
stretch fundamentals lie in the 2000 cm ™' region, well above
all other vibrations, of the molecule (stretches Mo—C, bends
C-Mo-C, and Mo-C-O0, etc.).

2.1. Effective Quantum Rotation—Vibration Hamiltonian

The effective Hamiltonian A for the isolated v = 1 vibra-
tional state can be represented as a series of coupled terms
H*®"™) constructed from vibrational and rotational tensor op-
erators, V" and R*®"", respectively,

HQ(K.MF) — [V(F) ® RQ(K.MF)](ALQJ. [1]

Vibrational operators are in turn built as symmetrized tensor
products of creation and annihilation operators for mode vg,

+(F F
aG( lu" and a(() lu)’

Ve=Tlag™ @ a1y, [2]

while rotational tensor operators are constructed from elemen-
tary angular momentum operators J,, J,, and J, (22). Including
all possible rovibrational operators up to order three, we obtain
the Hamiltonian

I:'I — k]V(Alg) + kZRZ(Og,Alg) + k}Hl(lg,Flg)
+ k4H2(Og.A13) + kSHZ(Zg.Eg) + kGHZ(Zg.Fgg) [3]
+ k7H3(1g-F1g) + k8H3(3g-Flg).

The first three terms in A describe the degenerated three
dimensional harmonic oscillator, the spherical-top rigid rotor,
and the Coriolis interaction, respectively. Parameters k; (i =
1, ..., 8) are related to those in Ref. (20) as shown in Table
1. Parameters k,, k,, and k, define the scalar contribution to
the rotational energy

— 1 4 2 4 2
E($) = ﬁ ky — ﬁ kof? = 3 ka7, [4]
where
F=\IJ+1) [5]

is the amplitude of the angular momentum and J is the rotation
quantum number. The term E ($) is common to all levels
within the rotational multiplet of v,. Consequently, parameters
ki, k,, and k, are of no interest to the study of the internal
structure of this multiplet. For convenience we will ignore &,

TABLE 1
Parameters of the Effective Rovibrational Hamiltonian
for the v, Fundamental Band of Mo(CO),

Parameter Value
This Notation of Notation of (cm~1)
work  Asselin et al. [20] Robiette et al. [24]
k1 VBt P Ve 3473.60352
V3 2(0,A1,) A1, 414 V3
ko _Tt{o}{o} ——4-30 (Set to 0)
1
B sty T VEBOs 210 %107
& __§t2(0,A1y)F1uF1u —§(B ~ Bo) 9.6390 x 10—
4 1 °{6}{6} 3+ :
1 2(2,Ey)FiuFyu V2
ks T3 (6)16) 4 %20
—3v2a224 —7.07 x 1078
1 2(2,F3¢)FiuF1u 3
ke 'ﬁ {6}{6} '-'—4—0220
+2v/3a224 7.68 x 1077
1 3(1,F1y) FruFi. 3v2 o
kv —\/5 (6116} e Fiio 8.83 x 10
1 3(3,F1g)F1.Fiu v1s —o
ks 4%1&{6}{6) —TF134 —8.03 x 10

Note. Numerical values are taken from Ref. (20).

and plot the so-called “reduced energies” calculated with k, set
to zero.

2.2. Classical Symbol and Rotational Energy Surfaces (RES)

We follow Refs. (3, 6, 7, 10) where the quantum description
of the vibrational part of the Hamiltonian is combined with the
classical description of the rotational degrees of freedom. Us-
ing the vibrational basis functions

{lvew Ve ver} ={|1, 0, 0), 10, 1, 0), 10,0, 1)},  [6]

and expanding all tensor notation in [3] we get the following
matrix of the Hamiltonian A,

H,, H% Hj
A=|H, H, HY|, [7]
Hi; Hiz Hsy
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with TABLE 2
Principal Stationary Rotation Axes
. A 4 of an Octahedral Molecule
H, = 75 k, — /7@ kzgz -3 k4§2 axis  [Jz, Jy, J2] 9,¢) number
\ v c: (0,01 (0,0) 3
2 V’E C3 [1,1,1]/V3  (arctanv/2,7/4) 4
-5 ks(2J% — 13 -JY, C:  [1,1,01/V2 (n/2,7/4) 6
1 4 Note. Coordinates for the particular axes used in this
Hyp=—7k ——= k:j - — k4§ 2 work and number of equivalent axes of each symmetry
N 3 \3 3 type.
\"E ) 2 )
~ 3 ks(2J5 = JZ = J3), 2.3. Energy of Rotation around Principal Stationary Axes
4 We are particularly interested in the values of E/(6, ¢) for
Hy=—k — —=k$>— 5 k,$*° stationary axes of rotation. Principal stationary axes of any O,
V3 V3 3 symmetric molecule are its symmetry axes C,, Cs, and C,. The O,
PN group has several equivalent by symmetry axes of each kind and
— T k(U= T2 = Y, naturally the value of E/ for each of the equivalent axes is the
3 ' ' [8] same. More precisely, equivalent by symmetry points (6, ¢) form
) i ] an orbit of equivalent points on the rotational phase sphere. The
H, =— B’ ke(JJ, + T J) + N3 (Zk3 R k. $? principal axes are always stationary, and moreover, axes C, and
N N N C; should be stable for any generic Hamiltonian. This means that
4 V’E generically functions E; have a nondegenerate maximum, a min-
+ —= kg(2J 1-3J:-3J1+ 1)) J., imum, or a saddle at the corresponding points on the phase sphere
VS ‘ for any J. These points form critical orbits (23) with local sym-
2 i ] metry C,, C;, and C,. The C, and C; points can either be a
Hy=——©=ki(JJ. +JJ)— —= (2/(3 - =k $? maximum or a minimum, while the C, point can also be a saddle.
V3 V6 V3 To calculate £/ we choose one representative in each critical orbit
4 V’E indicated in Table 2.
+ = ke(2J3 = 3J2 =37 + 1)) Iy Simple analytical expressions can be found for the energies
V3 on the critical orbits by diagonalizing the matrix [7]. For C,
2 i 8 axes we obtain
H33 = — 7,5 k()(fyjz + J:Jy) + 7’8 (2/(3 - 73 k7§2
v v v

4\2 ) s >
+—— k(272 =342 =372+ 1) |/,
/5 ] :
\

In these formulae rotational operators J,, J,, and J, are con-
verted to classical dynamical variables

(J,, J,, J.) = $(sin 0 cos ¢, sin 6 sin ¢, cos 0), [9]

where angles ¢ and 6 define the axis of rotation and $ is the
constant amplitude of the classical angular momentum. The
angles (0, ¢) are the coordinates on the classical phase space
for the rotational motion, called rotational phase sphere (4, 6,
7, 8). Diagonalization of matrix [7] for a given value of $ and
for each direction (6, ¢) gives three eigenvalues E 20, ) (i =
—1, 0, and +1) which represent three classical rotational
energy surfaces defined as functions on the rotational phase
sphere.

4 \E

EO(}) = Es(}) - 3 kSg 27

22 2
E.($)=E($) + 3 kT3 kS [10]

3

\S)

T

4 4

Tk7}3 + jks(zéﬁ + 9).

where E| is the scalar contribution [4]. The three eigenvalues
for C; axes are

83 |
Ey($) =E($) — 9 ked7
43 P
Eil(g) =E.s(§) +Tk65) * gksj

4 4 ;
ks(gg _})

V15

9]

4 _
3 kg F

e
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The three eigenvalues for C, axes are

=

2 2
Eo($) = E($) = 5 ksf* = ke,
A}

=

|2 2 1 2

Ea(§) = E(§) + 5 ks + k> 112]

.

1
o $\B3a797+ 6b%,
with
a=2ks— \6 ks,

[13]

8 2
b=2ky— —=k$>+ |z kg(4 —2%7).
V3 5

It should be pointed out that the rotational structure of a triply
degenerate state of a spherical top molecule has been studied
numerically by Harter and co-workers (3) using a simpler model.
Equations [10], [11], and [12] give an analytical classical descrip-
tion for a more elaborated effective Hamiltonian [3].

2.4. Quantum-Classical Correspondence

Figure 1 gives a general idea of the correspondence between
our formulae for the classical stationary rotation energies E{$)
and the structure of quantum multiplet obtained in (20). Contrary
to the quantum spectrum which appears quite complicated due to
a great number of individual levels, the classical RES “spectrum”
is strikingly simple. Yet this simple classical description retains all
essential qualitative information on the system of quantum levels
in a very concise and efficient way. To understand more how it
works notice first that the splitting of the multiplet is well delim-
ited by an absolute maximum and minimum E,($) at each given
J, then identify three groups of quantum levels which form three
diverging “branches” as the value J increases and remark how
well the three groups of classical values ES'($), EF($), and
Ef($) represent branches i = 0 and *1. As first shown in (1),
each sufficiently stable equilibrium E;($) corresponds to a regular
sequence of quasi-degenerated groups of quantum levels called
clusters. The number of levels in each cluster equals the number
of equivalent stationary points of RES which in turn equals twice
(to account for two directions of classical rotation) the number of
equivalent axes. Thus for / > 15 we observe a particularly
prominent series of sixfold clusters in the upper part of the v
multiplet. These clusters correspond to stable rotation around C,
axes.

2.4.1. Regular cluster sequences. Cluster sequences can
be well reproduced using an oscillator approximation near each
stable stationary point of RES. If the frequency of the oscillator

2(M15.49

2005475

2015.46

2005.445

E

2 200543
\-\JE
2005.415
20054 : C, axes. L 1
8 !
t l’_','i axes, L .
|
2005.385 - : €, axes,
2005.37 : ; ; :
0 10 20 30 40 50 60
J
FIG. 1. Quantum (gray horizontal bars) and semiclassical energies E;(J)
with i = 0, £1 (solid lines) in the interval 0 = J < 75.

is sufficiently large in comparison to the rotational quantum
B9 then the corresponding quantum spectrum has a regular
sequence of levels with different projection of the angular
momentum on the particular stationary axis, m = J, J —
1,.... To find the harmonic part (the frequency) of the
oscillator potential and to estimate the stability of the stationary
point (10) of RES, we calculate the value of Hessian:

, 3 aZE.I/ aZE’J <82E.’/ 2

Positive and negative values of /] correspond to stable and
unstable classical rotation, respectively. A zero Hessian h] =
0 for some critical value J, indicates a bifurcation in the
limiting classical problem and a modification of the rotational
cluster structure.

2.4.2. Branches of levels. “Typical” rotational multiplets of
triply degenerate fundamentals of spherical top molecules consist
of three branches (25) also called vibrational components. The
branches are formed due to the Coriolis interaction term which is
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typically dominant, at least when the values of J are sufficiently
low. When J increases, such branches diverge linearly. At each
given J the number of levels 2R + 1 in each branch is defined by
the quantum number R = J — 1, J, and J + 1 and hence the
branches are labeled by i = —1, 0, 1. The structure is, of course,
a textbook example of angular momentum coupling: the angular
momentum R is a sum of J and the angular momentum 1 = 1 of
the triply degenerate vibrational mode, the corresponding cou-
pling term 1 - J describes Coriolis interaction.

As has already been noted in (20), the first-order Coriolis
interaction constant k; of the v, state is so small (see Table 1)
that at / ~ 10 the contribution of the second-order terms with
constants ks and k¢ surpasses that of the Coriolis term. This
results in a very different branch structure which is formed at
higher values of J. Classical energies reproduce this transition
qualitatively correctly. Many interesting phenomena can be
seen and are analyzed in the next sections.

The main phenomenon which corresponds in the classical limit
to the change of the branch structure of the quantum spectrum is
the formation of the degeneracy points (singularities or diabolic
points) of RESs (7, 8). Typically two RESs become degenerated
at some isolated value J,;, and depending on the nature of singu-
larity, the Hessian function /,(J) has a particular discontinuity.
When this happens the RESs are no longer isolated and we should
consider the connected surfaces as one multivalued function.
Formation of an isolated degeneracy point of RESs is reflected in
the quantum energy spectrum as a redistribution of energy levels
between branches, or in other words as a reorganization of vibra-
tional components (8).

In Section 3 we characterize briefly possible changes of the
branch structure of the rotational multiplet v{" = 1 of an
octahedral molecule on the basis of the theory for tetrahedral
molecules developed in (14, 15, 16). In Section 4 we return to
the analysis of the concrete situation in Mo(CO),.

3. VIBRATIONAL COMPONENTS OF OCTAHEDRAL
MOLECULES

Rotational structure of degenerated vibrational states of
spherical top molecules exhibits distinct rotational multiplets
for each vibrational component (branch). These multiplets are
particularly visible at sufficiently low rotational excitation.

Analysis of possible decompositions of all rotational states
into several distinct components begins with the observation
that all rotational levels of the vibrational state v4(F,,) at a
given J form a reducible representation of the O, group which
can be written symbolically as

l_‘rv = Flu X @(Jg)a [15]

where %" stands for the decomposition of the irreducible
representation (J/,) of the O(3) group with respect to the O,
group. When all these rovibrational levels decompose into

three rotational branches, the reducible representation T',
should be represented as a sum of three contributions,

R

Iy= 2 1 x G0, [16]

i=1

where A; and I'; are independent on J and % /**” denotes a
reducible representation of the O(3) group with the effective
weight J + A,. Naturally A, + A, + A; = 0. Each number A,
defines an effective rotational quantum number of the corre-
sponding vibrational component (branch) i and therefore the
number of rotational states in this component.

The one-dimensional representations of the O, group I}, T'»,
and I'; which enter in [16] are effective symmetries of the
corresponding vibrational components i = 1, 2, 3. The O,
group has four one-dimensional representations and the corre-
sponding four possible types of vibrational components are

Alg X G ((J+A)) = gb(liﬂl, [17]
A, X gy (I+8)) = QD%M), [18]
Azg X G (T+A)g) = QD(Z?A)’ [19]
Ag X DT = g i), [20]

(Above we introduce full and shortened notation.)

In our case the symmetry of the vibrational state v, is F,,
and consequently all I'; should be of type u, i.e., either A, or
A,,. The well-known first-order Coriolis splitting of the F,,
vibrational state into three components with effective quantum
numbers R = J + 1, J, and J — 1 corresponds to a particular
form of the decomposition [16]

Fi, X3 = 3 A, x P [21]
8=0,%1
=+ )+ [22]

(represented both in full and short notation).

By means of a formal group-theoretical analysis similar to
that in (/4) we can find all possible decompositions of the
rotational multiplet [15] into three vibrational components.
Below are some examples of such alternative decompositions:

Fp, X @V = gp(7=l) 4 gy (J33) 4 gy (J22), [23]

Fi X @0 = @50 + @Y + @42, [24]

When we describe possible decompositions into individual
vibrational components, we should also consider what elemen-
tary modifications of the band structure can occur when rota-
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tional excitation increases, i.e., when the value of J, the only
parameter, is varied.

In the next section we will observe one of the unusual
decompositions [23] in the structure of rovibrational energy
levels reconstructed from the experimental data for the v4 band
of Mo(CO),. At low values of J we will also observe the
familiar structure [22] and analyze how this structure is rear-
ranged when J increases.

4. QUALITATIVE ANALYSIS OF THE ROTATIONAL
STRUCTURE OF THE v, = 1 STATE OF Mo(CO),

Qualitative analysis of the rotational structure of a degen-
erate vibrational state has two steps. First we describe
individual vibrational components (branches) and study
their eventual modifications occurring when rotational ex-
citation increases. Next we consider the rotational cluster
structure of each individual vibrational component and its
possible modifications.

As we already noted in Section 2.4.2 above, the first-order
Coriolis interaction constant k; of the v; = 1 state of Mo(CO),
is so small that the three Coriolis components originally
formed at low J interact stronglyand R = J — 1, J,J + 1 is
no longer a good quantum number when J increases. The
structure of the three components changes when J ~ 8.

4.1. The 0 = J = 25 Region

To understand the situation let us first focus on the low J
region shown in Fig. 2. For J < 8, we can see the three
Coriolis components containing 2J — 1, 2J + 1, and 2J + 3
levels, respectively. The corresponding decomposition [22] can
be confirmed by comparing the symmetries of the calculated
quantum states to the decomposition @® of the weight-R
irreducible representation of the rotation group O(3) into irre-
ducible representations of O, multiplied by the appropriate
factor I'; = A,, defined in [21]. As an example consider the
rotational multiplet for / = 5

-

2005.486454
F, 2005.486473

R=J—-1=4 YE 2005.486485
F, 2005.486510

(F, 2005.485724

ReJ—5 E 2005.485746

F, 2005.485935
F, 2005.485974 -

E 2005.484519
F, 2005.484530
A, 2005.484570
R=J+1=6 |F, 2005.484672
F, 2005.484710
A, 2005.484746

DHONT ET AL.

(Parity is always u# and has been omitted, wavenumbers are in
reciprocal centimeters, degeneracy of levels A, E, and F is 1,
2, and 3.)

When the value of J increases above J ~ 8 we can see in
Fig. 2 that a number of levels leave the middle branch (for-
merly R = J) and join the upper branch. The three branches
persist at the values J > 8 but the number of levels in each
branch is different. To reproduce this decomposition in terms
of an auxiliary quantum number R such that the number of
levels in each branch equals 2R + 1, we should define R =
J + 1,J — 3, and J + 2. As an example consider the
multiplet for / = 10

2005.485843
F, 2005.485850
E 2005.485854
F, 2005.486106
F, 2005.486130
R=J+2=12(XA,) { E 2005.486191
F, 2005.486202
A, 2005.486277
F, 2005.486285
F, 2005.486291
2005.486296

2005.484712
E  2005.484761
R=J—3=7(xA,) |F1 2005484798 .
Ay 2005.484876
F, 2005.485019
F, 2005.485048

2005.482186
F, 2005.482192
A, 2005.482409
F, 2005.482444
R=J+1=11(XA,,) ! E 2005.482468
F, 2005.482583
F, 2005.482778
E 2005.482822
| F\ 2005.482847

J =10

(The parity index ¥ common to all levels is omitted; wave-
numbers are in reciprocal centimeters.) To confirm that the
new decomposition is of the type [23], we multiply the
standard irreducible representations %*? (upper compo-
nent) and @ (central component) of the O(3) group by
A,, to get the true rovibrational symmetries with respect to
the O, group.

It follows that we should use different good quantum
numbers for the values of J below and above J ~ 8. The
modification of the good quantum numbers proceeds as
follows:
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Reduced energies GO = A, X D% can be rewritten as %*~. However, the
‘ ' ' ‘ representation %X = A,, X @%¢ cannot be replaced by

20054860 another representations of the O(3) group with the identical

decomposition into irreducible representations of O,. That is
why the specific double index notation for vibrational compo-
nents should be used in [25] and elsewhere.

Modification of the labeling scheme for the two upper com-
ponents (branches) is a result of rotation—vibrational coupling.
When the labeling of the components changes at J ~ 8§, the
two classical rotational energy surfaces representing upper and

2005484

2005.48 t
2005478 —S— ¢ O, axes. \

central components of the v (solid lines in Fig. 2, top) form a

:\\\ conical intersection point, also called a diabolic point, in the

5 L e 2 = = direction (0, ¢) corresponding to the C, axes. At the same time
J the Hessian value goes to infinity (Fig. 2, bottom). The forma-

tion of the conical intersection of the two upper RES is illus-

neously at six equivalent C,-symmetric points on the phase
sphere (two points for each C, axis). Since, as suggested in (8),
I each conical point corresponds to the redistribution of one
f energy level, there are six levels, i.e., a sixfold cluster, trans-

‘ r] T " ‘ trated in Fig. 3. There are six conical points formed simulta-

:z 5 £ P ferred between the two components.
5 Jf \ /&,/‘-"”k—' Figure 4 summarizes how the RESs change when the value
g N 1 y | of Jincreases from J = 2 to J = 11. These sufficiently low
’>\\ /zi T J values can give the impression that the application of clas-
i = -g_f.i.}_-/a/ 4 sical analysis may not be adequate for the description of
\‘*\S\&_ // quantum energy level system. At the same time the numerical
e g

comparison between classical and exact quantum results for the

FIG. 2. Above: quantum and classical energies in the interval 0 = J = 25
shown by gray horizontal bars and solid curves, respectively. Below: Hessian
values i’ for the middle branch Ey(J) at points C,, C5, and C, shown as
arcsh(10° X h’(8, ¢)) in order to increase the range of the plot.

+6

G > PPV 2(J - 1)+ 1 —2(J+2)+ 1,

-6

DL - Y20+ 1 —2(] - 3) + 1,

1 1
DY >

Only the two upper components are involved. The upper com-
ponent gains six levels while the central component loses six
levels. This exchange of six levels can be symbolically repre-
sented as a “transition” between the symmetry labels of vibra-
tional components

J=38
B+ YD+ 9L s

FIG. 3. Rovibrational energy surfaces E{(0, ¢) — E, with i = 1, 2, 3,
J =8, and E, = 2005.482 cm™". Coordinates are chosen along the three C,
1

Note that as in the case of the T, symmetry (/4), the label symmetry axes (arrows) and are labeled in 10 * cm .
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up to J =~ 60. Our effective rovibrational Hamiltonian is
truncated at the third order and is, naturally, less reliable at
higher values of J. To the extent this Hamiltonian allows
extrapolation we can suggest as to what changes in the struc-
ture of the three components may occur. This somewhat formal
mathematical analysis is briefly discussed in Section 6.

4.2. Cluster Structure of the Three Branches

0 Once the decomposition of the rotational energy levels into

J=8 & -A:Cy J=11 three components (branches) is described, and the redistribu-

5] 0 0:C;y e tion of levels between components occurring near J = 8 is
B

E/ 107 em™!

E/ 107 em”

FIG. 4. Cuts of the rotational energy surfaces in the plane ¢ = w/4 for
different values of J; we took E, = 2005.482 cm ' (see Fig. 3), except in the
case J = 11 where we took E, = 2005.481 cm™' for the internal surface.

corresponding Hamiltonian demonstrates the reliability of
purely classical analysis. The fact that the rearrangement of
branches is a purely topological phenomenon in classical limit
ensures its stability under perturbation for quantum Hamilto-
nian as well. This means that even inclusion of higher order
tensorial coupling terms into the Hamiltonian cannot modify
the redistribution phenomenon without the appearance of new
degeneracy points which in principle can be moved from high
J region due to strong perturbation. Such a possibility is not
quite realistic because of precise experimental information
about rotational structure in the / = 0-74 region. Before and
after the conical intersection at / = 8 we can clearly see three
distinct RESs which correspond to three components (branch-
es) of the v = 1 state. After / ~ 8 the decomposition of the
rotational multiplet and the labeling scheme remain unchanged

understood in terms of connecting RESs, we can further study
the cluster structure in each individual component using the
corresponding RES. Near maximum and minimum energy of
each component we can observe well-pronounced rotational
clusters of different kinds which correspond most precisely to
the classical rotation around stable stationary axes C;, C,, and
in some cases C,. Information on these extremum clusters is
presented in Table 3.

The cluster structure in Table 3 corresponds very closely to
the classical RES extrema shown by solid lines in Figs. 1 and
2. For example, at the highest and the lowest energy of the
lowest component & {7 we find eightfold and sixfold degen-
erate clusters, respectively; they correspond to eight maxima
and six minima on the RES in the direction of the C; and C,
symmetry axes.

When J = 25, the upper component %5, > has 12-fold
degenerate clusters at its low energy end and the corresponding
RES has a “shallow” global minimum at the 12 points with
local symmetry C, (Fig. 2). The same component has regular
sequences of well-pronounced sixfold clusters starting down
from the maximum energy. The corresponding RES maximum
is very “deep.” In fact the depth of this maximum can be
estimated from the large gap between the energy of classical
rotation around the C, axes and that of rotation around other
stationary axes (distance between the corresponding solid lines
in Fig. 2). Of course, the quantitative characteristics of the high
stability of the rotation around C, (and the large depth of the
maximum on the RES) is given by the large positive Hessian
value at the C, point which also gives the frequency of the

TABLE 3
Rotational Clusters with Maximum and Minimum Energy in Each of the Three Components (Branches)
of the vy = 1 State of Mo(CO), at Different Values of J

component J<8 J>12 J 25 25 < J <40
) (J—1) [max 8(C3) (J+2) fmax 8(C3) (J+2) fmax 6(C4) (J+2) fmax 6(Cy)
upper Diu {min 6(C1) Do ™ { min 6(Cy) Do’ min 12(C2) Do min 8(Cs)
. (J) [max 6(C4) (J—3) [max 6(Cy) (J—3) [max 12(C2) (J~3) [max 12(Cy)
middle Dr {min 8(C3) Do min 8(C3) Do min  6(Cy) Do min  6(Cy4)
(J+1) [8(Cs) (J+1) [8(C3) (7+1) [8(C3) (s+1) [8(C3)
lower Dy, {6(04) Diu 6(Cs) Dl 6(Cy4) Pl 6(C4)

Note. In each case we indicate the symmetry label of the component, the degeneracy of the clusters, and the type of the corresponding stable rotation axes.
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harmonic oscillator approximation for the regular sequence of
the C, clusters.

A detailed description of elementary modifications of the
cluster structure of each component can be given in terms of
bifurcations of corresponding RESs (5, 26). The method has
been well developed in the earlier study of different rotation—
vibration multiplets of spherical top molecules (7, 10, 11, 15)
and practically all bifurcations we observe in this work have
already been described before. Thus two bifurcations of the
RES corresponding to the central component happen quickly in
what appears an “organized” sequence (7, 27) when the value
of J changes from J = 16 to J = 19. The moment of each
bifurcation can be determined precisely as the moment when
the corresponding value of Hessian 4’ becomes zero (Fig. 2,
bottom). After these bifurcations, rotation around the C, axis
becomes stable, the C, points on the RES become global
maxima which are deep enough for the distinct 12-fold clusters
to form at J ~ 25.

4.3. The J > 25 Region

As we can see in Fig. 1, the situation becomes more com-
plicated at higher values of J. At the values of 25 < J = 40,
we observe three distinct components (branches) described by
R=1J+1,J — 3,J + 2, respectively. Rotational clusters
at maximum and minimum energies of each branch are given
in Table 3.

The structure of the upper component %5/ " remains un-
changed up to J ~ 75 (see Table 3). After / = 25 the C;
minimum on the corresponding RES becomes lower than the
C, minimum, and the corresponding eightfold clusters can be
seen formed at the lower energy end of this component. A large
number of sixfold clusters already mentioned above can be
well seen at top energies. The corresponding C, maximum
becomes very deep.

At first sight the structure of the two lower components is
more complicated. Starting with / ~ 40 the two multiplets
begin to overlap in energy (see Fig. 1). For J > 40 the C,
minimum of the %5 (central) RES becomes lower than the
C, maximum of the &{/"" (lowest) RES. This, however, does
not lead to any qualitative changes in the structure of the two
components because the two RES do not connect and remain
distinct all the way until (at least) / ~ 70. Mixing of the
wavefunctions localized near the respective C, minima of
%57 and C; maxima of %!{/*" is only possible due to
tunneling and is small. The cluster structure of the two com-
ponents is indicated in Table 3.

5. QUANTUM-CLASSICAL CORRESPONDENCE AND
THE DIRECTION OF REDISTRIBUTION

Comparison of classical energies of stationary points (criti-
cal orbits) on the two RESs near the conical intersection
(diabolic point) and the corresponding part of the quantum
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energy level spectrum (Fig. 2, top) clearly shows that the levels
which transfer between the two components (branches) follow
the classical energy at one of the critical points on the RESs
involved in the intersection. On the other hand, the classical
analysis of the corresponding RESs does not indicate any
preference as to which critical point the quantum level should
“follow.”

In our particular case the two RESs connect at the six C,
points when J ~ 8 and a sixfold cluster is transferred from the
central to the upper component (see Fig. 2). We can easily
verify that the only terms of the effective Hamiltonian [3] that
are essential to the existence of the conical intersection at the
C, point are the Coriolis term H''*"'¢" and the second-order
term H*?¢¢ (in the notation of Section 2.1). While a suffi-
ciently large variation of the two respective constants k; and ks
can eliminate the intersection, contributions from other terms
in [3] can only modify the energy of the conical point or the
value of J at which the intersection occurs. Consequently, a
simple model Hamiltonian

kyH ' (o104 H2CeFd [26]
can be used to study all qualitative aspects of the energy level
redistribution phenomenon in question. If in this model Ham-
iltonian we set the values of k; and k5 to those in Table 1, the
two energies of classical rotation around the C, axis (C, points
on the two RESs) coincide when

1 ’k3
12 | &s

W+ 1) = = Jaing = 8.09, [27]

which is very close to the real value J ~ 7.97 for the complete
Hamiltonian [3].

In Fig. 5 we compare the quantum energy level spectrum of
the model Hamiltonian [26] to the corresponding energy of
classical rotation around the C, axis. The real situation is
reproduced when the Coriolis constant k; > 0 and k5 < O (Fig.
5, top). It can be clearly seen in this figure that classical C,
curves are in a sense symmetrical with respect to the value J g,
at which they cross. On the other hand, quantum energy level
pattern breaks this symmetry. Furthermore, a simple change of
the sign of the Coriolis term constant k; — —k; in [26] does
not modify the classical energies. At the same time, changing
signs of k; flips the quantum energy pattern (Fig. 5, bottom) so
that the energy level transfer occurs in the opposite direction
when J increases. Of course, changing the sign also modifies
the number of quantum levels in each component and thus
affects their internal structure.

We now analyze Fig. 5 in more detail. When J < 8 we find
the familiar structure formed due to the first-order Coriolis
interaction. If k; > 0 the upper, central, and lower branches
are labeled by the quantum numberR = J — 1, J, and J + 1,
respectively. This order is reversed when k; < 0. In the former
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FIG. 5. Quantum (solid horizontal bars) and classical (gray curves) ener-
gies for the simple two-parameter model [26] which exhibits different level
redistribution for k3 > 0 (top) and k; < 0 (bottom).

case (k; > 0, Fig. 5, top), the sixfold cluster moves from the
R = J branch to the R = J — 1 branch when the value of J
increases and passes J,, = 8. In other words,

) (J—1)

lu

gb(j)

lu

>

(J+2)
g gbZu

- 357V, k> 0. [28]
Alternatively (k; < 0, Fig. 5, bottom), this cluster moves
down from the upper branch with R = J + 1 to the central

branch with R = J,

@D 5 g

2u ’

DY = DY, k<0 [28]
In both cases the sixfold cluster leaves the component with a

larger number of levels and joins the “less crowded” compo-
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nent with initially fewer levels. Furthermore, we can show that
redistribution in the opposite direction

2

(D47, BT =D, D, k>0, [30]

2

(D, 30— [BE, 3], k<0, 31]

where « and 3 take the values 1 or 2, is strictly forbidden. Thus
in the case of [30] the decomposition of

DY+ @Y
into irreducible representations of O, should equal the decom-
position of

AV S AT
which is impossible because no pair (e, ) can satisfy this
additional restriction.

Further analysis of Fig. 5 shows that changing the sign of the
Coriolis parameter k; not only alters the direction of the level
transfer but also affects other aspects of cluster structure.
Comparing top and bottom plots in Fig. 5 we can see that they
differ in the position of clusters at the extremes of the branches.
Normally we expect to find quantum levels inside the energy
interval designated by the global maximum and minimum of
the RES. This regular situation can be well seen near the C,
maximum of the upper RES (Figs. 1, 2, and 5) where the
oscillator like sequences of sixfold clusters begin one half of a
quantum (one half the energy difference between the first two
clusters in the sequence) below the classical limit energy.
However, near other extremes of the two components the
situation is different. Thus in the case k; < O (Fig. 5, bottom)
an eightfold cluster of the central component is located right at
the minimum classical energy corresponding to the rotation
around the C; axis. The same component in the case k; > 0
(Fig. 5, top) does not have such cluster, and of course the
sixfold cluster is moving along the classical C, energy curve
when transferring between the components.

Finally, alternation of the sign of k; can be given a clear
physical interpretation. The rotational part of the Coriolis term
H''#") is a rotational tensor of odd degree, namely R.'¢"'¢)
= 2J, with & = x, y, z. Consequently, changing the sign of
k; (and simultaneously of all parameters of the so-called
“imaginary” terms H”**" with odd degree Q of the rotational
part) can be interpreted as changing the sign of the commuta-
tion relation between the angular momentum operators

[ e -713] = te€upyt, — [V -IB] = —€apylys
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with € the totally antisymmetric tensor and «, 3, vy standing for
x, y, or z. The “+” relation holds in the laboratory fixed
coordinate frame, whereas the “—” relation applies in the
molecule-fixed frame. The same classical Hamiltonian matrix
symbol can be associated with two quantum operators which

differ in the signs of all odd € terms.

6. ASYMPTOTIC BEHAVIOR AND POSSIBLE HIGHER
ORDER CONNECTION AT LARGE J

As we already mentioned above, our effective Hamiltonian
is much less reliable at large values of J. Inclusion of higher
order tensorial contributions to the effective Hamiltonian can
seriously modify the qualitative structure of rotational bands in
the J > 60 region where the number of experimental data is
insufficient for the detailed reconstruction of the effective
Hamiltonian. However it exhibits an interesting and rare be-
havior near / = 70, which we would like to mention. Accord-
ing to this Hamiltonian the two lowest RESs cross each other
at the C, points when J = 71.36. In contrast to the conical
intersection at J ~ 8, this intersection is parabolic and corre-
sponds to the step in the Hessian value computed at the
corresponding C, points in the interval J = 70 - - - 75 (Fig. 6).

Another interesting feature of the structure of the three
components at high J is the near degeneracy of the C, minima
of the two lower RES which lie much lower than the C,
maximum of the upper RES. To explain this structure we can
consider the limit of very high rotational excitation (large J)
where the amplitude of the vs = 1 vibrations is small compared
to the centrifugal distortion of the molecule. In this limit we
consider vibrations about a J-dependent equilibrium configu-
ration whose symmetry is generally lower than the O, sym-
metry of the / = 0 equilibrium. This limit has been studied
extensively in (28, 29).

Depending on the orientation of the rotation axis the distor-
tion of the / = 0 equilibrium is different. Rotation around
stationary axes C,, C;, and C, breaks the O, symmetry of the
equilibrium configuration down to D, D;,, and D,,, respec-
tively. Neither of these groups have, of course, triply degen-
erate irreducible representations, and therefore the triply de-
generate vibrational mode v¢(F,,) of the O, symmetric
molecule will split. Near the D, and D;, equilibria the v,
mode splits into a nondegenerate and a doubly degenerate
mode; near the D,, equilibrium the v, mode splits into a sum
of three nondegenerate modes. This explains qualitatively why
it is natural to expect that in the large J limit the two C,
energies and the two C; energies become nearly degenerate
while the three C, energies remain separated.

7. PURELY CLASSICAL ANALYSIS OF THE
ROVIBRATIONAL HAMILTONIAN

So far our analysis was based on the classical limit of the
rotational operators and on quantum three-state description of
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Hessian for the middle branch

T T T T T T X

arcsh( losxh])

arcsh(1 OSXIIJ)

FIG. 6. Hessian values arcsh(10° X h’(6, ¢)), at the stationary points of
the central component E,($) and lower component E . (§) of vs = 1 for J up
to 75.

the vibrational problem. In this way we obtained three rota-
tional energy surfaces (RESs) which represented three vibra-
tional components. We can also introduce a completely clas-
sical limit where both rotation and vibration are treated
classically. In this section we account briefly for the remark-
able fact of the exact correspondence of the formulae [10],
[11], and [12] obtained by the RES method and the results of
the classical study of the relative equilibria (stationary points
on the classical phase space defined by the critical orbits of the
symmetry group) of the classical rotation—vibration Hamilto-
nian.

7.1. Classical Limit of the Vibrational Problem

To construct a purely classical analog of the quantum Ham-
iltonian [3] we should transform quantum operators of vibra-
tional coordinates and conjugated momenta (§;, p,), i = 1, 2,
3 of the triply degenerate oscillator to classical variables. To
this end it suffices to replace (§;, p;) for classical variables (g;,
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pi). Equivalently, the classical analogs of the three creation
and annihilation operators are the three complex variables
together with their conjugates (30)

(af, a) — (2% 2) = (qu + ipw g — ipd)s k=1,2,3.
A less trivial task is to understand the topology of the corre-
sponding classical vibrational phase space. To do this we

should realize that our problem contains an approximate inte-
gral of motion

1
N = 3 (z:2% + 2025 + z32%) [32]

corresponding to the polyad quantum number 7 (total number
of quanta in the v¢ mode) of the quantum Hamiltonian. This
integral is the harmonic oscillator part of the vibrational Ham-
iltonian or equally the sum of actions of the three one-dimen-
sional oscillators. The assumption that n is preserved intro-
duces an approximate dynamical symmetry. Reduction of this
oscillator symmetry (see, for example Appendix B in (37))
leads from the initial six-dimensional Euclidean phase-space
R to a reduced-phase space of real dimension 4 which is a
complex projective space CP,. This space can be described in
terms of homogeneous quadratic polynomials constructed of z
and z*; these polynomials are su(3) analogs of the angular
momenta J,, J,, J. which describe the rotational sphere S,.
Analysis of the topological and group-theoretical features re-
lated with this model was initiated in (9) and continued later in
(12, 13). Vibrational polyads of different kinds were inten-
sively studied by Kellman (32). A numerical semiclassical
analysis of the internal structure of vibrational polyads of a
triply degenerate mode was suggested in (33).

7.2. Critical Orbits on the Classical Phase Space

Our classical analysis is very similar to the RES analysis of
the purely rotational problem with classical phase-space S,.
We recall that in this latter familiar problem we look for
stationary points of RES which in the presence of symmetry
can be found, at least in the simplest possible situation, entirely
from the action of the symmetry group on S,. Thus in the case
of cubic symmetry we find isolated points on S, which are
fixed with regard to particular symmetry operations (rotation
around particular axes C,, C;, and C,). Operations which
leave a particular point invariant form the local symmetry
group of the point. This group is called a stabilizer. Other
operations map the point to other points on S,. All such points
form an orbit. Since the points with local symmetry C,, Cs,
and C, are isolated, the corresponding orbits are critical (23).
Any RES must have stationary points at the points in the
critical orbits. In general, critical orbits correspond to relative
equilibria of the problem, the set of equilibria of the reduced
Hamiltonian which correspond to principal periodic orbits of
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the original problem (29). The values of the rotational Hamil-
tonian on the critical orbits or the energies of relative equilibria
describe the cluster structure of the quantum multiplet.

The total classical phase space of our model rovibrational
Hamiltonian for the v¢(F,,) mode is the product CP, X §, (for
other examples of classical phase spaces of this kind see (11,
17)). Due to the action of the symmetry group O, there are
several critical orbits on this space. These critical orbits are
necessarily stationary points of any smooth Morse function
defined over CP, X S,. Critical orbits are defined entirely by
the action of the O, group on the vibrational and rotational
spaces CP, and S,, respectively. More precisely, since the
spatial inversion does not modify angular momentum compo-
nents and quadratic vibrational polynomials, the action of the
O, group reduces to that of the O group. (The image of O, in
the space of rotational and quadratic vibrational variables is
0.) The action of the O group on CP, has been studied in
detail in (9), and the action of this group on the rotational space
S, [on (J,, J,, J)] is, of course, well known. The seven
critical orbits of the O group action on the CP, X §, space are
characterized in Table 4, where for each orbit we specify its
stabilizer on the total space, and on the vibrational and rota-
tional subspaces CP, and §,, the number of points in the orbit,
and the branch assignment in the limiting case of normal
Coriolis splitting. Positions of these critical orbits can be
obtained directly from Table 4 of Ref. (9) and from the posi-
tions of critical orbits of the O group action on §,. In Table 4
we give these positions in terms of complex vibrational coor-
dinates z;, k = 1, 2, 3 and rotational coordinates J,, a = x,
v, z. Since the energy (and everything else) is exactly the same
for all points on the same critical orbit, only one point in each
orbit is represented.

7.3. Other Stationary Points on CP, X S,

All points in the critical orbits in Table 4 are stationary
points of any Morse function (a smooth function with only
nondegenerate stationary points) defined on our phase space
CP, X §,. However, using simple topology arguments we can
show that such function should also have additional stationary
points. We can also suggest that an O-symmetric Morse func-
tion on CP, X S, would have two additional noncritical C,
orbits of stationary points. Using the description of the O group
action (9), we find that the points in question project on
C,-invariant spheres S, in CP,. It is possible to characterize
them further by taking the time reversal symmetry of our
rovibrational Hamiltonian into account. Action of time reversal
operation T on the classical variables

(z1, 20, 23, S I, J) — (2%, 2%, 25, —J., —J,, =J)
[33]

is equivalent to simultaneous complex conjugation on CP, and
inversion on §,. Since the Hamiltonian itself is, of course,

Copyright © 2000 by Academic Press
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TABLE 4
Critical Orbits of the Action of the O Group and Stationary Points of the Hamiltonian Function
on the Classical Phase-Space CP, X S,
stabilizer of the orbit position on C P, position on S type of number of component
total vib rot (21, 22, 23) (J1, J2, J3) orbit points assignment
Cy Dy Cy N(1,0,0) J(1,0,0) critical 6 central
Cy Cy Cy — (0,1, +4) J(1,0,0) critical 6 upper/lower
V2
Ca Cy Cy — (0,1,—3) J(1,0,0) critical 6 lower /upper
V2
N J
C D C — (1,1,1 — (1,1,1 critical 8 central
3 3 3 7 ( ) 7 ( )
N /2 1 1 J
C: C C. — (—,——————i,———-{—') — (1,1,1 critical 8 upper/lower
3 3 3 2\ 7 VRl 7 ( ) pper/
N2 1 1 J
C: C" C . (—,——+I,—— —I) — (1,1,1 critical 8 lower /upper
3 3 3 2\ 5 7 7 ( ) /upp
N J
c D c Z_(0,1,1 2 (0,1,1 itical 12 central
2 2 2 \/5 ( ) \/i ( ) critica ntra
N 1 1 ) J
Co NT: Co NT: Co NT —_— T, —, —— — (0,1,1 non-critical 12 upper /lower
2 ATz 2 NTh 2 NT2 T 77 73 ( ) a pper/
N 1 1 J
CoATy ConTy ConTy —_— (1y, —, -——) — (0,1,1) non-critical 12 lower /upper
1+ 42 V2 V2 N

Note. Reversing symmetry T, is used to restrict noncritical C, orbits to the corresponding invariant submanifold S, where the two orbits x and y represent

the two stationary points of a generic Hamiltonian function.

invariant with respect to 7, we can extend its initial symmetry
group (36) from the spatial group O, to O, /\ T which on
CP, X S, becomes O /\ T.

