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Sommaire

Cette thése porte sur 1’étude de I'effet de substituants sur la conformation et
les propriétés optiques d’oligothiophénes (dimeres et triméres) dans différents
milieux. Dans une premiére partie, il sera question de I'effet de la nature et de la
position de substituants sur la conformation et les paramétres spectroscopiques de
dérivés du 2,2’-bithiophéne. Les substituants ont été initialement insérés dans le but
d’augmenter la solubilité des polythiophénes. Les études physico-chimiques
effectuées sur ces polyméres substitués ont montré que la substitution n’influencgait
pas seulement la solubilité du polymére, mais également ses propriétés physiques et
chimiques. Afin de bien saisir cet effet de substitution, une étude en profondeur est
donc de rigueur.

Dans le premier chapitre, nous verrons cet effet de substitution sur les
propriétés optiques (spectres d’absorption et de fluorescence) et sur les rendements
quantiques de fluorescence qui nous permettront d’extrapoler les conformations et de
décrire les contributions électroniques des substituants qui se reflétent sur les
paramétres spectroscopiques. Les résultats montrent que le 2,2’-bithiophéne (BT)
adopte une conformation non plane et qu’une distribution de conforméres est attendue
en solution ou en phase gazeuse. L’insertion de substituants alkyls, alkoxys ou
alkylthios en position 4 et/ou 4’ n’influence aucunement la conformation du BT,
ainsi, ces dérivés possédent relativement les mémes propriétés optiques que le BT.
Par contre, I’insertion de substituants alkyls, alkoxys ou alkylthios en position 3 et/ou
3° influence de facon significative la conformation et, donc, les propriétés optiques en
comparaison avec le BT. Ces influences sont également dépendantes de la nature du
substituant. Les substituants alkyls et alkylthios induisent une grande torsion entre les
cycles thiophénes, en comparaison avec le BT, et ainsi induisent un important

déplacement hypsochrome de la premiére transition singulet-singulet combiné avec
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une diminution du coefficient d’absorptivité molaire. Cette torsion est causée par
I’encombrement stérique créé par ces groupes. Inversement, les groupes alkoxys
induisent une plus grande planéité entre les cycles thiophenes en comparaison avec le
BT. Cette augmentation de planéité induit un déplacement bathochrome et une
augmentation du coefficient d’absorptivité molaire de la premiére transition singulet-
singulet, toujours en comparaison avec le BT. Les spectres de fluorescence nous
montrent, qu’au premier état singulet excité relaxé, tous les dérivés adoptent une
conformation quasi plane et cela, indépendamment de la présence de substituants ou
non.

Afin d’approfondir I’effet de la nature et de la position des substituants sur la
conformation et sur les barriéres de rotation et également pour appuyer les résultats
expérimentaux, une analyse conformationnelle, utilisant la méthode ab initio HF/3-
21G*, a été effectuée sur plusieurs dérivés du BT comportant des substituants alkyls
(chapitre 2), alkoxys (chapitre 3) et alkylthios (chapitre 4). Les résultats obtenus
corroborent les résultats expérimentaux décrits plus haut. De plus, ’obtention des
conformations les plus basses en énergie et des barriéres de rotation, entre la
conformation de plus basse énergie et la conformation plane anti (180°), a permis de
corréler les effets chromiques (thermochromisme, solvatochromisme ...) observeés
chez les polythiophénes correspondants avec les poséibilités de changements
conformationnels obtenus 4 I’aide des calculs sur les diméres modéles (chapitre 5).

Dans la deuxiéme et derniére partie, il sera question de I’effet des interactions
intermoléculaires sur les propriétés optiques des oligothiophénes. Pour cette partie, le
terthiophene (TT) et quelques dérivés du TT seront utilisés. La connaissance de ces
interactions est primordiale dans la compréhension de I’origine des effets chromiques
chez les polythiophénes puisque ces effets s’observent a I’état solide ou suivant
I’agrégation en solution. Dans un premier temps (chapitre 6), nous effectuerons une
analyse conformationnelle, utilisant la méthode ab initio HF/3-21G*, jointe a une
étude spectroscopique en solution afin de déterminer les conformations des dérivés et
avoir une connaissance des surfaces d’énergie potentielle de chacun d’eux. Ensuite
(chapitre 7), les propriétés optiques obtenues dans différents milieux nous permettront