Analysis of the O /\ T action on CP, X S, indicates the
presence of a one-dimensional stratum formed by 12-point
orbits whose stabilizer is the four-element group

C, X T, =[Id, Ch, (C3°T), (CheT)].

(The C, subgroup of this group contains the C’ element and
the second-order-2 subgroup 7', contains a reversing operation
T, = C% o T; the so-called “diagonal” axes C) and C’, are
orthogonal to one of the C, axes.) This stratum is a union of 12
isolated S, circles. Each circle lies on the corresponding C,-
invariant sphere with stabilizer C,. A Morse function has two
stationary points on S,. These points are at the same time
stationary on the C,-invariant sphere in CP, and on the com-
plete space CP, X S, due to the O /\ T symmetry action. Of
course, the exact position of the two stationary points depends
on the concrete Hamiltonian function, but restricting this func-
tion to one of the invariant circles greatly facilitates the com-
putation.

7.4. Energy of Relative Equilibria

Having done all preparatory analysis described above and
having transformed our Hamiltonian [3] to its classical ana-
logue #(z, J) we can appreciate the results. Indeed, we obtain
the energies of all relative equilibria corresponding to critical
orbits (in particular the energies of all C, and C; symmetric
relative equilibria) after a trivial substitution of classical dy-
namical variables z and J in the Hamiltonian function 3¢ for the
coordinates of the points in Table 4. If the scaling constant
corresponding to the value of the oscillator integral N is set to
1, resulting analytic expressions are identical to those in Eqs.
[10], [11], and [12] obtained from the analysis of the eigen-
values of the 3 X 3 matrix Hamiltonian [7] for the v, = 1 state.

To find explicitly the position of the two remaining C,-
symmetric stationary points and the energy of the correspond-
ing relative equilibria, we restrict our classical Hamiltonian #
to the S, subspace of CP, indicated in Table 4. The coordinates
x and y of the two points are defined in terms of the polar
coordinate ¢ on the circle S,. They are obtained as solutions of
a simple quadratic equation in ¢ defining the minimum and the
maximum of ¥ on §,. Of course, positions x and y of the
noncritical stationary points depend on the Hamiltonian param-
eters and the values of $. As before, after replacing variables

Copyright © 2000 by Academic Press
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z and J for the coordinates of the C, symmetric points in Table
4 and using the solutions for x and y (with N' = 1) we obtain
expressions which can be transformed to form [12].

8. CONCLUSION

We once again demonstrated the advantages and usefulness
of the simple classical approach to the analysis of rovibrational
energy level system of concrete molecules. Using this ap-
proach we gave a complete concise qualitative description of
the complicated rotational structure of the v, = 1 state of
Mo(CO)s.

We demonstrated how the global features of the rovibra-
tional energy level patterns can be described and interpreted
using simple classical mechanical models based on the concept
of the rotational energy surface. Description of all stationary
points and singularities in our classical model provides a way
to understand and characterize all possible energy level struc-
tures, including energy intervals with regular sequences of
states related to regular dynamical behavior and exceptional
states and energy regions related to singularities. We do not, of
course, characterize all individual quantum states, a nearly
impossible task if our models are meant to be applicable at
increasingly high energies where the number and density of
states grow rapidly. The obvious advantage of the method is
that the complexity of our calculations does not increase with
the increase of the rotational excitation.

Our purely classical study (Section 7) based on CP, X S,
and the striking correspondence of its results to the RES
calculations deserves by right further serious research which
we plan for the near future. In general such classical study
should be increasingly accurate in the analysis of the corre-
sponding quantum system in the limit of high rotational and
vibrational excitations. Nevertheless, our results indicate
strongly that the analysis of classical relative equilibria on
CP, X §, can be very useful even in the study of low excited
vibrational states which previously were always considered as
exclusively quantum systems.
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Modeles Tensoriels pour des Molécules
Non-Sphériques

Publications P13, P14, P25, P27, P30, P32, P36, P38

4.1 Introduction

Le formalisme tensoriel développé et utilisé au sein du groupe de Dijon depuis plus de 30 ans
est souvent considéré, a tort, comme une machinerie théorique complexe, uniquement destinée a la
spectroscopie rovibrationnelle des molécules de type toupies sphériques. Diverses extensions de ce type
de formalisme ont été réalisées récemment. Nous reparlerons longuement au cours de la Partie IV de
I’extension concernant la spectroscopie rovibronique. Dans le domaine rovibrationnel, Maud Rotger
a mis en place au LPUB plusieurs projets concernant 'utilisation du formalisme tensoriel pour des
molécules non-sphériques. J’ai participé a ces projets, en particulier en ce qui concerne leur élaboration
théorique.

Rappelons brievement que les deux principaux avantages du formalisme tensoriel “a la dijonnaise”
sont i) le développement systématique des opérateurs hamiltonien et moment de transition pour une
polyade et un ordre donnés, et ii) la technique d’extrapolation vibrationnelle, décrite au Chapitre I11.2.

4.2 Molécules quasi-sphériques

Dans le cas d’une molécule toupie symétrique ou asymétrique dérivant d’une toupie sphérique par
substitution d’un ou plusieurs atomes, il peut étre intéressant d’utiliser un formalisme dérivant de
celui utilisé pour les especes tétraédriques ou octaédriques. On procede alors a une réorientation dans
le sous-groupe de la molécule “déformée”. Nous nous sommes ainsi intéressés plus précisément aux
deux types de problemes suivants;

— Les molécules du type X2Yo de symétrie Cs,. On travaille alors dans le chaine de groupes

0O(3) DTy D Coy. (111.4.1)
— Les molécules du type XY5Z de symétrie Cy,. On travaille alors dans le chaine de groupes
0O(3) D Oy, D Cyy,. (111.4.2)

Le formalisme correspondant s’obtient en réorientant les tenseurs et les bases de O(3) D Tq ou O(3) D
Oy, & 'aide d’une matrice G,
( j,nC,C5> =S OGL_|jnCo). (I11.4.3)

cette matrice étant déterminée par une méthode de projection. C est une représentation irréductible
de Cy, ou de Cy, et o est I'une de ses composantes.

Les formalisme [P13,P14,P30] et les programmes [P27] nécessaires ont été développés pour ces
deux chaines de groupes et appliqué aux molécules SO2F5 [P36] et SF;5Cl [P25,P38].
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4.3 Spectroscopie de I’éthylene

J’ai également participé a la mise en place d’un formalisme tensoriel adapté aux molécules de type
XYy de symétrie Dyj comme I'éthylene, CoHy [P32]. Ce travail se fait dans le cadre de la these de
Wilfried Raballand (co-dirigée par Maud Rotger et Michel Loéte) et dans le cadre d’une collaboration
avec Jean-Marc Simon et ses collegues du Laboratoire de Recherches sur la Réactivité des Solides
(LRRS) a Dijon. L’idée est a terme de modéliser les spectres de molécules d’éthylene adsorbées dans
une zéolithe de type ZSM-5. Dans ce but, l'effet Stark (de part les champs électriques tres intenses
régnant a l'intérieur de la zéolithe) et les termes de confinement stérique sont en cours d’intégration
dans le modele.

4.4 Article-clé

Est reproduit ici un article illustrant 'utilisation du formalisme tensoriel dans le cas d’une molécule
de type toupie quasi-sphérique.

— [P38: J. Mol. Spectrosc., 222, 172-179 (2003)] présente une comparaison entre ’analyse de
I’état vibrationnel de base de SOsF5 utilisant le formalisme usuel des toupies asymétriques et
celle utilisant le formalisme tensoriel adapté aux molécules quasi-tétraédriques. Cette molécule
étant extrémement proche de la symétrie tétraédrique, I’approche “toupie sphérique déformée”
semble prometteuse ici. Nous envisageons dans un proche avenir I’analyse des premieres polyades
de SO2F45 a l'aide de ce formalisme, 'approche toupie asymétrique standard semblant poser de
nombreux problémes.
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Abstract

The analysis of the ground state rotational spectrum of SO, F; [K. Sarka, J. Demaison, L. Margules, I. Merke, N. Heineking, H.
Biirger, H. Ruland, J. Mol. Spectrosc. 200 (2000) 55] has been performed with the Watson’s Hamiltonian up to sextic terms but
shows some limits due to the 4 and S reductions. Since SO,F; is a quasi-spherical top, it can also be regarded as derived from an
hypothetical XY4 molecule. Thus we have developed a new tensorial formalism in the O(3) D T; O C,, group chain (M. Rotger, V.
Boudon, M. Loéte, J. Mol. Spectrosc. 216 (2002) 297]. We test it on the ground state of this molecule using the same experimental
data (10 GHz-1 THz region, J up to 99). Both fits are comparable even if the formalisms are slightly different. This paper intends to
establish a link between the classical approach and the tensorial formalism. In particular, our tensorial parameters at a given order
of the development are related to the usual ones. Programs for spectrum simulation and fit using these methods are named C,, TDS.

They are freely available at the URL: http: //www. u-bourgogne. fr/LPUB/c2vTDS. html.

© 2003 Elsevier Inc. All rights reserved.

PACS: 33.15.Mt; 33.20.Sn; 33.20.Bx

Keywords: Microwave spectroscopy; Tensorial formalism; XY>Z>; Asymmetric tops

1. Introduction

The ground state rotational spectrum of sulfuryl
fluoride, SO,F,, has been recently investigated [1]. In
parallel to this work, the rovibrational spectra of some
fundamental bands are being analyzed. The results for
the isolated vg(b,) band centered at 887.2cm™! have
already been published [2] as well as those for the
v3(ar)/v1(b1)/ve(hy) triad around 550 cm~' [3].

However the analyses are not satisfactory and in
particular the 4 (asymmetric) and S (symmetric) reduc-
tions proposed by Watson [4] fail in the ground state

* Supplementary data associated with this article can be found at
doi:10.1016/S0022-2852(03)00215-7

" Corresponding authors. Fax: +33-3-80-39-59-71.

E-mail address: Maud.Rotger@u-bourgogne.fr (M. Rotger).

URL: http://www.u-bourgogne.fr/LPUB/Equipe2A/Spectroscopy/
spectro.html.

0022-2852/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0022-2852(03)00215-7

analysis. The best results are obtained using the so-
called 6 reduction. In fact, the 4, B, and C rotational
constants have very close values and in this case the 4
and S reductions lead to non-perturbative unitary
transformations of the Hamiltonian [5].

In this paper, we will use another approach. Ac-
cording to the rotational constants values, in first ap-
proximation we can consider the SO,F, molecule as
a spherical top derived from an hypothetical SYy,
molecule.

For this we have developed an adapted tensorial
formalism in the O(3) D T; D Cy, chain [6]. It is an ex-
tension of the usual formalism used in Dijon for XYy [7]
spherical tops with tetrahedral symmetry.

This theory is presented here and is applied to the
analysis of the ground state. Results are compared to the
previous analysis. In addition the tensorial and Watson’s
models are compared and relations between the pa-
rameters of both models are established.
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2. Experimental details Bagy = B5€,
24-B—
By = 55, 2)
_ B-C

The sample is the same as previously used [1]. In Kiel,
the spectra were recorded in the frequency range from
about 8-14 GHz, employing a Fourier transform mi-
crowave spectrometer for the X/Ku-band with auto-
matic scan facility [8] and a waveguide-cell of quadratic
cross-section and 12m length [9]. Ambient temperature
and sample pressures of about 0.3-0.6 Pa (24 mTorr)
were used throughout. The transition frequencies were
determined from a least-squares analysis of the transient
emission signals, in most cases at an accuracy of better
than 5kHz.

The Cologne Terahertz spectrometer was used be-
tween 545 and 945GHz. The radiation sources are
Russian  phase-locked backward-wave oscillators
(BWOs). The detector is a magnetically tuned LHe
cooled InSb hot electron bolometer. Further details of
the spectrometer are given in [10]. The accuracy of the
measurements is 30 up to 100 kHz for weak lines.

In Lille, a FIR laser sideband spectrometer [11] was
used to cover selected regions between 600 and
1000 GHz. The output of a MW synthetizer (2-18 GHz)
and that of an optically pumped FIR laser were mixed
on a Schottky diode to generate terahertz sideband ra-
diation which was detected by a heterodyne receiver.
The laser was locked permitting an accuracy better than
300kHz. In addition, the lines below 473 GHz were
measured with a source-modulated spectrometer em-
ploying phase-locked French Thomson-CSF BWOs.
The signal was detected with a LHe cooled InSb bo-
lometer. In general, the accuracy of the measurements
was better than 50 kHz.

3. Theory
3.1. The Hamiltonian operator

3.1.1. Watson’s form

The wusual sextic rotational Hamiltonian for an
asymmetric rotor (which we call Hwaison Or ““Watso-
nian”) can be written in terms of the operators J2, Jy,
and Jy = Jy £ iJy as follows [12]:

HWatson = BZOOJ2 + BOZOJé + TZlOO (J2)2 + T220JZJ§

+ T040J§ + 45600(]2)3 + ¢420(J2)2J§

2 14 6 1 2
+ ¢240J JZ + ¢060Jz + z [BOOZ + TZOZ‘]
+ szzjzz + Dy (JZ)Z + ¢222J2J§
1

+ ooy, I+ + 3 [Toos + ®Papa?

+ Doaady, T4+ T+ Doos(S +T°) (1)
with

in the /" representation.

The use of capital letters (X, Y, Z) to label the angular
momentum components in Eq. (1) is different from the
standard notation and will be explained later.

In the S reduction [1], one quartic parameter, 7, and
three sextic parameters, @, are constrained to zero:
Tor = Py = Pogr = P = 0.

3.1.2. Distorted tetrahedron form

Let us now introduce our tensorial Hamiltonian for a
distorted tetrahedral molecule.

The theoretical model described below to develop the
Hamiltonian operator is based on the tensorial formal-
ism and vibrational extrapolation methods used in Di-
jon. These methods have already been explained for
example in [7,13-15]. We only recall here the basic
principles and their applications to the case of XY,Z,
molecules [6] belonging to the C,, group.

The background of the model is based on the idea of
considering XY,Z, molecules as distorted XY, mole-
cules, by substitution of two ligands. Practically, this
means that we start from the O(3) D 7; formalism used
for tetrahedral species [7] and make a symmetry reduc-
tion (or reorientation) into the C,, subgroup. This pro-
cedure has been detailed in [6]. In the following, all the
C,, oriented tensor operators will be denoted in the
form:
T(...,r,?)

with I' (= Ay, 4>, E, Fi, F5) and T (= ay, a», by, by) de-
noting 7, and C,, irreducible representations (irreps),
respectively. This way of handling XY,Z, molecules has
some consequences on the labelling of Hamiltonian and
transition moment parameters. The energy level labels
are also different from the ‘“usual” ones used in the
standard treatment of asymmetric tops, as it will be
detailed in Section 3.1.5.

If we consider an XY,Z, molecule in its vibrational
ground state, the Hamiltonian operator can be put in
the following form (after performing some contact
transformations):

HMoret-Bailly = Z tQ(K'”r'F):BRQ(K'nr'F% (3)
all indices

which we have called Hyiorer-paity Since it is based on the

rotational operators R defined by Moret-Bailly [16,17].
In Eq. (3), the 2K»I"I) are the parameters to be

determined and f is a numerical factor such that:

g { (—é)g/2 if (K, nl) = (0,04,), @

1 otherwise.
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ROKLT) s the rotational operator of degree Q. The

order of each individual term is defined as Q — 2.

Let us summarize here the construction of the
ROKALT) rotational operators. Further details can be
found in [6,7]. A convenient classification of a complete
set of rotational tensors requires two indices: the degree
Q in the angular momentum components and the ten-
sorial rank K. This basic tensor as defined by Moret-
Bailly [16,17] is denoted by

R — 2J0),

where J() is the angular momentum vector. The general
tensor R?K) is defined according to the following re-
cursive expressions given by Zhilinskii [18]

RQ(K) — RQ*K(O) x RK(K), (5)
where

RQ—K(O) _ ((Rl(l) « Rl(l))(O))(Q*K)/Z _ (RZ(O))(Q*K)/Z (6)
and

REKK) — (RK—I(K—I) > Rl(l))(K)_ (7)

In the T, group, RAEM) s the general form for a

rotational tensor. I' is an irrep of this group, ¢ a com-
ponent of I' and » is an index of multiplicity. They are
linked to O(3) tensors (5) thanks to the G coefficients
[19,20]

(K)
RUED =S G R, (8)
>

Finally, the preceeding rotational tensor is re-oriented
from T, into our subgroup (C,) and is denoted
ROKALT) “xwhere T is a C,, irrep. This re-orientation is
done using the G’ coefficients [6,21]:

~ ()
RQ(K.nr,r) _ Z GQRQ(K,nr)_ (9)
r (2

3.1.3. Principal axes
Let us first consider only terms of order 0 (i.e., degree
2 in JX7 ‘]ya JZ) in (3)

HMorel-Bailly = tlﬂR(LOAl’al) + IZR(Z’OEM) + t3R(2'0F21a1) +---
(10)

In term of J,, J,, and J. operators and according to
(5)-(9), this leads to the following equation

2 2
Hytoret-Baitly = (11 - 2\/;&)13 + (11 - 2\/;&)];
2 2
+ 0 +4/30) +2V26(JJ,

+I )+, (11)

where x, y, and z denote the components in the axis
system of the tetrahedral molecule (see Fig. 1).

Fig. 1. The molecular axis frames in 7; and Cs,.

At the same order of development, the Watsonian
can be written

Hyason = (Bao + 2Bo02)J5 + (Baoo — 2Booa)J5
+ (Bogo + Baoo)J; + -+ - (12)

We can see that our oriented Hamiltonian contains
an additional term proportional to JyJ, + J,Jx. This can
be easily understood because Hworet-Bailly has been de-
rived from the reorientation of the tetrahedral Hamil-
tonian. For this one, the (x, y, z) axis frame that is used
(see Fig. 1) is not the principal axis system of the
“distorted” C,, molecule. Thus, a coordinate change
has to be made in order to eliminate the J.J, 4 J,J;
cross-term.

In term of angular momentum operators, this leads to
the following relations for the components of the .J an-
gular momentum:

JX == 7\%2(-],: 7Jy)a
Jy = U+ ), (13)
Jz=J.

or
Jx = _%(JX _JY)7
Jy =5 (U +Jy), (14)
Jzzjz.

A correct phase choice for the Jy component has been
made to be in agreement with the signs of the usual
rotational constants. In other words, our C,, molecular
axis frame (or (OXYZ) frame) is deduced from the (Ox)z)
molecular axis of the 7, group by a rotation of an angle
equals to ©/4 about the OZ axis as shown on Fig. 1.

3.1.4. Comparison of the two models

In the aim of comparing the two models, we give
hereafter the expression of both Hamiltonians taken in
the same (Ox)z) molecular frame, up to order 2 (i.e.,



114 — Partie I1I. Chapitre 4 : Modéles Tensoriels pour des Molécules Non-Sphériques

M. Rotger et al. [ Journal of Molecular Spectroscopy 222 (2003) 172-179 175

degree 4 in J;, J,, J;). By applying transformation (13) to
Eq. (1), we get :

Hywaison = Baood* + BoxoJ? — 2Booa (Jdy + JyoJs)

Lo (J7 404 2 ) (S 40} +02)
T

+ 2 [(R 422 (24 + 2]
+ Toao? = Toon | (72 42+ J2) (1, + 72)
(1) (5243 +07)]
= Ty [ (Sl + ) + (Il + ) 7]
2T [J_;‘ R Y J;‘]

+ 27})04 (JnyJny + JnyJny + JYJ3JV + thxz-]v) 3

(15)
to be compared with:
Hytoret-Bailly
=0 (2422 +2) +gfz (22-02-3)
+2V215 (S + I ) (T2 4 T2+ T2) (242 42
—%le [(QJZZ —J _Jvz) (Jrz +Jy2 +J2>
H(zenen) (220 )]
- %&, |y ) (2 T2 +2)
+ (Jf +J;+ Jj) (S, + Jny)]
+f/§t7 (5784508450 = 3(2 402 +2)
(AR L) 2 T4
+SB a2t -4 3)]
+%zs 3(22+ 22+ 22 4 27
52452 1013]
ﬁ\g 15 [3I2(Jedy I o) + 3(Jedy + )T
—%ﬁ@ [(JijJrJny ) - (J;Jf +J3‘I—V)
—4(JJ, +Jny)} : (16)

It is not possible to fit all quartic constants in both
models using terms up to the order 2 only [1,6]. In order
to identify these two expressions and also to be able to
compare the results with experimental values, we use the
so-called S reduction for Hyg,on [1]. In this reduction,

Tos» =0 which clearly corresponds to 2 =0 in
HMoret-Baily- This ensures a full consistency between the
two expressions. So, we get:

11 = Boo + §Bozo + 2 Toos — 75 Toao + -+ -

t = % (TBos — 30Tp0s — 5Toao) + -+ -
f=—1V2Buy + -

ts = — 15 Tooa + £ Toao + 5 To0 + Taoo + - -

ts = — Y2 (8Tpoq + 6Tpao + TTozo) + -+ - (17)
t6:§T202+"'

t7 = —%(67"004—7"040)4—'“

ty = *%(67?)04+T040)+'“

In the reverse way, we obtain:

Booy = —V2t3+ -+

By = 2V/61, — % \/4215 + - -

By =t — 3V60 + 5300 + 2 v/A245 + -

Tyo = —D;y :f4+§\/§f5—%\/§6f7—%\/‘ﬁf8+"'
To = D = —8\/§t5—%\/36f7 +%\/4_2t8+"'

Toso = —Dy = 4308, — 4/ 4285 + . ..

Ton = d, :%\/6[6+"'

Toos = da = —2V/306; — 24215 + - -- (18)

The dots indicate that these expressions are only ap-
proximate. The main reason is that Moret-Bailly’s ro-
tational operators are not homogeneous polynomials in
Ji, J, and J,. R?®) terms contain monomials in J,, J,, J,
of maximum degree Q. For instance, we can see that the
term R**41.4) with parameter ¢; in (16) contains also
monomials of degree 2. Thus, the dots in the above
expressions will contain additional contributions from
Q=6,8,....

3.1.5. Matrix elements of the tensorial Hamiltonian
The matrix elements of a pure rotational operator are
calculated in the following pure rotational basis

‘T(J,/ICT,C,.)>. (19)

Expression of the matrix elements of the Hamiltonian
from [6] is simplified in the following manner for purely
rotational operators:

<g/(1’,n’c,’.,5,-) RAKnT-T) lP(J,nC,.,E,.)>

(r. ¢ C;)K K J T

(r ¢, c¢) (nI, nC, n'C)

x <qj<J’)H RQ(K)HY’(J)>. (20)

:K’

All the rovibrational levels are described by (J, &, C)
labels where o is a numbering index for levels that
have the same C,, symmetry within a J block. This
labelling is related to our group chain choice which
considers XY,Z, molecules like near-spherical tops.
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In this way, the usual asymmetric-top K,, K. labels are
hidden and related to the C symmetry. Thus, the
(AK,, AK.) nomenclature does not occur in our tran-
sition labels.

Table 1

Rotational and centrifugal distortion constants in MHz of SO,F, in S and 6 reductions

M. Rotger et al. | Journal of Molecular Spectroscopy 222 (2003) 172-179

3.1.6. Intensity calculations for the tensorial model
The strength of a transition between the molecular
rovibrational states @; (with energy E;) and @, (with

energy Ey) is calculated using

S reduction

6 reduction

Hj
Hjx
Hyy
Hyg
hy

ha
h3
Lyx
Lx
Ly
Iy

I

O—a
RMS

x10°
x103
x10°
x 108
x103

x10°
x10°
x10°
x10°
x10°
x10?
x10°
x10%
x10"
x 101
x 10"
x1013
kHz

kHz

5134.877276(93)
5073.078278(60)
5057.056659(69)
1.478671(14)
~1.529510(51)
1.850506(50)
-30.212(17)
0.1372017(39)

0.44338(95)
0.565(11)
0.141(21)
~0.730(18)
0.5891(34)
95.05(90)
-0.67251(96)
~59.23(97)
~0.1431(24)
~65.3(2.5)
-8.44(21)
7.73(12)

26

102.85

Hy
HKJ
Hy
h

Iy

x103

- x10°

x103
x 106
x103
x103
x10°
x10°
x10°
x10°
x10°
x10'2
x10"?

5134.876906(51)
5073.078441(36)
5057.055567(36)
1.497054(26)
~1.64148(15)
1.94409(13)
~30.1838(46)
-0.16272(22)
0.146508(13)
0.71538(67)
~1.5585(24)
2.351(12)
~1.005(13)
-0.1012(10)
~57.00(55)
13.86(93)

21
79.27

#Standard deviation of the fit calculated from the median of absolute residuals.

Table 2
Values of the ground state parameters with our tensorial formalism (Hyore:-Bailly)
2 Q(K,nI', IN") Value/MHz

Best fit 19 = 0 Reduction
1 2(0,04;,a;) 5088.337142(42) 5088.337190(42)
t 2(2,0E,a;) 14.250186(12) 14.250245(12)
I3 2(2,0F,a1) —2.832303(8) —2.832273(8)
14 4(0,04;,ay) —0.001338723(13) —0.001338742(14)
ts 4(2,0E,ay) 2.835(3) x 10°° 5.0518(36) x 107°
Is 4(2,0F, ay) —2.03114(28) x 1073 —9.2687(26) x 107°
1 4(4,04;,a,) —7.68568(13) x 10 * —7.35454(13) x 10 ®
1 4(4,0F, ay) —1.9084(12) x 10~ —1.3551(12) x 10
Iy 4(4,0F,ay) 1.689 x 10~ (fixed) 0 (fixed)
to 6(0,04;,a) 5.235(17) x 1071° 5.256(17) x 10710
t 6(2,0E ay) -1.5(3) x 10712 —6.08(32) x 10712
1 6(2,0F,a;) ~5.61(1.23) x 10 2 —~1.751(10) x 10 1
3 6(4,04,,a1) —1.87(63) x 107" —1.34(6) x 1071
la 6(4,0E, ay) —7.5(5.71) x 10713 7.5(5.7) x 10713
1s 6(4,0F, a;) ~2.72(16) x 10 1! 1.352(13) x 10 1
te 6(6,04,,a;) 1.02(8) x 107" 1.1(9) x 102
17 6(6,0E, a;) —1.08(3) x 107! —4.80(39) x 1072
g 6(6,0F, a) —3.355(51) x 10711 —2.69(42) x 107
ty 6(6, 1P, ay) —1.986(16) x 10! —1.1762(14) x 1071
a® kHz 23.29 23.47
RMS kHz 69.87 72.85

#Standard deviation of the fit calculated from the median of absolute residuals.
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Sy = Kipgie™ "N (@[, | D)) (21)

M; My

where K, is a numerical coefficient and g; is the spin
statistical weight of state @;. The values of spin statis-
tical weights in XY,Z, (Cy,) molecules, with ¥ ligands
having spin { and Z ligands having a spin equal to 1 are
listed in Table (6) of [6]. The sum is realized over the
spherical components M; and M, of the two states in the
Laboratory-Fixed Frame (LFF). p, is the 2 compo-
nent of the dipole moment in the (V2% %) LFF.

In order to calculate transition intensities, we have
limited the development of the dipole moment oper-
ator through the zeroth order only using the methods
explained in [6]. This reference also gives the expres-
sion of the matrix elements of the dipole moment
operator.

4. Analysis and discussion

First, the assigned transitions (1071) were fitted to
the Watsonian using /" representation in the S and 6
reductions. The results are given in Table 1. Inspection
of this table shows that all the determinable sextic
centrifugal distortion constants are well determined
and that the standard deviation of the fit in the 6 re-
duction is slightly smaller although the number of fit-
ted parameters is smaller (16 instead of 20). It confirms
the conclusion of [1] that, in the particular case of
SO,F,, it is preferable to use a non-reduced Hamilto-
nian (at least up to quartic terms). It is also worth
noting that the rotational constants have a smaller
standard deviation in the 6 reduction and that the
sextic constants are significantly different in the S and 6
reductions (another indication that the reduction pa-
rameter is too large).

RMS / kHz
2 2 N 3
& ~ in S in o in

2
S
T

69.5

L
20 25 30 35
AGOFa) o

Fig. 2. The root mean square versus the values of the (44071
parameter.

|||UHHnnm..“.“..........

i I L L L L L u
0 100 200 300 400 500 600 700 800 900 1000
Frequency / GHz

Intensity

Fig. 3. Overview stick spectrum of the ground state of SO,F,: exper-
iment and simulation.

Q Region
Sim.
2.5F
2k 4
'E 15l | Y ! I L i
= EXp
]
3
1+
0.5
0 n n n |
835 8.375 8.4 8.425 8.45
Frequency / GHz

Fig. 4. Q region of the ground state of SO,F,: experiment and simu-
lation.

R(37) Region
7 T T T

Ll

3 Exp.

0
384.03 384.18 384.33 384.48 384.63 384.78 384.93
Frequency / GHz

Fig. 5. R(37) cluster of the ground state of SO,F,: experiment and
simulation.



4.4 : Article-clé — 117

178 M. Rotger et al. | Journal of Molecular Spectroscopy 222 (2003) 172-179

We have then performed an analysis of the ground
state of SO,F, using the tensorial model described
above. For this, J# (noret-Bailly) has been developed to the
fourth order. Preliminary simulations of this region were
obtained starting from the rotational parameters of
Sarka et al. [1] and in taking the same value for 4y, By,
and Cj rotational constants. In the /" representation, we
obtain the following relations for our ¢, ©, and #; ten-
sorial parameters using (2) and (17)

[Nw twﬁ A,@,@
1 — 3 ) 2 12 0 2 2 ’

Co— By
42

A first simulation enabled us to begin the assignments
and the fit procedure for low J values. More and more
parameters have been successively released and the
whole spectrum has been simulated. At the end, all the
1071 available transitions (see above) were used. So 18
parameters were adjusted together and the final stan-
dard deviation is equal to 23.29 kHz. The resulting pa-
rameters are listed in Table 2. Only one parameter,
namely fy = t*40%2a) g fixed because of an ambiguity

1 >~ (22)

a
600 8 o]
o
400 g
4 2001 g E
=, ° os o
»egsuj--i;ﬁ iB 2 B
‘g 8 g o
2 S
200 oy 8 o q
8 §
o g
400 B
°
600 F ]
-800 L L 2
0 10 20 30 40 50 60 70 80 90 100
7
b
600 o i

400

200(

@ih—@;ﬁf?@% -

o

R

Vo VeaKHZ

00%

-200 -

\o
@oomooamomo o
g Soo
|
0

° 8
o

-400 - b

o

600 4

-800 L L L L ! L L L L
0 10 20 30 40 50 60 70 80 90 100
J

Fig. 6. Observed minus calculated wavenumbers versus J with the
Watsonian (a) and Moret-Bailly’s Hamiltonian (b).

problem. Its value is choosen as shown in Fig. 2 in the
aim of decreasing the root mean square. Several root
mean squares have been calculated for different values
of the #*%24) parameter. This curve has been fitted by
a polynomial and the minimum has been found. The last
column of this table also gives the values of our pa-
rameter in fy = 0 reduction.

Figs. 3-5 show synthetic spectra calculated with the
parameters of the fit listed in Table 2. The detailed views
show very good agreement between the simulation and
the experiment.

In the experimental stick spectrum, only lines that
have been actually observed are plotted. Fig. 7 displays
the calculated and observed reduced energy levels for the
ground state (observed levels are levels reached by ob-
served transitions). They are obtained by subtracting the
scalar terms, i.e.,
Ewa=E(J,% C)— 0.0dva) 2 (7 4 1)2,

(23)
The Fig. 6 show the observed minus the calculated fre-
quencies versus .J. These residual values are quite similar
in both models versus J.

O.OAl.al)J(J+ 1) —t4(

Calculated reduced energies
157 T T T T T T T T

0 10 20 30 40 50 60 70 80 90
J

Observed reduced energies

0 10 20 30 4 0 6 70 8 9% 10
J

Fig. 7. Observed and calculated energies for the ground state of SO,F,

using the Moret-Bailly’s model.
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Table 3
Fitted values of the ground state parameters up to the quartic order
with the tensorial model (FMoret-Bailly)

4 Q(K,nI',T) Value/MHz

f 2(0,04,,a;) 5088.3097(18)

b 2(2,0E,a;) 14.2468(5)

n 2(2,0F,ay) —2.8291(3)

i 40,04y, a;) —0.133101(28) x 102
s 4(2,0E, ay) 4.530(75) x 10

1 42,0F, ay) —~7.657(39) x 1076
f 4(4,04,,a) —7.2906(30) x 10~
fs 4(4,0E, ay) —3.64(25) x 1077
lo 44,05, ay) 0 (fixed)

Table 4

Fitted values of the ground state parameters up to the quartic order
with the Watson model compared to those obtained according to re-
lation (18) and Table 3

Watson’s Par. Value/MHz “Calc.”/MHz

A 5.1348351(28) x 10° 5.1348394(51) x 10°
B 5.0730374(21) x 10° 5.0730466(35) x 10°
C 5.0570357(24) x 10° 5.0570424(35) x 103
Dy = —Tiyo 1.47055(19) x 1073 1.2052(13) x 1073
D = —Ty —1.53611(37) x 10 3 —1.0037(20) x 10 3
Dix = =T 1.85278(97) x 1073 1.5879(13) x 1073
dv = D —24.374(94) x 10 © —25.01(13) x 10 ©
dr = Toos 13.3326(53) x 10 3 26.779(22) x 10 °
R5 = % T022 0 (ﬁxed) 0

In the aim of comparing the parameters obtained
with the two models with the correspondence formula
(17),(18), we decide to do in the both case a fit till order
2 only. So these fits are not the best ones but they are
just performed to verify our relations of correspondence.
In Tables 3 and 4, we give fitted values up to the quartic
parameters in both models and according to relations
(18), we recalculate the Watson’s parameters. The values
are in reasonably good agreement. We must keep in
mind that our relations (18) are only approximate.

5. Conclusion

We have first presented the two theoretical models
which have enabled us to analyze the ground state of the
SO,F, quasi-spherical top. Then, we give the two corre-
sponding sets of parameters and relations between them.
They clearly show an approximate numerical link be-
tween the two formalisms. We can conclude at this stage
of comparison that both models give similar results in the
analysis independently from the J values. A complete
table of measured and assigned transitions in both models
is available on the journal’s home page. Our analysis has
been performed thanks to the C,, TDS software, which
can be freely downloaded at the URL: http: //www.
u-bourgogne. fr/LPUB/c2vTDS. html.

Our next challenge is to apply the tensorial model to
the vo(b2)/v7(h1)/v3(a;) triad and particularly to the
va(ay)/vs(az) dyad where problems concerning the choice
of axes are encountered with Watson’s formalism.
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Chapitre

\

ROISIEME PARTIE

T

Banques de Données Spectroscopiques

Publications P16, P27, P33, P34
Article de revue B2

5.1 Introduction

Une préoccupation majeure liée aux travaux d’analyse spectroscopiques réalisés au LPUB concerne
la diffusion de ces résultats et a leur mise a disposition de la communauté scientifique [P33]. Depuis de
nombreuses années a été mise au point au LPUB la base de données STDS (Spherical Top Data System,)
qui permet aux utilisateurs de recalculer les spectres (absorption infrarouge et diffusion Raman) de
diverses molécules tétraédriques sous différentes conditions de température et de pression. J’ai pu
contribuer a 'amélioration de STDS, d’une part par I'inclusion de mes résultats d’ajustements récents
(voir Chapitres II1.2 et I11.3), et d’autre part & ’aide d’un certain nombre d’améliorations techniques.
Enfin, j’ai développé sur le méme principe une base de données consacrée aux molécules octaédriques
(HTDS, Highly-spherical Top Data System) et participé au développement d’autres bases similaires
consacrées a des molécules de symétrie plus basse (Cay, Cay, - .. ).

5.2 Améliorations apportées a STDS

Les programmes inclus dans STDS sont basés sur 'implémentation du formalisme tensoriel. Une
caractéristique essentielle est I'utilisation d’opérateurs tensoriels irréductibles et de bases orientés dans
la chaine de groupes O(3) D Ty. L’orientation se fait par I'intermédiaire d’une matrice notée G,

jnCo) => VG, |jm). (I1L.5.1)
m
Dans la référence [P34] qui est une partie du travail de thése de Michaél Rey, nous avons exposé
une méthode générale de calcul des éléments matriciels U )G?Ca pour j entier et demi-entier (nous
reparlerons du cas demi-entier dans la Partie IV). Ceci nous a permis de repousser la limite initiale
en J (nombre quantique rotationnel) de STDS de 96 a 199. Ceci est tres important pour le calcul de
spectres de molécules lourdes qui font intervenir des excitations rotationnelles élevées.

D’autre part, et d’'un point de vue plus technique, les premieres versions de STDS étaient basées
sur le schéma des polyades vibrationnelles du méthane (la polyade P, étant définie par les niveaux
vibrationnels tels que n = 2(v+wv3)+wv24v4). Ceci n’est toutefois pas adapté a toutes les molécules. J’ai
donc introduit une généralisation dans les programmes permettant de spécifier le schéma de polyade
adapté a la molécule étudiée directement dans les parametres d’entrée. Cette technique est décrite
dans le référence [P16] reproduite ci-apres.

5.3 Nouvelles bases de données

Plusieurs bases de données sont désormais en téléchargement libre sur le site Web du LPUB (ou
le seront tres prochainement),
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STDS (Spherical Top Data System) est consacrée aux molécules tétraédriques du type XY4. STDS
a servi de point de départ au développement des autres bases décrites ci-dessous [P33].

HTDS (Highly-spherical Top Data System) est consacrée aux molécules octaétriques de type XY
[P16,P33].

C2,TDS (C5,-Top Data System) est consacrée aux molécules de type XY2Zo de symétrie Cy, (voir
Chapitre I11.4).

C4,TDS (Cy,-Top Data System) est consacrée aux molécules de type XY5Z de symétrie Cy, (voir
Chapitre I11.4) [P27].

D2, TDS (Dsp,-Top Data System) est consacrée aux molécules de type XoY,4 de symétrie Doy, (voir
Chapitre I11.4).

GROUP permet de lister les coefficients @) oo ainsi que divers autres coefficents de couplage et
de recouplage pour les chaines de groupes O(3) D Ty et O(3) D O, ! [P34].

L’ensemble des “packages” xTDS consiste d'une par en un jeu de programmes de simulation de
spectres et d’ajustement de données spectroscopiques (fréquences et intensités) en FORTRAN 77 et,
d’autre, part, en une base de données des fichiers de parametres résultant des analyses de spectres
effectuées au LPUB. Tous ces programmes sont congus pour fonctionner sous UNIX (y compris Linux
et Mac OS X). Un version Microsoft Windows de STDS est également disponible.

5.4 Article-clé

Est reproduit ici un article illustrant les principes utilisés pour I’ensemble des bases de données du
type 2 TDS.

— [P16: J. Quant. Chem. Radiat. Transfer, 66, 1-16 (2000)] présente la base de données et le
jeu de programmes HTDS, dédié aux molécules octaédriques de type XYg. Notons que depuis
la publication de cet article, les parametres résultant des différentes analyses récentes de bandes
de SFg (voir Chapitre II1.1) ont été ajoutées & HTDS. De plus, conformément aux méthodes
développées dans la Référence [P34], les programmes ont été modifiés afin de permettre la prise
en compte de nombres quantiques rotationnels élevés (jusqu’a J = 199, actuellement).

1. GROUP permet également de lister ces mémes coefficients pour des valeurs demi-eniteres de j, ce dont nous
reparlerons dans la Partie I'V.
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Abstract

The Spherical Top Data System (STDS) program suite developed in Dijon has been extended into two
directions. First, the vibrational extrapolation is now possible for any kind of polyad scheme, this one being
fully specified in the input parameters of the programs for hamiltonian and transition moment model
calculations. This was not the case of the preceding version which was based on the polyad scheme of
methane. Secondly, it is now possible to study any band and polyad of XY, molecule for which a complete
treatment in the O,, group is made. Up to now, only some vibrational levels of these molecules (¥, levels in
particular) could be studied using equivalences with the T'; group. Some examples mainly concerning the
SF, molecule are presented. As before, this suite is composed of a series of FORTRAN programs called by
a UNIX script. The whole package is freely accessible through ftp (user anonymous) at jupiter.u-bour-
gogne.fr. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Octahedral molecules; Tensorial formalism; Vibrational extrapolation

1. Introduction

In a previous paper [1], we have described STDS (Spherical Top Data System) for the
simulation of spherical-top spectra. This package, however, is restricted to the study of XY,
tetrahedral molecules (point group T3). Moreover, STDS is based on the polyad definition scheme
of methane.