d’identifier I'importance des changements conformationnels et des interactions
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électroniques intermoléculaires dans les spectres d’absorption et de fluorescence. Ces
effets observés expérimentalement seront corroborés (chapitre 8) avec des résultats
théoriques de calculs effectués sur les formes cristallines des dérivés étudiés. Les
résultats montrent que les interactions intermoléculaires sont trés importantes pour le
dérivé non substitué, TT, ce qui résulte en I’apparition d’une scission excitonique
importante dans les spectres d’absorption. Par contre, les dérivés substitu€s ne
montrent aucune scission excitonique importante et, dans leur cas, les changements
conformationnels sont responsables des changements observés dans les spectres

d’absorption.
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DMOTT : 3,3°’-diméthoxy-2,2’ :5°,2"’-terthiophéne.

DMS33BT : 3,3’-diméthylthio-2,2’-bithiophéne.

DMS34BT : 3,4’-diméthylthio-2,2’-bithiopheéne.

DMSDM34BT : 3,4’-diméthylthio-3’,4-diméthyl-2,2’-bithiophéne.
DMTT : 3,3”’-diméthyl-2,2° :5°,2”’-terthiophéne.

MP2 : Moller-Plesset Method 2.

PM3 : Parametric Method 3.
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Introduction

L’intérét des polyméres organiques conjugués a montré un essor important
depuis les années soixante-dix avec I’étude de la conductivité électrique du
poly(acétyléne) dopé [1]. Depuis ce temps, plusieurs polymeres conjugues
(comportant une délocalisation des électrons 7 tout au long de la chaine principale)
comme le poly(phényléne), le poly(phényléne vinyléne), le poly(pyrrole) et le
poly(thiophéne) (PT) (fig. 1), ont montré des propriétés électriques et
électrochimiques intéressantes. De plus, ces polymeéres composés de cycles
aromatiques en conjugaison, ont montré une meilleure stabilité chimique et un
meilleur potentiel pour la transformation du matériau brut en un matériau fini et
utilisable & 1’état neutre ou oxydé, ce qui les avantage sur le poly(acétyléne). De ces
polyméres conjugués, les poly(thiophéne)s ont fait fnontre d’un grand intérét. Depuis
quelques années, plusieurs résumés décrivant les travaux et les résultats obtenus 4 ce
jour sur la synthése, la structure, I’électrochimie, les propriétés €lectriques et physico-

chimiques ainsi que sur les applications des polythiophénes ont été publiés [2-6].

Figure 1: Structure primaire du polythiophene

Le PT non substitué est non soluble dans les solvants organiques communs ce
qui rend son utilisation difficile. Pour remédier a4 ce probleme, de nouveaux PTs

substitués ont été développés. La grande diversité de substituants possibles a permis
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Pessor de nouveaux PTs avec des propriétés électriques, optiques et physico-
chimiques différentes. Comme montré sur la figure 1, chaque cycle thiophéne du
polymére est “libre” (suivant une surface d’énergie potentielle) de rotation. Cette
mobilité qui dépendra de la nature et de la position des substituants, confére au PT
des relations conformation-propriétés des plus intéressantes. Comme par exemple, les
propriétés optiques dépendent directement du degré de conjugaison de la chaine
principale qui diminue avec la torsion entre les cycles thiophénes. Ainsi, pour une
conformation plane (6 = 0° ou 180°), la délocalisation est maximale comparativement
au conformére perpendiculaire (8 = 90°) ou la délocalisation est presque nulle entre
les cycles thiophénes. Une des propriétés optiques intrigante et intéressante (dont
nous allons particuliérement nous intéresser dans ce projet) des PTs substitués est
I’effet chromique, ¢’est-a-dire le changement de couleur (déplacement de la premiere
bande d’absorption) suivant un changement dans les propriétés physiques et/ou
chimiques du milieu ou se trouve le polymére. Nous pouvons observer cet effet suite
a un changement de température (thermochromisme) en solution ou a I’état solide, en
présence d’ions (ionochromisme), suite a un changement de pression
(piézochromisme) etc. L’observation ou non de ces phénoménes est trés dépendante
de la nature et de la position des substituants.