In this article, we present an extension of STDS, named HTDS (Highly-spherical Top Data
System) dedicated to the study of XY, octahedral molecules (point group Oy, ). This extension was
first motivated by the possibility of studying vibrational bands of SF4 other than simple v; or

* Corresponding author. Tel.: -33-3-80-39-59-17; fax: -33-3-80-39-59-71.
E-mail address: boudon@jupiter.u-bourgogne.fr (V. Boudon)

0022-4073/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
PII: S0022-4073(99)00161-2
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v4F 1, fundamentals (these could be considered in STDS using some symmetry equivalences). In
a forthcoming paper [2], we will describe our analysis of the v, + v¢ combination band of >2SF
using the HTDS programs. This case will therefore be largely used in the examples given in the
present paper. The principal characteristics of HTDS are:

e A full treatment in the O, group is made and parity is taken into account.

e The polyad scheme of the molecule under consideration is fully specified by the user in the form
of command-line arguments.

e The package includes programs necessary to fit experimental data with Hamiltonian
parameters.

HTDS thus constitutes a good complement to STDS for people who want to study XY molecule
spectra.

The HTDS package presented here is intended to provide direct access to the theoretical results
achieved in high resolution research on XY, molecules as well as the tools for studying new
spectra. It is freely accessible by anonymous ftp at the Internet address jupiter.u-bourgogne.fr.
HTDS is designed for UNIX workstations or for PC computers running under LINUX. It consists
of a complete set of FORTRAN routines managed by UNIX scripts. The aim of this paper is to
provide the user, nonexpert in the theory of spherical tops, all information needed to exploit
efficiently the software package.

2. General comments about octahedral molecules and their spectra
2.1. Remarkable spectroscopic features

XYs molecules possess six normal modes of vibration: three X-Y stretching modes named
v1(Aig), v2(Eg) and v3(F ), and three Y-X-Y bending modes that are v4(F 1), vs(F,g) and ve(Fyy).
We consider here only XY, molecules with an A4, (totally symmetric) electronic ground state.
Molecules like ReFg, IrFg, NpFg, ... (with a degenerate electronic ground state) would involve
much more complex phenomena (rovibronic couplings) and are thus not studied here. In the
present case, only the F;, fundamentals are allowed in absorption spectra. A;,, E, and
F,, fundamentals are allowed in Raman scattering spectra. Thus, XY molecules show a character-
istic vibrational spectrum with two very strong infrared fundamentals (v; and v4) and three intense
Raman fundamentals (v,,v, and vs). The v¢ mode is inactive. The overtone and combination bands
give much less intense and more complicated features [3,4]. Some vibrational levels may form
polyads (groups of levels that are accidentally close to each other). But the polyad scheme is
completely different from one molecule to the other, and no general rule can be derived.

Another important characteristic of these molecules is their relatively high molecular weight
generally leading to highly congested spectra due to:

e Low B, rotational constant values (0.091 cm ! for SF¢ [5], 0.057cm ! for PuFg [6], even
lower for hexachlorides).

e Low energy bending fundamentals (especially v¢ that may be below 200 cm ! for transition-
metal hexahalides) leading to numerous hot bands.
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This generally implies the use of high-resolution spectroscopic techniques [ 7-10] and of supersonic
expansion jets [2,11-14] to resolve XY spectra.

2.2. Theory

The theoretical model used in HTDS is based on the tensorial formalism and vibrational
extrapolation methods developed in Dijon [15]. Let us consider an XY molecule with vibrational
levels grouped in a series of polyads designed by P, (k =0,...,n,...), P, being the ground state
(GS). The Hamiltonian can be developed as a sum of operators specific to each polyad as

H = %{Po = GS} + %{Pl} + -+ %{pk} + -+ %{P,,,l} + %{P,,} + - (1)
The effective Hamiltonian for polyad P, is obtained by projection in the corresponding subspace,
HED — p<Pn>%p<Pn>
_ glP> P> {P, > (P> <P
= Higy) + Hp/j + - + Hpy + - + Hpy + Hyplf (2)
The different terms are written as

%{Pk} - all inzdexes tﬁ(}l{i'}r‘)r - [8V§i‘}'§£j}r")r®RQ(K’nF)](Alg)' (3)
The 245370 are the model parameters, “V{x{™" and R*®"™ are vibrational and rotational
operators Their construction is described in Ref. [15]. All parity indexes being ¢ in this case, they
are omitted in the following equations. Q and Q, are the rotational and vibrational degree,
respectively. The order of development is given by Q + Q, — 2. Here are some examples of effective
Hamiltonian matrices:

The ground state: H = HSY

{GS} *
The v stretching band: H® =H g;; + H <v3>.
The v, + v¢ combination band: H v = H{g§}+”6> +HOT + HOT + HO2

The matrix elements are calculated in the coupled basis
PP, @
where "P{>"9 is a rotational wavefunction and YW a coupled vibrational wavefunction with
|V\Pg_c)> — |[[[[\II£A1g)®\II$}12scz)®\IfgssnsCs)](czs)®\If§l4,n4c4)](czs4)
® lPS]lss ;nsCs )] (Ca34s) ® le(]lss nsCo )] E)SV)>5 (5)

the WS being symmetrized harmonic oscillator wave functions for the six normal vibrational
modes of the XY, molecule that is considered.

The diagonalization of the effective Hamiltonian leads to eigenvalues (energies) and eigenstates
that are simply denoted by

Yy, ©

where n is an index to number the states ordered by increasing energy within a (J, C) block.
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In order to perform intensity calculations, the dipole moment (for absorption spectra) and
polarizability (for Raman spectra) operators are expanded in a similar way. This will be described
in detail in a forthcoming paper [16] and is thus not explained here.

3. Description of the HTDS package

Once properly installed, the HTDS package has the directory structure described in Fig. 1
(assuming that the installation directory is named HTDS). The subdirectories contain the following
files:

e bin: Executable files created by the compile script,

e ctrp: Examples of files containing constrains for parameter fits,

e ecxp: Some experimental files (line frequencies and assignments),

e gtd: Symmetrization coefficients "G, (see Ref. [15]),

e jobs: Examples of jobs for spectrum calculations and experimental data fits,

e para: Parameter files for all the molecules and band systems presently included in the
package,

e prog: Scripts for compilation, program sources and some other files used by the scripts.

The calculation jobs (in jobs) are arranged by molecule. Their names are in the form
job_cal NameOfTheBandSystem.

For example,.../jobs/328F6/job_cal nul +nué calculates the v, + v¢ band of 32SF.

4. Calculating spectra with HTDS

The general structure of a job for spectrum calculation is given in Fig. 2. A commented example
(for the v, + v¢ combination band of 32SFy) is given in Table 1. First of all, the eigenvalues
(energies) and eigenstates of the effective Hamiltonian are calculated for the upper and lower
polyad (here a polyad can be a single vibrational state as well as a complex vibrational system).
Then the transition moments for the transitions between these two polyads are evaluated and
finally, the spectrum (line frequencies and intensities) is calculated for specific conditions (frequency
range, temperature, ... ). Let us first describe the Hamiltonian energy calculation.

The first program used is hmodel which determines the operators to be used in the Hamiltonian
development for the vibrational levels and polyad scheme considered and up to the develop-
ment order specified. The general command-line syntax for hmodel can be summarized
as follows:

hmodel Pn NIl Dky, 0©0O000O0O \
Nm, Dk, i, v, R U 7 S
: \
Nm; Dk; vl, .. vd, R Vi o vEN
\

Nm, Dk, v} v U O
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-

HTDS

-Q

bin

e 4] 6

Q9

328F6

-Q

exp

3 8 8 9

328F6 338F6 34SF6 80SeF6

—Q 3 N
2ph dip dip dip

dip

_-Ejjl' pol

gtd

TR QQQQq
182WF6 183WF6 184WF6 186WF6 32SF6 33SF6 34SF6 80SeF6

—Q

fit examples

para

QQ

182WF6 183WEF6

Fig. 1. The directory structure of HTDS.
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Lower polyad Upper polyad
Pn' Pn
hmodel hmodel
(Ham. model) (Ham. model)

Y Y
rovbas rovbas
(Rovib. basis) (Rovib. basis)

! !
hmatri hmatri
(Ham, matrix) i (Ham. matrix)

Pn'— M
transition
Y Y
_ hdi dipmod hdi |
(Diagonalizes H) (Dip. mt. model) (Diagonalizes H)
} | | v ‘}»,:‘;:
Y

dipmat
(Dip. mt. matrix)

|

trm
(Trans. momt.)

Y

tra
(Freq. and tr. mt.)

;

spect
(Spectrum calc.)

[Calculated spectrumj

Fig. 2. Schematic description of the spectrum calculation. For Raman spectra, dipmod and dipmat are replaced by polmod and
polmait, respectively.

The first argument must be the letter P immediately followed by an integer number n. This one
indicates the running number of the polyad to consider. This argument is followed by n + 1 lines
describing polyads P, ..., P;, ..., P,. Each line consists of:

e the number m; of vibrational states for polyad P; (following letter ),
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Table 1

Example of a job for spectrum calculation: the v, + v combination band of 32SFg

4 | /bin/sh
set -v
# # Calculation of the absorption spectrum
# # of nul +nu6b of SF6.
# ¥
BASD =.../.../HTDS =
4
JOBD = $BASD/prog/exe
PARD = $BASD/para

* ¥

# # Jmax values.

* ¥
JPInf_p = 36 =
JPsup_p = 38 =
JPsupminf_p = 35 =

* ¥

# # Parameter file.

# ¥ =
PARA = $PARD/328F6/Pa_010001m0O00000

¥ #

* ¥

Lk ke R
FHEEE RS

# %
# # Hamiltonien matrix elements.
# %
#+ # Lower Polyad.
# %
$JOBD/passx hmodel PON1 D2 000000
$ % =
$JOBD/passx rovbas PO N1 D2 $JPinf_p
*# =
$JOBD/passx hmatri PO N1 DR $JPinf p
# % =
$JOBD/passx hdi PO N1 D2 $JPinf_p $PARA
# % =
# # Upper Polyad.
# %
$JOBD/passx hmodel PEN1 D2 000000 \
NID2 000001 \ =
NID2 010000 \
NiID4 010001
¥
$JOBD/passx rovbas P3 N1 D224 $JPsup-p
¥ # =
$JOBD/passx hmatri P3 N1 D224 $JPsup-_p
# % =
$JOBD/passx hdi P3 N1 D2224 $JPsup-p $PARA =
# %
# # Dipole moment matrix elements.
# %

# # Upper - lower level transgition.

HTDS installation directory.

Maximum J value for lower level.
Maximum J value for upper level.
Maximum J value for the calculated spectrum

Parameters for H and p (or o).

Hamiltonian model for lower polyad.
Rovibrational basis for lower polyad.
H matrix elements for lower polyad.

Diagonalization of H for lower polyad.

Hamiltonian model for upper polyad.

Rovibrational basis for upper polyad.

H matrix elements for upper polyad.
Diagonalization of H for upper polyad.
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Table 1. (Continued)

4+
$JOBD/passx dipmod PEN1 00000 0
NI 000001
NI 010000
NI 010001
PONL 000000 \

D1

= Dipole moment model.

T

# %
$JOBD/passx dipmat P3 N1 PO N1 DI\
$JPsupminf_p = Dipole moment matrix elements.
4
#+ # Transition moment.
44
$JOBD/passx trm  P3 N1 PON1 D1\
$JPsupminf p $PARA dip
4 = Transition moments.
$JOBD/passxtra P3 PO DI \
$JPsupminf_p
¥ ¥ = Frequencies and transition moments.
# # Spectrum calculation.
# %
$JOBD/passx spect 986.0 996.0 30.0 30.0 10.0
= Spectrum calculation.

Note: Some comments are given on the right.

e the order of development (following letter D) of #p,;,
e m; sets of six vibrational quantum numbers (v,, v, Vs, U4, Us, Us) defining the m; vibrational states
of polyad P;.

The rovibrational basis (Eq. (4)) is then calculated by rovbas for J =0,...,J .. The matrix
elements of the hamiltonian operators constructed by hmodel are calculated by hmatri in this
basis. Finally, hdi uses the Hamiltonian parameter values to construct the hamiltonian matrix and
then diagonalizes it.

The model and matrix elements of the dipole moment (resp. the polarizability) are calculated in
a similar way by dipmod (resp. polmod) and dipmat (resp. polmat) for absorption (resp. Raman)
spectra. The syntax for dipmod /polmod follows the same principles as for hmodel. This time, both
the lower and upper polyads must be fully specified on the command-line (see example in Table 1).
Programs trm and tra calculate the transition moments.

The final step is made by spect that calculates the line frequencies and intensities in the frequency
range [fmin» fmax | and for rotational and vibrational temperatures T',,, and T;,, respectively. The
command-line syntax for spect is

Sped:’ fmin fmax Trot Tvib Imin

I'mia 1s the intensity threshold (all lines with intensity lower than I,,;, are not written in the output
file). The main output file is spectr.t. An example is given in Table 2. The beginning of this file
recalls the parameter values, the vibrational states involved and the calculation conditions. Then,
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Table 2
Example of the spectr.t output file

Hamiltonian Parameters in Octahedral Formalism
518 Data ; Jmnax 27 ; St Dev previous &.592 , predicted 3.592

2. 10.8.6. 6. 0.5 Spin Statistics , Spin Y

nul nud nud nu4 nud nué J =0 BO DO

773.5 641.7 939.0 614.0 528.0 347.0 0.090971 0.6058000D — 8
24 1.d-21 8 Para Number ; Model Accuracy Parameters

SF6 000000 et 010001 Order 6

Sat May 23 18:24:02 WETDST 19298 Hmn Frdm Value/em — 1 St.Dev./cm — 1

1 2(0,0A1g) OO0000A1g O0O0000A1IgALE 02 0 0.91078389192E —01 0.0000000E+00

2 4(0,0A1g) OO0O0O00A1g0O00000AIgAIEg04 237 —0.26999749848E —06 0.2313801E —07
23 2(R,0Eg 0l0001F2uO0l0001FRu Eg42 161 — 0.104578508336E —03 0.1850921E —04
24 2(R,0FRg) OI0001F2u O10001FRu FRg 42 218 0.34048941616E —04 0.1557648E — 04

Transition Moment Parameters in Octahedral Formalism
*

*

*

1 Arbitrary Units

1141

*

*
1 0(0,0A1g) OO0O000A1gO10001F1uFlu 0 0 0.10000000000E+01 0.0000000E +00
& Upper Vibrational States

# vl va v3 v4 v5 v6 Cv

1| [[[[ OCO,0A1* 1(1,0 E®* 0(0,0A1DIEg* O(0,0A1DIES* 0(0,0A1]Eg* 1(1,0FRWIFlu >

2| [[[[ 0C0,0A1* 1(1,0 E®* 0(0,0A18]Eg* O(0,0A18IES* O(0,0AIDIEg* 1(1,0F2w]Fau >
1 Lower Vibrational States
# vl V& v3 v4d vB v6 Cv
1| [l OC0,0A1)* OCO,0A1* O(0,0AI8)IALIL* O(0,0A1IALg* OCO,0AI]ALg* O(0,0AIDIALE >
Spectroscopic Data Calculated through J = 358
Imposged Frequency Range: 986.000000 - 996.000000
Vibrational Temperature: 300.00 Kelvin
Rotational Temperature: 300.00 Kelvin
Intensity Lower Limit 0.10E+00 Arbitrary Units

Calculated Transitions
Frequency Intensity J C n #vib J C n #vib Lower Energy

990.478131 1.01E-01 P 6 A2 1 1 100% B A2 & 1 97% 3.824832
991.285997 1.16E-01 Q@ 6 A2 1 1 100% 6 AZ 2 1 98% 3.824832
087.415LR95 1.80E-01 P 36 FR 8 1 100% 35 F2 B2 1 81% 120.861640
087.431784 1.86E-01 P 36 F2 9 1 100% &5 F2 B3 1 823% 120.873879
Number of Calculated Transitions 1248

First Transition —» 987.226466 1.67E-01L P 36 F1
Strongest Transition - 991.383702 3.78E-01 @ 34 A2
Last Transition —» 995.998186 2.12E-01 R {7 AR

Effective Jo range — 6 - 36

Strongest Tr at Jmax — 991.296938 3.02E-01 @ 35 AR

Intensity summations:
0.20E+03 Arbitrary Units with threshold = 0.10E+00
0.830E+03 Arbitrary Units without threshold

Note: See text for comments.
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the list of calculated transitions is given. Each line is identified by the lower (J”, n”, C”) and upper
(J,n,C) quantum numbers (same labels as in Eq. (6)). In each case, the (J, n, C) sets are followed by
a vibrational identification consisting in the number of the vibrational state and in a percentage
representing the projection of the “true” vibrational wave function on the specified normal mode
basis.

5. Fitting parameters with HTDS
The HTDS package also provides the possibility to fit hamiltonian parameters using experi-

mental data. The general procedure is described in Fig. 3. This necessitates an assignment file
containing lines of the following form (the format must be respected):

19 995.7187844+ 0.008700 0.001620 26 E 2 RK7E 16 SFO10001mPO
20 995.7071874+ 0.013000 0.001490 25 A2 2 26 A2 8 SFO10001mPO
20 995.707187+ 0.013000 0.001490 19 F1 5 20F1 228SF010001mPO

Each line has the following structure:

Columns 1-6: running index on experimental lines.
Columns 9-18: experimental line wavenumber.
Column 20: the plus sign indicates that the line has been assigned and fitted. If any other

character is placed here, this indicates that the line has been assigned but will
not be fitted and will thus not be taken into account by the programs.
Columns 24-31: experimental line intensity.
Columns 36—43: experimental precision on line position.
Columns 53-70: assignment in the form J”C”n” (lower level) J'C'n’ (upper level). Each experi-
mental line can be assigned to several theoretical transitions if necessary.
Columns 72-83: character chain used to extract desired assignment lines.

Practically, two jobs must be used. A first job is used to calculate the Hamiltonian operators matrix
elements (up to the desired order). This is done using hmodel, rovbag and hmairi for both lower and
upper polyad, just as explained in the preceding section. In jobg/fit_examples, some examples of
such jobs are given. Their names are in the form:

job_hme_NameOfTheMolecule_NameOfTheBandSystem.
In the same directory, one can find examples of the second type of job required, named in the form:
job_fit_NameOfTheMolecule NameOfTheBandSystem.

This second job performs an iteration to determine a new parameter set. It is organized as follows.
The first program used is hdiag. It diagonalizes the Hamiltonian matrix for the lower and
upper polyad using the Hamiltonian initial parameter file. The difference between hdi (see
preceding section) and hdiag is that the later also calculates energy derivatives with respect to the
parameters.

The job exasg is used to extract the desired lines in the assignment file (see above) using
a specified character chain. Then, eq_tds calculates the normal equations and paradj determines
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Fig. 3. Schematic description of the parameter fit.

the new parameter set. Further iterations can be done simply by renaming the output parameter

file (its name is indicated at the end of the job) with a command line like

mv OutputParameterFile InputParameterFile

and by running the job again.

A commented example of a fit job is given in Table 3.
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Table 3
Example of a job for parameter fit: the v» + v4 combination band of **SFs.

41 /bin/sh
set -v
# # Example of parameter fitting ;
# # nul +nub of 325F6.
* ¥
BASD = /home/nepl/wenger/HTDS = HTDS installation directory.
#*
JOBD = $BASD/prog/exe
PARD = $BASD/para
EXPD = $BASD/exp
CTRD = $BASD/ctrp
¥ #
# # Jmax values.
* ¥
JPlow = 28 Maximum J value for lower level.
JPupp =37 Maximum J value for upper level.
JPupp-low = 27 Maximum J value for the
4 3 calculated spectrum.
# # Parameter file.
* ¥
PARA = $PARD/B28F6/Pa_010001
TR = Parameters for H.
# ¥ Assignment files.
# #
ASG = $EXPD/325F6/dip/Herman.exp = File containing experimental assigned lines.
* ¥
# # Parameter constrain file.
* ¥
CLF = $CTRD/32SF6/010001
4 3 = TFile defining the constrains on parameters.
FHHEHFHEFFFFFEHE S FFFE S FEEFFH#

Y

Y

Y

##
# # Hamiltonian diagonalization.
##
# # 000000 level.
#*#
$JOBD/passx hdiag PO N1 D2 $JPlow $PARA = Diagonalization of H for lower polyad.
##
# # 010001 level.
##
$JOBD/passx hdiag P3 N1 D2224 $JPupp $PARA
##
# # nul+nud fit. = Diagonalization of H for upper polyad.
##
$JOBD/exasg SF 010001 mPO $ASG
mv ASG_EXP ASG_010001mPO
cp ASG_010001mPO assignments.t = IExtraction of assigned lines.
#*#
$JOBD/passx eq_tds P3 PO p p ir $JPupp_low
mv normal-eq.t NQ-H-010001-010001mPO-mv = Calculation of normal equations.
prediction_mix.t Pred 010001mP0O
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Table 3. (Continued)

#*#
# # New hamiltonian parameter estimates.
##
cp $CLF CL_H_010001
$JOBD/passx paradj H CL_H_010001
NQ-H_010001_010001mPO
##
##$
# # # The new parameter file is: = New estimate of parameters.
¥ $
# 4 NQ-H_010001_010001mPO_adj
##$

Note: Some comments are given on the right.

6. Hardware and software requirements

The HTDS package includes source codes of all the executables. A FORTRAN compiler is
necessary to generate these executable files using the installation script.

In principle, since almost only standard statements and UNIX commands are used, HTDS
should be suitable for most UNIX workstations. It has been carefully tested on the following
platforms: HP 9000/7xx operating under HP-UX 9.05 and 10.20, IBM RS/6000 operating under
AIX 2.4 and SUN UltraSPARC operating under SUN-OS 5.5.1. A PC LINUX version of the
package is also available. The user should refer to the htds README file for more detailed
instructions. DEC Alpha and SGI workstations can also run the HTDS package with a few
modification. The authors can be contacted for such technical questions.

The minimum configuration for HTDS is 32 Mbytes RAM and 175 Mbytes of free disk space for
the creation of temporary files of the most complex calculations.

7. Present status

Presently available molecules and band systems are given in Table 4. The calculation para-
meters, disk space and CPU time given in this table are only indicative. J,,,, corresponds to the
maximum J value of spectral lines that could be assigned up to now in the spectra whose analysis
lead to the parameter files included in the present package. [fimin, fmax] 15 @ rough wave number
interval (in cm ™) suitable for the band systems under consideration. The rotational and vibra-
tional temperatures T, and T, correspond to the experimental conditions of the spectra used for
the analyses. The CPU time was determined on a HP 9000/712-80 workstation.

Of course, the user can change the values of Joax, fmins fmaxs 1 ror and Ty, in the jobs (see the jobs
and command-line descriptions in the preceding sections). The only limitations are the disk space
available to the user, and also that the programs cannot handle J values higher than 96.
Extrapolation to higher J, T,y or T,;, values than those indicated are possible, also the results
should be considered very carefully.
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Table 4
Molecules and band systems presently available from HTDS. See text for comments

Molecule/job_name Jmax Foia Fax T T.o S'nin DsP CPU time
(cm™)  (m ) (K) (K) (AU)? (Mo) (hh:mm:ss)
328F /iob_cal nul 90 620 665 293 293 0.2 51.6 00:46:28
328F ¢ /iob_cal_nu3 95 900 996 300 300 0.004 134.7 02:29:24
328F /iob_cal_gnud — nus 60 900 996 300 300 0.00008 173.6 00:57:41
328F /job_cal_Bnus 32 2700 3000 300 300 0.01 59.2 00:05:21
328F ¢ /job_cal nul +nué 35 986 996 30 30 1 104 00:01:38
33SF /iob_cal_nu3 35 935 941 30 30 0.01 4.8 00:01:22
34+SF ¢ /iob_cal_nu3 35 928 933 30 30 0.01 4.8 00:01:21
80SeF, /iob_cal nu? 95 750 800 300 300 0.001 80.6 00:58:41
182W 4 fjob_cal_nu3 46 680 740 50 50 0.2 8.5 00:02:43
183WF /iob_cal_nu3 47 680 740 50 50 0.2 9.0 00:03:02
184WF /iob_cal_nu3 48 680 740 50 50 0.2 9.6 00:03:10
186WF /iob_cal_nu3 43 680 740 50 50 0.2 7.1 00:02:09

*AU = Arbitrary unit.
°DS = Disk space.

8. Getting, installing and running HTDS

The HTDS computer package can be accessed directly either by anonymous ftp at the Internet
address

jupiter.u — bourgogne.fr
in the directory /dist/HTDS_UNIX or through the World Wide Web at the URL
http://www.u — bourgogne.fr/LPUB/shTDS.html

As mentioned above, two versions are available: a general UNIX and a specific PC LINUX
version. Both versions consist in a single compressed file in the standard tar format. Their size
is 2.4 Mbytes for both of them. Instructions to get and install HTDS are given in Table 5.

Table 5
Instructions to get and install HTDS

Create a local directory to be used as the HTDS installation directory

Login by ftp, user anonymous, on jupiter.u-bourgogne.fr

Get (binary mode) the remote file dist/HTDS_UNIX/htds_96.tar.Z into the local directory
Quit ftp and start installation using uncompress < htds_96.tar.Z | tar xvf —

Continue installation following instructions in file “htds_README"

(SN IS

Note: To get the PC LINUX version, follow the same procedure wusing the file
dist/HTDS_UNIX/htds_96_PC.tar.7 instead of dist/HTDS_UNIX/htds_96.tar.Z.
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The execution of the instructions given in Table 5 creates automatically the appropriate
directories and files according to the structure given in Fig. 1 and explained in Section 3. The final
step of the installation is achieved using the included compiling script (refer to file htds_ README).

During the execution of the jobs (spectrum calculation or parameter fit), the various steps are
displayed on the session window. The sequences of routines previously described exchange data
through temporary files created in the working directory. Since these files are automatically deleted
after use, it is highly recommended to work in a dedicated directory (distinct from the HTDS
installation directory), in order to avoid undesired removal of permanent files.

Although the use of HTDS does not require any particular knowledge in theory nor in
programming, users are freely allowed to modify any of the files (source codes, parameter files or
executable scripts). Of course, this is not recommended to users non-expert in the theory of
spherical tops or in computer programming. The authors may be contacted for further information
and developments on the present package.

9. Conclusion and perspectives

Compared to STDS [1], HTDS is certainly a little more difficult to use, because it is not
launched by a single job using a simple command line. Here, the user who wants to use other
conditions or molecules than those included in the examples provided has to modify the jobs. But
on the other hand, this offers a greatest flexibility and an enormous amount of possibilities. The
polyad scheme being entirely specified by the user, it is not linked to any particular molecule. Apart
from this, the advantages of HTDS compared to other databases containing essentially experi-
mental or precalculated data (fixed number of transitions) are the same as for STDS. Extrapola-
tions to high J values, although they have obviously a limited reliability, are possible and can be
very helpful at least for qualitative predictions. HTDS can also be used for theoretical studies of
vibration-rotation features in XY, molecules simply by using appropriate parameter files to
represent specific molecular quantum systems. STDS and HTDS constitute together a reference
tool for the simulation of complex band systems of highly symmetrical molecules. Moreover,
HTDS includes programs for Hamiltonian parameter fitting. This allows the use of HTDS with the
user’s own data.

The use of the command-line description of the polyad scheme will be soon adapted to STDS.
The study of other vibrational bands of XY molecules are planned and thus HTDS should be
updated consequently in the future. The use of HTDS for the study of other octahedral molecules is
also possible under some conditions. For example, we have used this package to study the v4 band
of molybdenum hexacarbonyl, Mo(CO)s [17].
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Publications P1, P2, P3, P4, P6, P7, P11, P19, P23, P2/, P29, P3/, P35
Proceeding A2

1.1 Introduction

Les études décrites tout au long de la Partie III de ce rapport concernent exclusivement des
problémes de spectroscopie rovibrationnelle dans un état électronique non-dégénéré (singulet) isolé. Ces
travaux se situent dans le cadre strict de ’approximation de Born-Oppenheimer et, par conséquent, les
mouvements électroniques sont ignorés (on construit un hamiltonien effectif pour un état électronique
singulet donné, effet des autres états électroniques étant inclus de manieére perturbative).

Lorsque I'on considere des transitions vers des états électroniques excités, qui sont souvent dégéné-
rés, approximation de Born-Oppenheimer n’est en général plus valable. Le probleme devient alors
trés complexe, mais aussi tres intéressant du point de vue théorique. Il est alors nécessaire de traiter
ensemble les mouvements rotationnels, vibrationnels et électroniques. On parle alors de spectroscopie
rovibronique.

Cependant, la communauté de spectroscopie rovibrationnelle (infrarouge et Raman) et celle de
spectroscopie électronique (visible, ultraviolet) sont souvent disjointes et ont peu d’interactions entre
elles. Il n’y a pourtant pas de raison pour que les méthodes et modeles qui ont fait le succes de
la spectroscopie rovibrationnelle a haute résolution ne puissent pas s’adapter également a I'analyse
de spectres rovibroniques. Un moyen de faire le pont entre ces deux domaines (et aussi de simpli-
fier quelque peu le probléme) est de considérer des transitions rovibroniques a Uintérieur d’'un état
électronique de base non-trivial. Les especes possédant un état électronique fondamental dégénéré sont
en fait trés nombreuses, puisque ceci regroupe tous les radicaux et ions moléculaires (qui ont de nom-
breuses applications en chimie atmosphérique, en astrophysique, dans les combustions, les réactions
chimiques, ... ), mais aussi, comme nous allons le voir, des molécules stables (bien que trés réactives)
a sous-couche incomplete.

1.2 Présentation du probleme

Une classe intéressante de molécules a sous-couche incomplete est celle des hexafluorures de métaux
de transition (dits aussi hexafluorures colorés). Des especes comme ReFg [P11,P29] ou IrFg [P3,P4,P6]
possedent ainsi un état électronique de base quatre fois dégénéré ; les deux états électroniques les
plus bas de OsFg sont tres proches I'un de I'autre, menant ainsi a un état de base quasi cing fois
dégénéré [P7]. 1l intervient dans ce cas des phénomenes de couplages vibroniques (effet Jahn-Teller,
... ) complexes. Ce type de molécule a été étudié des les années 1950, mais ’élucidation de la structure
rovibronique de ces molécules n’a pas été réalisée jusqu’a une période récente.
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La spectroscopie des hexafluorures colorés a constitué mon sujet de these. Par la suite, le projet
que j’ai présenté lors de ma candidature au CNRS était basé sur le méme sujet. Une partie importante
de mes recherches actuelles concernent la spectroscopie rovibronique.

L’étude de ce type de molécule présente principalement deux types de difficultés :

— Les couplages vibroniques du type Jahn-Teller sont de nature non-pertrubative et menent, dans
leur formulation usuelle, & des matrices infinies. Une nouvelle formulation doit étre trouvée pour
contourner cette difficulté.

— Le fait que certaines especes comme ReFg possédent un nombre impair d’électrons implique
dans ce cas l'existence de moments angulaires demi-entiers. Se pose alors le probleme de la
symétrisation des fonctions de moment angulaire demi-entier dans le groupe ponctuel de la
molécule.

Les conséquences liées a ces deux points ainsi que des exemples sont détaillés dans la Référence
[A2] reproduite ci-apres.

1.3 Principes du formalisme

Au cours de ma these, j’ai tout d’abord appliqué au groupe Oj la méthode des représentations
spinorielles [P1] qui permet la symétrisation des fonctions de moment angulaire demi-entier . J’ai
également, dans le méme cadre, reformulé le modele de couplage Jahn-Teller en termes d’opérateurs
tensoriels irréductibles [P2,P3]. Cette nouvelle écriture ne permettait toutefois pas de s’affranchir du
probleme des matrices infinies. Celles-ci doivent par conséquent étre tronquées a des valeurs relative-
ment élevées des nombres quantiques vibrationnels. L’inclusion de la rotation moléculaire meéne alors a
des problemes de taille irréaliste, méme pour de puissants ordinateurs (typiquement, la diagonalisation
de matrices 45000 x 45000, voire plus encore). Une nouvelle approche s’imposait donc.

En collaboration avec Maud Rotger, nous avons pu enregistrer a Dijon quelques spectres d’ab-
sorption a basse résolution de plusieurs hexafluorures colorés, dans les domaines proche infrarouge,
visible et ultraviolet 2. Ces spectres sont trés complexes et seuls certains ont pu recevoir un début d’in-
terprétation de leur structure rovibronique a ’aide du modele vibronique tensoriel simplifié développé
lors de ma these [P3,P6,P7,P11]. La Figure 1.1 montre 'exemple de transitions vibroniques de PtF.

Lors du stage de DEA et de la thése de Michaél Rey, un nouveau formalisme a donc été élaboré
[P19,P24,P34,A2], permettant la construction d’hamiltoniens rovibroniques effectifs pour des états
électroniques deux, trois ou quatre fois dégénérés sous la forme générale

H=> t;(R@V;® E;)"a) | (IV.1.1)

)

ou les ¢; sont les parameétres du modele et les R;, V; et E; sont des opérateurs rotationnels, vibrationnels
et électroniques, respectivement. Une méthode de construction des opérateurs électroniques F; a partir
des opérateurs du moment angulaire électronique a été développée [P19,P24]. Les moments de transi-
tion (moment dipolaire et polarisabilité) servant au calcul des intensités des transitions sont développés
de maniere similaire. Cette approche évite le probleme des matrices infinies. Par contre, le probleme
du lien entre les parametres obtenus par ce type de méthode avec les parameétres (ro)vibroniques “clas-
siques” reste entier, la transformation permettant le passage entre les deux modeles étant de nature
non perturbative. Cependant, ainsi que nous le verrons dans les chapitres suivants, notre modele a pu
d’ores et déja étre appliqué avec succes au cas des molécules V(CO)g [P23] et ReFg [P19,A2].

Dans la référence [P34] déja mentionnée au Chapitre II1.5, nous avons exposé de maniére détaillée
la méthode de calcul des coefficients de symétrisation des fonctions de moment angulaire demi-entier
dans les groupes de l'octaedre et du tétraadre. Le programme GROUP décrit dans ce méme Chapitre
permet de lister les coefficients (/) oo ainsi que différents coefficients de couplage et de recouplage
pour j demi-entier compris entre 1/2 et 399/2.

1. Cette méthode est une alternative élégante au concept de groupe double et permet d’éviter certains choix arbitraires
inhérants a celui-ci.

2. Echantillons fournis par le Pr. Daniel Avignant de ’Université de Clermont-Ferrand et le Pr. Henry Selig de
I’Université de Jérusalem, Israél.
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Fi1a. 1.1 — Spectre d’absorption des transitions électroniques d «— X et e «— X de PtFg. Un structure
vibronique complexe est visible.

Récemment, une approche algébrique utilisant le formalisme de SU(4) pour les états électroniques
quatre fois dégénérés a également été mise au point par Frangoise Michelot [P35].

1.4 Articles-clés

Sont reproduits ici un acte de colloque et deux articles détaillant le formalisme tensoriel rovibro-
nique développé dans le cadre de la these de Michaél Rey.

— [A2: Proceedings of SPIE, 5311, 1-13 (2003)] est extrait des actes du colloque “XIVth Sympo-
situm on High Resolution Molecular Spectroscopy, HighRus 2003” (06-11/07 2003, Krasnoiarsk —
Yenisseisk — Kransoiarsk, Russie) pour lequel j’étais conférencier invité. Cet article est une intro-
duction générale a la thématique des états électroniques dégénérés et au formalisme rovibronique
que nous avons développé.

— [P19: J. Mol. Spectrosc., 204, 106-119 (2000)] présente une premiere version du formalisme
rovibronique, restreinte aux modes de vibration trois fois dégénérés et utilisant un schéma de
couplage des opérateurs et des vecteurs de base dans SU(2) ® C.

— [P24: J. Mol. Struct., 599, 125-137 (2001)] présente la version généralisée du formalisme rovi-
bronique, utilisant un schéma de couplage des opérateurs et des vecteurs de base dans O,SL .
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ABSTRACT

Despite its great successes for the standard rovibrational problem, there is still a large domain in which high-
resolution molecular spectroscopy lacks both extensive experimental data and a complete and convincing theory:
the full rovibronic problem. This is the case of a molecule in a degenerate electronic state, i.e. when the Born-
Oppenheimer approximation breaks down. It means that the electronic, vibrational and rotational degrees of
freedom must be treated simultaneously. Complex (ro)vibronic couplings (Jahn-Teller “effect”, etc) are then
involved. Some octahedral transition metal hexafluorides and hexacarbonyls are known since many years to be
stable open-shell systems with degenerate electronic ground states leading to very unusual absorption spectra.
However, the extreme complexity of this kind of problem (from both experimental and theoretical sides) prevented
to go any further in this direction until very recently. In this paper, we will give an overview of the tensorial
rovibronic model that we have developed in the Dijon group for such systems. This model enables the systematic
development of the rovibronic Hamiltonian and transition moments (dipole moment and polarizability) in a
given degenerate electronic state. We will then review the current status of rovibronic spectroscopy of octahedral
molecules. This includes the recent data obtained using supersonic expansion jet infrared spectroscopy of V(CO)g
and ReFg, for which we will present detailed analyses.

Keywords: Open-shell molecules, Jahn-Teller effect, degenerate electronic states, rovibronic couplings, hexaflu-
orides, hexacarbonyls, ions, radicals, group theory, tensorial formalism, effective Hamiltonians and transition
moments.

1. INTRODUCTION

During the last four decades, high-resolution rovibrational spectroscopic studies of small semi-rigid polyatomic
molecules have reached a high degree of sophistication, from both experimental and theoretical (effective and ab
initio models) point of views. Rovibrational fine structures can now be reproduced with a very high accuracy, even
for complicated and excited vibrational groups of levels (or “polyads”). In our group, we have developed powerful
tools and techniques (group theoretical methods, tensorial formalism, effective Hamiltonians and transitions
moments) for the study of highly-symmetrical molecules, the so-called “spherical-tops”.:2 Such tools have also
been extended to lower symmetry species.3™®

However, until very recently all this well-established machinery still failed to allow the study of a large and
extremely interesting class of molecules: open-shell systems like molecular ions and free radicals. These appear in
many chemical processes like combustions and in chemically active media like planetary atmospheres, interstellar
medium, etc. This failure of standard models is due to the fact that such species exhibit degenerate or quasi-
degenerate electronic states for which the usual Born-Oppenheimer approximation fails. This implies to consider
the electronic, vibrational and rotational degrees of freedom as a whole, that is the rovibronic problem. While
the purely vibronic problem, and especially the Jahn-Teller effect, has been discussed in numerous papers (see

Further author information: Send correspondence to V. Boudon,
E-mail: Vincent.Boudon@u-bourgogne.fr, Telephone: +33 3 80 39 59 17, Fax: +33 3 80 39 59 71, Address: Laboratoire
de Physique de I’Université de Bourgogne, CNRS UMR 5027, 9 Av. A. Savary, BP 47870, F-21078 Dijon Cedex, France
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Refs.”® for good reviews), accurate models for high-resolution (rovibronically resolved) spectra of molecules in
a degenerate electronic states still represent an important challenge.

In this paper, we will review the most recent results obtained in our group concerning the rovibronic spec-
troscopy of hexafluorides and hexacarbonyls in a non-singlet electronic ground state. After reviewing the major
differences observed in the spectra of such molecules, compared to usual closed-shell systems, we will present the
effective rovibronic model that we have developed and its first applications to V(CO)g and ReF.

2. RECALLS ABOUT CLOSED-SHELL MOLECULES

Let us first review the very basic characteristics about the spectroscopy of closed-shell molecules, in the aim of
stressing the differences that will appear when dealing with open-shell systems. Throughout this paper, we will
only consider XY, (n =4 or 6) molecules, although many considerations can be extended to other species.

Closed-shell species always have a non-degenerate electronic ground state. The consequence is, as shown on
the left part of Figure 1, that the structure of their vibronic levels is quite simple. Schematically, such molecules
(like CHy, SFg, ...) are essentially transparent though the near infrared and visible regions. They absorb
infrared light due to the vibrational levels of their singlet electronic ground state, and electronic transitions
usually occur far in the UV region, due to charge transfers between the central atom and the ligands.?
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Figure 1. Schematic comparison of the electronic structures for closed- and open-shell XY molecules.

2.1. The Born-Oppenheimer Approximation

Isolated singlet electronic states, like the ground states of closed-shell systems, are usually treated within the
frame of the so-called Born-Oppenheimer approximation (BOA). This has been discussed in numerous papers
(see for instance Ref.® and references therein). Let us just recall very briefly the general principle of this
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approximation, since we will consider a modified version of the BOA when dealing with degenerate electronic
states. Generally speaking, a full (non-relativistic) molecular Hamiltonian can be put in the form

HrQ) = T L AGEE V(rQ), )

Nuclear kinetic energy Electrons Electrons—nuclei and nuclei—nuclei

where 7 and @ are the electronic and nuclear coordinates, respectively. H.(r) contains the electronic kinetic
energy and the Coulomb electron-electron interactions. V(r, Q) contains all other potential (Coulombic) terms.
The Born-Oppenheimer (or “crude” Born-Oppenheimer) approximation is a variant of the adiabatic approxi-
mation,® for which we consider only small nuclear displacements in the vicinity of the reference configuration
Qo (usually a stable minimum of the potential energy). Thus, if we consider the eigenfunctions v, (r) of the
electronic Hamiltonian H.(r) + V(r,Qo), then the total wavefunction of the molecule can be taken has

D(r,Q) =D xu(Qn(r). )

By considering the matrix elements of the Hamiltonian (1) in the electronic basis ¥, (r), we can deduce that the
nuclear wavefunctions x, (@) are thus solutions of a system of coupled equations with the general form

D G T(Q) + Unim (@) xom (@) = Exn(Q). (3)

m

For an isolated electronic state n = ng, we neglect all interaction terms with m # ng and we have thus simply
Hy, (Q) = T(Q) + Unono (Q) and ¢(T, Q) = Xno (Q)wno (T’) (4)

2.2. Rovibrational Spectroscopy

In such an isolated electronic singlet state, the neat consequence of the BOA is that the electronic motion can be
separated from the nuclear motion. The energy levels of molecule can thus be described by a rotation-vibration
Hamiltonian. For a given polyad Py, an effective tensorial Hamiltonian can be written as?