Le projet de recherche, dont les résultats sont présentés dans cet ouvrage, a
démarré avec I’objectif d’identifier les origines des effets chromiques (ou I’absence
de ces effets) observés chez les PTs substitués. Généralement [7-15], les origines des
effets chromiques sont discutées en termes de changements conformationnels.
Lorsque les chaines polymériques sont libres les unes par rapport aux autres, les
cycles thiophénes de la chaine principale adoptent une conformation favorable
énergétiquement. Cette conformation peut varier grandement dépendamment de la
nature et de la position des substituants. Ces formes libres peuvent exister en solution
et 4 I’état solide a haute température. Suivant la diminution de température, en
solution et & I’état solide, les chaines de polymeére s’agreégent et s’empilent les unes
sur les autres. Cet empilement peut favoriser un changement conformationnel vers
des structures plus planes afin d’augmenter I’énergie d’interaction entre les chaines

voisines et ainsi former une structure cristalline plus compacte et plus stable. Ce



changement conformationnel peut se produire si la forme libre est non plane et si la
barriére rotationnelle pour la forme plus plane est franchissable. Ainsi les formes
libres planes et les formes libres tordues possédant un trop grand encombrement
stérique pour former une forme plane ne devraient montrer aucun effet chromique
significatif.

Cette interprétation des effets chromiques a été établie en comparant les
différents effets chromiques de polythiophénes comportant différents substituants
[12-27]. Par contre, les effets des substituants sur les conformations et sur les
barrieres de rotation étaient alors méconnus et cette interprétation était plutot
spéculative qu’exacte. Une des critiques les plus importantes de cette interprétation
est que les interactions intermoléculaires a I’état solide ou suivant |’agrégation des
chaines de polymére en solution ne sont jamais discutées et incluses dans
Pinterprétation des changements des propriétés optiques de ces matériaux.
L’interaction entre deux systémes conjugués peut conduire a d’importants
changements dans les propriétés optiques, comme par exemple la formation
d’excitons, et ainsi jouer un role clé dans Uinterprétation des effets chromiques des
polythiophénes.

Pour atteindre I’objectif d’éclaircir Porigine des effets chromiques, nous
devions connaitre les effets de la position et de la nature des substituants sur les
conformations des cycles thiophénes de fagon précise. Pour cela, nous avons utilisé
plusieurs bithiophénes (BTs) substitués par différents groupes: alkyls, alkoxys et
alklylthios. Dans cette étude, Iutilisation d’oligomeres est trés profitable puisque,
chez les polyméres, les conformations sont mal définies. De plus, une trés grande
distribution et une inhomogénéité de conforméres sont présentes. De plus, les
données expérimentales (bandes d’absorption et de fluorescence) reflétent cette
grande dispersion, ce qui rend leur analyse difficile. Egalement, la nature méme du
polymére ne permet pas une grande variabilité dans les solvants utilisables. Par
ailleurs, la structure des oligoméres est beaucoup mieux définie, chaque molécule est
identique et les solvants sont beaucoup moins limités. Nous pouvons également noter
que I'utilisation des oligothiophénes comme matériaux actifs, en remplacement des

polythiophénes, est de plus en plus fréquente [28-34]. Ainsi, I’étude des oligomeres
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nous informe directement sur les propriétés de ces matériaux. L’utilisation de
diméres, pour étudier I’effet de la position et de la nature du substituant, a pour
avantage qu’un seul angle diédre (angle entre les deux cycles thiophenes) est présent;
ainsi, tous les paramétres expérimentaux reliés au degré de conjugaison peuvent étre
directement reliés & la conformation de ces dimeres.

Pour déterminer expérimentalement les conformations des différents dérivés
étudiés, nous avons recourt a la spectroscopie électronique UV/vis d’absorption et de
fluorescence. Comme la conformation des oligothiophénes influence directement le
degré de conjugaison présent dans la molécule, I’analyse des bandes d’absorption et
de fluorescence présente une méthode physico-chimique des plus appropriée pour
cette étude. La spectroscopie d’absorption nous permet d’obtenir de I’information sur
la conformation de I’état fondamental (So) et la fluorescence, sur celle du premier état
excité singulet (S)) en plus de nous fournir les paramétres photophysiques des dérives
étudiés. La fluorescence ne figure pas dans I’objectif d’étudier les origines des effets
chromiques, mais permettra de compléter I’analyse spectroscopique et photophysique
de ces molécules. De plus, elle sera utilisée comme moyen de détection pbur la
caractérisation des agrégats. Les rendements quantiques de fluorescence seront
spécialement discutés dii a I'intérét porté & ces matériaux en électroluminescence.
Comme nous allons le voir, les paramétres spectroscopiques nous donnent une idée
générale des conformations adoptées par les différents dérivés, mais ne nous
permettent pas d’obtenir de fagon précise la conformation et surtout ne nous
informent pas sur les barriéres rotationnelles entre les cycles thiophenes.