H{Pk} — Zti (REF) ® ‘/i(F)>(Alg)7 (5)

where the t; are parameters to determine thanks to experimental data. RZ(F) and Vi(r) are rotational and vibra-
tional operators with symmetry I', respectively. Their construction through recursive couplings of elementary
operators J;, Jy, J, on one hand and aj' and a; creation and annihilation operators on the other hand has
been detailed elsewhere.! For tetrahedral and octahedral molecules, we symmetrize all the operators and wave-
functions in the O(3) D Ty or Oy, group chain thanks to a G orientation matrix whose determination has been

10,11 For instance, we orient T tensors of O(3) into T, or Oy, symmetrized tensors

detailed in References.
using:

TGO = S DG, T, 6)

In order to calculate intensities, transition moment operators (dipole moment and polarizability) can be
expanded in the same way. The non-zero conditions on their matrix elements lead to the selection rules. For
the absorption spectrum of an isolated fundamental band, the most basic selection rule concerns, of course, the
rotational quantum number J:

AJ=-1,0or 1, (7)

leading to a characteristic band profile with three branches P, @ and R. Each .J is further split by symmetry
effects (the so-called fine and superfine structures). All this may seem obvious, but we will see now that the
open-shell case generates much more complicated structures.
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3. OPEN-SHELL MOLECULES

The existence of an incomplete electronic subshell leads to extremely rich and also much more complex spectro-
scopic features (see right part of Figure 1), since in this case it becomes impossible to separate the electronic
and nuclear motions. Let us first review the molecular species of interest in this respect. While most, open-shell
systems are unstable short-life radicals or ions, there exist a few stable open-shell systems. Among diatomics,
NO is a well-known example of a molecule with an odd number of electrons, for instance. But there exist also
open-shell spherical-top molecules, as we will see in the next paragraphs.

3.1. Colored hexafluorides

A very interesting and quite large molecular family is that of hexafluorides (see Reference!? and Table 1).
Since the 1950’s, various authors have noticed that several transition-metal hexafluorides are stable open-shell
systems.'2717  Although extremely reactive (especially with water)!8-20 they can be synthesized and kept forever
in a dry environment (a sealed quartz cell or a passivated metallic bottle, for instance).??

Table 1. The hexafluoride molecules. The first column indicates the electronic structure of the central ion (for a ionic
model), n being the number of non-bonding electrons. Quotation marks indicate more or less hypothetical molecules
that have been mentioned by some authors but whose existence has never been clearly established. Boldface characters
indicate open-shell systems (the so-called “colored hexafluorides”).

n 0 1 2 3 4 5
2p)™ PFg ?
(3s)™ SFg
(3d)™ CrFg 7
(4s)™ SeFg
(ad)™ MoFg TcFeg RuFg RhFg PdFg ?

(5s)™ TeFg IFg ? XeFg

(5d)n WFg ReFg OsFg IrFg PtFg AuFg ?7
(6s)™ PoFg AtFg ? RnFg ?

(BH™ UFg NpFg PuFg AmFg CmFg 7

In a simple ionic picture,” second- and third-row transition-metal hexafluorides can be viewed as a central

MS* metallic ion (with a (d)™ external subshell) surrounded by a regular octahedron formed by six F~ ions and
having thus a (faq)" electronic structure with n non-bonding electrons. Depending on n, this fa, subshell leads
to various electronic states in the visible or even near-infrared regions (see Figures 1 and 2). Moreover, spin-orbit
coupling in this case is huge and causes further splitting of spin multiplets by several hundreds or thousands of
em 11215 Molecules with n > 0 are thus usually heavily colored (IrFg is bright yellow and PtFg is deep red)
and are therefore often called “colored hexafluorides”. Most of these low-lying electronic states are degenerate,
including the ground state in many cases. For example, and as we will discuss it in detail in Section 6.2, the
ground-state of ReF is a quadruplet with G} symmetry.*?

In such degenerate electronic states, authors have noticed that even at low-resolution the spectra can be
heavily perturbed, implying huge effects of electron-vibration (vibronic) couplings.'?2%23  For example, the
comparison between the Raman spectra of WFg and ReFg shown on figure 3 is particularly striking for the v
fundamental: while WFg shows the usual OP — Q — RS branch structure, ReFg exhibits a wide structureless
band profile.

3.2. Other spherical open-shell systems

There are a few other similar interesting systems that we can consider. Among these, we can especially men-
tion transition-metal hexacarbonyl molecules. While Cr(CO)g, Mo(CO)g and W(CO)g are usual closed shell-
systems,?* 26 V(CO)g is an open-shell molecule with a ?Fb, electronic ground term?” 2% that we will consider
in detail in the following. Finally, we can also mention VCly which is one of the very few open-shell tetrahedral
systems.2930
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Figure 2. Overview of the electronic absorption spectra of the third row transition-metal hexafluorides. The resolution
is about 2 cm™!. Huge absorption features in the UV correspond to charge transfers between the central atom and the
ligands (see also right part of Figure 1).
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Figure 3. Spontaneous Raman spectra of WFg (B. Roussel, DILOR Company, Lille, France) and ReFs (A. Lorriaux,
LASIR, Université de Lille I, France). The resolution is about 2 cm ™.

4. VIBRONIC COUPLINGS
Before coming to our new model for rovibronic interactions, we will review here the problems associated to
vibronic couplings in degenerate electronic states.
4.1. The Born-Oppenheimer approximation for degenerate electronic states

The first question we have to consider here is: what about the Born-Oppenheimer approximation in the case
of an electronic degeneracy ? As we only consider here isolated electronic states with a “true” degeneracy (i.e.
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strictly due to symmetry reasons), the answer is that we can use a modified version of the BOA. In an electronic

state with symmetry T, we can thus re-write Eq. (3) as®
(]
OmnT(Q) 4+ Unm(Q) xm(Q) = Exn(Q), (n=1, ... [I]), (8)
m=1

where the sum has been restricted to the [['] degenerate states ([['] being the dimension of the irreducible
representation I'), that is to treat the [I'] electronic surfaces as a whole. In other words, in this new approximation,
all the non-adiabatic interactions with other distinct electronic states are neglected, but all such interactions
between the set of [['] degenerate electronic states are taken into account.

4.2. Half-integer angular momenta

Another important problem is that some open-shell systems possess an odd number of electrons. Due to the
electronic spin, this leads to the existence of half-integer angular momenta. The question that thus arise is: how
to symmetrize half-integer momentum wavefunctions into the symmetry point group of the molecule ? This can
be done thanks to two methods. The first one uses the double group concept originally introduced by Bethe.3!
However, as pointed out in References,323% this technique leads to some difficulties (quite large groups with
doubled number of elements) and ambiguous definitions (the quite non-physical “27-rotation” R and the non-
unique multiplication rules). This is why we prefer a second method based on the more mathematically strict
concept of spinorial representations (SR) developed in a series of papers by Altmann and coworkers.3%3536 Tn
Reference,? we have applied this method to the case of the Oy, group. In short, it is possible to define a special
kind of irreducible representations that can be used to reduce half-integer angular momentum states. As shown
in Table 2, the O and T groups have three such SR, namely E7, E} and G’ of respective dimension 2, 2 and 4.
We add the S superscript to the group names (like Tf or O,Sl ) to indicate that we consider the group with its
SR.

Table 2. Character table for the O° and Tf groups. E, E5 and G’ are spinorial representations.

T E 8C5 357 65, 60q
0° E 8C3 302 6C4 60,
Ay 1 1 1 1 1
Ao 1 1 1 -1 -1
E 2 -1 2 0 0
F1 3 0 -1 1 -1
Fy 3 0 —1 —1 1
Ef 2 1 0 V2 0
E} 2 1 0 —V2 0
el 4 ~1 0 0 0
For example, we have the reduction rules:
P2 0o=F, DC?|0=q¢", DV |O0=FE,aod, ... (9)

The G orientation matrix of Equation (6) can be extended to half-integer j values (C' being a SR in this case)
in order to symmetrize spin states, for instance.'34

4.3. The Jahn-Teller effect

The most famous vibronic interaction to occur in a degenerate electronic state is known as the so-called Jahn-
Teller effect (JTE). This “effect” (or, more strictly speaking, this coupling) was first demonstrated in 1937 by
H. A. Jahn and E. Teller®” and extended in 1938 by H. A. Jahn3® to systems with an odd number of electrons.
The Jahn-Teller theorem states that a non-linear molecule in a degenerate electronic state (excluding Kramers’
spin doublets) is always unstable with respect to at least one vibrational mode. This instability can either
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result in a static distortion (which removes the degeneracy), or in a dynamic coupling between electronic and
vibrational motions. In this case, which is the most common for gas-phase molecules, the molecule experiences
an instantaneous distortion, but its mean configuration is the most symmetrical one (although it never stays in
this configuration).

Let us reformulate the Jahn-Teller coupling in a “modern” way.%3? First, we consider a set of symmetrized

coordinates { Ef”} in which we expand the potential part of the Hamiltonian:

_ ovV(r,Q) © 1 0V (r,Q) (€1) A (C2)
H(T,Q)—Hc(r,Qo)+T(Q)+Z<7> 0@+ly v <7 QRS .. (1)
2\ 0 ). 2 0Q5V0Q%Y ) .

C1,01 C2,02

If we now take the matrix elements of this Hamiltonian in the electronic basis

{Jey, v =1, ... w1}

of a degenerate electronic state with symmetry I', we get the matrix form
—~ r ~ ~ o~
H_< <w§,)‘H‘¢gF>> >—H6+TI+V, (11)

(where the * denotes matrices). The Jahn-Teller theorem can thus be expressed as follows: there are always
vibrational coordinates such that V has off-diagonal elements. As far as linear terms in the development (10)
are concerned (linear JTE), only coordinates with symmetry Eg or Fa, of octahedral molecules are implied. Of
course, other coordinates can be involved when considering higher order terms, as we will discuss it later.

But first, and in order to illustrate the problems encountered with this standard approach of the JTE, we
now focus on a very simple and illustrative case. We consider an octahedral molecule in a fourfold degenerate
electronic state with symmetry Gy (say, the electronic ground state of ReFg). The v5(Fh,) mode (coordinates

Q((,Fz"’ ) = g5z, g5y and gs.) leads to a JTE and up to the linear term only, we get the following vibronic Hamiltonian
(in both tensor and usual form)2!:

H 3
= (Ns + 5) —2V/6D; (" 2= M) =

— (P2 +q2) +2v/2D;5 g5 - = (12)
ws

1
2

The first term in the above Hamiltonian is the harmonic oscillator (N5 being the number operator) while the
second one is the linear coupling term with parameter Ds. In this case, the three matrices of first derivatives
(with respect to gsz, sy and gs.) of Eq. (10) in the electronic basis can be written in the form of a pseudo
1/2-spin ¥,, ¥, and ¥,. Thus, in a vibronic basis |vs,l5,% = 1/2,j5,ms) (I5 being the vibrational angular
momentum quantum number for the triply degenerate vibration vs), js is a good quantum number (j5 = 15 + X)
and the matrix of (12) can be expressed as a series of infinite tridiagonal blocs, one for each j5 value:

js+1 V2D5(js + 1)
V2Ds5(j5 + 1) Jjs+2 2Ds
ﬁ[' 2Ds j5+3 \/2D5(j5+2)
Js
hws /2Ds5(j5 + 2) js + 4 4D5

4Ds

This illustrates very well one major difficulty which arises when handling the JTE in this way: since JTE
terms couple together successive vibrational quantum number values, one gets infinite matrices. One solution
consists in truncating the vibronic basis at some sufficiently high vs value. Figure 4 shows the eigenvalues for
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the above example for 0 < D5 < 1 and a truncation at vs = 12. The many avoided crossings observed in this
typical Ds range clearly show that the JTE is a non-perturbative effect and thus usual perturbation techniques
(contact transformations, ...) are useless in this case. It is then easy to imagine that for a “real” rovibronic
case, with inclusion of higher order coupling terms and of the rotation, the dimensions of the matrices involved
become enormous, making the problem numerically intractable. For instance, the size of matrix blocks for a
triply degenerate mode in a fourfold degenerate electronic state of an octahedral molecule at J = 28.5 (quite a low
rotational excitation for the heavy transition-metal hexafluoride molecules) and vyax = 11 is ~ 45,000 x 45,000 !
This clearly illustrates the need for a new model that overcomes this kind of problem.

(E/hev) [ em™!

Figure 4. Vibronic energy levels for the linear Gy ® Fy system as a function of D(= Ds).

5. A NEW ROVIBRONIC MODEL

In order to re-write such rovibronic problems in a tractable way, we have elaborated a new model for effective
Hamiltonians and transition moment suitable for any vibronic polyad of spherical tops in an isolated degenerate
electronic state. Since this model has already been explained in detail elsewhere,*®4! we only outline here its

main features.

5.1. Electronic operators

The basic idea first consists in building suitable electronic operators for the electronic state under consideration.
To do this, we associate an effective electronic angular momentum J, to the electronic state. For instance, if the

electronic symmetry is G’g, we have the electronic quantum number J. = 3/2*. We can then construct general
electronic operators by recursive couplings of the elementary operators 2J§1) in the same way as Moret-Bailly

did for rotational operators.t*44™6 The main difference here is that, since the quantum number J, has a fixed

*We can notice that such a procedure is more difficult to apply to integer states with E symmetry, since there is no
simple branching rule from O(3) to the F representation of T3 and Op. Anyway, this problem can be overcome using a
non-standard SU(2) orientation.*? 3
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value, the number of independent operators is limited: the electronic degree €2, must be equal to the electronic

rank K, and moreover K, < 2.J,. The construction is thus symbolically4?: 4!
Bende) = oKe (0 g gD @ ... JO JKenel), (14)
K. terms

5.2. Rovibronic effective Hamiltonian and transition moments

We can now construct effective rovibronic Hamiltonians as a sum of rovibronic operators, 4041

Hipy = Zti (RZ(I‘) ® (Vi(rv) ® Elgre)>(r))(Alg)’ (15)

which is a generalization of Equation (5). Just as for the rovibrational problem, the operators are, by construction,
restricted to a given vibronic polyad and thus the matrix blocks to diagonalize are no longer infinite. All matrix
elements can be calculated in a rovibronic basis coupled in the same manner:

‘(WCT) ® (1/)5(1”) ® wécg))(cev))(c)» (16)

In order to calculate transition intensities, we construct transition moment operators (dipole moment and
polarizability) using the same methods.

6. APPLICATION TO V(CO)g AND ReFg

We now present, two detailed examples for which recent experimental data exist and have been analyzed using
the new formalism described above.

6.1. Vanadium hexacarbonyl

The V(CO)g molecule has 107 electrons and its ground electronic term is F,. According to the literature, its
spin-orbit coupling constant should be very small.?"-28 'We thus consider here that the electronic ground-state
symmetry is Fyg4, neglecting spin effects.

As for all hexacarbonyl molecules, the triply degenerate C—O stretch vibration vg is interesting to study
because i) its fundamental (vg = 1) level is well isolated and ii) it has a very big overall intensity due to a huge
dipole moment. Due to the high mass of this molecule and to the existence of floppy V-C-O bending modes,
only a tiny portion of the molecules lie in the ground-state at room temperature and thus spectra recorded under
these conditions essentially consist in hot bands. The only way to study correctly the rovibronic spectroscopy in
such a case is to use cold molecules, for instance in a supersonic expansion jet.

In Reference,*” we have presented the first analysis of the jet-cooled FTIR spectrum of vg. We briefly recall

here the main results of this work. Due to large rovibronic coupling, the individual transitions are spread out
over a wide wavenumber range. This implies that, even if the total band intensity is big (see above), the intensity
for each wavenumber value is low. Thus, the sensitivity of the FTIR experiment was not sufficient to allow a
resolution better than 0.1 cm~!. However, as shown on Figure 5, it was possible to satisfactorily reproduce the
band profile using the model described above.

It appears that the three prominent features that we observe correspond to a quadratic Jahn-Teller splitting
of the four vibronic sublevels (since Foy ® F1, = Az @ E @ F14 @ Fa,). The total splitting is quite large, almost
40 cm 1. The observed discrepancies (especially in the two lateral features) may be due to the zero spin-orbit
coupling approximation. However, it seems clear that the spin-orbit constant should be very small (compared
to transition-metal hexafluorides like ReFg, see below), maybe only a very few cm~!. This study tends to
definitely prove the existence of a dynamic Jahn-Teller effect in this molecule, eliminating the possibility of a
static distortion (at least in the gas phase).
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Figure 5. Supersonic expansion jet FTIR spectrum of the g band of V(CO)s (resolution is 0.1 cm™!, rotational tem-

perature is ca. 13 K) compared to the simulation. Symmetries of the vs = 1 sublevels are indicated. The dashed line
shows the band profile at room temperature. Data taken from Ref..*”
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Figure 6. The lowest electronic energy levels of ReFg in a ligand-field scheme (see text). Arrows indicate the a +— X
and b «+— X electronic absorption transitions (see Figure 2 and Ref.*?).

6.2. Rhenium hexafluoride

ReFg with its 189 electrons is, as already mentioned above, a (d)! system with a large spin-orbit coupling constant
leading to a fourfold degenerate electronic ground state with G, spinorial symmetry (see Figure 6).4%4?

Just as in the preceeding case, it was possible to record low-resolution (0.5 cm™!) jet-FTIR spectra of this
heavy molecule®® and to simulate the band profile using our effective model, as shown on Figure 7.

Again, we have four vibronic sublevels (G, ® F1, = Ej, ® Fj, ® 2G}) with a large splitting (~ 17 cm™!)
mainly due to a quadratic dynamic Jahn-Teller effect. To better take into account the absorption intensity above
735 cm ™1, we also added the v + 15 combination band (but with lowest order terms only in the Hamiltonian
and dipole moment developments).

As explained in Reference,? it was also possible for this molecule to record high-resolution (0.0007 cm~1)
diode laser spectra in a supersonic expansion jet. As diode laser only provide a few small spectral windows' (<1

"But on the other hand, this technique has the advantage of being very sensitive.
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Figure 7. Supersonic expansion jet FTIR spectrum of the v3 band region of ReFg (resolution is 0.5 cm™!, rotational

temperature is ca. 50 K) compared to the simulation (which includes v3 and va + vg). Positions of the v = 1 sublevels
are indicated. The dashed line shows the band profile at room temperature. Experimental data taken from Ref..?°

em 1) wide, the detailed analysis of this v3 region using only these data will probably be extremely difficult. But
it already appeared that high-resolution simulations using the parameters coming from the band profile analysis
show characteristic structures that are very similar to those observed in the corresponding regions recorded with
the diode laser. This is very encouraging and convincing in respect to the validity of the present approach. These
preliminary results concerning high-resolution spectra will be detailed in a forthcoming paper.5!

7. CONCLUSION AND PERSPECTIVES

We have presented a new approach for the rovibronic spectroscopy of octahedral molecules in a degenerate
electronic state. The model presented here has two major advantages: firstly, it avoids the problem of infinite
matrices usually encountered with the “standard” approach of vibronic couplings and, secondly, it allows a
systematic treatment of all possible rovibronic interactions up to a given order of the development. One drawback
is that it is almost impossible to obtain a formal link between the untransformed and effective Hamiltonians
since the transformation between these two is non-perturbative (because Jahn-Teller terms are themselves non-
perturbative). Further developments could be the extension of the present methods to other symmetry groups in
order to treat some free radicals like CH30 or CH3S, for instance. It could also be very interesting to complete
this work by an ab initio approach.
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A tensorial formalism adapted to the case of transition-metal hexafluorides in a degenerate electronic state has been
developed on the basis of preceding works about spherical-top molecules in a nondegenerate electronic state. We have
introduced electronic operators constructed using group theory features and some physical considerations. Vibronic couplings
(Jahn—Teller effect, efc.) have been reviewed for the triply degenerate vibrational modes vs(F,,) and v;(F,,) leading to the
identification of the main vibronic parameters. For the first time, an effective rovibronic Hamiltonian as well as the effective
transition moment operators (dipole moment and polarizability) for rovibronic transitions have been studied qualitatively

thanks to the tensorial algebra properties. © 2000 Academic Press

Key Words: tensorial formalism; colored hexafluorides; Jahn—Teller effect; rovibronic couplings.

1. INTRODUCTION

Some transition-metal fluorides (often called colored
hexafluorides) such as ReF,, IrF,, OsF,, PtF,, PuF,, etc., have
the particularity of possessing an incomplete electronic shell
leading to the existence of low-lying electronic states (includ-
ing the ground state) that can be degenerate. This implies that
low-energy electronic transitions occur in the visible or near-
infrared regions (/). Furthermore, the study of such molecules
having an odd number of electrons represents an interesting
case due to the presence of half-integer angular momenta (2).
With such an electronic structure, many complex couplings,
called rovibronic couplings, appear. All this results in very
particular spectra (without the usual PQR pattern for isolated
fundamental bands, for instance, see Refs. (3—6) compared to
those which are usually observed for molecules in a nonde-
generate electronic state (SF,, etc. (7, 8). This necessitates the
consideration of the vibrational, rotational, and electronic mo-
tions altogether. In particular, many previous works dealt with
the Jahn—Teller effect (1, 9, 10), which is the simplest vibronic
(vibration—electronic) coupling and that leads to some “abnor-
malities” in the molecular electronic and vibrational spectra. In
the past few years, several authors have treated this subject;
Boudon et al. (11, 12) took advantage of group theory methods
and tensorial formalism. They suggested an extension of the
usual O(3) D O, chain used for the “classical” spherical-top
molecules, considering the presence of half-integer states and
thus introducing the SU(2) ® C; D O; chain, where O} is the
octahedral group with its spinorial representations. This leads
to a first tensorial writing of the vibronic Hamiltonian with a
systematic construction of all operators. However, the vibronic
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problem, as it was treated in these papers, has the disadvantage
of leading to infinite matrices.

The present paper deals with the rovibronic interactions
written in purely tensorial form in quite the same way, as for
rovibrational problems already treated in Dijon (/3-16). An
XY, molecule possesses six normal modes of vibration, namely
(0, symmetry is indicated in parentheses):

Vl(Alg)’ VZ(Eg)’ V}(Flu)’ V4(F1u)’ VS(FZg)’ V()(Fle)'

(Stretching) (Bending)

The vs(F,,) and v;(F,,) triply degenerate vibrational modes
are examined here in detail. This choice is due to the fact that
vs is the simplest case which presents a linear Jahn—Teller
effect and that there exits some experimental data about v; (17)
for the ReF4 molecule.

We wish here to stress the facts that (i) this paper introduces
a new model of vibronic couplings in order to get rid of the
problem of infinite matrices and (ii) this work is a first attempt
of a tensorial writing adapted to a rovibronic Hamiltonian. The
particular symmetry for the vs and v; modes leads us to couple
all operators and wavefunctions in the SU(2) ® C, group.

Some recollections about the Jahn-Teller effect will be first
carried out, in particular for the case of an octahedral XY
molecule in a fourfold degenerate electronic state of G/, sym-
metry in O} (11).

We present here three models adapted to three particular
cases.

First, we present a vibronic Hamiltonian in the SU(2) ® C,
group in order to try to reproduce the linear Jahn—Teller levels
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for the v5(F,,) Raman-active bending mode with finite matri-
ces. The theory of transition-moment operators being essential
for the study and prediction of transition intensities, we will
expand the polarizability operator within the same scheme.

Second, we present a complete rovibronic model (Hamilto-
nian and polarizability) in the full chain SU(2) ® C, D O} for
vs(F 26)-

Third, we present a vibronic and a complete rovibronic
model (Hamiltonian and dipole moment) in the full chain for
the v;(F,,) infrared active stretching mode with a different
construction of electronic operators. The v; mode does not
present a linear Jahn—Teller effect but is subject to quadratic
and higher order couplings.

2. THE JAHN-TELLER EFFECT

We first recall the basic principles of the Jahn—Teller theory
as given in Refs. (/8-20). Most of the electronic states of
colored hexafluorides are degenerate and this implies couplings
between the different molecular motions. The main vibronic
coupling is called the Jahn—Teller (JT) effect. It is considered
as a limiting case when the correction to the Born—Oppenhei-
mer approximation becomes comparable to the vibrational
energy. These terms in the Hamiltonian are nonperturbative
and then must be treated exactly.

The vibronic Hamiltonian in a degenerate electronic state (of
degeneracy d) can be written in the form

¥ =9, + %, [1]

where

1
Ho=75 2 0 (P2 +22) 2]

2

a,i

is the sum of harmonic oscillator Hamiltonians. The 2.,; and
% ,; are dimensionless normal coordinates and conjugate mo-
menta for the « mode; the subscript i distinguishes between the
different components of degenerate vibrations.

%' is the vibronic (JT) part and is expanded as a power
series in normal coordinates. It contains anharmonic terms, in
particular, linear terms which are typical of the Jahn—Teller
effect. In Ref. (27), Moffit and Thorson have shown that these
terms could be written

HO=9+ =D kDTt [3]

T . is an electronic operator; k, is a parameter.

If the electronic level is d-fold degenerate, then & ; is a d X
d Hermitian matrix (expressed in an orthonormal basis
{0} k=1....2). If we consider linear terms only, then all vi-
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brational modes whose coordinates do not appear in ' do
not present a Jahn-Teller effect. In fact, if we take two elec-
tronic functions ®, and ®, and two vibrational functions ¥,
and ¥, then there is always at least one nontotally symmetric
coordinate 9 ; so that the matrix element between two vibronic
states ®, W, and ©,¥,

<%(1(‘)> = E ka<glm'>ﬁxf q)pgﬂi(body [4]

a,i

are nonvanishing. This is the expression of the Jahn-Teller
theorem (22, 23, 9). The vibrational modes implied in Eq. [4]
lift electronic degeneracy.

For an octahedral XY, molecule (point group 0)) in a
fourfold degenerate electronic state, only the v,(A,,), v,(E,),
and vs(F,,) modes are affected by the linear coupling. The
other modes (v;(F,), v4(F,), vs(F,,)) are only affected by
higher order couplings (quadratic, etc.).

3. LINEAR VIBRONIC MODEL IN SUQ2) ® C,
FOR THE vs(F,) BENDING MODE

3.1. Previous Works

The threefold degenerate bending mode vs(F,,) presents a
linear Jahn-Teller effect in a fourfold electronic degenerate
state of symmetry I' = G/,. Then, the vibronic Hamiltonian
can be written for such an (F,, X G’,) problem as

H(VS):HO+HJTL+H§'€8+H§",;3)+"" [5]

where

Hy = hws(Ns + 3/2) = hws(a ™ ™a™d + 3/2)  [6]

is the threefold degenerate harmonic oscillator. The second
term is the linear JT term written as (/2):

Hyy = 62Ds5 hos(Q§™ @ T) 4. [7]

Ds (ks = V2Ds) is the linear parameter. There are two
possible quadratic terms (12):

Hﬁfg =2 \:’E hws
X Q:((Q5™ ® Q™) = @ TH) ™), [8]

His =26 s

X 0p, (05 @ Q™) ™ @ T M. [9]

(Qk,, Or,,) are the quadratic parameters.

Copyright © 2000 by Academic Press
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Moreover, in the pure vibronic case, the particular symmetry E/cm’
of vs allows us to take advantage of the spherical formalism in
SU(2) ® C,. In fact, as shown in (24), any triply degenerate LS
mode for an XY, molecule can be identified with a F',, oscil- o 05
lator recalling the natural subduction 2" | O, = F,,. 600 2 ,

As a matter of fact, we can write here ¢ 25

leo_,,,ﬂu) — I(AZH)QgI;?g), [10] 400 T ) 05
1 1
where I is a trivial operator with the main property L3
[1**]* = I (identity). Thus, the Hamiltonian can be rewritten 200
(VS values) (15 values) (JS values )
0, Al 4, Al
H(v) = Hy+ Hyy + HS9" + HGgM + -, (11 R T 05
H.O. levels LJT levels
with -
FIG. 1. Linear Jahn-Teller (LJT) energy levels for v; = 286 cm™' and
Ds = 0.103. (H.O. = harmonic oscillator.)
H, = hws(Ns + 3/2),
Hp, =6 \“‘JZDS ﬁwSI(Azul(leu) ® T(Zg)) (311-A2u), (1]

H5" = 26 iwsQo(Q3% @ 107) 0,
Hijg" = 26 hwsQ,(Q3% @ T0) et

02 is defined as (Q{"™ ® Q)@ Q, and Q, are the
quadratic Jahn-Teller parameters. Quadratic terms in the
vibronic interaction are essential for the complete under-
standing of intrastate vibronic coupling (25). However, let
us first concentrate on the linear term itself since it will help
us to illustrate the basic principles of our method to con-
struct (ro)vibronic operators.

Boudon ef al. have suggested (5) a new writing in SO(3) for
the linear term itself which only requires the use of group
theory and tensorial algebra propertes in SU(2):

3
H(vs) = ﬁw5<N5 + E) — 2fiws \/67D5(Q21) ® E“))(()O)-
[13]

3 is called the pseudo-spin because of the commutation rules
of its components:
[Eaa EB] = ienByEy

(a, B, y=1x,y,0rz). [l14]

The quantum number X is 3. The Hamiltonian [13] is an
invariant of SU(2) and commutes with the total angular mo-
mentum

js=1+3, [15]
where /5 is the vibrational angular momentum. Therefore, js is
a good quantum number ( j; being an invariant of the SU(2)

group) and each eigenvalue characterized by js is (2j5 +
1)-fold degenerate. Figure 1 shows the vibronic energy levels

in the case Ds = 0.103 (electronic ground state of ReF; (6),
see next paragraph).

With the introduction of quadratic (or other) terms, js is no
longer a good quantum number for the problem (although it
can be considered as an approximate quantum number if these
terms are weak).

This simple model has the disadvantage of leading the
treatment of infinite matrices (5) because H . couples v with
vs = 1. The previous works have brought out mainly two
methods to solve this problem: either (i) a perturbative method
which is only valid for the low D values or (ii) a method based
on truncated matrices at high v values (say, 15 or more) which
leads in practice to a difficult problem when adding rotational
terms: the matrices obtained in this case would be difficult to
handle because of their very large size. That is why, in the next
paragraph, we will try to skirt this problem by writing a new
effective model in SU(2) ® C,.

3.2. Effective Vibronic Hamiltonian in SU(2) ® C,

The previous paragraph intended only to express vibronic
coupling under a systematical tensorial writing. Here we con-
struct electronic operators based on symmetry properties.

In the case of a fourfold (G,) degenerate electronic state, we
have chosen to construct electronic operators in the same way
as rotational tensor operators introduced by Moret-Bailly in
Ref. (13), noticing that the elementary components 2., 2, and
3, introduced previously form an irreductible spherical tensor
of rank 1 (similar to the rotational operators J,, J,, and J ).

Let us write an electronic tensor as E***) in the group O(3)
where ), is the degree (in the % components) and K, is the
rank of the tensor. For more coherence with the rotational
operator construction, the elementary tensor is

ENY =23, [16]

Copyright © 2000 by Academic Press
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The other operators are constructed as

EQe(Ked) — ((E](l,:) ® El(lxi)(ok))(ﬂ,—K‘,)ll

X (EK (K10 @) p100) Kep) [17]
The nonvanishing operators involve K, values such that
K.=Q,Q,-2,Q,—4,...,10r0. [18]
In our case, X = 3 and
EX 0t — — % 3,% = constant. [19]
v

This term appears in the first part of Eq. [17] and leads to some
restrictions about tensor powers. In fact, one can show that
Eg® ~ (E\") %, [20]
where £} is proportional to =, = 3, + i3 . Moreover,
if we consider €,, = {3 D, |5, 1}, the space which is

2, T 2)s
generated by the pseudo-spin, we have (2.)> = 0. Thus, the
nonvanishing electronic operators are obtained only for (1,

K, = 1; this is the main difference with the rotational
operators (since the rotational quantum number J = 0,
1, ..., ®). Therefore, we can conclude that only the

E°® =] and E'Y =230 [21]
operators will be present in the developments. The other elec-
tronic operators are proportional to these.

The vibrational operators constructed in O(3) can be ex-
panded as those of Champion (/4) in T, thanks to Eq. [10] as

e’
ev/KuKou(Ku) _ (K1) (Kaw)\ (Ky
Vistis) "o = [K,]7? ((AJEW R AL E
[22]
+ (- 1A @A) E),
with
A;K“‘) — (I(Ag,,))QVIZ(_ . .(a(slu) ® aglu))
® af -,
H(Ki) _ (7(An)\ Q12 +(14) +(1) [23]
A5 _(1 ) ("'(as ®as )
® a:(lul. 3 .)(K,-u)

where € = *1 is the parity under time-reversal and e¢'* = 1
(respectively —i) for e = + (respectively —). We have de-
noted the dimension of the & representation of O(3) by
[K,] = (2K, + 1). Here, w is either g (€2,/2 even) or u (£2,/2
odd).
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As in vibration—rotation studies, one uses an effective Ham-
iltonian which has the advantage of having a completely diag-
onal or block-diagonal form with respect to a vibronic sub-
space corresponding to a group (or polyad) of vibronic levels
(15). Thus, one defines the effective vibronic Hamiltonian

H, = ®oedg T-1gp polvad) [24]
obtained by applying a unitary transformation using a unitary
operator T = ¢ (S is Hermitian). % is the projector on
the Hilbert subspace spanned by the vibronic states of the

polyad. Then, the vibronic contribution to the effective molec-
ular Hamiltonian for the linear effect is written as:

oo ~QuK1,K2u(Keg) 7 12 QulKeg KiuK2u(Keo) (04
A, = 2 1(5}(51}“ u(Keg g(E (Keg) ® eV{Sl},Eﬂzu( ;)(0\)’

all indexes

[25]

where the 7 are the vibronic parameters are { is a numerical
factor equal to [K,]"* if (Q,, K.) = (0, 0,) and to 1
otherwise. The vibronic Hamiltonian H,, must be invariant
under time-reversal. That is why we must have € = + (respec-
tively —) for (), even (respectively odd). We have chosen to
define the order of the Hamiltonian development ({)) in the
same way as for the rovibrational Hamiltonian (/5) as:

QA=Q,+Q,-2. [26]
Let us note that this choice is in fact somewhat arbitrary.
However, the order of the development intends to characterize
the contribution of the operators and not the order of magnitude
of the parameters.

The calculation of matrix elements of irreducible tensor
operators requires the use of the Wigner—Eckart theorem in
SU(2) ® C, which is given in Appendix B. In the present case,
the adapted vibronic basis is of the form

|(q)(1/2g) ® W{yl:ﬁ)(jsfi%

ms [27]
W being the vibrational function (7 = g or u). The effec-
tive Hamiltonian is diagonal in vs. So, we can write the matrix
elements in SU(2) ® C, as

(1/2¢) (7)Y (sz)
(@ QW)

ms

(EQP(KP,}] ® evél},zgzu(l(“.)) (Og)|

e (Is0)y (57)
X (@U@ () )

s [28]
s 172, js. s
— (1) Ke+B+js+1/2 —1/2 g 57 5T
= (e 20 el
X (‘I’f[;’) Gvfsl}?;(}lu([(ﬂg) \Iff,[:’)x(b(”23)||EQ"(K"S') (I)(l/zg)>.

The reduced matrix elements (RME) are given in Appen-
dix C.

Copyright © 2000 by Academic Press
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TABLE 1
Effective Vibronic Parameters for the v; Mode of ReF

Level Qe(Ke) Ki1K2(Ke) Order Para. Value/em™!
(see text)
vs =1 0(0) 11(0) 0 1 287.5333
1(1) 11(1) 1 to 95.6117

It is interesting to relate the Jahn—Teller model (with trun-
cated matrices) and this effective model which has the advan-
tage of possessing finite matrices. As a very simple illustration,
let us list the Hamiltonian parameters up to order 1 (Table 1).
Thanks to Eq. [28], we have calculated the nonvanishing
matrix elements in the {|vs, s, 3; js, ms)} (vs = 0, 1) basis.
Then, we can relate the two models [13] and [25] and plot the
new parameters according to D values.

The first step to obtain this result is to calculate the eigen-
values of the model given by Boudon [13] in the same basis.
This calculation is obtained by truncating the infinite matrices
at a high v; value (vs = 15 here). Then one just has to equal the
eigenvalues of the two models to find the values of our param-
eters. The results are shown in Fig. 2. For a given D value, the
f, and 7, parameters are totally determined.

Knowing the D; value for ReFs (Ds = 0.103 (6)) in its
ground electronic state X(G'), we deduce the corresponding
parameters (Table 1). The 7, parameter can be thought of as a
kind of vibronic “Coriolis-coupling” constant which is respon-
sible for the splitting between the different j; components of a
vs level.

3.3. Raman Transitions

The theory of transition moments operators (dipole moment
and polarizability) is essential for the study and prediction of

500 T T

450

400+

3501

w

o

=}
T

Parameters/cm™'
- N n
w0 (=] o
o o =}
T T T

o
=]
T

o

=]

\
N

P RS ! ‘
1073 1072 1 0 1

FIG.2. Vibronic parameters of Table 1 as a function of D values for vs =
286 cm™' (ReF, (6)). In this figure, 7, (solid line) and 7, (dashed line) are
represented.
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TABLE 2
Selection Rules and Intensity
for the v; = 1 Transition

Vibrational part  Vibronic part

Njs = jL —1/2 0,1 0,1

Intensity I ~|{gleél %> I?
]é — 1/2 I~ %(\/ﬁ&l — d0)2
3L =3/2 I~ 2(v/2a0 + &1 + V5az)?

transition intensities. We present here a simple model of a
polarizability operator in SU(2) for the vs band which is
Raman active. Thanks to [10], we can write for the vibronic
transitions of the vs mode,

&= dOI(Azu)(EO(Og) ® a+(1u))(1u,F1u) — vibrational,

+d11(Alu)(El(ly] ® a+(1u))(1u.F1u)
+&71(A2,,;(E1(1R) ® a”]“’)(z"’E"’} —> vibronic,

[29]

E®® and E''® being the elementary electronic operators
introduced previously and &,, &, &, are the parameters. The
selection rules between the v = 0 (js = 3) level and the v =
1 (j5 =%, 3) level and the expression of intensities are given
in Table 2.

3.4. Example: The Case of ReF,

To better illustrate the origin of the abnormalities in the
spectra of hexafluoride molecules, we have plotted the peak
positions observed (2) for vs (Fig. 3) for the hexafluorides of
the second and third transition-metal series. We note that the
variation trend of the fundamental vibrational frequency as a
function of the nonbonding electrons shows very marked de-
viations for ReF,, TcF,, OsF,, and RuF,.

For these molecules, the value of the v5 peak position is seen
to be, respectively, 39, 42, 24, and 21 cm™' lower than the
value v? expected. These observations are the result of a linear
Jahn-Teller effect. Let us now consider the case of ReF, and
see how it is possible to understand its Raman spectrum which
has been differently interpreted by several authors.

According to Weinstock and Goodman (/), certain abnor-
malities observed in the spectrum of rhenium hexafluoride
have been referred to as dynamic Jahn—Teller coupling. How-
ever, they assigned several peaks for vibronic transition that
could not be observed by other authors. In particular, Claassen
and Selig (4) asserted that the spectrum of ReF, looks like
other typical hexafluoride spectra, so they forsaw no Jahn-
Teller effect for vs. If we look at Figs. 1 and 3, we realize that
the observation of a unique peak at about 250 cm ™' for vs in the
ground electronic state G, that is somewhat lower than the

Copyright © 2000 by Academic Press
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Peak 1

posiliunlcm 4 MS( 318, A)
300+
V X Pd(258,7)
4d
250 T X (4d)
Peak 1
positinn/cm W (320,A,) n
300 1
0s (276, E)
Tr (258, G")
~_PLQ45,A D)
T * X ~2 1
250 Sy
0 1 2 3 4 n

FIG. 3. Frequency variations of the Raman-active fundamental vs(F»,) as
a function of the number of nonbonding valence electrons for the transition—
metal hexafluoride molecules. The frequency shift for ReFs, TcFg, OsFg, and
RuF, arises from linear vibronic coupling. Inside the parentheses, the fre-
quency (in cm™") and the symmetry of the ground electronic state are given.

expected harmonic oscillator transition, would be possible if
only the

(vs=0,js=1/2) > (vs= 1, js = 3/2)

transition was allowed. This implies &, = V2 &,. The exis-
tence of a large Jahn—Teller splitting (=110 cm™" for D5 =
0.103 (see Fig. 1)) is thus not incompatible with the observa-
tion of a unique peak. The transition to the other level of
component j5; = 1/2 is present in the spectrum but it should
correspond to a weak transition.

4. EFFECTIVE ROVIBRONIC MODEL IN SU(2) ® C; D
0; FOR THE v4(F,) MODE

In this section, we construct a formal rovibronic Hamilto-
nian as well as the polarizability operator for rovibronic tran-
sitions by adding rotational operators.