Pour compléter I’analyse conformationnelle, nous utiliserons des méthodes de
calculs théoriques qui nous donneront une information directe sur les conformations
et les barriéres de rotation applicables a la phase gazeuse. 1l existe principalement
trois types de niveau de calculs pour ce genre d’études : les calculs de mécanique
moléculaire, semi-empirique et ab initio. Comme les calculs de mécanique
moléculaire ne considérent pas la structure électronique des molécules, qui est trés
importante dans une fine optimisation de structures moléculaires conjuguées comme
recherchée ici et dans la recherche de barriéres rotationnelles, ce type de calculs s’est

montré bien insuffisant pour atteindre nos objectifs. Les calculs semi-empiriques



(AM1 et PM3) sont souvent utilisés chez les oligothiophénes (et autres molécules
semblables) afin de déterminer les structures moléculaires, les barrieres rotationnelles
et les propriétés des différents états électroniques. Ces calculs ont 'avantage d’étre
trés rapides, utilisables pour de gros systémes et ne nécessitent pas lutilisation
d’ordinateurs puissants. Par contre, certaines approximations sont faites dans la
résolution d’intégrales électroniques, ce qui rend souvent ce niveau de calculs
insuffisant pour certaines utilisations [35-40]. Dans le premier chapitre de ce travail,
nous combinons les résultats expérimentaux de I’analyse conformationnelle sur les
dimeéres avec des calculs semi-empiriques (AM1). Quoique ces calculs montrent des
résultats intéressants et concluants pour certains dérivés, spécialement les dérives
alkyls, ils se sont montrés insuffisant pour d’autres, comme les dérivés alkoxys.

Les calculs ab initio (HF/3-21G*) utilisés par la suite se sont montrés plus
efficaces dans I’obtention des conformations et des barriéres rotationnelles de ces
molécules (chapitres 2-4). 1l existe plusieurs niveaux de calculs ab initio (HF, MP2,
etc.), la méthode Hartree-Fock (HF) est I'une des méthodes de base qui inclut
certaines approximations comme la négligence de la corrélation électronique. Malgré
cela, la méthode HF est considérée trés bonne pour I'obtention de structures
moléculaires pour des molécules organiques simples possédant des atomes légers (H,
C, O, S etc.). Cette confiance en la méthode ab initio HF se refléte dans le nombre
important d’articles ou elle est utilisée [41-42]. La taille de nos systémes ne nous
permettait pas I’utilisation de calculs ab initio plus évolués parce qu’ils nécessitent un
temps de calcul et un espace mémoire trop important. La validation de ces calculs
ainsi que la comparaison avec les calculs semi-empiriques seront discutées plus
profondément aux chapitres 2-4. Il est a noter que les calculs ab initio corroborent
trés bien les données expérimentales. Au chapitre 5, les résultats des analyses
conformationnelles des diméres modeles seront discutés et comparés au
thermochromisme observé chez les polymeéres correspondants. Nous verrons alors
que cette analyse conformationnelle appuie I'hypothése de changements
conformationnels comme origine du thermochromisme.

Cette corrélation théorique, quoiqu’intéressante et utile dans la prédiction de

futurs polythiophénes thermochromes [25], ne nous informe pas sur les interactions
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interchalnes pouvant exister lors de I’agrégation ou a Iétat solide. Afin de solutionner
ce point, nous nous sommes donnés comme objectif d’étudier le thermochromisme
directement chez les oligothiophénes. Ainsi, en travaillant dans différents milieux,
nous pourrons identifier la nature des interactions intermoléculaires présentes chez
ces molécules et ainsi voir leurs effets sur les propriétés optiques de ces systemes en
comparaison avec les changements conformationnels. Pour atteindre cet objectif,
I’utilisation de la spectroscopie UV/vis (absorption et fluorescence) est encore de
mise, ainsi que les calculs théoriques, pour la connaissance des conformations et pour
la corrélation avec les résultats expérimentaux.

Cette derniére partie couvre les chapitres 6-8. D{ & la nature des différentes
expériences réalisées et aux faibles signaux obtenus avec les dimeres, I’utilisation
d’oligothiophénes plus long s’est avérée plus pertinente pour cette partie. Dans ce
travail, nous présenterons les résultats obtenus avec les trimeres. Afin d’atteindre les
objectifs fixés, le travail est divisé en trois parties distinctes. La premiére, chapitre 6,
comporte I’analyse conformationnelle des dérivés utilisés dans leur forme libre, en
solution ou en phase gazeuse. Cette premiére partie est primordiale puisque tous les
changements conformationnels et les effets thermochromes suivant I’agrégation sont
discutés en fonction des conformations des molécules libres. Dans la deuxiéme partie,
chapitre 7, les résultats expérimentaux de 1’observation des effets chromiques seront
présentés et discutés en fonction des changements conformationnels et des
interactions intermoléculaires. Comme derniére partie, chapitre 8, des calculs semi-
empiriques (ZINDO/S) effectués sur des structures cristallines des dérivés étudiés
permettra de construire un modéle théorique en corrélation avec les résultats
expérimentaux.

Les articles discutés dans cette thése ont été choisis en fonction de leur
importance par rapport au but de la thése. Dans le cadre de mes travaux de recherche,
d’autres publications en rapport aux oligothiophénes ont été produites. Les résultats
de ces articles ont été jugés moins importants en regard des buts fixés dans le présent
travail. Je présente donc un bref appergu et les conclusions importantes de ces
articles. Deux de ces d’articles [43,44], présentent les paramétres spectroscopiques et

photophysiques d’une série d’oligothiophénes substitués comportant de trois & six
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unités thiophénes. Les résultats sont discutés en termes de conformation et d’effet de
la longueur de Ioligomére. Ils sont également comparés aux polyesters
correspondants. Les résultats montrent que I’insertion de chaines latérales alkyles
induit une plus grande torsion entre les cycles thiophénes et cela peu importe la
longueur de loligomére. Cette torsion a pour effet de deplacer les bandes
d’absorption vers les plus hautes énergies et de diminuer les coefficients d’extinction
molaire. Elle conduit également & une diminution des rendements quantiques de
fluorescence et des durées de vie de fluorescence. Ces derniéres diminutions sont
principalement dues a I’augmentation de la constante de désactivation non radiative
(kar). Les résultats ont également montré que les oligomeéres inséres dans un polyester
conservaient les mémes propriétés optiques que I’oligomere isolé.

Dans un autre article [45], nous présentons I’évolution des paramétres
spectroscopiques et photophysiques en solution (pour des molécules isolées) en
fonction de la température (25°C a -140°C) pour le TT, le DMOTT, le DMTT et le
DHTT. Les résultats montrent que le TT et le DMOTT possedent des structures tres
flexibles de sorte qu’une baisse de température est suffisante pour induire un
changement conformationnel. Cette flexibilité est due aux trés faibles barriéres
rotationnelles de ces triméres. Les changements conformationnels observés sont
expliqués en termes d’augmentation de I’interaction entre molécules de soluté et de
solvant lorsque la température est diminuée. Les dérivés DMTT et DHTT possédant
des barriéres rotationnelles beaucoup plus importantes, ne montrent que tres peu de
changements dans leurs spectres d’absorption en fonction de la température. Dans
tous les cas, les spectres de fluorescence ne montrent aucun déplacement
hypsochrome ou bathochrome (seuls des changements d’intensité sont observés)
puisqu’il est attendu que pour chaque dérivé, une conformation plane est atteinte au
premier état excité singulet relaxé. Quant aux résultats photophysiques, les
changements dans les paramétres sont discutés en termes de différence
conformationnelle et dans le processus d’intercombinaison qui est le mode majeur de
désactivation du premier état singulet excité.