We now take into account nonlinear Jahn-Teller terms
which appear in the rovibronic Hamiltonian expansion. That is
why we must introduce different electronic operators (see next
paragraph) in order to consider all possible terms of the Ham-
iltonian.

Most studies of vibration—rotation spectra of molecules with
a high symmetry in a nondegenerate electronic state use the
tensorial formalism originally developed in Dijon by Moret-
Bailly and Champion (13, 14).

Champion (/4) has considered a Hamiltonian developed to
any order and taking into account all possible interactions. His
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work is based on the construction of vibration—rotation oper-
ators symmetrized in the O(3) D T, chain. The case of
octahedral molecules (XY, X(YZ),) has also been considered
(16) in the O(3) D O, chain. We can extend this formalism to
the SU(2) ® C, D O; chain in the same way as Champion,
considering the particular symmetry of a triply degenerate
mode.

4.1. Electronic Tensor Operators

Using the same approach as for the linear Jahn-Teller
model, our electronic tensor operators are constructed thanks to
elementary operators but these ones are defined differently.
Instead of using the pseudo-spin properties, we define more
general electronic operators through the symmetry of the elec-
tronic state only.'

In our case, we have the electronic symmetry G/, in O;.
Considering the natural subduction %> | 0, = G/, we
define an effective electronic momentum J’ with the property
J' = 3. Therefore, the basic tensor will be denoted

ESY =27, [30]
the other operators being constructed as in Ref. (17).

Thus, the electronic tensor operators coupled in the SU(2) ®
C, group are written E®*« where the allowed values of K,
are K, = 0, 1, 2, and 3. Only operators with the (), = K,
condition are independent. The other operators (as well as for
Q, = 4) are deduced from these.

It is useful to consider the effective vibronic angular mo-
mentum (/2)

J=L+7. [31]

4.2. Rovibronic Hamiltonian

Operators and wavefunctions are still coupled in SU(2) ®
C, but oriented with respect to 0; (Jsisnota good quantum
number) through the unitary transformation

AU

m

A(jf.nCT) — E (o m
(o8

nC.o

[32]

m

where the G orientation matrices as well as variance choices
are defined in Ref. (11).
We do not recall the construction of rotational operators
R™™ gince this has been well described elsewhere (15).
Thus, all possible effective rovibronic operators are con-
structed by coupling in O(3) as

' We note here that relating this second model with that using the pseudo-
spin (especially concerning symmetry properties) is not a simple task, although
it is feasible. This problem will be treated in a forthcoming paper where we
will discuss the pseudo-spin approach in more detail.

Copyright © 2000 by Academic Press



1.4 : Articles-clés — 163

112

7 (-Kenodry) _

— TQVnt’vKrgKegKl;J.KZ;J.K\'gﬂKe\ o(Kg.noA1g)
{s}{s}

{5}{s}
(R O(Krg) ® (Eﬂe(K“i

® EVﬁl}?ff“(KVg)) (Kfvg)) (KgmoA1g)

[33]

with ({2, K,) = 3 (see Section (4.1)).
The effective Hamiltonian (4 = THT™') is expressed as a
linear combination of rovibronic operators

7l Kenodsg)

({i} Kenod 1)
5)5) X T 5050

{5Hs} >

A= 2

all indexes

[34]

where 7 are the parameters and 7 is a numerical factor which
allows coincidence between the standard and tensorial nota-
tions for scalar terms,

n =[K,,]"3(—3/4) ", [35]

if (K,,, K.;) = (0,, 0,) and 1 otherwise.

The complete Hamiltonian is a Hermitian operator which
must be totally symmetric in O, (but not in O(3)) and invariant
under time-reversal. Thus, operators [33] selected for A are
those for which the V, E, and R operators have the same parity
in elementary momentum oeprators. As a consequence, one has
€ = + (respectively —) for (Q2, + ,) even (respectively
odd).

The matrix elements of operators [33] calculated in the
appropriate basis function

|\If 5791,"67)> _ |(\I,~’(_Je) ® (q)o/zg; ® \I,fyzssfu)</57))g,‘né,)> [36]

({i},Kg:n0A10)| Ty (Fr.n Cr)
T{isy™ 1w )

($4.n'Cr)
(v, {5Hs1

= (=D CT KK LS SIS IS

J, I 9(312, s, s
XK, Ko, K, K, K, K.

8 €8 V8

Jo Jse $L)\3/2, s UL [37]
(K, 9, 9%)
x K (n()A]g nC‘T I’l’C‘Tr)
X <\Iff/55'7) Evglﬁf}z“(mg)||qrS.I:T)><CD(3/2”)”EQ"(K”)”¢ (3/2K)>

X (‘I’ (JQ)HR Qn(Krg) |‘I’ (J_Q)>

(the operators being diagonal in vs and J). The “true” symme-
try of the state is C, = (A,,)" ® C,.

REY ET AL.

4.3. Effective Polarizability Operator for Rovibronic Raman
Transitions

In this part, we are going to try to construct a formal model
for the calculation of rovibronic Raman transition intensities.

4.3.1. Definition. To build rovibronic polarizability oper-
ators, let us first recall some basic principles.

The application of an electric field E to the molecules
induces a dipole moment u related to the « polarizability (/6)
by

Bo, = 2 ®o,0,E0, [38]

02

The ag,0, laboratory-fixed frame (LFF) components (O,
O, = X, Y, Z) can be related to the «,,,, molecule-fixed frame
(MFF) components (0,, 6, = x, y, z) with the aid of direction
cosines

®g,0, = 2 26,0,10,0,%0,0,- [39]

0162

a4, can be expanded in power series of normal coordinates

aaﬂlﬂz
a9103 = agloz + E < aq qso

i [40]
1 dJ "019192
" 5 E (aq.\'uq.\'u'

5,8’ 00"

)qsoqs’a’ +---,

where aj,,, is the permanent polarizability (if it exists).

4.3.2. Tensorial formalism in O;. An extension to a ten-
sorial formalism is undertaken here for a degenerate electronic
state in order to perform the calculation of (ro)vibronic tran-
sitions. We will still work in the full chain SU(2) ® C, D O;.

According to Stone (26) and Eq. [32], we can define a
transformation which links spherical components to Cartesian
components by

Qo = 2 (Ko K[0,020a (), [41]
Kev.k
Qg0, = E (K.; m|6162)a,(f"”),
Key,m
[42]

where (K,,; k|0,0,) and (K,,; m|©,0,) are Stone coefficients
(26) calculated by Pascaud and Poussigue (27) for spherical top
molecules.
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In the (MFF), one writes

To) — ({i}.Kevr.n0FTe) o (i} KevwunoL v.e)
aag — E 01(5'}(5} no gP‘TI no .
all indexes
. . [43]
— ({i}.Kevw,nol'v.Tg) ¢ 7 (Any) @ (Kevwsnol'v)Y (I'g)
= 2 aftta ® O ety )
all indexes

where ag"}}{‘sk}””’”“r”’r“) are the parameters. Here, o is built

thanks to the vibronic operators. We have I'y = A, E,, or
F,,, where the A,, symmetry represents the isotropic part
and the E,, F,, symmetries correspond to the anisotropic
part. I', is obtained from the branching rules

G K Spel, and T, =T, ® (A)™,  [44]
where v = u if (), is odd and v = g otherwise.

It is necessary to consider an effective polarizability operator
obtained by applying the same transformation 7' as to the
effective Hamiltonian [34] that is
[45]

~ — -1
Qg,9, = TaetelT .

Such a transformation contains rotational operators (I6).

Therefore, the effective polarizability is written with the aid of

rovibronic operators [33]

E - ({i},L’.,,nnl:y.Fg)P ({i4.Ly,noT,Tg)
- .

~ () —
a, "= A (5)(s)

[46]

all indexes

If we want to work in the LFF, then we need to take into
account the direction cosines tensor. From [39], [42], and

113

Appendix A, we obtain the tensorial expression of the compo-
nents of the polarizability

@00, = 2 (=DX(TIK'DXL'; m[©,0,)

KL mp i}
KT, f, i X MG
X (1M @ [C ® P({i}.L'V)](K;.ﬁfn)mg)’ [47]
with
G®Dal, and T,® (Ay)™ =A,. (48]

The brackets indicate the use of a symmetrized tensor product
(because C and R do not commute) defined as

[A (1) ® B(jz)](j) — % ((A(jl) ® B(j:)) ()
+ (_])j+il+iz(B(j:) ® A(/l)) (j)). [49]

Let us note that the parameters dg"}(’g’””r ') depend on the
Hamiltonian parameters through transformation [45].

4.3.3. Intensity: Selection rules. The Raman intensities
between two transformed rovibronic states are given by

IU':RI'/giei(hCE[/kT) > > |<&)i|d60’|&)/>|2,

MiM; 0,0

[50]

where R, is a numerical factor which depends on the frequency
and the temperature and g, is the spin—statistical weight of the
Ci),- state.

The calculation of matrix elements between two rovibronic
basis function given in [36] requires once again the use of
Wigner—Eckart theorem. One obtains

<(\I/(Aqu v ® \I;(W,n'C’,')) ETCX)|(I(A21:)"' ® [C(Lg) ® P({i},u)](KJ,EFV))(A13)|(\I;(A2;,) vs ® \I;(fi’ﬁnCT)) Efx))

32, Is, s

1 2l ik By K., K, L,
— E 2 (_1)2£ﬁ +2C" +K' + Ko+ Key + L+L"+J+J [Lu] \;“‘[C][ﬁ][ﬁ'][K'][JS][Jg][Km.][L']{ I K'g L"} X Keg K, K.,
" g v g r ’
L 3/ 2g 57 JST'
Jg J5-r ~¢ T (Alu) o (Alu) " (Alu) '
X\Le Kew Kyt T, C. Clo (W || (A207) ¢ (W (57| <V i@ w 57) [51]
Jg Ssw 9% Alg CX CX

’

(K,
DO FCH TR

X (P /20| 2elker
(Flrv

% |:{LL’ Krs' LZ’}(’\I[(Jg)”RQr(Kr‘g)||\I](Jg]> + (_1)L+K,+L”{ 5:1'
g

J, I,

P ey
g ‘,«c
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TABLE 3
Rovibronic Selection Rules in SU(2)
H &A1) &(E,F2)

AJ 0 0 0,+1,42
AM 0 0 0,£1,£2
Als 0,1, 2K, 0,£1,.,+K, 0,41, .. +K,
AJs 0,41, £Key 0,21, 4£Key 0,21, ... +£Ke,
AT 0,+1,..,+£K  0,41,....+K  0,%1,.. +K’

TRT g v v

We set here

(USRI %) = (D) 28,y s, [52]

in order to make matrices real since K factors with 1:" = A, are
imaginary.

The selection rules (Table 3) come from the nonzero con-
dition of the matrix elements of Hamiltonian and polarizability
operators in the rovibronic basis. We define the order of the
development by

Q,=Q,+Q,+Q,—k, [53]
with k, = 2 for the Hamiltonian and £k = 1 for the polariz-

ability.” We have listed rovibronic operators up to order 2 for
the Hamiltonian and polarizability in Table 4.

5. EFFECTIVE ROVIBRONIC MODEL IN SU(2) ® C; D
0; FOR THE v,(F,,) STRETCHING MODE

As we pointed out in paragraph 2, the Hamiltonian for the v,
mode does not possess linear vibronic coupling terms in a G’
electronic state. However, other couplings (quadratic, etc.) are
allowed, as shown for instance, in Ref. (/2). Many years ago,
McDowell and Asprey (28) noted a strange structure in the
infrared spectrum of ReF, for the v; fundamental. They attrib-
uted this feature to a quadratic vibronic coupling that splits the
v; = 1 level into four sublevels according to:

F,® G, =E,® Ey,®2G,. [54]
For such a fundamental, one can expect to have a more com-
plex rotational contour than that of a “normal” molecule (such
as SF; for instance). This has been confirmed recently at high
resolution by Boudon et al. (17).

*To restore the correct symmetry, the tensorial extension relation [10] is
taken into account for the polarizability.

REY ET AL.

As previously, Boudon et al. have proposed writing H(v;)
still considering the natural subduction %" | 0, = F,,. So
we have

H(vs) = Hy + Higs™ + Hip™?, [55]
with
H, = fiwy(N; + 3/2),
Hygg" = 26 hwiQo(Q3% @ T3) "), [56)

Higg" = 26 hwsQu(Q3% @ ) v,

We have set 037 = (0" ® 0{")®. Q, and Q, are the
quadratic Jahn-Teller parameters. Again, this writing leads
to infinite matrices. In the next paragraph, we will use the
same method as before to write an effective Hamiltonian
with finite matrices.

5.1. Effective Vibronic Hamiltonian in SU(2) ® C; D O,

In this paragraph, we want just to try to relate the two
vibronic models.

Let us consider the effective vibronic angular momentum
(12)

Ji=L+1]J, [57]
which allows us to label the vibronic levels (I; being the
vibrational angular momentum).

As previously for vs, we are going to relate the effective
vibronic parameters of our model in SU(2) ® C; D O; and the
quadratic parameters (Q,, Q,) defined in the same way as in
Eq. [12] (see Ref. (12)). Operators and wavefunctions are still
coupled in SU(2) ® C, and oriented with respect to O;
through the unitary transformation [32].

So, the effective Hamiltonian is written as

FI — 2 l:'ﬂeKluKzu.Kvg(Kevg,nuA1g)

{343}
all indexes

(Kve) [58]
Qe(Keg K1 Kou(Ky eve: oA 1g
X g(E (Keg) ® éV(Bl)‘zB)Zu g ) (Kevg HUAIK)’

with the &% | 0° D n,A,, condition. { is a numerical
factor defined previously for vs. Therefore, H is no more
invariant under O(3) but only under O,.

The matrix elements are calculated in the coupled basis

|(¢) (3/2) ® \Irf.lsw)) (Usz.nCTi%

s [59]
where ®“*¢) is the electronic wavefunction associated with a
fourfold degenerate state and n,, is the multiplicity index. Thus,
the matrix elements are
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TABLE 4
Effective Parameters for the v; Mode
Hamiltonian | Polarizability
Parameter f((s(;{}él}(" M0 A1g) Parameter d{(s{)i{}s,jfmnofur‘y)
Level Order Q- (Kr) Qe(Ke) Ky K Transition Order Q- (Ky) Qe (Ke) Ky, Kew(L')
Ground state 0 2(0) 0(0) 0 0 vs 0 0(0) 0(0) 1,1(1)
(K1 =Kz =0) 0 1(1) 1(1) 0 0 (K1=1,K2=0) 1 1(1) 0(0) 1,1(1)
2 4(0) 0(0) 0 0 1 1(1) 0(0) 1,1(2)
2 4(4) 0(0) 0 4 1 0(0) 1(1) 1,1(1)
2 3(1) 1(1) 0 0 1 0(0) 1(1) 1,1(2)
2 3(3) 1(1) 0 4 2 2(0) 0(0) 1,1(1)
2 2(2) 2(2) 0 0 2 2(2) 0(0) 1,1(1)
2 2(2) 2(2) 0 4 2 2(2) 0(0) 1,1(2)
2 1(1) 3(3) 0 4 2 2(2) 0(0) 1,1(3)
vs = 0 0(0) 0(0) 0 0 2 1(1) 1(1) 1,0(1)
(Ki=Kz2=1) 1 1(1) 0(0) 1 0 2 1(1) 1(1) 1,1(1)
1 0(0) 1(1) 1 0 2 1(1) 1(1) 1,1(2)
2 2(0) 0(0) 0 0 2 1(1) 1(1) 1,2(1)
2 2(2) 0(0) 2 0 2 1(1) 1(1) 1,2(2)
2 2(2) 0(0) 2 4 2 1(1) 1(1) 1,2(3)
2 1(1) 1(1) 0 0 2 0(0) 2(2) 1,1(1)
2 1(1) 1(1) 2 0 2 0(0) 2(2) 1,2(2)
2 1(1) 1(1) 2 4 2 0(0) 2(2) 1,3(3)
2 0(0) 2(2) 2 0
2 0(0) 2(2) 2 4
<(¢,(3/2g) ® ‘I’f,[f’)) fng,,n'CTJKEQf(KM) ® evén},é}zu(x,vy))<Kﬂ,.g,nnA|g)|(¢)(3/2J ® \I,fi:f)) (gJaT,nCT)>
s TAPAPANG Ky Js T4 L, 312, s,
= (_1)_ ] e : ’ K(‘g K\'g Ke\'g [60]
[C] (noAl g nCT n CT) ’ ’
¢ 37 3/ 2g 37

Table 5 is the list of the independent vibronic parameters for
vy = 1 (K, = K, = 1) and up to order 3. To relate this model
to that described by Eq. [56], we should first note that we have
here five parameters for only four levels (Eq. [54]). So, one
parameter, say /s, has to be fixed to a chosen value. Figure 4
shows parameters 7, to 7, as a function of 75 (in the domain
where all parameters are real) obtained by equaling the eigen-
values of both models and with v; = 719.3 cm ™', Q, = 0.006,
Q. = —0.008. These values were estimated in Ref. (/7) from
the general aspect of the v; band of ReF, at 300 K. Values for

TABLE 5
Effective Vibronic Parameters for the Hamiltonian
Level Q(Ke) $Q0u(Ky) Keow  Order Value/cm ™1
(see text)
va=1  0(0) 2(0) 0 0 i1 719.2778
1(1) 2(1) 0 1 2 -0.3902
2(2) 2(2) 0 2 i3 -2.5735
2(2) 2(2) 4 2 iy 1.0326
3(3) 2(1) 4 3 ts -1

(I3,)
X AW

VI () (@ O B 20,

f, to t, in this case are given in Table 5 for 75 fixed to —1.
These parameters might be used in a next step to assign the v;
band of ReF rovibronic spectra. The (J' 1;) term correspond-
ing to the 7, parameter is actually responsible for the splitting
of v; = 1 into vibronic sublevels. This leads to a partial
degeneracy lifting of the 12-fold degenerate v; = 1 level. Thus,
one can describe this term as “pseudo-Coriolis” coupling.

5.2. Rovibronic Hamiltonian in SU(2) ® C, D O}

As previously, a rovibronic effective Hamiltonian A =
THT™' (T being a unitary transformation) is developed as a
series of rovibronic operators

>

all indexes

;({i}.xg.nomg)n % T((f},Kg.ll[lA]g)

H= (3}3) (313} > [61]

where 7 is a numerical factor defined in [35].

The required coupled rovibronic basis is constructed in the
same way as those used for the vs study; thus using the
Wigner—Eckart theorem, the matrix elements are given by:
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<(‘I,E-M ® (®(3/2g) ® \valjf'l)(ls’f')) E’_ﬂw",n’Cw)

REY ET AL.

TEg?{-gu-”UAlg)| (\I,E_Jg) ® ((I) (3/2¢) ® \Pil;T)) (J31)) ffnnCT)>

= (-1 ] KK T X | Ko Ky Ko Koy

(Kg ‘97
nyA,, nC,

97)
n'C,)

v3

XK B

We note here that this model is formally identical to that for
v; (Eq. [37]). The “initial” (untransformed) Hamiltonian being
different (there is no linear Jahn-Teller effect for v;), the
difference resides in the unitary transformation 7 relating the
initial and effective Hamiltonian. However, this transformation
being not a usual contact (perturbative) transformation, it is not
possible to express it explicitly.

5.3. Effective Dipole Moment Operators for Rovibronic
Transitions

The v; band is only active in absorption, so in this part, we
present a systematic approach to construct the dipole moment
operators and to calculate the intensities for a given rovibronic
polyad.

5.3.1. Definition. One can relate the dipole moment com-
ponents w, in the MFF to those (ue) in the LFF through

to = 2 Aookke, [63]

0

and each component ., can be developed as power series in
the dimensionless normal coordinates

)
I“LGZI'LL(;J'_ z ( )qs‘cr

— \0gs,
h . [64]
1 07 pg
* E VE ’ (8q.x(7qs’¢7’)qw-qxlor o ’

where wj is the permanent dipole moment (if it exists). The
other terms are induced by molecular vibration.

5.3.2. Tensorial extension. Through the relation [32], we
can link Cartesian tensor to spherical tensor by

I‘LG = E (Ke\'; k|9>l‘l‘l(\KeV)’ [65]
KKer
po= 2 (K.imlO)yuie, [66]

m,Key

where (K.,; k|6) and (K,,; m|O) are Stone coefficients calcu-
lated in Ref. (27).

(¥ (1’3,,)” EvKIHKZ;.((Kyg)”\I, f/;ﬁ)(q) (3’2"||E Q(Keg)
'3

I, T $\(312, L, Js
Kvg ng [62]
‘I; 37’ ﬁ;' 3/2g ;7' gT'

o WZ#’)(\P (_JY)”R n,.(l(,.g)”q, (J¢)>.

Each component of a transition moment operator in the MFF
is written as a sum of vibronic operators. Therefore, the tensor
components oriented in O, have the form

(F) — (i} Kevi-noF 1) g5 (i} K evusntoF 1)
- E 3 Mcr

X M 3331
all indexes
— (i} Kevu,noF 1)
= 2 LZEREN o [67]
all indexes
Q.(K.p) KiyKox.(Kvu)\ (Kevusn0F 1)
X (E " ® EV{I&}X{.?}X ) noFy 3
8 T T T
6 i
s i
T
=
>
821 -
51 -
g e
g -
£ - -
ok e 4
7
=25 \—1// 1
_4 1 1 ! 1 L
-14 -1.2 -1 -0.8_, -0.6 -0.4 -0.2
l5/cm

FIG. 4. Vibronic parameter 7,/100 (dotted line), 7, (dash-dotted line), 7;
(solid line), and 7, (dashed line) as a function of 75 for O, = 0.008 and Q, =
—0.006.
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TABLE 6
Selection Rules in SU(2) ® C,

H

i
HNT 0 0,+£1
AM 0 0,1
Aly  0,41,..., 4K, 0,1, ... 55
AJs 0,41, £Key 0,41, ey £ Koy
AT 0,+1,..,+K 0,41,.., K’
1 g u

The eigenfunctions of the transformed effective Hamiltonian
are related to the initial eigenfunctions by a unitary transfor-
mation 7. Thus, the effective dipole moment has to be trans-
formed as

fig =TT ™" [68]

Just as for the polarizability, the transformed dipole moment

>

all indexes

= (Fu) —

[ [69]

~ ({i}.L,.noF 1) g ¢ ({i},L; ,n0F 14)
{343} M,

is expanded as a series of rovibronic operators.

<[\I,(Jg’) ® [@(Slzgl ® \I,(l',’x,/l](Jg,,u](ﬂ,r.n'crr)
r V3 o

117

The development of the transformed components in the LFF
is deduced from [63] and [66], giving

Y

L'".K'.p,m{i}

—

fio = 3 [K']"*(=D*(L", m|©)
(lg L:z Kl’l)

K 101
(OFlg nOFlu nOAIll)

X (L:’)G::IOFIMP,.‘L }gi)}é}[,.nol“n,)K

X [C(lg) ® M((i},L,’,J](K,',,n{,Am),

where C"¢ are the tensor director cosines. Contrary to polar-
izability tensor, Lo is not invariant under the inversion oper-
ation.

5.3.3. Intensity: Selection rules. The strength of a vibra-
tion—-rotation—electronic transition between two transformed
rovibronic states is given by

S= Kige ™50 3 ()

M;,My

[71]

where K ; is a numerical factor which depends on the frequency
and the temperature and g, is the spin statistic weight of the ®,
state:

[C“«") ® M({i}-LL.HuFm)](Kl,.llb/\lu)|[\lj(rfx) ® [q)<3/2gi ® \1,5.1337)]“3#] gma»

1 ! N ! ! " ! - " ’ ’ r ’ 1‘ K"‘ L”’
= 5 E (_1)2& +2C+K'+ K +L +1+L"+J+] [C] 1/2[L ]\/[9][9 ][K ][J3][J3:|[KL,1.][L ] {Ka K’ﬁ LI&}
L
[72]
3/2g 137 J3T ‘Ig J37 '97 (Kr Lg, Lg)r’)
% Keg K‘,“ L; L’(, LL Klrl K( (,)Au é ’(1/; ’) X <\If$.[r;")||Evgl})(g}zi(Kv") |\I,$.1331|><q)(3/2g)||EQe(Kgg) |(I)(3/2gi>
3/2 ’ ’ J’ ’ g’ n w nC. n -
g 37 37’ g 37 T
, 1, K,, L" (K, 1, L”" , ,
xwictawiny x {5 B Sheropremappon + oy e G Do oo |
g g g g g g

The selection rules (Table 6) come from the nonzero con-
dition of the matrix elements of Hamiltonian and dipole mo-
ment operators in the rovibronic basis.

In Table 7, we have listed the rovibronic operators up to order
for the Hamiltonian and dipole moment. We find four purely
vibronic parameters for v; = 1 for the Hamiltonian (see Table 5).

6. CONCLUSION

We have developed a tensorial formalism (operators and
matrix elements) by extending preceding works about mol-
ecules in a non-degenerate electronic state to XY, molecules

(especially colored hexafluorides) in a degenerate electronic
state. Our purely tensorial study has been carried out con-
sidering an extension of O(3) (20,) to SU(2) ® C,(D0;)
in order to take into account half-integer angular momenta.
We have introduced new electronic tensor operators in order
to avoid the problem of infinite matrices. These operators
have allowed us to construct for the first time a rovibronic
Hamiltonian as well as transition moment operators for
rovibronic transitions. This has been expanded for the triply
degenerate vibrational states v;(F,,) and vs(F,,) in the case
of a fourfold degenerate electronic state. We have deter-
mined values of the new vibronic parameters from previous
works.
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TABLE 7
Effective Parameters for the v; Mode
Hamiltonian | Dipole moment
Parameter f{(a{}{}‘,;}K moAry) Parameter #{(3(}{} ;‘:u"OFlu)
Level Order Q- (Kr) Qe(Ke) Ky K Transition Order Qr(Kr) Qe (Ke) Ky, Keuw(L)
Ground state 0 2(0) 0(0) 0 0 V3 0 0(0) 0(0) 1,1(1)
(Ky = Kq = 0) 0 1(1) 1(1) 0 0 | (K1=1Ks=0) 1 1(1) 0(0) 1,1(1)
2 4(0) 0(0) 0 0 1 0(0) 1(1) 1,1(1)
2 4(4) 0(0) 0 4 2 2(0) 0(0) 1,1(1)
2 3(1) 1(1) 0 0 2 2(2) 0(0) 1,1(1)
2 3(3) 1(1) 0 4 2 2(2) 0(0) 1,1(3)
2 2(2) 2(2) 0 0 2 1(1) 1(1) 1,0(1)
2 2(2) 2(2) 0 4 2 1(1) 1(1) 1,1(1)
2 1(1) 3(3) 0 4 2 1(1) 1(1) 1,1(3)
vg =1 0 0(0) 0(0) 0 0 2 1(1) 1(1) 1,2(1)
(K1 =Ko=1) 1 1(1) 0(0) 1 0 2 1(1) 1(1) 1,2(3)
1 0(0) 1(1) 1 0 2 0(0) 2(2) 1,1(1)
2 2(0) 0(0) 0 0 2 0(0) 2(2) 1,1(3)
2 2(2) 0(0) 2 0
2 2(2) 0(0) 2 4
2 1(1) 1(1) 0 0
2 1(1) 1(1) 2 0
2 1(1) 1(1) 2 4
2 0(0) 2(2) 2 0
2 0(0) 2(2) 2 4
Now that this qualitative study is done, we intend molecules (7%), symmetric-top molecules (C3,), etc.) by con-
e to apply this formalism to the v; high-resolution rovi- structing operators and matrix elements,
bronic absorption spectrum of ReFg (17), e to generalize this study to the case of transitions between

e to extend this formalism to other groups (spherical-top two different electronic states.

APPENDIX A
Subduction SU(2) ® C, D 0;

j integer DY) | Oy ” 7 half integer | D& lOf
0 Ay 1/2 Ei
1 1o 3/2 el
2 E+ Fy 5/2 E,+G
3 A9+ F1 + Fo 7/2 Ei+E§+G"
4 A1+ E+F + Fy 9/2 Eﬁ—ﬁ-QG/
5 E+4+2F 4+ Fy 11/2 E;—f—Eé-ﬂ-QG/
6 A1+ A+ E+ Py +2F, 645" E{ +E,+2G" +(§', E| < E})
7 Az + E +2F) + 2F, 12k + 5/ 2k(E] + EY 4+ 2G") + (5')
8 A1 +2E +2F + 2F,
9 A1+ Ag + E + 3F) + 2F,
10 A1+ Az + 2E + 2F1 + 3F,
11 Ao+ 2F + 3F) + 3F2
12p+gq p(Ar + Az + 2E + 3F) + 3F2) + (q)

SU(2) ® C~0; Connection

. 172
(A(jn) ® B”Z‘”)f,"g’(, — (_ 1) @(jHZC(%) 2 BoK(’EIjC” nj.cz" njC)) X (A(jmnCn ® B (i2vm2C2) )(Bocx [A.1]
X 17 2y X

n1C1,n2C2,Bo

Copyright © 2000 by Academic Press
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These formulas are used for the calculation of matrix elements

of the vibrational operators V.

Wigner-Eckart Theorem in SU(2)
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. ' B.1]
v ko ) m
=LF 0 (G Il
APPENDIX C
Reduced Matrix Elements in SU(2) ® C,
Electronic Operators
4](] + 1) (Qe—Ke)/2 1.
. Qe(Keo)|| 7y = | — - 2.
Gl [ 3 cip 3
i} 172 ’
K,(!(2j + K, + 1)! 4
2K, — D!M(2j—K)!| 5.
Direction Cosine Tensors 6.
J, L, J, 7.
’ (Lg) — _ L+J—M, ’ 1/2 8 8 8
ety = oy Gy ki)
ica °
where (---) is a 3 — J symbol. &
The Q™) Tensor 10.
We recall that 1.
12.
1 13.
Q,(yl") — 7[5 (A.(ilu) + A;r(lu)), [C3] "
\J
15.
with s = 3 or 5. Thus,
16.
o+ 1, (1 + D AT v, 1)
17.
= [, + D+ I+ 3)]7% [C4]
18.
v+ 1 (1= DA, 1) o
=[Lv,— L, +2)]", [cs51 2L
22
o= 1L (4 + DA, 1) 23,
5 24.
= _[(ls + 1)(V.Y - l.y)]]/_’ [C6] 25.
26.
o= L (= DAy, 1) 27.
28.
= —[L(v,+ 1, + 1)]"% [CT]
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Abstract

We present a development of the Hamiltonian, dipole moment and polarizability operators of octahedral XY, molecules in a
degenerate electronic state. These rovibronic operators are written with the aid of a tensorial formalism derived from the one
already used in Dijon in the case of molecules in a non-degenerate electronic state. Electronic operators are defined from the
group theory properties. Transition moment operators are introduced in order to consider rovibronic transitions. Spectrum
simulations are made thanks to a new version of the HTDS sofware [J. Quant. Spectrosc. Radiat. Transfer 66 (2000) 16] used for
the calculation of rovibrational spectra. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Tensorial formalism; Rovibronic operators; HTDS sofware

1. Introduction

The theory of rovibrational spectra for XY, mole-
cules [1-3] and more recently for XY¢ molecules [4]
in a non-degenerate electronic state (CHy, SiHy4, SF,
WFg, ...) is well-established. However, some mole-
cules such as transition—metal fluorides (ReFg, IrF,
OsFg, ...) possess an incomplete electronic subshell so
that their electronic states can be degenerate. This
particular electronic structure can be compared to
that of molecular ions or free radicals, i.e. of unstable
species which are difficult to handle but also of signif-
icant interest in many domains such as chemical reac-
tions, atmospheric and interstellar studies, etc.

* This paper is dedicated to Professor Alfred Bauder in apprecia-
tion of his significant contributions to the field of microwave
Spectroscopy.

* Corresponding author.

E-mail address: michael.rey @u-bourgogne.fr (M. Rey).

Moreover, these kind of hexafluoride molecules are
good candidates for studying many complex interac-
tions such as vibronic (Jahn—Teller effect [5-8], etc.)
or rovibronic couplings. Their spectra show low
energy electronic transitions occuring in the visible
or near infrared region [9]. Jahn and Teller [5]
remarked that electronic and nuclear motions can be
coupled together and Weinstock and Goodman [9]
have noted that each time there is an electronic degen-
eracy, then some qualitative evidence for a Jahn-—
Teller effect appear. In particular, certain abnormal-
ities observed in the spectrum of rhenium hexa-
fluoride have been assigned to this effect. All this
leads in very particular spectra [10-13] compared to
those of ‘classical’ hexafluorides [14,15].

Our motivation comes mainly from the fact that
there still exists a very few theorical studies of these
molecules. Until now, there existed only some low
resolution spectra, but recently the first high resolu-
tion rovibronic absorption spectra for these kind of

0022-2860/01/% - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0022-2860(01)00841-9
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o pb ] PR we present a program suite based on the HTDS
[ software [21] in order to calculate rovibronic
R Vibronic spectra. A full treatment in the Of group is made.
polyad
|
" @ 1 2. Basic principles

Rovibronic
block

Fig. 1. Matricial representation of the effective rovibronic Hamilto-
nian.

molecules appeared for ReF [16]. So, a complete
model (operators and matrix elements) for the study
and prediction of rovibronic transitions is necessary to
analyse these rovibronic spectra. In a previous
issue [17], we have derived a theoretical model
suitable for the triply degenerate vibrational
modes v3(Fy,) and vs(Fp,) in a degenerate elec-
tronic state G;. The particular symmetry of these
modes has allowed to couple all operators and
wavefunctions in the SU(2) @ C; chain. However,
this model cannot be generalized easily to other
vibrational modes.

The aim of the present paper is to provide a
tensorial development that is valid for all vibra-
tional modes in a given degenerate electronic state
except those of symmetry E. This development
will follow the same general principles as works
about XYs molecules and more recently about
XYsZ molecules [18,19] in a non-degenerate elec-
tronic state. The usual O(3) D O, chain used for
the ‘classical”’ XY, molecules has been extended
to the full chain SU(2) ® C; D Of so that integer
or half-integer electronic states can be considered
[20]. Section 2 recalls briefly basic principles
about the theory (Hamiltonian and transition
moment operators). In Section 3, we construct an
electronic operator set associated with a degen-
erate electronic state. The rovibronic Hamiltonian
as well as the transition moment operators for
(ro)vibronic transitions are thus defined. Finally,

The aim of this section is to recall briefly the theory
of the Hamiltonian and the transition moments (dipole
moment and polarizability) for octahedral molecules.

2.1. Contact transformations

In all quantum mechanical problems, it is more
easy to work with operators having a completely diag-
onal or block diagonal form in an appropriate basis
function set. This one is found by applying successive
contact transformations to these operators. If .« repre-
sents the Hamiltonian or a transition moment
operator, then the transformed operators A express
themselves as

A =eSAe”, (1)

where § is a sum of Hermitian operators invariant
under the point group operations and called the
generator of the contact transformation. Let us note
that S contains some rotational operators of odd
degrees in J, (rotational angular momentum compo-
nents) and also that this unitary transformation is not
necessarily perturbative, thus the transformed
operator A cannot always be expanded as a conver-
ging series [17].

We can now define an effective rovibronic Hamil-
tonian for a given vibronic polyad (or group of
vibronic levels) by

%(polyad) — e@(polyad) eiS H e—iS y(polyad)’ )

H

") being the projector operator on the considered
vibronic Hilbert subspace.
The effective Hamiltonian for a given polyad P, can
be written as a sum of Hamiltonian contributions
(7P — (P Py 4 ... (7P} 7P
H" =Hgy T Hply + - T Hp )t Hpy. G)
As shown in Fig. 1, the contribution of the P,
polyad necessarily contains those of lower polyads.
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2.2. Dipole moment

The molecular vibration changes the electronic
density and induces an electric dipole moment. One
can relate the dipole moment components py (6 =
x,y,7) in the molecule-fixed frame (MFF) to those
(ng, @®=X,Y,Z) in the laboratory-fixed frame
(LFF) through the relation

pe = \ostis 4
7]

where A g are the direction cosines. Each component
g can be developed as power series in the dimension-
less normal coordinates

I
Lo = /‘Lg + Z( )qstr
aqSﬂ'

5,0

1 3% p
+ 5 —— Mol T ()
2 S,S/,Zﬂ'ﬂ'/ ( 995645 o' o

where p§ is the permanent dipole moment (if it
exists). The other terms are induced by molecular
vibration.

From Eq. (1) and to satisfy the Hermiticity condi-
tion, the LFF components of the transformed dipole
moment are written in the form [22]

1 i
fio=5 > (Neofio + ftodap) (6)
o)

where wg and (g are linked together through the
same contact transformation as in Eq. (2).

2.3. Polarizability operator

With the application of an electric field E, each
molecule develops an induced dipole moment
whose components are written as

pe, = > g 0,E0,. (7
6,
The ag,p, tensor (called polarizability tensor) is
responsible for Rayleigh and Raman scattering.
The @, ¢, LFF components (0, @, = X, Y, Z) are
related to the aty g, MFF ones (6, 6, = x,y, 7) through

ag0, = Z Ao,0,16,6,%0,0,- 3)
0

g, ¢, can be expanded as a power series of normal

coordinates

8019 [}
g6, = g, + Z (7’ . )qstr
agsﬂ'

5,0

1 82(16 0
+ - b e qeg + s 9)
2 S,A%O" ( aqso'qs’o" o

g, 5, being the permanent polarizability (if it exists).
Just as for the dipole moment, the LFF components
of the transformed polarizability are given by [4]
. 1 - -
&e,0, = 5 Z (Ao, ,A0,0,06,0, T &g p,A0,0,A0,0,)
0,6
(10)

3. Tensorial formalism for octahedral molecules

In this section, we present a systematic approach to
construct a rovibronic Hamiltonian as well as the tran-
sition moments for a given degenerate electronic
state. First, we will give a few details about symmetry
conditions for single and double-valued states and
about the construction of electronic operators.

3.1. Symmetry conditions

It is useful to do some recalls about the symmetry
condition for a rovibronic level of species C in the O°
group [20]. O represents the octahedral group O with
its spinorial representations, i.e. if the rovibronic basis
(oriented with respect to the SU(2) D 0° chain) is
labeled |/,nCo) (n being a multiplicity index) thus

representations C with J integer are single-valued
(vectorial),

representations C with J half-integer are double-
valued (spinorial).

A particular application concerns the symmetry
conditions for a degenerate electronic state. Let us
design first by I'. the symmetry of a electronic
operator el 2 € =+ or — is the symmetry
under the time-reversal operation. So, the electronic
matrix elements (for a given electronic state with

symmetry C,)
€ C()(Fe)

<JC’ nCCCUC Jlé’nlécéo-l6>
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Table 1
Expression of the electronic coefficients (the & are Kronecker’s
symbols)

[(Keg)E(Feg)]g:' - &K

[0 gi] 1

[0 EFpe 2800,

(% EE g AR By
(e E e ARG

(3g) ) arFigon(2y) praFigos(3,)
[ s F ]z:azaz 8FF3 4 #) b 3

(1,0, 1) e,

vanish if the following rules are not respected [23]:

o If C. is single-valued and €, = + (resp. —), then I',
must belong to the representation [C, X C.] (resp.
{Ce X Ce}).

e If C, is double-valued and €, = + (resp. —), then
I'. must belong to the representation {C.X C.}
(resp. [C. X C.]).

Here, [ ] (resp. { }) is the symmetric (resp. anti-
symmetric) part of the product C, X C..

This is the expression of the Jahn—Teller theorem
[5,23]. In our case, the O° group possesses five single-
valued (vectorial) representations named A1, A,, E, F)
and F, and three double-valued (spinorial) representa-
tions named E’}, E5 and G’ (of dimension two, two
and four, respectively). The different possible cases
are given below

r A XA = Ay XAy = [A)],
EXE=[A +E]+ {A;},
1 FIXF =F,xF, =
EYXE} =E5XES=[F]+ {A},
LG'XG' = [A, + 2F, + F,]1 + {A, + E+ F,}.
oy

[A, +E+ F] + {F},

3.2. Electronic tensor operators: generalities

As shown in Ref. [17], we define electronic opera-
tors in the same way as rotational operators introduced
previously by Moret-Bailly [1]. All possible operators
EP KD i O(3) are constructed by successive

couplings of the basic tensor

ElY =21, (a=xy.2. (12)

The electronic angular momentum J, is obtained by
symmetry considerations (see next paragraph). Initi-
ally, such electronic operators have been introduced to
construct an effective theoretical model in order to get
rid of infinite matrices which could appear in the
initial vibronic problem (i.e. the untransformed
vibronic Hamiltonian) [12]. As we have mentioned
in Ref. [17], only operators with

0. =K, =2J, (13)

are independent. This result comes from the fact that
we stay in a given electronic state (i.e. with a fixed J,
value).

A complete set of independent electronic tensors is
thus given by

EKe(Keg) — (EKe—l((Ke—l)g) ® El(lg))(Keg>' (14)

Symmetry adapted tensors are deduced from the G
orientation matrices [20] through

E eghteleg) _ Z(Keg)G K (Keg) (15)

where n, is a multiplicity index distinguishing redun-
dant symmetries.