Nous avons également publié [46,47] une étude sur les origines du

thermochromisme chez les tétraméres. Les tétraméres étudiés étaient le



quaterthiophéne non substitué, deux tétraméres comportant des groupements alkyles
(I’un comportant des groupements méthyles et I’autre des groupements décyles) et un
dernier comportant des groupements alkoxys. Les résultats du thermochromisme d’un
polymére correspondant a un des oligoméres ont également été présentés [46]. Les
propriétés optiques des oligomeéres en solution, dans une matrice de substitution et
sous forme agrégée sont présentées. Des calculs ZINDO/S sur les structures
cristallines sont également rapportés. Les résultats montrent que les effets
thermochromes des dérivés substitués avec les groupements alkoxys et décyles sont
induits par des changements conformationnels. Par contre, les agrégats du dérivé
comportant des groupements méthyles montrent un effet excitonique important,
comparable & celui observé chez le quaterthiophéne non substitué. Ces résultats sont
expliqués en termes d’un arrangement particulier des molécules dans la structure
cristalline (ou agrégée). Les oligoméres montrant des effets excitoniques importants
possédent tous une structure cristalline ordonnée et compacte favorisant ainsi les
interactions intermoléculaires. Les autres dérivés montrent une structure cristalline
moins ordonnée et compacte; ainsi, nous observons seulement un effet
conformationnel sur les propriétés optiques suite a I’agrégation.

L’ensemble de ce travail nous a permis de faire la lumiére sur I’effet de la
nature et de la position de la substitution sur les conformations et les propri€tés
optiques des oligothiophénes substitués. Les résultats montrent que I'insertion de
substituants en positions 3 et/ou 3’ influence la conformation des oligothiophenes.
Comparativement au BT ou au TT qui sont non plans en phase gazeuse ou en solution
(6 ~ 150° entre cycles thiophénes), I’insertion de groupements alkoxys en position 3
et/ou 3° (DMO33BT, DMOTT, etc.) induit une plus grande planéité entre les cycles
thiophénes. Inversement, 'insertion de groupements alkyles a ces mémes positions
(DD33BT, DMTT, DHTT, etc.) induit une torsion plus importante entre les cycles
thiophénes. Les groupements alkylthios induisent également une plus grande torsion
entre les cycles thiophénes, mais de fagon moins importante que les groupements
alkyls. Cette influence sur les conformations et les différences entre les substituants
de nature variée sont dues & un équilibre entre la délocalisation électronique qui

favorise une conformation plane et I’encombrement stérique qui favorise une



conformation plus tordue. Les résultats montrent également que insertion de
groupements en positions 4 et/ou 4’ n’influence pas la conformation des
oligothiophénes. Ces effets de la substitution sur la conformation influencent
directement les propriétés optiques de ces oligothiophénes. Les molécules plus
planes, & I’inverse des molécules plus tordues, possédent des bandes d’absorption
déplacées vers les plus basses énergie et possédent une meilleure structure
vibronique. Elles possédent également des coefficients d’extinction molaire plus
élevés. Pour tous les dérivés étudiés, les spectres de fluorescence montrent qu’une
conformation plane est fortement favorisée au premier état excité singulet relaxé, et
cela indépendamment de la présence ou non de substituants.

Ce travail a également permis de distinguer les changements conformationnels
des effets excitoniques résultant des interactions intermoléculaires et ainsi d’identifier
les origines du thermochromisme des polythiophénes substitués. Les mesures
effectuées sur des triméres dans des matrices de substitution ont permis d’obtenir les
propriétés optiques de ces oligothiophénes dans des conformations plus planes que
celles adoptées en solution. Pour tous les triméres substitués, ces changements
optiques suivant un changement conformationnel sont identiques aux changements
optiques suivant 1’agrégation. Ces résultats montrent que, suite & I’agrégation, ces
molécules adoptent une conformation plus plane et que les changements optiques
résultant de ces changements conformationnels sont beaucoup plus importants que les
changements optiques pouvant résulter des interactions intermoléculaires. Pour le
dérivé non substitué (TT), nous observons I’inverse, ¢’est-a-dire que les changements
optiques résultant des interactions intermoléculaires sont beaucoup plus importants
que les changements résultant des changements conformationnels. Cette différence
est expliquée en termes de structure micro-cristalline. Les molécules possédant des
groupements latéraux forment un agrégat ou I’empilement des molécules défavorise
les interactions intermoléculaires comparativement & la forme agrégé du TT qui est

beaucoup plus compacte.
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Chapitre 1