However, it is also useful to express these operators
in terms of the different components of the electronic
angular momentum J,, (o =x,y,z). This can be
achieved through the stretched tensor product

K (Keg) _ l(lg) (Zg)

(Ep l(lg) 2 - xEl(lg) (Keg) (16)

where the p; correspond to the triplet (1;1;07;).
In the case of sgxherlcal top molecules, the subduc-

tion E,,e = 2J., allows us to write Eq. (16)
as
EKe(Keg) _ P1p2(2y) piaps(3g) D1..n—1p, (Keg)

Pe T Qlpnt Qe lypizttt ((Ke—Dglppe

X (2" Jeay ey Jeay, » (17)

with p; = Fia; (j =1,...n). The F symbols are the
Clebsch—Gordan coefficients oriented in O(3) D O,
[24].

Finally, expression (17) can be written in the
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notation of Ref. [25] as

T
E’;:(Kegane ) — [(Keg)E(ﬂeFeg)]gl aKeJea]Jeaz"'JeaKe’ (18)

where the [K<E"Te)|0l % coefficients will be

calculated in the following (see Table 1).
We have also (see Section 3.1)

e = (-1 = (- (19)

3.3. Application to a degenerate electronic state

In this part, we define general electronic operators
thanks to the symmetry of the electronic state C,,
(x = g or u). However, let us note that the E, integer
twofold degenerate states will not be dealt with here.
This is due to the fact that no angular momentum can
be associated to this symmetry in a simple way. This
special case will be treated in a forthcoming paper.

3.3.1. Non-degenerate state
No problem appears here since

Apy = A XAy, Ay = Ajg X Agy, (20)

and we have the natural subduction 2% | O}S; =Aj,.
Consequently, only the operator

EX%) = (21)

is present. No rovibronic coupling appears in this case
and we have a usual rovibrational problem.

3.3.2. Triply degenerate state

As mentioned previously [25], any triply degen-
erate state P for an XY, molecule can be treated
as an Fy, state through the relations

FIX:FluXA)? (X:g,ulj(:”xz\’:“,g),

F2X - Flu XAZ}('
(22)

Under this consideration, it is straightfoward to
associate with each state an effective angular
momentum J, with J, = 1.

We recall that the redution SO(3) D O is

79 > 4,

Thus, noticing that J, XJ, = [0+ 2] + {1}, the
allowed values for K, are K, =0, 1,2 and the elec-

9V o F, 9P DE+F, (23)

tronic operators are

EO(OgﬂA]g) =1, Etlr(llg’Flg) — [(lg)E(Flg)]((;lIJe

oy °

Etzr(zzg’Eg) — [(zg)E(Eg)]g_lzﬂlzj J

exyveoy

(24)

E(zr(azg’FZg) — [(zg)E(FZg)]g;D[ZJ J

e Yem

with oy, 03, ¢, @), 0 = x, yor zand o5 = 1 or 2.

3.3.3. Half-integer doubly degenerate state
Half-integer (spinorial) irgeps E'IX and E'zX are
twofold degenerate in the O group. Just as for the
triply degenerate state, we can merge the study of £}
and EY into only one according to
Eiy=Ej; XAy,  E5 =Ej;XA,,. (25)
As pointed out in Ref. [20], & U2) is irreductible in
O° and its characters are those of E'l, SO we can
associate the E'| state with an angular momentum J,
with J, = 1/2. From the fact that (1/2) X (1/2) =
[1] + {0}, the only possible electronic operators are

and  Eg#he (26)

EO(OgA]g) =7
In that case, the only vibronic contribution to the
untransformed Hamiltonian is proportional to
éﬁ‘g>q§§‘g’ which is not allowed for octahedral XY
molecules (there are no vibrational modes with the
symmetry Fi,) and thus there is no Jahn-Teller effect.
This result is coherent with the fact that E| and E}
states are Kramers doublet [26] whose degeneracy is a
spin degeneracy that cannot be removed by electro-
static forces such as Jahn—Teller ones.

3.3.4. Fourfold degenerate state
In that case, a fourfold degenerate state is denoted
by the symmetry G, in Oy with

G\ = Gy XAy, (27)

As for E| and considering the natural subduction
9% | 0% = G', we can define an effective electronic
momentum J, with J, = 3/2. If we make the product
3/2%3/2 =[1+ 3]+ {0+ 2}, it appears that only
electronic operators with K, = 0,1, 2,3 are allowed,
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ie. The untransformed and effective Hamiltonians are
EO08 A El 1, Fr) E2(2 E2 e, Fzg> and E3 Goul llnlfed here together through a uanary transformagon
which is a priori a non-perturbative transformation,
Boed) e impossible to express explicitely.
= B 05, eaSeasJeas The expansion of vibrational operators is given by
(28) (31
with Do) 1 (T Iy
wl 2 (Dg i ) (Fz)) vg
® Vinim) © = 3 © (( ) @A)
9 :)Fe:A2+F1+F2. (29) (32)

In the following, we will omit the n. index since it is
always equal to O (no multiplicity). The electronic
coefficients [KE7+]51*¢ defined in Eq. (18) are
given in Table 1.

Let us well note that the product G, X G’, has
multiplicities for the Fy, and F,, symmetries which
will be denoted by the 8 index. Ref. [20] labels
these ones by

{ B=1and3if F, C [G'XG],
B

C [G' X G'] (resp.{G' X G'}).
(30)

= s (resp. a) if F,

This is the main difference with the O, group.
Because of these multiplicity labels, recoupling coef-
ficients (6C,9C,...) of O}S; are more difficult to handle
than those of O,

3.4. Expression of the effective rovibronic
Hamiltonian

At this stage, we can construct a formal rovibronic
Hamiltonian by extending works about XY, mole-
cules in a non-degenerate electronic state (rovibra-
tional studies [13] to the case of molecules in a
degenerate electronic state. Vibrational (V), rotational
(R) and electronic (E) operators and wavefunctions
are thus coupled in O(3) D Oy, or SU2)® C; D Oﬁ
so that half-integer states are taken into account when
necessary (see Section 3.3).

Starting from the untransformed Hamiltonian H, we
define a transformed rovibronic Hamiltonian A which
is a function of rotational, electronic and vibrational
variables by applying the unitary transformation (1)

H= H(JaneBs Gso Pso)
leiS (31)
H= I:I(Jm]eﬁ, Gso Psor)

+e(— 1)F1+F2+F ( ;:1(11“}2» ® Ail;l,;))(rvg))

where the tensors A" and A are built from elementary
operators of creation g, and annihilation a,,, (the o”’s
are the components of the degenerate vibration s). The
complete Hamiltonian is a Hermitian operator which
must be totally symmetric in Oy, so we obtain all
possible rovibronic operators by coupling systemati-
cally E, V, R operators in the Oy, group in the following
way:

£ (Kignor.Levg)(Ke, )Fl Iuyg) (K, g sntor L eve)
{ns}{’gns} g wt 2uld g (R goort evg
00,
® (EKe( o) ® V{n]:{lznt( g))(Fevg))(A]g) (33)

The transformed effective rovibronic Hamiltonian
is expressed as a linear combination of rovibronic
operators (33)

-

all indexes

LD (in
g m) M gngY im0 34)

where {i} summarizes all indexes. t{{ ) m,) are the
parameters. 7} is a numerical factor Wthh allows
coincidence between the standard and tensorial nota-
tions for scalar terms

n = [T1"2(=/3/4)2, (35)

if (K, Ko ) = (O, g) and 1 = 1 otherwise.

The Hamiltonian is invariant under time-reversal,
thus the V, E and R operators must have the same
parity in elementary momentum operators (J,p).
This results in

e = (—1)2rK, (36)

We have chosen to define the order of the rovi-
bronic Hamiltonian development in the same way as
for the rovibrational Hamiltonian [3] as we did in Ref.
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Table 2
Expressions of the different phase factors

" { Je if J. integer,
J.
¢ 2J, if J, half integer
ST { e
1 otherwise
UL Ce.B) 8.1 0p.1
(17]
N=0,+0,+K -2 GD

The calculation of matrix elements of irreducible
tensor operators requires the use of the Wigner—
Eckart theorem (WET) and of recoupling formulas
in Of which are given in Appendix B. In order to
apply the WET, the basis must be constructed with
the same coupling scheme as the operators (33). So we
have

Con €D
‘[Bq’flg’nag) B [(péjeg’cex) X ‘IP(VS‘:")] ]0 >, (38)
where
| (péleg,cex)> _ | (péfeg,cea)l 1, (39)

In Egs. (38) and (39) J, and J are both integer (resp.
half integer) angular momentum quantum numbers, if
the number of electrons is even (resp. odd).

We have also

2V |0y =C and  Couy=AXC, (40

with

A= AIX if CeX = AIX’FI)(vEll)( or Gi\/,

41)
AZX if Ce)( = AZ)(! FZ)( or EIZX
Each electronic operator is implicitly multiplied by
the identity operator I; ¢ associated with the wave-
function [ID).
So, the matrix elements of the Hamiltonian are

- o' 3 1CNTEN
(o o]

1yt
V’l# a

% T({i},Alg>} % l 8, B3[ Ve

{ngHmg

(Cevr)7(C)
9Ce
® [cpé’eg Y @ w‘ﬁf] ] )
a

— (_ 1)¢(J)+¢(Je)(_ l)Cev+Cr+2Ce_C_Fev([CleV]

(Krg Jq Jg)
X[Co DD g K o
B (nOrFevg nCrg n Crs)

e o
658 Teg Cop Cop) Cowr Tog Cxg BeBaB B

Feg Ce)( Cex
X Fvg CVT CIVT’
Fevg Cevz Clevr’ B1B1536,
X ‘I’i(Fe,Ce,ﬁ,B/) 'q/(C:/qJ) EVFIMFZM(Fvg)
© i, |[Vinyom,)
CVT e e, .Q.- I
X %,IT’><Jeg\IEK KN ) JIRAE LS ). (42)

The (—1)°¢ phases as well as recoupling symbols
(6C and 9C) are defined in Ref. [20].
We have set

A, A A
ei‘I’(Fe,Ce,B,B) = [C.] [Fe]l/z Feg éeg Ceg s
ey Coy Clex 188111
(43)
which is calculated in Table 2.

The redlfllced matrix element (RME) for the identity
operator 149 i

(I(A)" 1A I(A)> — (44)

4)
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and the electronic RME is given by

; KI2i+ K, + 1! 772

o ER-E0) ) = 1902 (2 3 ) ] ,
(2K, — DI(2j — K.)!

(45)
where ¢! ®0® js a phase factor given in Table 2.

3.5. Expression of the dipole moment

A development of a tensorial formalism in SU(2) &
C; D O} is undertaken here for a degenerate elec-
tronic state in order to perform the calculation of
(ro)vibronic transitions for absorption spectra.

According to Stone [27], we can link cartesian
tensors to spherical tensors by

o = o, (46)

po =2 (1ml Oy (@7)

where (1;k|6) and (1;m|@) are Stone coefficients.

Contrary to the case of non-degenerate electronic
states, each component of the untransformed dipole
moment in the (MFF) is written as a sum of vibronic
operators

I ® VFWFZM(FW))(F,

{nsHms}

Fd _ O (LR | KK,
Bo =D Kinyimy (B
i

(48)

where {i} summarizes all indexes.
The eigenfunctions of the transformed effective
Hamiltonian are related to the initial eigenfunctions

by the unitary transformation e'. Thus, the effective
dipole moment has to be transformed as

g=e ue ™. (49)

So, the transformed dipole moment

_(F (i) Fr Fia
IU‘(G W) — ZME{;} 1 )M({l} 1 )(50)
{1}

is formed by a series of rovibronic operators

M({i},F]u) — Mnr(Krg’"{)rFrg)(Keg Feg)F];LFZ;Z(Fvg)(Fevg)(F]u)

{nsHmg}

— (Rnr(Krg,"{)rFrg)

Ty Do (e T evg)
®(E ol @ ey n o g) Y
(1)

Using Eqgs. (6) and (46), the transformed compo-
nents in the (LFF) are expressed as

ﬂ(A]u) = /3 Z(l ml@)Z ll({l} F]u)[C(F]g>
{i}

& M({i}aF]u)](A]u), (52)

where the C¥19) is the direction cosine tensor.

The square brackets indicate the use of a symme-
trized tensor product (because C and R do not
commute) defined as

— %((A(FO ®B(F2))(D + (_1)F+F1+T2(B(Fz) (53)

® A(F]))(D)'

The strength of a vibration—rotation—electronic
transition between two transformed rovibronic states
is given by

Sy = Kygie_(hCEi/kT> Z |<(15i|ﬂz|(15f>|2 (54)
MM,

where K¢ is a numerical factor which depends on the
frequency and the temperature and g; is the spin
statistic weight of the é ; state (with energy E)).

The expression of the matrix elements of the trans-
formed dipole moment is given Appendix A.

3.6. Expression of the polarizability

A complete model (operators and matrix elements)
is necessary for the prediction and the calculation of
rovibronic Raman transition intensities.

The spherical and cartesian components are linked
through

g6, = Z<L k|6, 6)a”, (55)
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Table 3 where P({ Y are rovibronic operators expressed as

Rovibronic selection rules for the Hamiltonian, dipole moment and ' r

polarizability operators paiLly) — P& (}K{rg”;"}Or Tig)Kegs Leg) D1l 2y (o) T eegXTg)

¥ ~ 5O 5@
H M a a _ (RQ,(K,g,nO,F,g)

AJ 0 0, *1 0 0, =1, =2 -

AM 0 0, +1 0 0, =1, *2 KoK Tog) o € F,MFZM(Fvg))( eve) ()

Symmetry c'=cC c'=cC c'=cC Cc' = ® (E Q V{ns}{ms} T (6l)

7 ®r u :

Components fr, o o =0 fr/ — & . In Fhe (LE'F), we need to take }nto account Fhe
direction cosines tensor so we obtain the expression
of the components of the polarizability

- . (@ g _ 12 ICTIN S WG ) oI

Qg 0, Z<L’ ml@l @2>am ’ (56) @112)2 Z I_] <L m|@1, @2)2 {n }{m [C &8

Lm LTm
where (L; k|6, 6,) and (L;m|®, ®,) are Stone coeffi- @ pUibl A (62)

cients [27].
In the MFF, one writes

F]‘LFZ‘L(FVg)

Lg ) ditIy) T,
a(eg g :Z i (EK( eg))® V{n ) )( )

X(n,) {m }
{i}
(57)
. . (i)
where L, is the rank in O(3) and Oy Yim,} ATE the
parameters

T,=A, QE, @ Fy, & L, =0,,2,. (58)

The &%*9 tensor is the isotropic part and the
@@eEs o F2) tensor corresponds to the anisotropic
part.

Itis necessary to consider an effective polarizability

@ =eaqe™™ (59)

obtained by applying the same transformation e as to
the effective Hamiltonian, Thus the tensorial expres-
sion for the transformed polarizability is given by

_@,.T) _iLT) (N
&g " =D @pymPe s (60)
)

Table 4
List of some hexafluorides with their electronic ground state
symmetry

TCF6 RLIF6 Rh F6 RCF6 OSF6 II'F6 Np F6 AmF6

G, F, G, G. E G, E. G,

The Raman intensities between two rovibronic
states are given by

sz— s8ie —(hcE/kT) Z K(p|

M M,.6

o).

where Ry is a numerical factor which depends on
the frequency and the temperature.

3.7. Selection rules

The order of the development for transition
moments is defined as [17]

N=0,+ 0. +K,— 1. (64)

The calculation of matrix elements (given in
Appendix A) between two rovibronic basis function
requires the use of the WET and leads to the selection
rules given in Table 3.

4. Calculating rovibronic spectra

In this section, we present briefly programs neces-
sary for calculating rovibronic spectra.

4.1. Presentation

Potential candidates for study such spectra are
given in Table 4. Other potential molecules are
given in Ref. [28].

The highly-spherical top data system (HTDS) soft-
ware [21] for the calculation of rovibrational spectra
of octahedral XY¢ molecules has been modified since
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the calculation of spectra is given Fig. 2. This set of
programs is available upon request to the authors.
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HMODEL = | 9 C File
y 6 C File
ROVBAS K File

/ ' i J G File
[ < HMATRI

“.\ — DI Pl\’lo D =, 1 l\"é;.:arﬁnege; Ifi'l'_é_z )

YT DiIPMAT /
I
¥

TRA and TRM

!

B SPECT
W \l( Intensit
CALCULATED SPECTRUM

Fig. 2. Schematic description of the program chain leading to the
calculated absorption spectrum. The Raman spectra are obtained by
the substitution of DIPMOD (DIPMAT) to POLMOD (POLMAT).

it is only devoted to molecules in a non-degenerate
electronic state. We have introduced the electronic
operators (14) into this program chain.

Programs calculating rovibronic Raman spectra
(v, v, and vs bands) and rovibronic absorption
spectra (v3 and v4 bands) for any kind of polyads
are included. However, let us notice that molecules
in a degenerate electronic state of symmetry E are not
handled by these programs.

4.2. Description

The general structure of HTDS has not been modi-
fied. Modifications appear only inside programs with
the adding of:

o electronic operators (14) with its associated eigen-
functions (39),

e half-integer representions E}, E5 and G’ (multipli-
cation table, etc.),

e recoupling coefficient files (6C, 9C) and K-factor
files [20] (computation of rovibronic matrix
elements),

e multiplicity indexes for eigenfunctions (see
Section 3.3).

A schematic description of necessary programs for

For the energy part, the first program used is
HMODEL. 1t lists rovibronic operators for a given
polyad and development order. The vibronic reduced
matrix elements are calculated too. Secondly,
ROVBAS constructs the rovibronic basis until J,,, =
100 and HMATRI calculates the matrix elements of
rovibronic operators. Finally, HDI diagonalises the
Hamiltonian matrix by using Hamiltonian parameters.

- For the intensity part, we have DIPMOD (resp.
POLMOD) which gives a list of the operators of the
dipole moment (resp. polarizability). Matrix elements
of these operators are calculated by DIPMAT (resp.
POLMAT). Programs TRA and TRM calculate the
transition moments. Finally, SPECT calculates the
line frequencies and intensities.

5. Conclusion

A tensorial formalism (operators and matrix
elements) has been written by extending preceding
works about XY, molecules in a non-degenerate
electronic state to open-shell systems (especially
colored hexafluorides) where the electronic states
can be degenerate. We have considered an exten-
sion of O(3) D 0, to SU(2) @ C; D O} in order to
take into account half-integer rovibronic angular
momenta as well as half-integer representations.
A preliminary new version of the HTDS sofware
has been described briefly. The computation of
matrix elements of the rovibronic operators
(Hamiltonian, dipole moment and polarizability)
allows the simulation of rovibronic infrared or
Raman spectra for all vibrational modes. Now, it
remains to study quantitatively such spectra with
this formalism. A interesting extension would be
also to consider a electronic state of £ symmetry
by an algebraic approach. We also intend to
extend this formalism to the case of transitions
between two different electronic states.
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Appendix A

A.l. Matrix elements for the dipole moment and polarizability operators

(Ar)
I:C(F]g) ® T({i},m]

Conq (€D
1 _c
® I:(péJeg,Cm ® ,p(vgv:)jl ] > — E(_l)ga(fe)(_l)r,+2ce+p,+c, CICNCAIICE D™

ag

Dipole moment

€, )7Cn
el c!
< [,gr/r(fg,ﬂ Crg> ® [(péjegacex) ® ,g,(v/ ‘2,;J>] ] W(ngncrg)
A
B2B4 o

p1g; [ ¥r

I evg Crg Ci‘g I eg CeX Ce)(
(Keg Jeg ) , ,
X [Ty Z pK > . Fewe Covr Coysr r v G Cup

popp Ty Co Cog : :
A, C: Cux Jppngs Iy Cor Covr B1B1B: 8,

€ » Iy () Cor KK, 1 i, C. B8 0K, (AD)
x (g’vcz; Vintm) %,13><fegHE TR R TATAS ﬁm{u;uR ®|72),
% Z Z 18 Flg evg Z K (lg Jg Jfg) K (Krg Jfg Jfg)
B2r Blr
BB | 7 Crg Cig C;lg BByl (OFlg nCrg n”Ci’g) (nOrFrg fl”C;lg nlcig)

2

' Flg Frg Fevg
+ (_1)¢(J)+€D(J )(_1)F1+Fr+Fev<Jg”Rﬂr(Krg) |Jg> Z Z / .,
i | o Crg Crg Crg BBl

!
y Z < (1, Je Jg) % (Krg e Te)
" Bar (OFlg n”Ci'g nlC{-g)B’" (nOrFrg nCl'g n”ci‘jg)
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Polarizability

» , G 1
< I:,gflgfg’ﬂ rg) ® I:(pé eg> ® v \27-’ ] ] |[C(F]g)
B2Bs T

(Covr) 7€)
B3[ ‘gflg]g’ncrg) ® [®é CeX) ® W(CVT ] ] >
ag

1 e
5(—1)‘”“”(—1)F'+2C6+F'+C'+Cev leqrac,ach,n?

(ihFu)An)
@ T

Iy G Coy

x> ke T T | G G Cor Ty Cn Chy
= P, €., G Th, Cl §
PEB-F * * * eVT o PB2B By Fevg Covr Clevf’ B1B1B3Bs
(A2)
(C:/ ) FMFM(FV) vT. e\fre i ertesfs, i (Y
g (‘f'w; Vit |7 >><JeguEK K I ”’MR W,
I, I, T (L J J) (K, J! J%)
X Z I:Z{ ) ! e;g} pK : ; " gll piK ‘ " g// /g/ ]
pb L' UGy Crp Cr dpupupr'm (O, nCy n'Crp) ™ (noelyy n°Crp n'Crp)
D+el’ I+T+T, 0K, F FeVg
+ (_1)@() o )(_1) v ev<Jg”R (K, )”J} Z Z .,
B/ C// C C C g /B/]rBr
— I K g T ]}
B,
" (OF n"Cr, n'Cig)B,]r (noeIyy nCy n"Cry)
Appendix B
B.1. Wigner—Eckart theorem and recoupling formulas in O°
Winger—Eckart theorem in O°
; _ (C, O o
(PSP r) = 1c1 P S BT o). ®1)
5 o, o (Ch
with Co X C D BC’.
Recoupling formula for two operators acting on the same space
BT @ T Doy = Y (—1)01““”0’[00]“2{ @ e G
itoalt ol C Cl C” Ul
C".Bl.BY BiB3BB (B2)

BICIT VI K B5C T PlIC).



1.4 : Articles-clés — 183

M. Rey et al. / Journal of Molecular Structure 599 (2001) 125-137 137

Recoupling formula for two operators acting on two
different spaces

(C1Ch, BBYLCITTY @ U215 1|y C,, B),C)

r, ¢ ¢,

= (CICTLD"* D 10 ¢ )
Sl Vo B1B1 BB BB,
X (B CHITPNIC B CHIU ). (B3)
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Chapitre

\

UATRIEME PARTIE

Q

Application a la Spectroscopie de

I'Hexacarbonyle de Vanadium

Publication P23
Proceeding A2

2.1 Introduction

Si la plus grande famille de molécules de type toupies sphériques possédant une sous-couche
électronique incompléte est celle de hexafluorures de métaux de transition (voir Chapitre IV.1) et
si les tous premiers spectres rovibroniquement résolus l'ont été sur ReFg (voir Chapitre IV.3), la
premiere analyse rovibronique dans un état électronique dégénéré que nous ayons pu mener a bien
concerne un hexacarbonyle, V(CO)g. C’est pourquoi je lui consacre ici un chapitre complet.

Un spectre en jet supersonique du profil de la bande d’élongation C-O vg de cette molécule a en
effet pu étre enregistré par Pierre Asselin et ses collegues (Université Pierre et Marie Curie, Paris),
dans la suite du travail réalisé sur ’hexacarbonyle “classique” Mo(CO)g [P15,P17].

2.2 La molécule V(CO)4

V(CO)g est un hexacarbonyle octaédrique comme illustré sur la Figure 2.1. Elle possede 107
électrons et son terme électronique de base est 2F29.

Fi1c. 2.1 — La molécule V(CO)s.

Cette molécule possede 13 modes normaux de vibration, dont certains sont des modes de pliage
V-C-0 tres “mous” a bas nombre d’onde, d’oti un nombre extrémement grand de bande chaudes a
température ambiante, rendant indispensable I'utilisation d’un jet supersonique pour pouvoir observer
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les bandes froides. Par contre, comme tous les hexacarbonyles, V(CO)¢ possede un mode d’élongation
C-0, vg a la fois tres intense et bien isolée des autres vibrations.

2.3 Article-clé

Est reproduit ici 'article illustrant 1'utilisation du modele d’hamiltonien tensoriel rovibronique
effectif pour I'analyse du profil de la bande vg d’élongation C-O de V(CO)g.

— [P23: J. Chem. Phys., 114, 10773-10779 (2001)] présente ces résultats obtenus en collaboration
avec Pierre Asselin et ses collegues.
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The jet-cooled FTIR spectrum of the v fundamental band (C-O stretch) of vanadium
hexacarbonyl, V(CO)g, is studied for the first time. The spectrum shows a very unusual structure
consisting of three well-defined broad subbands, without the usual PQR structure. V(CO), being an
open-shell system this is attributed to a dynamical F,,®F,, Jahn-Teller coupling which
considerably complicates the analysis. A new theoretical model based on group theory and tensorial
algebraic techniques is developed in this paper for the very first attempt to analyze such a rovibronic
spectrum. The assumption of a negligible spin—orbit coupling is validated by the overall agreement
between predicted and observed band profiles. The rovibronic Hamiltonian and dipole moment
operators have been expanded in order to enable a simultaneous treatment of the four vibronic
sublevels. We were able to satisfactorily reproduce the band profile and thus to give the first
estimation of some rovibronic parameters for this molecule. © 2001 American Institute of Physics.

[DOLI: 10.1063/1.1374957]

I. INTRODUCTION

Since the original discovery of vanadium hexacarbonyl
in 1959,' considerable effort has been devoted to the eluci-
dation of structural and electronic properties of the molecule.
Once the monomeric nature of this unique compound was
established,” and the molecular entity recognized as V(CO)g,
a stable 17-electron monomeric complex, a number of tech-
niques has been applied to the determination of the molecu-
lar shape and the electronic ground state. In an early infrared
study, Haas and Sheline® concluded from the extreme broad-
ening of the room-temperature gas phase IR absorption spec-
trum that the molecule probably experienced no static distor-
sion from an average octahedral configuration, but a dynamic
Jahn-Teller effect. Magnetic susceptibility measurements
show that the complex has one unpaired electron as expected
for the d° (tg g) conﬁguration,4 but below 66 K weak antifer-
romagnetic coupling has been observed in the solid state.’
Gas phase diffraction data® and x-ray diffraction structure (at
245 K) (Ref. 7) indicate approximate octahedral symmetry
near room temperature, but with rather large error bars. EPR
spectroscopy has of course been applied in several studies,
but is restricted to the condensed phase.®1* At low tempera-
ture, a small static distorsion is concluded, leading to a szg
term, but no clear consensus has been reached concerning the
exact nature of the distorsion. The electronic spectrum giving
its color to the dark crystal has also motivated solid state
UV-visible absorption'! and MCD (Ref. 12) studies in the
neat solid and matrix isolated phases, interpreting the UV

3 Author to whom correspondence should be addressed. Electronic mail:
boudon @jupiter.u-bourgogne.fr
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spectrum of the isolated molecule in term of a rather large
static distorsion. Vibrational studies on the same phase were
of little help, however, as the splitting observed on the triply
degenerate, F';, symmetry, v, mode which were interpreted
as indicating a D, ground state geometry also exist for the
related, bona fide, octahedral molecules Cr(CO)s and
Mo(CO), (Refs. 13—15) due to matrix perturbations.

One factor limiting the range of the seminal vibrational
study of Haas and Sheline was the fact that, as for the better
known Cr(CO)s and Mo(CO), hexacarbonyl complexes, the
IR room temperature absorption spectrum is also broadened
by overlapping of the many hot band transitions, arising
from the existence of the numerous low-lying vibrations.
This broadening leads to a complete loss of the rotational
structure, even for perfectly octahedral molecules with
closed-shell configuration. The low vapor pressure of these
compounds does not permit quenching of the excited vibra-
tional levels in equilibrium conditions. Jet-cooling tech-
niques combined with high resolution IR absorption spec-
troscopy has proved to be a powerful technique to elucidate
the rotational structure of these fluxional molecules by the
cooling effect of the adiabatic expansion.

Davies and co-workers studied Ni(CO),, Cr(CO)e, and
other hexacarbonyl complexes using IR-diode laser scanning
and double modulation techniques'®™'* which present unsur-
passed sensitivity when narrow (around the Doppler limit)
absorption lines are observable. FTIR techniques are so far
less sensitive but have some advantages regarding frequency
calibration, broad spectral coveragezo and most important,
studies involving molecules for which extensive anharmonic
couplings?! or dynamical processes broaden the spectral fea-

© 2001 American Institute of Physics
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tures beyond the point where wavelength-modulation tech-
niques are no longer usable.

In this study we report Fourier transform infrared spectra
and analysis of the v¢ band of V(CO),. After a brief descrip-
tion of the experimental part, an original rovibronic treat-
ment will be developed.

Il. EXPERIMENT

The supersonic jet-FTIR spectrometer device for observ-
ing the gas phase IR spectrum of the jet-cooled molecule is
similar to that used for the study on Mo(CO),s.22 Briefly,
V(CO); is seeded in argon at about 2% by sweeping the rare
gas over the metal carbonyl kept constant at 25°C, which
corresponds to a vapor pressure of about 2.0 mbar (measured
with a baratron gauge) vs 0.4 mbar for Mo(CO),. Conse-
quently it is not necessary to overheat the injection nozzle
for this compound. The gas mixture is expanded through a
circular nozzle of 1 mm diam D and 1 mm length and then
evacuated by a 18 m*s™! Varian four stage diffusion pump.
As evidenced for the Mo(CO); study,? the argon flow rate is
maintained at about 1 molh™! for D=1 mm, which corre-
sponds to the optimal conditions for sweeping V(CO), vapor
efficiently. In these conditions the stagnation pressure is
about 70 Torr for a background pressure equal to 10~ Torr.
The supersonic beam is finally probed by the 16-pass ar-
rangement of the IR beam issued from a Bruker IFS 120 HR
interferometer and then focused on an InSb detector fitted
directly in the expansion chamber.

Sodium hexacarbonyl vanadate as the diglyme-stabilized
salt was purchased from Strem Chemicals. About 3 g of
neutral V(CO)q was synthesized by oxydation of the anion
with orthophosphoric acid® in an evacuated cell and distilled
around 60 °C into a glass trap cooled around —60°C. The
black solid was kept in the dark and under its own vapor
pressure without noticeable decomposition when not heated.
The purity of the product was checked by argon matrix iso-
lation IR spectroscopy. The product was first handled exclu-
sively with glassware, but showed no sign of decomposition
when streamed down stainless steel tubing.

Figure 1 displays two experimental spectra of the CO
stretching v¢ band of V(CO)4, the room temperature cell
spectrum (a) recorded at 0.3cm™! resolution by Haas and
Sheline® and the jet spectrum (b) recorded at 0.1 cm™! with
our experimental device, as well as the jet spectrum of the
CO stretching vg band of Mo(CO)s (c) recorded at
0.004cm ™' from our latter work? and shifted down by
16.6cm™! to make the comparison easier. Another jet spec-
trum of V(CO)4 recorded in the same experimental condi-
tions but at higher resolution (0.01 cm™Y) does not reduce
the width of the bands observed.

Some notable differences exist between the band con-
tours of these three spectra. The cell spectrum (a) shows only
one broad band (20cm™! FWHM) around 1980cm™!. Due
to the rovibrational cooling of the supersonic expansion, the
jet spectrum (b) is structured into three narrower bands
(6 cm™! FWHM) located, respectively, at 1972, 1989, and
2008 cm ™!, The conditions of dilution for V(CO)4 in argon
being very similar to those used for the Mo(CO)g study, the
rotational temperature derived from the simulation of the re-

Rey et al.

1.0f

Absorbance

(©)

1980 1990 2000 2010
Wavenumber / cm

1970

FIG. 1. Experimental spectra of the v¢ band, (a) of V(CO)s in cell, (b) of
V(CO), in jet (magnified by a factor of 30), and (c) of Mo(CO), in jet
(shifted by —16.6cm™! for the sake of presentation). Note the expanded
view of a part of the R branch (J=10-17) displaying the resolved rovibra-
tional lines.

solved rovibrational band (13 K) is hereafter assumed to be
about the same for both hexacarbonyls. However, the ab-
sence of a resolved PQR pattern in the jet spectrum (b) of
V(CO)y compared to (c) of Mo(CO)g clearly proves the ex-
istence of a dynamic Jahn-Teller effect as suggested
previously.® The following paragraph describes the theoreti-
cal formalism necessary to build the spectrum of an octahe-
dral molecule in a degenerate electronic state.

lll. THEORY

The V(CO) molecule has 107 electrons which implies
the existence of an incomplete electronic subshell. There are
only a very few informations about the true symmetry of its
electronic ground state in the literature. According to Haas
and Sheline,® V(CO); is an octahedral molecule pertaining to
the O, point group and the electronic ground state term is
’F, ¢ - However, Ref. 3 does not give any value for the spin—
orbit coupling, but it is suggested that this should be very
weak. Barton er al.'? predicted a spin—orbit coupling for
V(CO)g of ~100cm™'. This case is somewhat different
from that of open-shell transition-metal hexafluorides®
which exhibit very large spin—orbit coupling. For these mo-
lecular species (ReFg, IrFg, ...) the states are classified ac-
cording to the value of their total electronic angular momen-
tum (spin plus orbital). In the present work, following Ref. 3,
we have neglected the spin—orbit coupling and thus assumed
that V(CO)g has an electronic ground state of symmetry F,,
in Oy,. In spite of this approximation, the electronic degen-
eracy implies of course the existence of complex rovibronic
couplings and complex spectra.

The model used here is based on previous works about
the spectroscopy of octahedral molecules in a fourfold de-
generate electronic state.”>~° In Refs. 28 and 29 we have
developed a new model for the expansion of the Hamiltonian
and transition moment operators (dipole moment and polar-
izability) for an electronic state of Gg, symmetry in the Oi
group.® The main advantage of this model is to avoid infi-
nite matrices that usually arise in vibronic couplings?*?’ such
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TABLE 1. Hamiltonian and dipole moment effective parameters for the v4 band of V(CO)s.
Hamiltonian parameters
Parameter 72 Kre Mev) Keg TeT 1, T2y ()
{nHm g}

Level Q° Q(K,g.nT ) K(Kuq T ry, Ty, Ty, Value/cm™! Comment
GS 0 1(1,0F,,) I(L,Fy,) Ay, Ay, Ay, 8.0X107°

0 2(0,04,,) 0(0,A,,) A, A, A, 1.954 11x1072 B,
ve=1 0 0(0,0A1,) 0(0,A+,) Fi. Fi, 1g 1994.48 Vg

1 7 0(0,0A,) 1(1,Fy) Fi. Fy, Fi, —16.61

1 7, 0(0,0A,) 2(2.E,) Fi. Fy, Foy —17.51

1 73 0(0,0A,) 2(2,F5,) Fi. Fi, E, 1.79

1 1(1,0F ) 0(0.A4,) Fi., Fy, Fig, —3.6418x 1074 3v2(B&),

2 1(1,0F,,) I(1,Fy,) Fy, Fi, Ay, —3.0x1072

2 1(1,0F,,) I(1,Fy,) Fy, Fi, E, 8.0 1072

2 1(1,0F,,) I(1,Fy,) Fy, Fi., F, —7.0x1072

2 2(0,0A4,,) 000,A;,) Fy, Fy, Ay, —1.285274X 1073 Bs—B,

2 2(2,0E,) 0(0,A1,) Fi, Fi, E, -1.0x107°

2 2(2,0F5,) 000.A,,) Fy, Fy, Fy, 1.332x10°¢

3 1(1,0F ) 2(2.E,) Fy, Fi. Fi, —1.0x1072

3 1(1,0F,,) 2(2,F5,) Fy, Fi., Fi, 1.5x1072

3 2(0,0A4,,) I(1,Fy,) Fy, Fi, Fi, —7.0x107*

3 2(2,0E,) 1(1,F) Fi. Fy, Fi, —8.0x107*

3 2(2,0F,,) 1(1,Fyp) Fy, Fy, Fi, 8.0x1074

3 3(1,0F ) 0(0.A,,) Fy, lu Fi, —1.53x1078

3 3(3.0F ) 0(0.A,,) Fy, Fy, Fi, 1.39% 1078

Dipole moment parameters
Parameter ﬁ&:}’fg};}‘"r"”ﬂ’ (Keg L e U1l 250 (T evu)
Trans. o* Q (K, .nT ) Ko(Koq.T o) T, Tz Fypu(T o) Value/arb. unit
Vg 0 0(0,0A4,,) 000,A,,) Ay, Fy, Fi,(Fy,) 1.0

1 0(0,0A1,) 1(1,F) Aig Fi., Fi.(Fy) 1.8x1072

1 1(1,0F ) 0(0,A+,) Aig Fi, Fi.(Fy,) 2.5%1073

1 0(0,0A1,) 2(2.E,) Ay, Fyy, Fi,(Fy,) 7.5%1072

1 0(0,0A4,,) 2(2,F5,) Ay, Fi, Fy,(Fy) —2.0%x107!

2 1(1.0F,,) 1(LF,,) Ay Fu Fi(Ay,) 1.0x107*

2 1(1,0F,,) I(1,Fy,) Ay, Fy, F(E,) 0.0

2 1(1,0F,,) I(1,Fy,) Ay, Fy, Fi,(F1,) 0.0

2 1(1,0F ) 1(L,Fp) Ay, Fi. Fi.(F3,) 5.0x1074

2 2(0,04,,) 0(0.A;,) A, Fy Fi(F1,) 0.0

2 2(2,0E,) 0(0.A,,) Ay, Fy, F,(F) 0.0

2 2(2.0F,,) 0(0A;,) Ay Fu, Fy(Fy,) 0.0

%Order in the development.

as the Jahn—Teller effect.’™*' Using exactly the same prin-
ciples as in Ref. 28, we have extended this model to the case
of a threefold F,, electronic symmetry.?’ Here we will sim-
ply recall the basic principles of the method, focusing on the
differences with the G é symmetry case only.

Following the same scheme as Champion and
co-workers,*> the effective Hamiltonian for a given polyad
P, can be written as a sum of Hamiltonian contributions,

~<Pn>: ~<P’7> ~<Pﬂ> e ~<P11> '"'<P;;>
HEW=H o T H eyt Hep " yHH s 1)

Each term is developed as a sum of rovibronic operators,”

ﬁ: ﬂ}{lr(xrg ’”chg) (Keg ’reg)rly FZ,u (rvg)

all indexes {n3{m}

X (RQr(Krg ,nFevg)®(EKe(Keg ’Feg)

@Vt zn (e T o @

The Hamiltonian parameters are denoted by 7; 7 is a numeri-
cal factor which allows coincidence between standard and
tensorial notations for scalar terms.?’ R®r(Krg-"Tevg) and

Ty, Ty, (T . .
8V{ﬂ“}f{mzf}‘( v¢) are rotational and vibrational operators,
s s

respectively,®® and EXe(Keg-Teg) are the electronic operators
defined in Ref. 28. The latter operators are constructed by
successive couplings of the basic tensor,

E'M=2J,, 3)

and then symmetrized in the O, point group. The main dif-
ference with the G;, case lies in the value of the electronic
angular momentum J, . For an electronic symmetry G, , we
defined an effective electronic momentum J, with J,=23/2,%
whereas the value for a triply degenerate electronic state F',,
is J,=1.%° The order of each term in the development is
defined as O=0Q,+Q,+Q,—2, where Q,, Q,, and Q,
=K, are the vibrational, rotational, and electronic degrees,
respectively.
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In the present work we consider the isolated v funda-
mental band. So expression (1) reduces to

(v — i7(ve) o Flve

H H(GS>+H(1/6)' 4)

For the line strength calculations, the effective dipole
moment first introduced by Loete for XY, molecules® and
generalized afterwards for XY, molecules® is constructed
following the same coupling scheme as for the Hamiltonian.
It is expressed in the laboratory fixed frame as®

g Ao (K g T ) (Ko To)T 1 Tag(Ty ) (T )
MG) all indexes M{”X}{ms}
X[C(Flg)@M(Flu)](Alu)’ (5)

where ®=X, Y or Z; C¥1¢) is the direction cosine tensor
and M "1« is a rovibronic operator written as

M(Flu) = (RQr(Krg '”Frg)® (EKe(KL‘g ’Feg)

@ Vg ) o) 1, ©)

The & are the parameters and the order of each term of the
dipole moment is defined as Q=Q,+Q,+Q,— 1.

The basis functions necessary for the calculation of the
matrix elements in an electronic state F,, are written®

W[ 2 g1 (o) (C0)y, (7)

In order to make the connection between the F,, electronic
state symmetry and the effective electronic angular
momentum,29 we have set

@, ¢34y =| @} ¢ 1) | 1429), ®)

As it is usual for spherical top molecules, the only ‘‘good’’
quantum numbers are J and C. The Hamiltonian eigenstates
(and thus the energy levels) are labeled as

|wle@Cy )

with 7= g for the ground state and u for the vg=1 state. a is
a multiplicity index distinguishing states with the same sym-
metry, i.e., states within a (J, C) bloc. The selection rules
are deduced from the nonzero conditions of the dipole mo-
ment matrix elements. In the case of the v4 band and for a

transition  between two states (J 'T',, ,a",C :,,) and
(J.,,a',C.,) we simply have

AJ=J'—-J"=0,%1,

Cl — C”, (10)

T'=7"®u.

Let us now discuss briefly the main purely vibronic contri-
butions in the Hamiltonian expansion. Some terms have a
stronger influence on the spectrum structure than others. The
vibronic term

~0(0,,A1,) (1,,F| )F 1, Fi,(Fi,) _~

Lgfsy T =10, s
(I being the vibrational angular momentum with /= 1) can
be regarded as a ‘‘vibronic-Coriolis’’ term that splits the vg
=1 level into three sublevels since the vibronic angular mo-
mentum,

Rey et al.

=1+, (11)

takes the values O, 1, and 2.
Two other vibronic parameters, namely,

?2= ;({)6(?{5’6’}/\]57) (zg 'Eg)FlM Flu(Eg)
and

7 _AO(Og ’A]g) (zg 'F2g)Flu F]u(F2g)

3= ooy :
also act on the vibronic pattern. In particular, they further
split the j=2 level into two sublevels giving finally four
sublevels [taking into account the true symmetry by multi-
plying by A, as in Eq. (8)],

(DO+DDO+DDYXA,=A,+F,+(E+F,)=F,XF,.
(12)
IV. ANALYSIS

In this study, ﬁéé‘% has been developed to the zeroth-
order only and ITIE:Z; has been developed to the third order
giving 20 Hamiltonian parameters. The dipole moment is
written up to the second order (12 parameters).

All the simulations have been carried out using a modi-
fied version of the Highly-spherical Top Data System
(HTDS) software®® in which the electronic contribution has
been added. Basically these programs were written for octa-
hedral XY¢ molecules. However, the wvg(F;,) band of
V(CO)g can be treated as a v3(F,) or a vu(F;,) band of an
XY molecule.

It seemed reasonable to start our study by using the rovi-
brational parameters determined in Ref. 22 for Mo(CO)s,
this molecule being the ‘closest’” hexacarbonyl compared to
V(CO) and also the only one [with W(CO), (Ref. 19)] for
which such parameters are available. Only the harmonic fre-
quency vg has been shifted to 1994.48 cm™! for V(CO)g. In
Table I, a few of these ‘‘classical’’ rovibrational parameters
are indicated by more usual labels. For instance, B, is the
ground state rotational constant and (B§)g is the Coriolis
interaction in the vg=1 state. However, as explained in Ref.
29, the molecular parameters (i.e., the parameters of the un-
transformed Hamiltonian) and these of the present effective

Experiment

Absorbance

Simulation

1970 1980 1990 2000 2010
Wavenumber / cm

FIG. 2. Low resolution calculated band profile compared to the experiment.
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FIG. 3. Calculated reduced energy levels for the v vibronic polyad of
V(CO),. The vibronic symmetries of the F| X F, system are pointed out on
the left.

Hamiltonian are linked through a nonperturbative transfor-
mation which would be extremely difficult to perform in
practice. This makes difficult to go much further into the
“‘physical’’ explanation of the rovibronic parameters. The
next step was to find correct values for the rovibronic param-
eters by adjusting them by hand.

We have made several trial simulations up to J=70 at
different rotational temperatures T . It appeared that the pa-
rameter set given in Table I for a rotational temperature of
about 15 K is suitable if we compare the experimental spec-
trum with the simulated spectrum as shown in Fig. 2.

Figure 3 displays the reduced energies,

Epg=E—ByJ(J+1) (13)

for 06=1 and with Boszé;){,gO}Alg)<0g,A,g)A1gA]g(A,g). We

can observe the four vibronic sublevels as well as the octa-
hedral splitting due to the coupling between the degenerate
electronic system and the rotational and vibrational motions.
Of course, the level positions in this figure are only indica-
tive. Other sets of rovibronic parameters could certainly give
a similar band profile. A detailed analysis would require
rovibronically resolved spectra.

Concerning line intensities, the values of the rovibronic
parameters for the dipole moment used in the simulation are
also given in Table I. All of them take part in the intensity of
each peak with a strong sensibility. Figure 2 shows quite
good agreement between experimental and simulated rovi-
bronic spectra. The PQR pattern usually met in rovibrational

An octahedral molecule in a degenerate electronic state 10777

19727 19852 1969.8

-1

Wavenumber /cm ~1 Wavenumber / cm
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1980 1990 2000
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2010

FIG. 4. Global view of the calculated v band of V(CO)g at high resolution.
Two detailed portions of the spectrum around 1973.0 cm ™' and 1989.5 cm™!
are shown in the top left and top right corners of the figure, respectively.

problems is absent in V(CO),. That strongly consolidates the
existence of a dynamic Jahn—Teller effect. Figure 4 displays
a calculated spectrum showing what this band could look
like if recorded at high resolution (7X10~%cm™!, a typical
diode laser resolution). One must carefully keep in mind,
however, that the structures observed in this figure only con-
stitute an indication of what such a spectrum could look like
at high resolution. Again, it is necessary to say that the
knowledge of precise structures would require a much more
detailed analysis. Another point to notice is that the inclusion
of interactions that were neglected in the present study (such
as the spin-orbit interaction) would certainly further compli-
cate the spectrum and will very likely mask the few regular
structures visible in Fig. 4.

V. DISCUSSION

In order to better illustrate the influence of the vibronic
terms, let us move some vibronic parameters of the Hamil-
tonian and see the consequences of this change. For that, we
have recalculated the eigenvalues of the Hamiltonian by sub-
stituting one parameter 7 by the value 7+A7. The A7 term
corresponds to a variation of the parameter around its opti-
mum value (see Table I). Figure 5 gives the result of some

variations for the 7,, f,, and f; parameters (see above),
respectively. In each case, only one parameter has been

2005 ) 2005 T 2005t
T T T
51995 51995 / 51995
R R e A
"7&‘1985 g 1985 g 1985
=1 - -
3 3 3
& [+% P -
1975 S I U7 1975
196sF 1965F - 19654 -~

FIG. 5. Vibronic level positions as a function of the

\ variation of one vibronic parameter. Curves for the vi-
bronic sublevels: A, (dashed line), E (bold line), F,
(dashed—dotted line), and F, (solid line) appear on
T these figures.
om™ >
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FIG. 6. Influence of the main vibronic parameters on
the spectrum for (a) A7,=4.6cm™), (b) A7,
=1.5cm™}, and (c) A7;=—3.6cm™ L.
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changed, the other ones take the values of Table I. The figure
displays the vibronic level positions as a function of A7.

Let us take some examples to illustrate these alterations.

Case (a): As we mentionned previously, the 2 param-
eter is identified as the ‘‘vibronic Coriolis’’ term. It splits the
vibronic sublevels and then, acts on the position of the peaks.
This is clearly shown in Fig. 6(a).

Case (b): The t, parameter acts mainly on the structure
of the (E, F,) sublevels (the large central peak), the outer
peaks remain essentially unchanged [Fig. 6(b)].

Case (c): The t; parameter acts on the position of the
(A,, Fy) sublevels and has no big influence on the two
central peaks [Fig. 6(c)].

We can also notice that many parameters for the dipole
moment are still constrained to zero so it is also important to
add that this work is a first attempt to better understand the
vast complexity of such a rovibronic spectrum. A high reso-
lution spectrum in Fig. 4 has been simulated for a resolution
of 7X10"*cm™! with the parameter set given in Table L
This figure throws light on the difficulty that one should
expect for the analysis the detailed structure of the spectrum.

VI. CONCLUSION

We have seen in this paper that the Jahn—Teller effect
considerably complicates the v4 band of V(CO)4, even at
low temperature, compared to the spectrum of a molecule in
a nondegenerate electronic state [Mo(CO)4, for example,
Ref. 22]. The electron spin was not taken into account here,
assuming that the spin—orbit interaction was small.'? The
effect of this spin—orbit coupling on the 2F, ¢ State would be
to split it into two states of species E, and G, (twofold and
fourfold degeneracy, respectively). Thus, a detailed analysis
of the rovibronic structure would imply to build a new model
to perform a simultaneous analysis of two interacting elec-
tronic states. An ab initio calculation to estimate, if possible,
the value of the spin-orbit coupling constant would be of
great help.

However, the good agreement between the observed and
calculated band profile (Fig. 2) strongly suggests that the
spin—orbit constant should not exceed a few cm™!, which is
even lower than the estimation of Barton et al.'> We also see
that our study almost certainly eliminates the possibility of a

static Jahn—Teller distorsion. The next challenge for the fu-
ture of this study would be to achieve the recording of rovi-
bronically resolved spectra.
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Chapitre

\

UATRIEME PARTIE

Q

Application a la Spectroscopie de

I'Hexafluorure de Rhénium

Publications P11, P29
Proceeding A2

3.1 Introduction

La seconde molécule dont nous avons pu étudier en détail la spectroscopie rovibronique est I’hexa-
fluorure de rhénium, ReFg. Lors de mon stage postdoctoral a 'ETH Ziirich (Suisse), j’ai pu participer
activement a l'enregistrement des tous premiers spectres (en jet supersonique et diode laser) rovi-
broniquement résolus de cette molécule, autrement dit des tous premiers spectres rovibroniquement
résolus d’une molécule toupie sphérique dans un état électronique dégénéré. Mais ce n’est que plus
récemment, au cours du travail de these de Michaél Rey, qu'une interprétation détaillée de ces spectres
a pu étre entreprise.

3.2 La molécule ReFg

ReF¢ possede 189 électrons et présente un tres fort couplage spin-orbite (contrairement a V(CO)sg,
voir Chapitre IV.2) [P11]. Son état électronique de base est quatre fois dégénéré.

Comme tous les hexafluorures, ReFg est une molécule lourde dont le spectre a température am-
biante présente un tres grand nombre de bandes chaudes (voir Chapitre II1.1). Il est donc nécessaire
d’utiliser la technique du jet moléculaire supersonique afin de simplifier les spectres et de pouvoir
observer les bandes froides. Notons que dans le cas d’une espéce aussi agressive et réactive qu’un
hexafluorure de métal de transition, ceci est expérimentalement difficile. A 'ETH Ziirich, nous avons
employé des pompes contenant une huile spéciale, capable de résister aux produits fluorés [P29].

Les deux références reproduites & la fin de ce chapitre présentent les différents spectres expérimen-
taux a I'enregistrement desquels j’ai pu participer. Nous nous sommes plus particulierement focalisés
sur la bande d’élongation v3 dans ’état électronique de base. Dans le paragraphe suivant, je résume
succinctement les résultats obtenus récemment pour cette région lors de la these puis du stage post-
doctoral de Michaél Rey et qui sont en cours de publication. Le lecteur pourra également se référer
au Chapitre IV.1 et a lextrait d’acte de colloque [A2] qui y est reproduit.

3.3 Avancées récentes

Ainsi qu’on peut le voir dans Particle [P29] reproduit ci-apres, les spectres de la bande v3 de ReFg
s’averent extrémement complexes et, bien entendu, tres différents des spectres rovibrationnels d’une
bande fondamentale d’une molécule “ordinaire” (dans un état électronique singulet). L’interprétation
que nous pouvons donner de ces spectres n’en est encore qu’a un stade préliminaire, mais donne
toutefois des a présent des résultats trés intéressants et, je pense, tres convaincants dans le sens ou ils
permettent de valider pleinement notre approche.
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Fia. 3.1 — Spectre d’absorption par transformée de Fourier en jet supersonique de la région de la
bande v3 de ReFg (résolution de 0.5 em™!, température rotationnelle d’environ 50 K) comparée a
la simulation (incluant vs et vo + vg). Les positions des sous-niveaux de vy = 1 sont indiquées. Les
pointillés montrent le profil de la méme région a température ambiante (I’échelle d’intensité n’est pas
la méme pour cette derniére courbe).

Le niveau vibrationnel vg = 1 est trois fois dégénéré, de symétrie Fy,. L’état électronique de base
de ReFg est quatre fois dégénéré, de symétrie G'g (dans la notation des représentations spinorielles du
groupe de Poctaedre, voir Chapitre IV.1). Le couplage vibronique (essentiellement 'effet Jahn-Teller
quadratique) donne donc quatre sous-niveaux vibroniques, puisque

Fi, ® G, = By, ® Ey, ®2G,,. (IV.3.1)

Une remarque importante (également valable pour le cas de la bande vg de V(CO)g, voir cha-
pitre IV.2) est que méme si la bande étudiée est globalement treés intense (intensité totale grande),
I’éclatement vibronique provoque un étalement des raies sur une zone spectrale relativement large. Il y
a de plus un tres grand nombre de raies rovibroniques, chacune étant en réalité peu intense, individuel-
lement. Ceci fait que l'intensité en chaque point du spectre rovibronique est faible. En spectroscopie
par transformée de Fourier dans un jet moléculaire supersonique, la sensibilité de 'expérience s’est
donc avérée insuffisante pour effectuer des enregistrements a un résolution meilleure que 0.5 cm ™!,
Par contre, comme nous le verrons plus bas, la spectroscopie par diode laser, beaucoup plus sensible,
nous a permis d’enregistrer quelques portions de spectre a haute résolution.

Tout comme pour V(CO)g, nous avons donc commencé par considérer le profil a basse résolution
de la bande considérée. Pour la région vs de ReFyg, celui-ci est également assez caractéristique, bien
que plus complexe. Une difficulté suppplémentaire concernant cette molécule vient de la présence, en
abondance naturelle, de deux isotopomeres, ®*ReFg (37.40 %) et 18"ReFg (62.60 %). Pour chacun de
ces isotopomeres, 'hamiltonien effectif pour le niveau vg = 1 a été développé a l'ordre 3 en utilisant
le formalisme du Chapitre IV.1 (21 parametres, dont 4 purement vibroniques). L’hamiltonien effectif
pour l’état de base a été développé a l'ordre 0 seulement (2 parametres) et le moment dipolaire &
Pordre 2 (4 parametres). Les parametres purement rovibrationnels ont été fixés aux valeurs obtenues
pour la molécule WFg, tres voisine [P29]. La valeur optimale des parameétres vibroniques a alors été
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F1G. 3.2 — Deux spectres d’absorption par diode laser en jet supersonique dans la région de la bande
v3 de ReFg (résolution de 0.0007 em™', température rotationnelle d’environ 50 K) comparés a la
simulation préliminaire. On peut constater des similarités importantes dans les structures (voir texte).

recherchée a la main, afin d’obtenir la meilleure reproduction possible du profil de bande. Celui-ci a
encore été amélioré en “ajustant” de la méme maniere quelques parametres rovibroniques.

Le résultat est présenté sur la Figure 3.1. Pour tenir compte de I’absorption au-dela de 730 cm
la bande v5 4 vg a été ajoutée, selon le méme principe. Ceci est justifié par le fait que cette bande de
combinaison est la bande proche de v3 la plus intense pour tous les hexafluorures (voir le cas de SFg
au Chapitre III.1). Pour les quatre sous-niveaux vibroniques, nous trouvons les positions suivantes, en
trés bon accord avec 1'étude préliminaire de la Référence [P11].

- : 713.68 cm ™!
Eb, : 714.97 cm ™!
G, : 722.29 cm ™! (IV.3.2)
G! : 726.71 cn !

Comme déja mentionné ci-dessus, il a été possible, toujours lors de mon stage post-doctoral a
I’ETH Ziirich, d’enregistrer des spectres d’absorption en jet supersonique de la méme région vz, mais
cette fois-ci a 'aide de diodes laser. Grace a la grande sensibilité de celles-ci (sachant également que
nous disposions d’un jet fente de 30 mm et d’un dispositif optique a quatre passages), des spectres a la
résolution 0.0007 cm™! ont été obtenus, mais seulement pour quelques portions de moins d'un cm ™!
chacune.

Tres récemment, lors de son stage post-doctoral au sein du méme groupe de 'ETH Zirich, Mi-
chaél Rey a pu effectuer des simulations a haute résolution des régions étudiées par diode laser, en
utilisant les parametres obtenus via ’analyse du profil a basse résolution. Une partie de ces résultats
préliminaires sont montrés sur les Figures 3.2 et 3.3. Bien évidemment, ces simulations ne reproduisent
pas précisément les spectres expérimentaux, mais il est treés encourageant d’observer de grandes simi-
litudes entre les structures observées et calculées.

Il est clair qu’un gros travail reste a accomplir pour une analyse détaillée de la région de la bande
v3 & haute résolution. Ceci nécessitera sans doute 'obtention de nouvelles données expérimentales.
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Fic. 3.3 — Idem Figure 3.2 pour une autre région de la bande vs. La superposition des spectres des
deux isotopomeres est ici explicitée.

Néanmoins, il est clair que les résultats obtenus sont trés encourageants et montrent que le modele
élaboré permet une bonne compréhension de ce probleme.

3.4 Articles-clés

Sont reproduits deux articles a caractere principalement expérimental concernant la spectroscopie
de ReFg.

— [P11: Spectrochim. Acta A, 55, 1575-1584 (1999)] présente le spectre rovibronique de ReFg, du
proche nfrarouge a 'ultraviolet.

— [P29: J. Chem. Phys., 117, 3196-3207 (2002)] présente les spectres en jet supersonique (trans-
formée de Fourier et diode laser) de WFg er ReFg enregistés a 'ETH Ziirich (Suisse) lors de mon
stage post-doctoral. Un petit modele préliminaire tres simplifié est présenté pour ReFg. Celui-
ci est antérieur au modele complet développé lors de la these de Michaél Rey. Cependant, les
résultats des deux approches sont tres similaires en ce qui concerne la position des sous-niveaux
(voir ci-dessus).

Voir aussi, sur le méme sujet, la Référence [A2] reproduite au Chapitre IV.1.
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Abstract

The absorption spectra of the near-infrared and ultraviolet bands of ReFg have been recorded with a commercial
spectrophotometer. The vibronic assignments previously published by different authors are critically revised. A
non-perturbative method has been used to calculate the linear Jahn-Teller levels for the vs mode in the ground
electronic state. Some new vibronic parameter values are derived. The vs linear Jahn-Teller parameter in the X(G?)
electronic state is found to be Ds=0.103(9). The ultraviolet absorption spectrum has enabled us to determine
relatively accurate values of the crystal-field (10Dq) and spin-orbit ({,) parameters. © 1999 Elsevier Science B.V. All

rights reserved.

Keywords: Rhenium hexafluoride; Absorption spectroscopy; Vibronic transitions

1. Introduction

In two previous papers [1,2], we have analysed
in detail the vibronic bands of IrF, and also the
visible band of OsF, [3]. We present here a pre-
liminary study of another third-row transition-
metal hexafluoride, namely ReF,. This molecule is
used in chemical vapour deposition for anti-corro-
sion layers and in microelectronics (deposition of
rhenium—tungsten alloys) [4-8]. There exist only
a very few studies on the near-infrared and ultra-
violet absorption spectroscopy of this molecule.

* Corresponding author. Tel.: + 33-3-80-39-59-67; fax:
+33-3-80-39-59-71.
E-mail address: rotger@jupiter.u-bourgogne.fr (M. Rotger)

Some low resolution absorption spectra have been
recorded and partially assigned by Moffit et al.
[9], Brand et al. [10], McDiarmid [11], and Hol-
loway et al. (ReF, in a matrix) [12]. These differ-
ent studies were sometimes contradictory, so it
appeared to us necessary to re-examine the vi-
bronic spectrum of this molecule in view of our
preceding work on iridium and osmium hexa-
fluorides. In this paper, we present a detailed
analysis and parameter values arising from the
analysis of the vibronic transitions between the
ground and the first excited electronic state of
ReF, this one being well isolated from the others.
This enabled us to obtain an indirect determina-
tion of the ground state linear Jahn-Teller
parameter for the vs mode. We also show the

1386-1425/99/% - see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S1386-1425(98)00338-2
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ultraviolet region, Although this latter spectrum is
still to be interpreted, it allowed us to determine the
electronic parameters 10Dg and {,

2. Experiment

Rhenium hexafluoride is a colourless gas, with a
vapour pressure of 590 Torr at 300 K [13]. We filled
a 35 mm length quartz cell with this substance,
using a method similar to that described in Ref. [1],
and explained in detail hereafter. Pure ReF, was
obtained by heating the volatile fluorination prod-
ucts of rhenium metal to 400°C in the presence of
excess Re metal. Any Rel,; present originally is
reduced to ReF, in this process [14]. The absence
of ReF; and of ReOFs in our sample was verified
by the fact that no trace could be seen of the strong
ReF, bands at 300 and 355 cm ~ ! and of the ReOF;
band at 990 cm ~! in the infrared spectrum [15].
Additional purification from HF and other impuri-
ties was carried by repeated trap-to-trap sublima-
tion under high vacuum in as described elsewhere
[16].

A sample cell of fused silica about 25 mm in
diameter and 35 mm long was attached to the
vacuum line via a graded seal and a Kovar-to-glass
connection. It was baked out at 400°C under high
vacuum. After cooling to room temperature the cell
was pre-treated with CIF; which was then pumped
off. The cell was again baked out at 400°C under
vacuum, following which the appropriate amount
of Rel¢ was distilled in and the cell was sealed off,
while the ReF, was maintained at liquid nitrogen
temperature. Final ReF¢ pressure in the ampoule
was estimated at 200 Torr at room temperature.

Fig. 1 shows the near-infrared absorption spec-
trum of the a(F5) < X(G}p) transition, recorded
using a Cary SE (Varian) commercial spectropho-
tometer. The apparatus resolution was a few
wavenumbers in this region. Some HF lines are
visible.

3. Analysis of the a(E%,) < X(Gy) transition

Using the simple crystal-field model described in
Ref. [17], we can see that ReF, is a (d)" system (a

single d electron in an octahedral field). This leads
to three degenerate electronic states, the ground
state X(Gy) and the a(FE%,) and b(Gy) ones. We
first focus on the case of the a(£%,) state. This one
is quite well isolated and since it is a Kramers
doublet, no vibronic couplings can occur in this
case [17]. However, such vibronic (Jahn-Teller)
couplings do appear in the ground electronic state
[18], especially linear coupling terms for the v, and
vs modes. Since for such a heavy molecule at room
temperature many such levels are thermally popu-
lated, the Jahn—Teller effect in the X(Gy) state has
to be taken into account for the analysis of the hot
vibronic bands of the @ « X transition. Since v has
a much lower frequency than v,, we expect to see
many more hot transitions originating from the vs
levels.

We started from the assignments of Brand et al.
[10], and McDiarmid [11]. The overall spectrum
appears to be very dense. The pure electronic
transition being forbidden (g«g transitions are
not electric dipole allowed in XY, molecules), it
is not itself visible and the global absorption is
small. The intensity (and the main peaks observed)
comes from transitions implying modes of u parity
(v4, ¥e) In either the X or a state. Surprisingly, but
just as in the case of the a(G}) electronic state of
IrFe [1], there seems to appear no transition
implying the v4 stretching mode. But this one is
known to be strongly perturbed in the X(Gy) state
[19]. In Table 1, we give the observed frequencies
and the results of the fit that we have realised using
a least-squares fit method. The theoretical model
taking into account the linear Jahn-Teller in
the ground electronic state effect is explained in
Ref. [1]. A non-perturbative treatment has been
used which give better results that the perturba-
tion theory developed by Brand et al. [20], or
McDiarmid [11]. We work in a [vs(/sZ)jsms ) basis
set, 15 being the vibrational angular momentum
for the vs mode (/s =vs, v5s —2,..., 0 or 1), X the
X(G}) pseudo-spin (Z=1/2) [1], and js=15+X.
The Jahn-Teller matrix is of infinite dimen-
sion, since the linear Jahn-Teller Hamiltonian
couples v states with v + 1 ones (see Ref. [1]). For
a given js value, we have for the Hamiltonian
matrix:
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ﬁ(vs,js) = hws x
Js+1 V2D js+ 1) ]
V2D(js+ 1) Js+2 2D,
2D, js+3 V2D5(js+2)

(D
V2Ds(js+2) Js+4 4D,
4D,
Table 1
Assignments and fit for the a(E5,) < X(G}) transition (wavenumber in cm ')
Peak number R. McDiarmid Brand et al. This work
a—X Vobs Assignment Vobs Assignment Vobs Assignment Veale Vops — Veale
1 - - - - 412.61, ? - -
2 - - - - 4522.26, 7 - -
3 - - - - 4689.60,, vi—2vi(3) 4689,79 —0.,19
4 4760 — Vit vs—viB) - - 4768.69,, —vi+vs—vi) 4763.90 478
5 4850 —vg+2v,—2vy 4834 —vy 4853.50,  —wvg 4848.54 4.96
6 - - - - 4920.50, vi—v7 4918.81 1.69
7 4910 ve—viE 4920 v — i) 493913, vi—vid) 493933 —0.20
8 - - - - 5011.00, v,—v7, 5012.69 —1.69
9 5009 v,—vid - - 503217, vi—vi@ 5033.21 —1.03
10 5065 - - - 5077.00, v5—v% 5081.09 —4.09
11 5158 Ve 5167 Ve 5187.00, vy 5188.15 —1.14
12 5193 Vv —viE) - - 5199.78,, vi+vs—viE) 5197.40 2.38
13 5261 vy 5271 vy 5279.00, v, 5282.03 —3.03
14 - - - - 533950, °? - -
15 5415 Vet drs—3vid) - - 544130,  vi+4vs—3vid) 5449.57 —8.27
16 - - 5470 VitV 5467.00,  vi4vg 5469.50 —2.50
17 5484 Vet 4vs—3vid) - - 552021, ve+4vs—3vi3) 5516.11 4.09
+vi—vy +v5—v5
18 - - 5568 vi+vs 5565.50, vi+vs 5563.39 2.11
19 5630 vh - - 5650.40, v, 5656.05 —5.65
20 - - - 5753.00,, 2vi—vg 5750.86 2.14
21 5882 vitve 5888 vit+vg 5894.00, vi—vg 5889.81 4.19
22 - - - - 596174, vi—vi+vi—vs  5956.08 5.65
23 - - 5981 vit+v, 5979.50, vi+vy 5983.69 —4.19
24 - - - - 6204.35, ? - -

*v; and vy are the vibrational frequencies of mode i in the a(E3,), and X(Gy) electronic states, respectively. The peak numbers
are the same as in Fig. 1. For levels implying v%, the js value is indicated in parentheses. New assignments appear in boldface.
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Table 2
Vibronic parameters for ReF (in em —1)?

Electronic Vibrational wavenumber (cm~%) JT Parameter
state

Vo Vl(Alg) VZ(Eg) vi(F ) v(Fy) Vs(FZg) Ve(F2y) Ds
X(GY - - 575.0(5.9) - 269.3(4.5) 286.3(2.3) 166.0 (fixed)  0.103(9)
a(Es,) 5014.5(3.9) 701.7(4.5) 641.5(5.0) - 267.5(4.3) 281.3(1.9) 173.6(5.0) -

? The column v, gives the energy of the a(E%,) electronic state. The standard deviation is given in parentheses in the unit of the

last two figures.

Rows and columns are indexed by the v values:
USZ.].S_%:].S—’_%:J.S_'_%:J.S_'_%:"' (2)

So, it was necessary to truncate this matrix at
some high vs values and we chose (v5).x = 15. The
other modes were treated as being harmonic oscil-
lators.

The corresponding peak positions (observed
and calculated) are displayed at the top of Fig. 1.
As we mentioned before, the origin of the elec-
tronic transition is extremely weak (a(F%,) <«
X(Gp) being even invisible). Most of the
assignments are in good agreement with those
found by Brand et al. and R. McDiarmid. Some
new ones have been added and are indicated in the
table in boldface. We can notice some small dis-
crepancies between observed and calculated line
positions as indicated in the last column of this
Table. However, the global root-mean squares of
the fit is quite good, about 1.14 cm —!. We have
assigned 20 peaks or shoulders and this leads to
the determination of the vibronic parameter values
listed in Table 2. The only Jahn—Teller parameter
that could be derived was that for the vs band in
the electronic ground state. The v, band also
presents some linear Jahn-Teller effect and this
should explain the rather low vibronic value found
for this band in the X(G}) electronic ground state.
The v5 value that we determined probably corre-
sponds to the v5(1/2) component (the lowest v, = 1
component with j, = 1/2). As v5 appears only one
time in our assignments, it was not possible to fit
the D, linear Jahn—Teller parameter. As one of
our criteria was to obtain ground state parameters
close to those reported in the literature [10,11], we
found it necessary to fix v/ at 166.0 cm~*. A few

observed bands remain unassigned (especially the
two features around 4500 cm 1),

Table 3 lists the theoretical and experimental
values for the linear Jahn-Teller levels corre-
sponding to the v band. These experimental val-
ues have been derived from the few assignments of
Table 1 involving some Jahn—Teller components.
They are in good agreement with the computed
ones obtained using a non-perturbative model [1].
These levels are also displayed on Fig. 2.

4. The UV spectrum of ReF

Fig. 3 is an overview absorption spectrum of
the ultraviolet region. Such a study has already
been investigated by R. McDiarmid [11], and
Holloway et al. [12]. We present here the first
detailed spectrum of this ultraviolet region of
ReF,. The huge absorption above 35000 ¢m !
corresponds to m(F)—d(Re) charge-transfer
bands [2,9,12]. Around 30000 cm ~*, a very faint
structure appears. This corresponds to the
b(Gy) < X(G}) transition (see below). This is in

Table 3
Observed and calculated linear Jahn-Teller levels for the vs
mode in the X(G}) electronic ground state

Us Js vs X state
Calc. (cm™1) Obs. (em™1)
0 12 0 0
1 3/2 249.4 247.3
1 12 361.0 362.3
2 12 587.2 592.4
3 3/2 856.6 865.8
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Fig. 3. UV spectrum of ReF, (wavenumber in ¢m~"). The detail shows the absorption spectrum of the &(E;) < X(G}) transition.

fact an (ey)' < (f,,)' interconfigurational transi-
tion [2]. The details of this transition on Fig. 3
have been obtained by subtracting the continuous
absorption in this region after having fitted the
latter with a polynomial of degree 9.

Since both the & and X states are strongly
perturbed by Jahn—Teller couplings and since this
extremely weak absorption led us to a quite poor
quality spectrum, it was not possible to analyse
the b« X transition in detail. However, its precise
location allows us to obtain a good determination
of the electronic parameters.

5. Electronic parameters

From a simple theoretical point of view, the
central Re®" ion has only one d-type electron

placed in the octahedral potential created by the
six F~ ions. As a consequence, the electronic part
of the Hamiltonian can be written:

H, = H, + Hg
Kinetic energy + spherical Coulombian
part of the potentials interaction
+ H SO + VOCT (3 )
Spin-orbit Octahedral

interaction potential

Tt is possible to express the octahedral potential in
the following manner:

2./21
Ve = 10Dg x T”Y“’A”, )
10Dg being the crystal-field parameter and Y®AD
a totally symmetric combination of ¥ spherical
harmonics, say:
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Table 4
Comparisons between 10Dg and {, (values in cm~1)

MceDiarmid Moffit et al. Holloway et al. This work
a origin location 4993 5200 ? 5014.5(3.4)°
b origin location ? 32 500 30 190 29 430
10 D, ? 30 7662 28 000 277592
{q ? 3467* 3300 33432

# Calculated with Eqs. (10) and (11).

® Standard deviation in the unit of the last two figures given in parentheses.

If we consider just one d-type electron, there is no
Coulombian interaction and H, is a constant
term, we can write H,, as:

4
2

1 and s being the orbital, and spin electronic
angular momenta, respectively, and j=1+s. In
our case, V... pH,, (this is the so-called strong-
field case [9]) and if we use the following basis set:

|ZF1, sT, F0> = |21",,% 1s Fy>, Ih=FEor F,
(7)
the I'’s being OF irreducible representations [21],

the electronic Hamiltonian matrix can be written
as:

Hy={] s=(—F—s, (6)

g -
E, led G |lF1, sT,, T>
(—4Dg 0 0 28, 3EY E2)
0 %éud — 4Dq - %éuﬂ' |2F25 %Ells Gl>
0 — \/%Qud 6Dq |2Ea %Ella GI>

(8)

The corresponding eigenvalues give the energies
of the three electronic states:

E(a) = E(EY) = {,— 4Dq,
E(b)=E (G~ 6Dy,

, {
E(X)=E_(G)~ —='~4Dyg, )
(with the approximation that 10D,»{,). If we

evaluate thanks to our experimental spectra the a

and b state origins, it enables us to calculate the
10Dg and {, values listed in the last column of
Table 4, thanks to:

E(a«X)=E()— E(X)=3{4, (10)
E(b<X)=E®b)—EX)=10Dg+1{, (11)

Our results are in good agreement with those of
Holloway et al. [12]. Fig. 4 illustrates our results
for the electronic structure of ReF,.

6. Conclusion

This study is based theoretically on a linear
Jahn-Teller model described in Ref. [1]. After
describing the methods for synthesis and purifica-
tion of ReF,, we have recorded the near-infrared
and ultraviolet low resolution absorption spectra.
Some of our assignments complete those of Brand
et al. [10] and those of McDiarmid [11]. New
values for the vibronic parameters have been
derived. We also present a first detailed ultraviolet
absorption spectrum. This study has enabled us to
give reasonable values for the electronic parame-
ters 10Dg and £, As a perspective to the present
work, we intend to investigate the near-infrared
bands of OsF, and the very rich near-infrared and
visible band system of PtF,, which are very per-
turbed by Jahn-Teller and pseudo Jahn-Teller
(in case of quasi-degenerate electronic states)
effects.
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High-resolution spectroscopy of the v3; band of WFg and ReFg
in a supersonic jet
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We have recorded the Fourier-transform infrared (FTIR) spectrum of the v; fundamental band of
WF; in a continuous supersonic jet expansion with an instrumental bandwidth of 0.0024 cm '
(FWHM, full width at half maximum, unapodized), using a Bomem DA.002 spectrometer. Some
parts of this band have also been recorded with 0.0007 cm ' bandwidth using a diode laser
spectrometer combined with a pulsed slit jet expansion. A multiple-pass arrangement has been used
for the slit jet to observe low-intensity lines. In each case, we have used a WF4:He mixture with a
seeding ratio 1:3 leading to a rotational temperature of ca. 50 K, This work extends the previous
investigation of Takami and Kuze [J. Chem. Phys. 80, 5994 (1984)] to much higher J transitions. In
both P and R branches, rotational lines have been recorded for J up to 46-48. We have used a
tensorial Hamiltonian adapted to the group chain O(3) D O,, and developed to the third order for the
analysis of the spectra. A least-squares fit for each of the four main isotopic species: "82WF;,
IBWF,, *WF,, and '®WF, results in band centers (in this order) 714.53819, 714.214 06,
713.89544, and 713.26621 cm L. We report furthermore first results on the high-resolution spectra
of v; of ReF,, which exhibits a fourfold degenerate electronic ground state of G ; species in the Oi
group. Supersonic jet-FTIR spectra show a moderately structured relatively broad band, whereas the
diode laser spectroscopy of the seeded jet in the range 708—733 cm ™' results in line resolved spectra
of high complexity. A preliminary analysis is discussed, while a complete analysis still represents an
appreciable challenge. © 2002 American Institute of Physics. [DOI: 10.1063/1.1475754]

I. INTRODUCTION and this leads to interesting opportunities for applications.
First of all, this material is currently used to deposit tungsten
thin films in microelectronics by chemical vapor deposition
techniques. ‘%! WF could also be a good candidate for laser
isotope separation of tungsten. But this requires an accurate
knowledge of the spectroscopic constants.'> Furthermore,
tungsten isotopes are of interest in isotope geology and
dating.*~'* The spectroscopy of W compounds as part of the
group 6 elements has also gained further recent interest be-
cause of the proof that the transuranium element 106
Seaborgium (Sg) falls in this group,'®'” and a corresponding
conclusion holds presumably true for element 107 (Nielsbo-

The present paper aims at contributing to a systematic
understanding of the v; fundamental rovibronic structure of
transition metal hexafluorides in general and WFg and ReFg
in particular. These constitute the interesting first two mem-
bers of this group of molecules arising from the third row
elements and provide a striking contrast to each other. While
WF¢ shows a relatively simple band structure of the degen-
erate v3(F,,) fundamental in the infrared spectrum, which
has been the subject of several previous investigations also at
high-resolution,' ™ ReF, is an open-shell molecule, which

exhibits a fourfold degenerate electronic ground state result-
ing in the prediction that v; should consist of four transitions
to four vibronic sublevels.” The observed spectra previously
revealed only broad structures.”®

In the present work we first provide an extended high-
resolution analysis for v of WFg and then proceed to a first
attempt at the high-resolution rovibronic spectroscopy of
ReF; . Tungsten hexafluoride is the first member of the third-
row transition-metal hexafluoride series. It has a high vapor
pressure (more than one atmosphere at room temperature’)

U Author to whom correspondence should be addressed. Electronic mail:
martin@quack.ch

YPresent address: Institut fiir Physikalische Chemie der Universitit Gottin-
gen, Tammannstrasse 6, D-37077 Géttingen, Germany.

0021-9606/2002/117(7)/3196/12/$19.00 3196

hrium, Ns or Bohrium, Bh) in relation to Re. The low reso-
lution infrared>> and Raman'®!® spectra of this molecule
have been known for a long time. But no rotational structure
has been resolved in these early papers. Indeed, for such
heavy transition-metal hexafluorides, high-resolution spec-
troscopy is not a simple task, since room temperature spectra
are completely congested by hot bands due to the presence of
low energy vibrational modes.?>?! For WF, the v, mode
lies at 127 cm™! (Ref. 20) and the ground vibrational state
has a population of only 1.3% at 300 K. The thermal con-
gestion is illustrated in the survey spectrum of Fig. 1, show-
ing the FTIR spectrum of the v stretching fundamental re-
gion (around 14 gm). At room temperature, the structure is
dominated by hot bands, even if some faint structures can be

© 2002 American Institute of Physics
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FIG. 1. (a) Overview FTIR spectrum of the v5 band of WFg at room tem-
perature (0.3 mbar WFg in a 18 cm length glass cell with KBr windows),
with an instrumental bandwidth of 0.0024 cm™' (FWHM, unapodized). A
detail is shown near the band center region, with the v; Q branches of the
four isotopomers. (b) Overview FTIR spectrum of the same region using a
WF :He supersonic jet with a seeding ratio 1:3. The rotational temperature
is estimated to 50 K. The gray sticks show the regions covered by the jet
+diode laser experiment.

resolved, such as the vy Q branches of the four isotopomers
of natural abundance WFg, and some very high J structures
on top of the P and R wings. At low temperature in the
supersonic jet expansion, the Q-branch structures of the four
isotopomers emerge prominently.

Several authors have used a supersonic free jet of WF
in the past in order to achieve low temperature (vibrational
and rotational) spectra and thus to resolve the rotational
structure.>* The most complete previous work was that of
Takami and Kuze* who determined rotational constants for
the four main isotopic species. They obtained a rotational
temperature of 30 K. Under these conditions, rotational lines
could be seen only up to J=29. In this paper we report a
reinvestigation of the supersonic jet expansion spectroscopy
of WF¢ with a higher rotational temperature (50 K) in which
we were able to observe and identify rotational lines up to
J=48. This enables us to give some refined values for the
parameters.

Rhenium hexafluoride is the second member of the third-
row transition series. Its vapor pressure is lower than that of

The v, band of WFg and ReFg 3197

WE but still relatively high (590 torr at 300 K®). This mol-
ecule is used for the chemical vapor deposition of rhenium
anticorrosion layers and in microelectronics in association
with WF, (deposition of tungsten—rhenium alloys'%*22%),
However, a particular interest of this molecule is its elec-
tronic structure having an unpaired d electron.”>2° As ex-
plained, for example, in Ref. 29, this leads to a fourfold
degenerate electronic ground state of G ; species in the group
Oi (symmetry group of the octahedron with its spinorial rep-
resentations, see Ref, 30) as well as to the presence of half-
integer angular momenta. ReFy pertains to a family of mol-
ecules often called “colored hexafluorides” since these open-
shell systems (ReF,,OsFg ,IrF, , PtF,...) possess some low-
lying electronic states leading to the absorption of visible or
near infrared light. For instance, the first excited electronic
state of ReF, lies at 5000 cm™ '.* The degeneracy of the
electronic ground state implies complex rovibronic cou-
plings. The unusual band profile observed at low resolution
for the v; fundamental®”® led McDowell and Asprey® to
suspect that a quadratic vibronic coupling could be respon-
sible for a splitting of the v,=1 vibrational level (F,, sym-
metry) into four vibronic sublevels (since G,®F,=E],
®ES,®2G, in 03), but this theoretical suggestion has never
been supported by experiment through a high-resolution
study which necessitates the use of a supersonic jet expan-
sion, for the same reasons as explained above for WF,.
Moreover, the extremely aggressive nature of ReFg makes
such a study difficult.

We report here the first supersonic jet expansion spec-
troscopy of rhenium hexafluoride. We present FTIR-jet and
diode laser spectra of a seeded jet in the range 708-733
cm ! which are to our knowledge the first resolved rovi-
bronic spectra of an open-shell transition-metal hexafluoride
ever recorded. The spectra show very complex and extensive
line structures. An approximate model enables us to obtain a
first estimate of the order of magnitude of the vibronic cou-
pling parameters. A preliminary account of the present work
has been presented in Ref, 31.

Il. EXPERIMENT

Natural abundance tungsten hexafluoride (<0.2%
BOWF, , 26.4% "$2WFg, 14.4% '¥*WF;, 30.6% '**WF,, and
28.4% 186WFy) and  rhenium hexafluoride
(37.40% '®ReF,, 62.60% ‘*’'ReF,) were furnished by the
COMURHEX company in Pierrelatte (France). The BF;
calibration gas was purchased from EIf Atochem (France).
All substances were used without any further purification.
The identity of the compounds was obvious from the spectra
and the precise purity is not relevant for the present investi-
gation, not attempting the measurement of quantitative band
strengths.