Analyse conformationelle et spectroscopique de dérivés du

2,2’-bithiophéne

Dans ce premier chapitre, nous présentons les propri¢tés optiques (spectres
d’absorption et de fluorescence) ainsi que la photophysique des dérivés alkyls et
alkoxys du 2,2’-bithiophéne. Ces résultats expérimentaux sont discutés en termes de
la contribution électronique des substituants sur la premieére transition singulet-
singulet observée et de I’effet des substituants sur la conformation du BT. Les effets
de la nature et de la position du substituant sont également discutés. Afin de
compléter ’analyse conformationnelle des dérivés étudiés, les surfaces d’énergie
potentielle, obtenues avec la méthode semi-empirique AM1 (une bréve description
des méthodes théoriques utilisée dans le cadre des traveaux présentés est donnée a
’annexe 1), en fonction de I’angle diédre entre les deux cycles thiophénes (6), sont
également présentées. Les transitions S;¢-Sy calculées, en fonction de I’angle diedre
0, avec la méthode semi-empirique ZINDO/S, sont comparées avec la premiere
transition singulet-singulet observée pour chacun des dérivés. Cette comparaison
permet d’extrapoler la conformation de chaque dérivé en solution.

Les résultats obtenus avec cette technique ont montré que la substitution en
position 4,4’ n’avait aucun effet sur la conformation du BT. Les comparaisons des
transitions singulet-singulet calculées et observées montrent, pour chaque dérivé, une
conformation a environ 150° similaire a celle du BT. Ces conformations
correspondent aux minima des surfaces d’énergie potentielle obtenues avec AM1. De
la méme maniére, le dérivé décyl en position 3,3’ montre une conformation au

voisinage de 90° similaire au minumum global de la courbe d’énergie potentielle.
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Les surfaces d’énergie potentielle ainsi que l’extrapolation de la conformaﬁon a
I’aide de la premiére transition singulet-singulet pour les dérivés alkoxys en position
3,3’ montrent une conformation 4 120°. Une description de la nomenclature utilisée
pour identifier les différentes conformations est donnée a I’annexe 2.

Les résultats expérimentaux des dérivés alkoxys ne concordent pas trés bien
avec I’hypothése d’une conformation non plane (8 = 120°), du moins, plus tournée
que la conformation du BT (ot @ = 150°). Les calculs plus évolués qui ont été
effectués par la suite, aprés la sortie de ce premier article, ont montré que les calculs
semi-empiriques AM1 se comparaient aux calculs ab initio pour le cas des dérivés
4,4’ et alkyl en position 3,3’ & I’exception des barriéres de rotation qui sont sous
évaluées par la méthode AMI. Pour ce qui est du cas des alkoxys en position 3,3°,
les calculs AMI se sont montrés insuffisants pour ’obtention d’une surface
d’énergie potentielle correcte et en accord avec les données expérimentales.

Une analyse conformationnelle plus compléte effectuée par différentes
méthodes théoriques (semi-empirique et ab initio) sera présentée aux chapitres 2-4
pour les dérivés alkyls, alkoxys et alkylthios. Une discussion plus détaillée sur la
validité des calculs AM1 versus ab initio sera alors présentée. Dans ce premier
article, les dérivés thioalkyls sont absents puisqu’ils ne figuraient pas dans le projet
initial. Les données expérimentales sont présentées dans le méme chapitre que

I’analyse conformationnelle détaillée (chapitre 4).

Dans ce chapitre, et dans les suivants, les valeurs rapportées dans les tableaux
ne comporte aucune incertitude. Ceci est principalement dii au format des articles ou
on représente que trés rarement les incertitudes sur les mesures spectroscopiques.
Jaimerais tout de méme spécifier 4 ce moment, les incertitudes et les précisions
considérées sur ces mesures. La premiére information retenue sur les spectres est la
position du maximum. Puisque dans tous les cas nous avons des bandes d’absorption
tres large et sans résolution vibronique, je considére une incertitude de + 1 nm sur la
position du maximum de la bande. Ces unités ont ensuite été transformées en cm™.