A. WF; spectra

We have recorded the spectra in two different ways: (i) A
Fourier-transform infrared spectrum is obtained for WF4 in a
continuous supersonic jet expansion setup described in Refs.
32 and 33 with an instrumental bandwidth of 0.0024 ¢m "
(FWHM, unapodized), using a Bomem DA.002 spectrom-

Downloaded 02 Aug 2002 to 193.52.246.229. Redistribution subject to AIP license or copyright, see hitp://ojps.aip.org/jcpo/jcpcr.jsp
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eter. (i) Diode laser spectra are taken with an instrumental
bandwidth of 0.0007 cm ' using a pulsed slit jet apparatus
described in Ref. 34. The Doppler widths for WFg and ReFg
fall in the range 0.0002 to 0.0005 cm ' between 30 and
300 K (a range also expected to be relevant for the jet ex-
pansion) and thus the effective resolution in our experiments
is largely determined by the instrumental bandwidths. For
the present investigation, various parts of the jet system have
been improved and exchanged to guarantee resistance (o
chemically very aggressive substances. The pumping System
consisted of a 2000 m*/h roots pump (WKP 2000, Balzers/
Pfeiffer), which was backed by a 63 m*/h rotary pump (Al-
catel 2063CP). The pump oil was FOMBLIN® for both.

We have used a mixture of tungsten hexafluoride with
helium, to achieve a better vibrational cooling. The WF, :He
seeding ratio was 1:3. Under these conditions, the rotational
temperature was approximately 7,.,,=50 K. No hot band
lines were observed. The vibrational ground state population
should be about 95% at 50 K vibrational temperature.”'

Figure 2 describes schematically the ““jet+diode laser”
experiment. The slit was 0.5X 35 mm in dimension and op-
erated below 0.5 Hz with an opening time of 2.5 ms. The
diode laser frequency was scanned by modulating its current
with a triangle signal.* The backing pressure was 350 mbar.
A monochromator was used to select only one emission
mode of the multimode diode laser output at a time. Using
two small mirrors placed on both sides of the slit, we were
able to perform up to nine passes in the jet. This was neces-
sary for observing the high-J transitions (below 709 ¢cm ™'
and above 719 cm™') where the absorption was very weak.
Figure 1(b) shows the wavenumber ranges where diode laser
scans were carried out for WF.

The frequency calibration of the diode laser absorption
spectra was realized as follows (see Fig. 3). First, the absorp-
tion spectrum was recorded simultaneously with the trans-
mission fringes of a 40 cm long Fabry—Perot étalon. Then
the spectrum of a reference gas (BF;) in the cell was re-
corded, again together with étalon fringes. Etalon fringes

were used to linearize the frequency scale, while the BF;
lines from a FTIR spectrum gave the absolute calibration.
We have chosen BF; as a reference gas, since it has a dense
spectrum in the whole 660—740 ¢m ™! region.®® For this pur-
pose, we have recorded a FTIR spectrum of natural BF;
(20% '°BF,, 80% ''BF;) at room temperature at the highest
resolution (see above). This spectrum is displayed in Fig. 4.
The BF; FTIR spectrum was itself calibrated against CO,
and H,O lines with an accuracy of about 0.0005 cm ™! in the
720 cm” ! region.*

B. ReF; spectra

For ReFg, we have used the same experimental setup as
described above. Diode laser spectra were calibrated in the
same way, using BF; lines. We have used various seeding
ratios with helium and argon to optimize the conditions. Fig-
ure 5 shows the survey FTIR spectra and the regions where
diode laser scans were carried out. ReF, experiments are

Etalon
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FIG. 3. Typical raw experimental data, showing transmission fringes of the
étalon, reference gas peaks (10 mbar of BF; in a 18 cm long glass cell with
KBr windows) and jet spectrum of the WFy:He mixture.
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FIG. 4. FTIR spectrum of the v, band of BF; at room temperature (0.5 mbar
of BF; in a 18 cm long glass cell with KBr windows).

more difficult to realize due to the chemical reactivity which
is much greater for this species than for WF¢. As can be seen
from Fig. 5, jet-cooled spectra of the vy band show a band
which is about as broad as that at room temperature. This is
due to the rovibronic interactions which spread the quantum
levels over a large energy range and thus the cooling effect
does not result in the same band narrowing as for WF, (see
Fig. 1). A consequence of this is that the effective absorption
of v, of ReFy is rather low since the absorption strength is
distributed over a very large number of lines in a rather large
wave number range. This low intensity prevented us to
record high-resolution jet-FTIR spectra. However, it was
possible to record diode laser spectra of the ReFg:He super-
sonic expansion jet as will be described in Sec. IV B, using
up to nine passes in the jet, corresponding to an effective
optical pathlength up to 315 mm.

lll. THEORY

A. The WF; closed-shell molecule and general
aspects

The theory used here is based on the model developed
by Champion, Loéte, and Pierre” for the analysis of
spherical-top spectra. Since we consider here the v band as
isolated, we can use the completely transformed Hamil-
tonian,

ﬁ:H{0}+FI{V3}+“‘. (1)

Here, H {0y is the purely rotational contribution which can be
written as

77 Q,(K;) 50
H{O}: 2 to ﬁﬂr,K,RQr(Kr 7A1)7 (2)
0'r vKr
the R &r-40 operators being defined as usual.*™* Here,
t?’(K’) is a parameter and ,8?1”,(’ is a coefficient used to
match the traditional spectroscopic notations® for the scalar
terms [see below, Eq. (4)]. The v; contribution is then

The v, band of WFg and ReFg 3199
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Diode laser scans

| ! 1 ! ! !
680 690 700 710 720 730 740 750

7/em™!

FIG. 5. Overview low-resolution FTIR spectra of the v; band of ReFy at
room temperature (0.3 mbar ReFg in a 18 cm length glass cell with KBr
windows) and in a supersonic jet at different mixtures and instrumental
bandwidths conditions.

tZ.Q,((KUK,)K)

Hy, = 33

K, O K, K
xﬁér’Kr[svi(fv@Rﬂr(Kr)](K,Al)’ 3)

where we realize the coupling of the vibrational (Evi(fv))

and rotational operators in the O(3) group. This is not the
usual method,*® but we choose it for consistency with the
coupling scheme we use for molecules with a degenerate
electronic ground state, like ReFy (see next paragraph). The

20, (K, K)K) . Q,
33 are again parameters, and the ﬁﬂr X, factors are

defined as

Q,n

v
3 (V32 if K,=0,

Q, (_
lgﬂr,Kr* 4

@
1 if K,#0.

Four vibrational operators are involved in Eq. (3), which are

*v‘;};’ )=1 (identity operator), (5)
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+172(0) +(1) (1)7(0) 1 (0)

Vis =—la; '®ay’]"=—N;", (6)
V3

—y2(1) — 1 +(1) (D71 = 1 (1) 7

Vis __‘/_j[as ®ay”’] __%13 ) (M

+y2(2) 1 1) g ,(1)7(2)

Vis ——E[CH ®ay 1. (8)

N is the usual “number” operator and 1§ is the vibra-
tional angular momentum. The upper left index e= = gives
the parity (even/odd) in the conjugate momenta pfrF“‘) (o
=x, ¥, or z). Note that the parity index g or u has been
omitted here for simplicity, since it is « for a$" and a5 "
and g everywhere else. Overall parity could be defined as
well by using the nonrigid molecule group S ,*'**? but this is
not needed for the present analysis, which assumes a semi-
rigid molecular framework, although it might be of interest
at high energy or for reactive processes.*

Effective Hamiltonians for the ground and v;=1 vibra-

tional states are obtained simply by projecting the com-

(v3:0,(J,l3:0)Jn”C(7|H{0}|v3:0,(J,l3:0)Jn’CO'):QE
r K

and
(v3=1L(J,lz3=1)R"n"Ca|Hy, lv;=1,(J,,=1)R'n' Co)

_ R o (K R R")
2 ( 1) Qr,K,F‘A1 n'Co n"Co

Q, .k, 9, K, K

Q,9,((K,K)K)

x(1,1 171)z3.; r

Q,(K,)
V3,3 |

The F are oriented coupling coefficients in the group chain
0(3)D0,,.** The necessary reduced matrix elements can be
expressed as follows:

41+ 1)) 2

J||RE K| gy =
(IR ( S

25K 22T+ K, +1)! ) 2 s

QK)IQ2I-K,)! - (19

(LvE Ly =1, Q,#0, (16)
(L VEPI1,1)=v3. (17

As we only study here an isolated fundamental band, the
dipole moment operator necessary for transition moment cal-
culations was simply developed to order zero and the corre-
sponding parameter was set to 1 (as we do not consider ab-
solute intensities). Relative line intensities were computed

[R'IIR"][K]

Boudon et al.

pletely reduced Hamiltonian [Eq. (1)] on the subspaces
spanned by the vibrational functions of these states, that is

H<°>=P<°>I?P<°>=H§8§ ; )

(v3) = p(va) f p(vs) = g3 + g7
HUs)=pUs AP =H Y +H . (10)
Practically, we use a coupled rovibrational basis of the type
|\Irrv>:|v3a(Jal3)R7nCO->7 (11)

by setting R=J—1;, J being the total and R the rotational
angular momentum, where

|R—I15|<J<R+I, (12)

and /5 and thus R and C have u parity. It should be noted
here, that g and u “parity”’ do not refer to the total parity. For
a more detailed discussion of this point and the role of total
(positive or negative) parity, we refer to Ref. 43, in conjunc-
tion with a more detailed analysis of the ReFg spectrum. C is
the rovibrational symmetry in the O, point group and o its
component. The matrix elements for Hy,, and H{,,s} are then
given by

(K, J ) Q,.(K,)
(_I)J'G%‘r’KrFAl n'Co n”Co‘<JHRQr(Kr)HJ>t0 ? (13)
K, J J
K, 1 1 (7R
K R’ R"

(14)

using the Boltzmann rotational partition function and the
nuclear spin statistical weights for XY molecules having Y
ligands with a 1/2 spin.*>*

To conclude this paragraph, let us mention that in their
work, Takami and Kuze® used Hamiltonians for the ground
and v;=1 states using the Amat—Nielsen ordering scheme®”
and expressed as

Hyoy=BoJ(J+1) = DoJ*(J+1)*— Dy Tous, (18)
H{,3=v3+B3J(J+1)—D3J*(J+1)°
F[2BHF/(J+1)]T
+ a0 220~ DougToaa+ @224 204+ F134T 134

(19)

This formulation is not so different from ours since the 7';;’s
and F;;;’s are also spherical tensor operators and the matrix
elements of these two Hamiltonians can be calculated
through formulas very similar to (13) and (14). However, our
formulation has some important advantages: First, it is more
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The v, band of WFg and ReFg 3201

TABLE 1. Effective parameters for the v; band of WFg (in cm™Y). J,,,. is the maximum J value observed in the P or R branch, and o is the root mean square

of the residuals.
182WE, 13WH, W, 1BWH, Notation of
Level Order Parameter (26.4%) (14.4%) (30.6%) (28.4%) Ref. 39
U3 0 20 0.066 1000 0.066 1000 0.066 1000 0.066 1000 B,
vy=1 0 133000 714.557 65(22) 714.233387(21) 713.914 60(21) 713.285 14(19) vy
1 155000 —0.041 253(27) —0.040 994(27) —0.040 634(17) —0.040 149(27) —3V2B{,
2 133000 —4.558(41)X107°  —4.57437)xX107%  —4.989(52)X107°  —4.809(40)X 107> AB=B;—B,
153090 —2.496(65)X107°  —1.156(96)x107°  —0.831(91)X 107>  —0.622(73)%107° _gam
133099 —9.169(54)X 107>  —9.141(64)X 107>  —9.301(60)X 107>  —9.259(56)X 10> _ﬂam
\/g 22
3 33100 —0.64(14)x 1077 —1.36(13)x 1077 028(14)x 1077 —0.31(15)x1077 _3\_/gF“U
’ 8
23((13)4) b 35
533 0.0 0.0 0.0 0.0 = Fis
7y © 714.538 19 714214 06 713.895 44 713.266 21
J max(PIR) 46 47 48 43
Assigned transitions 260 201 232 253
/1073 cm™! 12 13 13 1.2

Fixed to the value of electron diffraction measurement of Ref. 48.
bFixed to zero (see text).

“Band center (see text, the uncertainty is of the same order as in line 2 of the table). The full list of wave numbers of measured and calculated line positions

is available through EPAPS (Ref. 70).

general as it enables the systematic expansion of the rovibra-
tional Hamiltonian with a straightforward extension to any
vibrational level or polyad. Second, it uses the so-called “‘vi-
brational extrapolation” *” in which the Hamiltonian for a
given polyad (here v;) contains the parameters of all the
lower polyads (here the ground state). The correspondence
between our parameters and those of Ref. 4 is easy to estab-
lish and is given in the last column of Table I.

B. The ReF; open-shell molecule

It has been shown in Ref. 47 that the vibronic Hamil-
tonian for the v3(F,) mode in a G ; electronic state can be
written as

H=hoy(NO+ D+HG +HG (20)

where w,/2m is the harmonic oscillator frequency, Ngo)
=a; .4V is the number operator and the two quadratic
vibronic terms are

HEV=2\6h0300[[¢8" @41 P40, (21)

Hia"=26h0,0,[4) 0 ¢ TP T4, (22)

where ¢{"=(al"+as; M) V2, T?® is an electronic
operator,”” /27 is the harmonic oscillator frequency and
Q. Q, are the quadratic vibronic parameters. Formule for
the calculation of the matrix elements of this Hamiltonian in
a coupled vibronic basis

1 N
W) = (W30 DO2]"0)) 23)

are given in Ref. 47. Here,

|l3_%|$‘,3$l3+%7 (24)

J5 being the vibronic angular momentum. As this Hamil-
tonian matrix is of infinite dimension, we can calculate the
energy levels in practice by truncating v, at some high value
(say, v;="20). Figure 6 shows the four resulting eigenvalues
forvs=1 (as a function of Q, and Q,) that correspond to the
four vibronic sublevels expected for the v, band.

As the complete treatment of the rovibronic interactions

W : £, level

E}, level W : G, levels

FIG. 6. Eigenvalues of the vibronic Hamiltonian for v;=1 plotted as a
function of Q, and Q4 for P3=719.5cm™! of ReFy (including the zero
point energy for v; only). The four sublevels E{,, E3, and 2G,, are shown
with avoided crossings for the latter.

Downloaded 02 Aug 2002 to 193.52.246.229. Redistribution subject to AIP license or copyright, see hitp://ojps.aip.org/jcpo/jcpcr.jsp



3.4 : Articles-clés — 215

3202 J. Chem. Phys., Vol. 117, No. 7, 15 August 2002

TABLE II. Effective parameters for the v5 band of WFg (in cm™!) from Ref. 4.

Boudon et al.

Level Order Parameter 82Wh, I83WE 184WE, 186
vy=1 0 13500 714.557 67(12) 714.234 30(14) 713.91520(13) 713.286 31(13)
1 15500 —0.041 027(20) —0.040 763(27) —0.040 528(20) —0.039 983(14)
2 135000 2 —4312%x 1073 —4393%x107° —4.616x107° —5.010x107°
13520 —1.68x107% " —1.68x1073° —1.68x1073° —1.68(8)X107°
1359 —9.23(8)X107° —9.06(16) X 1073 —9.06(12)X 1073 —9.044(65)% 1073
3 £354H0 -13(3)x1077 -1.1(3)x 1077 -1.5(2)x1077 —2.1(2)x1077
By © 714.538 32 714.21508 713.896 09 713.267 46

22

Calculated from the B5 value through tgjz((m’) Y=AB=B,—B,.
YFixed to the value determined for 3WF (see Ref. 4).
“Band center (see text).

(i.e., including rotation) remains a very difficult problem, we
will only use a very crude model in this paper in order to get
a preliminary qualitative interpretation of the spectra. We can
apply the following simple effective Hamiltonian:

H:Hgé’Alg)+H§6’Alg)+H{0}+H{V3}+‘" (25)
with

Ay =BoJ>—2Bolod - Js+-+-, (26)

A,y =ABP=2A(BN)J-Ja+--, 27

where By is the ground state rotational constant and the £ are
“Coriolis-type™ coupling constants. AB and A(B{) are the
differences between the v;=1 and ground state values, i.c.,
AB=B;—B, and A(B{)=B3{s—By{,. If we set

17

AE(13,00,04) =Ey%(v3,00,04)

_E%:?/Z( V3’Q07Q4)7

where E%Y* and E ;FJ * are the eigenvalues of the vibronic
Hamiltonian (20) for v,=0 and v4= 1, respectively, the tran-
sition energies are (with R=J—J5):

AE=AE}(03,00,04)+Bs(1—{:)J'(J'+1)

(28)

—Bo(1—{)J"(J"+ 1)+ A(BOR(R+1)+--- .
(29)

It seems reasonable to assume that the main term respon-
sible of the octahedral splitting of the R levels is the same as
that for “‘normal” molecules (A, electronic state), i.e., we
can add the term

V2
Hoct:__g[[a+(l)®a(l)](2)®R2(2)] (30)

5435

(this is the lowest order anisotropic vibration—rotation inter-
action term), where g is the octahedral-splitting parameter.
The matrix elements of this operator can be calculated in the
same way as in Eq. (14).

IV. ANALYSIS OF THE SPECTRA

A. WF,

We have developed the effective Hamiltonian Hgii de-
fined in the preceding section up to the third order
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(Q,+Q,-2<3). Hggi (EH%)) has been developed to the
zeroth order only, as in Refs. 4 and 40. The value of 5
=B, has been fixed to 0.0661 cm ™" obtained from the elec-
tron diffraction.*® A least-squares-fit program has then been
used to determine the effective parameters for each of the
four isotopic species. Preliminary assignments have been re-
alized using the parameters of Takami and Kuze.* These
have been refined in the high-J regions after several fits. We
have used both sets of data (Fourier transform and diode
laser spectra) described in Sec. II. All the observed lines in
the diode laser spectra could be assigned. The parameter
15389 has been fixed to zero, since all attempts (o deter-
mine it led to a value lower than the uncertainty in terms of
one standard deviation. Attempts to determine fourth order
parameters were also unsuccessful. Thus, six parameters
could be determined for each isotopomer.

The results are summarized in Table I. When we use the
parameters from Ref. 4 (Table 1) the simulation shows se-
vere discrepancies when compared to our measurements
(more than 0.02 cm ™) in the high-J regions (J=30) which
were not observed previously.* With our new sets of param-
eters, the agreement of experiment and simulation is good
over the whole range observed.

Figures 7-9 show examples of comparisons between ex-
perimental and calculated spectra. The simulations were
computed for a rotational temperature 7,.,=50K and a
Gaussian linewidth (FWHM) of 0.0007 cm ™! (diode laser
spectra) or 0.004 cm ! (FTIR spectra, apodized).

0.4
182,103,184, 186§F, . Simulation for Ty = 50 K
194Fe/1
186KF /1] 184WFe/0
0.3 1BWF/0 “
f\ / \M
g v | | I
] W | .f‘/ I M‘ /J \\
202 Ll o b b Lo L
2 | |
=
. (J“ ﬂ\ i
I .” / \ H\I M
0 L o \ Pl ;«ff |
gt W\MMW ‘}/\/.“,'\y".,VV\\'i‘w,Vu\‘/d\,W j,ﬂ”)-,‘rh y_vm’w\Mﬂ\,,,ﬁ‘;” KAV""\'””&A"**M’M \L J\(,\M )
0.0 - WFg:He : Jet + Fourier transform spectrum
T T T T T T T T T T T T T T T T
713.0 713.5 714.0 114.5

FIG. 7. WFg jet-FTIR spectrum and simulation of the »; Q branch region.

v/emt
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1.0 o 182.183184186WF; . Simulation for T, = 50 K (@)
o o
£ A e DAL
a 0.5
< VFg:He : Jet + diode laser spectrum
M A1
I T T T
711.6 1.8 712.0 2.2
¥/cm!
162,183,184,18WF. ; Simulation for T, = 50 K (b)
1.0 - R it i B
© 4
E b,
2 o Pl MU WU Sy
o WFs:He : Jet|+ diode laser spectrum
- MMJWL UWUUL\JU’J MW x‘L JUV MU\JW
7UB.35 7[|B,4|] 71]8 45
¥/cm?

FIG. 8. (a) WF¢ jet+diode laser spectrum and simulation: part of the v5 P
branch region. (b) WFy jet+diode laser spectrum and simulation in the
region of the ¥*WF, P(42) lines of the v, band. Symmetry species (group
0) are given for some of these lines.

The cluster structure® is very well developed for high-J
values as it can be seen in the case of the P(42) lines of
I86WF, [Fig. 8(b)]. As Harter and Patterson have shown,*~3!
for high-J values, the levels tend to group into sixfold and
eightfold degenerate clusters. In a semiclassical interpreta-
tion, these clusters correspond to an angular momentum J
precessing around a C, or a Cy symmetry axis, respectively.
In Fig. 8(b), the C, clusters of the P(42) lines are seen on
the left (A,+E+F,,F|+F,,A|+E+F,,...) and the C;
clusters appear on the right (A +A,+F +F,,E+F,
+F,,...). In other words, this means that the corresponding
rotational energy surface £(J,,J,,J/;) obtained by calculat-
ing the energy for continuous ‘‘classical” values of the an-
gular momentum vector components J,., J,, J,, has minima
on C, axes and maxima on C; axes. We do not detail this
point any further here, since the structure of rovibrational
clusters of a degenerate vibrational level from the semiclas-
sical point of view has already been discussed by Harter and
co-workers in the case of tetrahedral molecules’>>* (includ-
ing the treatment of the Coriolis interaction®?). More re-
cently, the case of the v band of Mo(CO)¢ (Ref. 55) and of
various bands of P, (Ref. 56) have been investigated, from
both semiclassical and fully classical point of views. The
cluster ordering observed here is consistent with the positive
value of @y, (see Table I) just as in the case of GeF,,” for
instance.

Figure 10 displays the reduced energies for the vy=1
vibrational level of "¥WF. In the upper part of this figure,

The »; band of WFg and ReF, 3203

1.0 o teeiese4186§F, ;. Simulation for T, = 50 K (2)
R(15
- G /RI20) HRRS)
4 ' 194Fg/R(9) P
|
o 3Fg/R(12)
é 4 h\ ‘r\ "M\ "s M\\
2 WY M
a 0.5 7
2 _| WFg:He : Jet + diode laser spectrum
1l I L |
0o LS
T T T T T T T T T T T T T
715.60 715.65 715.70
V/cm!
182,165, 184, 1ESWF :He Simulatipn for T rot = 50 K (b
0.20
b W /\/ A
i=1
8
:o: 0.10 WFe:He : Jet + FTIR spectrum
2
2
OOOWMA\/\J L

711.5 711 6 711 7 711.8 711.9 712.0
v/ cmt

FIG. 9. (a) WFg jet+diode laser spectrum and simulation: detail in the
vy R branch region. (b) WFy jet-FTIR spectrum and simulation: detail in
the »; P branch region.

the distribution among the different J values of the rotational
levels that we observed is shown.
The band center v, can be calculated through®

Q920

Vo —2B{5— > +-
:[55)3((00)0)4‘? 21((11)0)+§ 22((22)0)+ (31)

This gives the following values:

Ty(1*WF,)=714.538 19 cm ™!, (32)

7y("**WF)=714.21406 cm ™, (33)

To( " WF,)=713.89544 cm ™!, (34)

Ty(“WE,)=713.26621 cmm . (35)
Thus, the isotopic shift for WF4 can be estimated to be

ATy /Am=—0.3176 cm™ 'u L. (36)

This can also be read approximately directly from the Q
branches from Fig. 1(b) and is consistent with Ref. 4. The
band center of the remaining isotopomer *°*WF; would be
roughly

To(*'WF)=715.170 cm 1, 37

but its very low natural abundance (0.135%) prevents it from
being identified under our experimental conditions. The ap-
parent higher precision of 3%”” for v,=1 in line 2 of
Table I for the isotope '#>WFg results from a combination of
correlation effects and accidental statistics of the lines. Thus,
while numerically significant, it has no physical meaning.
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FIG. 10. Observed (upper) and calculated (lower part) reduced energy levels
for the v;=1 vibrational level of ISZWF@

B. ReF,

Figures 5, 11, and 12 show surveys and examples of low
and high-resolution spectra for v; of ReFg. The differences
to the surveys of v; in WFg shown in Fig. 1 are most strik-
ing. Even in the FTIR supersonic jet spectra of ReFg shown
in Figs. 11(a) and 11(d) the fine structure is just about be-
coming visible in form of some humps superimposed on a
broad background. However, this “broad background” at
high resolution can be resolved into a rich substructure of
numerous lines that are well separated, with spacings that are
of the order of frequently 0.01 cm ™" or less. This can be seen
particularly in the diode laser spectra shown in Fig. 12,
where the reproducibility of the traces demonstrates that all
the stronger lines are clearly real line structure, well above
the noise level. The total number of unambiguously assigned
lines just in the regions covered by our diode laser scans
indicated in Fig. 5 exceeds 700. The linewidths are fre-
quently 0.001 cm ! and less, although some lines are
broader, which may indicate blending of several lines. At
present, a full analysis of this extremely rich and dense fine
structure is not possible. However, the line density is of the
expected order of magnitude in agreement with our simula-
tions and agrees with theoretical expectations of the com-
plexity of these spectra.

The coarse superstructure appearing in the FTIR-jet

Boudon et al.

T T T
— _ 300K / cell + FTIR /\\ (a)
—— : ReFg:Hejet + FTIR
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| 1 ) . . .
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FIG. 11. (a) Overview low-resolution FTIR spectra of the v; band of ReFg
at room temperature and in a ReFg:He jet (the instrumental bandwidth is 0.1
and 0.5 cm™ ', respectively). (b), (c) Jet+diode laser spectra of a ReFy :He
jet in the »; band region. (d) Low-resolution (instrumental bandwidth of 0.5
cm™ ) jet-FTIR spectrum of the v band of ReFq compared to our tentative
simulation (see text).

spectra is amenable to at least a very preliminary analysis. In
order to compute a “tentative simulation” using the simple
rovibronic model described in Sec. III B, we have used the
following parameters for both isotopomers of ReFy: (i) 73
=720.13cm ' for "PReFs and #,=719.50cm ' for
BTReF,, (i) Bo=0.06623 cm ™!, value from electron dif-
fraction  measurements,”® (i) AB=B;—B,=-35
X107 em !, g=—0.97x10"° cm ™! and {,=0.14 (WF;
values), (iv) {,= —0.80 a tentative value, (v) Q,=0.008 and
Q,=—0.006 a “reasonable’” order of magnitude, consider-
ing the general aspect of the band at 300 K. Much smaller or
much larger values would lead to a band profile incompatible
with what is observed. The resulting simulation [Fig. 11(d)]
at a resolution of 0.5 cm™* seems quite reasonable compared
to the jet-FTIR spectrum and taking into account the crude-
ness of the model employed. This seems to confirm at least
the order of magnitude of the quadratic vibronic coupling
parameters given above. Table IIT summarizes the vibrational
fundamentals for ReF, as far as known today, including the
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FIG. 12. Three jet+diode laser scans of a ReFg :He= 1:4 mixture (backing
pressure of about 750 mbar) in the 714.5 cm™! region.

preliminary band center estimates of vy from the present
work. It is clear that much remains to be done on the vi-
bronic level structure in this molecule.

V. CONCLUSIONS AND OUTLOOK

The high resolution FTIR and diode laser spectra ob-
tained and analyzed in the present work confirm the theoret-
ical expectation of completely different spectral structure for
these two prototypes for a closed shell hexafluoride molecule
with a nondegenerate ground state on the one hand and for
an open shell molecule with a degenerate electronic ground
state on the other. The rovibrational spectra of the v stretch-
ing fundamental of WF, show a simple structure under con-
ditions of supersonic jet cooling, allowing for a straightfor-
ward analysis. Our results extend significantly the previous
work* but agree with it, where there is overlap. There are no
obvious interactions of v; with other vibrational levels even
at high J, the closest vibrational level expected in this region
being far away [v, + vs at 810 cm™! (Ref. 5)]. Our analysis
could be extended to other levels such as the v, fundamental
at 258 cm ' (Ref. 5) or combination and overtones with
some technical difficulties but no fundamental obstacles to
be expected. Besides an improved understanding of the rovi-
brational level structure our results on WFg are potentially
useful for two frequency laser isotope separation of W iso-
topes with selective preexcitation around 700 cm ™!, using,
for instance, coincidences with the lines of the Raman
shifted CO, laser or other high power lasers.!2>*%
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FIG. 13. The electronic levels of ReFj.
Hgg is the spin—orbit coupling operator.

V. is the ligand field potential and

The v, fundamental of ReFy stands in stark contrast to
the relatively simple structures observed for WFs. Even un-
der conditions of supersonic jet cooling the overall structure
in the FTIR spectrum remains unresolved, with some broad
features but no prominent Q-branch structures being visible.
At the highest resolutions achieved in the diode laser spectra,
this structure is, however, largely resolved into an extremely
large number of closely spaced lines. While the broader fea-
tures of the overall structure was amenable to a preliminary
analysis with a simple model Hamiltonian, providing a first
estimate of some of the v; band parameters, the understand-
ing of the detailed fine structure is at present not available,
and remains a task to be handled in the future once the
theory is further developed.*°! The complexity of this spec-
trum is indeed expected because of the complex electronic
structure with a Gé’,(X) electronic ground state leading to
complex rovibronic effects. The overall electronic structure
of ReFg is summarized in Fig. 13. It indicates that beyond
the complexities arising in the range of fundamental vibra-
tions, the near infrared overtone spectrum might be of con-
siderable interest because of potential vibronic interactions
with the E;, electronic state near 5000 cm™'. Such high
vibrational levels might become accessible via recent high

TABLE TII. The vibrational fundamentals of ReFg in its ground electronic state (in cm™1).

Vibration Symmetry Activity 185ReFg 187ReF Reference
7 Ay, Raman 7537 66
Vs E, Raman 575.0 (593%) 29, 66
7y Fi, Infrared 720.13 (715%) 719.50 (7159 This work (7)
7, Fi, Infrared 269.3 (2577 29,7
7 Foy, Raman 286.3 (246 29, 66
A Fa, Inactive 166.0 (193%) 29,7

“First value reported in the literature [7, 66].
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sensitivity techniques such as cw diode laser supersonic jet
cavity ring down spectroscopy.ﬁz’é3 Of course also the higher
electronic states have some interest in their own right. 7646

While the high resolution infrared spectroscopy of ReFg
is still in its infancy, it offers some interesting opportunities
for the future. Besides laser isotope separation, which might
be more difficult because of the complex spectra, the very
dense ultrahigh resolution spectra of open shell compounds
of this type might reveal effects from parity mixing under the
weak nuclear force which will be less efficient than in chiral
molecules, but potentially much more efficient than in light
atom closed shell molecules,®”® both in the absence or the
presence of level crossings in magnetic fields.®” Full under-
standing of the high resolution spectra which are the first
ever recorded for such a case might open the route towards
such investigations.
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Chapitre

\

UATRIEME PARTIE

Q

Perspectives : Spectroscopie des lons et
Radicaux

4.1 Introduction

Ainsi que je I'ai déja mentionné dans les Chapitres précédents, le modele rovibronique que nous
avons développé ces dernieres années peut étre étendu a d’autres especes moléculaires a sous couches
incompletes. Hormis d’autres types de molécules toupies sphériques “open-shell” telles que VCly,
par exemple, auxquelles la théorie pourrait étre appliquée directement, nous pouvons en particulier
penser aux ions et radicaux de symétrie moindre que ’on rencontre dans de nombreux domaines:
atmospheres planétaires, milieu interstellaires, milieux en combustion, intermédiaires de réactions
chimiques diverses, etc.

Ainsi, 'extension du formalisme tensoriel & des molécules de type toupies symétriques ou asymé-
triques que j’ai présentée au Chapitre I11.4 pourrait étre associée a une construction d’opérateurs
rovibroniques du type de celle décrite au Chapitre IV.1 pour obtenir un modeéle rovibronique pour
des ions ou radicaux de symétries diverses. Je décris ici tres succinctement un travail qui est en train
de se mettre en place sur ce type de sujet, ainsi que les perspectives a plus long terme en matiere de
spectroscopie rovibronique.

4.2 Les radicaux méthoxy et thiométhyle

Fi1c. 4.1 — Le radical CH;3O.

Un stage de DEA débute cette année sous ma responsabilité concernant la spectroscopie des
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radicaux méthoxy (CH3O, Figure 4.1) et thiométhyle (CH3S). Ces deux radicaux interviennent de
maniére importante dans diverses réactions chimiques troposphériques, dont la chimie de 'ozone (O3).

Le terme électronique de base de ces radicaux est 2E, ce qui implique des couplages rovibroniques,
en particulier pour les modes de vibration deux fois dégénérés. Divers travaux récents a haute résolution
ont produit des spectres dans I’état électronique de base! ou dans des états électroniques excités 2.
Toutefois, les modeles Jahn-Teller employés dans ces travaux semblent incomplets, le couplage étant
traité soit de maniére perturbative (ce qui, strictement, n’est pas valide ainsi que nous 'avons vu
précédemment), soit de maniére empirique (en prenant 1’énergie de chaque sous-niveau vibronique
comme un parametre).

Le stage de DEA d’Abdollatyf El Hilali consiste a suivre un programme similaire a ce qui a été
fait pour les molécules octaédriques, a savoir: étudier les représentations spinorielles du groupe C's,,
élaborer un formalisme tensoriel pour la chaine O(3) D C%, et construire un Hamiltonien et des
moments de transition rovibroniques pour des molécules du type XY3Z dans un état électronique
dégénéré. Par la suite, nous pourrons, a ’aide de ce nouvel outil, entreprendre I'interprétation des
spectres existants.

4.3 Futurs développements

A plus long terme, 'idée générale de cette thématique est d’aboutir a des outils permettant I’analyse
globale de spectres rovibroniques, avec un niveau de précision et de détail similaire & ce qui existe en
spectroscopie rovibrationnelle. Les futurs développements devront donc permettre :

— L’analyse de transitions rovibroniques a 'intérieur d’un état électronique de symétrie quelconque
pour différents types de molécules.

— L’analyse de spectres rovibroniques correspondant a des transitions entre états électroniques
différents.

Il s’agit bien entendu d’un travail considérable qui ne peut s’envisager que sur de nombreuses années
et dans le cadre de collaborations avec d’autres équipes, tant au niveau théorique, qu’expérimental.
Encore une fois, il existe un recouvrement important entre les différentes thématiques présentées
dans le présent rapport. Ainsi, les nouvelles techniques que nous envisageons d’appliquer au cas des
spectres tres complexes de polyades élevées du méthane, seront sans aucun doute utiles pour I’étude
des spectres rovibroniques, dont le niveau de complexité, méme dans les états les plus bas, peut étre
lui aussi considérable.

1. J.-X. Han, Yu. G. Utkin, H.-B. Chen, L. A. Burns and R. F. Curl, J. Chem. Phys., 117(14), 6538-6545 (2002)
2. D. E. Powers, M. B. Pushkarsky and T. Miller, J. Chem. Phys., 106(17), 6863—-6877 (1997)
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J’ai essayé de décrire dans ce mémoire mes activités de chercheur aussi bien a I’Ecole Polytechnique
Fédérale de Ziirich qu’au Laboratoire de Physique de ’Université de Bourgogne.

Apreés un bref récapitulatif de mon parcours scientifique et des différentes responsabilités (ad-
ministratives et collectives, d’encadrement et d’animation scientifique) que j’assume, j’ai abordé la
présentation des résultats de recherche. J’ai distingué deux grandes parties, selon le type d’état
électronique moléculaire considéré. Premierement, j’ai présenté mes travaux en spectroscopie rovi-
brationnelle dans un état électronique singulet. Deuxieémement, j’ai exposé mes recherches sur la
spectroscopie rovibronique dans un état électronique dégénéré.

Comme on a pu le voir dans ce document, une grande partie de mon activité a consisté, tout en
s’appuyant sur I’acquis des méthodes tensorielles utilisées au Laboratoire, a rechercher et a développer
de nouvelles ouvertures et applications pour ce type d’approches. Dans ce cadre, le formalisme a
été adapté et étendu a de nouveaux types de problémes (toupies sphériques “déformées”, molécules
piégées, spectroscopie rovibronique). Une partie de mon propos a consisté a montrer que l'approche
“dijonnaise” ne se limite pas a la seule spectroscopie rovibrationnelle des molécules toupies sphériques,
mais constitue un ensemble d’outils puissants permettant d’aborder de nombreux probleme de physico-
chimie moléculaire.

J’al par ailleurs mis I'accent sur la diffusion des résultats aupres de la communauté scientifique a
travers les bases de données et sur les applications en chimie atmosphérique et en astrophysique.

La partie concernant la spectroscopie rovibronique doit beaucoup a 'excellent travail de DEA puis
de these réalisé par Michaél Rey de 1998 a 2002.

Dans l'avenir, je compte bien entendu poursuivre parallelement les deux grandes thématiques
développées ici. L’étude des polyade élevées du méthane et des bandes chaudes de SFg demandera en-
core beaucoup de travail et la complexité de ces problémes amenera inévitablement au développement
de nouvelles méthodes d’analyse.

La spectroscopie de molécules piégées dans des solides (zéolithes, matrices, ...) me semble un
théme trés porteur pour l'avenir, avec de nombreuses applications potentielles (dépollution, etc).

Enfin, malgré les progres importants réalisés récemment, les études concernant la spectroscopie ro-
vibronique dans un état électronique dégénéré n’en sont encore qu’a leur début. Une stage de DEA est
actuellement en cours pour ’application dess méthodes que nous avons mises en place a certains radi-
caux importants en chimie atmosphérique. Ceci est une porte ouverte vers une meilleure compréhension
de la spectroscopie des ions moléculaires et des radicaux libres qui interviennent dans de nombreux
domaines (atmospheres, combustions, réactions chimiques, ...). A plus long terme, le but de cette
thématique est de construire les outils permettant une analyse globale de spectres rovibroniques pour
des transitions entre deux états électroniques quelconques.
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“Orientation of O(3) and SU(2) ® C1 Representations in Cubic Point Groups (O, T) for
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W. RABALLAND, Ch. WENGER, M. ROTGER, V. BOUDON and M. LOETE.

“Detailed Investigation of the Icosad (1.3 — 1.5 um) of >CH, at High-Resolution: Prelimi-
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— “High-Resolution Infrared Absorption Spectrum and Analysis of the vo+1v4 Combination
Band of SFg”,
V. BouDON and N. LACOME.

— “The Ground State Rotational Spectrum of SOoF5”,
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Présenté par V. BOUDON,
Mini-symposium “Atmospheric Chemistry / Spectroscopy” .

— “The Symmetrization of Angular Momentum Wavefunctions and its Applications to Mole-
cular Spectroscopy”,

V. BouDoON, M. REY, Ch. WENGER, G. PIERRE and B. SARTAKOV. Présenté par V. BOu-
DON.

— “The Ground State Rotational Spectrum of SOoF5”,

M. ROTGER, V. BoupoN, M. LOETE, L. MARGULES, J; DEMAISON, H. MADER, G.
WINNEWISSER and H. S. P. MULLER. Présenté par M. ROTGER.

— “Spectroscopy of XoY4 (Dap,) Molecules: Tensorial Formalism Adapted to the O(3) D Dgy,
Chain, Hamiltonian and Transition Moment Operators. Application to the v15 and v9 Bands
of CoHy”,

M. ROTGER, W. RABALLAND, V. BOUDON and M. LOETE. Présenté par M. ROTGER.

Séminaires et communications orales diverses

[S1]

[S2]

[S3]

[S4]

Séminaire présenté au Laboratorium fir Physikalische Chemie de [’Ecole Polytechnique Fédé-
rale de Zirich (Suisse) le 10/07/1996 a l'invitation du Pr. M. QUACK.

“Spectroscopy of Transition-Metal Hexafluorides”,

M. ROTGER and V. BOUDON. Présenté par V. BOUDON et M. ROTGER.

Séminaire présenté a |’ Institut fir Anorganische und Analytische Chemie, Farbereich Chemie,
Freie Universitit Berlin (Allemagne) le 24/04/1997 a l'invitation du Pr. K. SEPPELT.
“Spectroscopy of Transition-Metal Hexafluorides”,

V. BOUDON. Présenté par V. BOUDON.

Séminaire présenté au Laboratorium fir Physikalische Chemie de [’Ecole Polytechnique Fédé-
rale de Zirich (Suisse) le 23/08/2000 a l'invitation du Pr. M. QUACK.

“Reductions and (Ro)vibronic Spectroscopy of Octahedral Molecules : The Case of Non-Pertur-
bative ContactTransformations”,

V. BOUDON. Présenté par V. BOUDON.

Séminaires présentés au Laboratorium fiir Physikalische Chemie de [’Ecole Polytechnique Fédé-
rale de Zirich (Suisse) le 02/05/2002 a l'invitation du Pr. M. QUACK.

— “Rovibrational Spectroscopy of Sulphur Hexafluoride: A Review”,
V. BouboN and G. PIERRE. Présenté par V. BOUDON.



Séminaires et communications orales diverses — 239

— “Rovibronic Couplings in a Fourfold Degenerate Electronic State of an Octahedral Molecule:

The v3 band of ReFg”,
M. REY, V. BOoUDON and M. LOETE. Présenté par M. REY.

[S5] Séminaire présenté a la Société COMURHEX (Pierrelatte) le 06/11/2002 a l'invitation de Mme
C. BELHOMME et de Mr. B. MOREL.

“Eléments de Spectroscopie Moléculaire”,
M. ROTGER et V. BOUDON. Présenté par M. ROTGER et V. BOUDON.