Ainsi, une incertitude de 100 cm™ peut étre calculée. Les mesures des coefficients
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d’extinction molaire ont été obtenues avec un graphique de la concentration en
fonction de I’absorbance, ainsi par régression linéaire des points expérimentaux,
nous obtenons une incertitude de 100 M cm™. Les largeurs de bande ont été
mesurées directement sur les spectres, une incertitude de 100 cm’ a été considérée.
L’incertitude sur les rendements quantiques de fluorescence est plus difficile a
évaluer. Généralement, une incertitude d’environ 10% est considérée pour ces

mesures.

1.1 Article 1: Conformational and spectroscopic analysis of selected 2,2’-

bithiophene derivatives

Article publié dans The Journal of Physical Chemistry A, volume 101, numéro 5,
pages 776-782 (1997).
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Conformational and Spectroscopic Analysis of Selected

2,2’-Bithiophene Derivatives

Nicolas Di Césare, Michel Belletéte, Frangois Raymond, Mario Leclerc,

and Gilles Durocher

Département de chimie, Université de Moniréal

C.P. 6128, Succ. A, Montréal, Québec H3C 3J7, Canada

Abstract

A spectroscopic study has been performed on selected substituted 2,2’-
bithiophenes. Absorption and fluorescence spectra of bithiophenes (BT) substituted
with alkyl and alkoxy groups in positions 4,4’ and 3,3’ have been measured in
solvents of various polarity and viscosity. AM1 and ZINDO/S semiempirical
calculations have also been performed on all molecules in order to evaluate the
torsional potential energy surfaces and the singlet-singlet transition energies. They
are found by a combined theoretical and experimental technique in which 3,3°-
derivatives are more twisted than their 4,4’-analogs in the ground state. After
excitation, molecules relax to much more planar S, excited states. The sole
exceptions are 3,3’ -alkoxybithiophene derivatives which seem to remain in the same
conformation in their respective relaxed S; excited state. For molecules in their T,
excited states, planar and perpendicular conformations are the most stable. It is also
observed that fluorescence quantum yields of all bithiophene derivatives are weak
but weaker for 3,3’-substituted compounds. Results are interpreted in terms of a
possible substitutional effect on the intersystem crossing process involved in these

systems.
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1. Introduction

The preparation of soluble conjugated polythiophenes can be done by the
incorporation of relatively long and flexible side chains [1]. This approach is based
upon a decrease in attractive interchain interactions and the introduction of favorable
interactions between the substituents and the solvent. But, the introduction of
substituents may have a strong influence on the electronic structure of the resulting
material and, consequently, on its optical properties. For instance, some substituted
polythiophenes exhibit intriguing thermochromic (in the solid state and in solution)
properties [2-5]. These unusual optical effects are believed to be related to a
reversible “transition” between a coplanar (highly conjugated) and a nonplanar (less
conjugated) conformation of the conjugated main chain [6,7]. Other studies have
revealed the strong dependence of the thermochromic properties upon the position
and the nature of the substituents [8-10]. Several explanations of the driving force of
these optical phenomena have been proposed (crystallization, aggregation, thermally
induced steric interactions, etc.), but a detailed description of the structural
parameters involved in these optical effects is still lacking.

Knowledge of the structure-property relationships in substituted
polythiophenes is still rudimentary [1]. The polymers are complex materials
exhibiting a broad and not fully characterized range of conjugation lengths and a
distribution of molecular environments and excitonic effects that makes difficult the
measurement of vibrationally resolved optical spectra and simple fluorescence decay
kinetics. For this reason, we think it is important to focus our attention on the most
easily studied oligothiophenes, i.e. substituted bithiophenes. A thorough
understanding of the optical properties of these molecules upon the nature and the
position of the substituents should provide the basis for determining such structural
properties as conformation and conjugation length in the more complex
polythiophenes.

Recently, gas phase electron diffraction performed at 97-98° C on the

unsubstituted bithiophene molecule (BT) has shown the existence of two
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conformations, anti-like and syn-like, with torsional angles of 148° and 36° and
conformational weights of 56 and 44%, respectively [11]. These results are in very
good agreement with the most recent ab initio calculations performed with large
basis sets [12-16]. We have recently applied semiempirical quantum-chemical
calculation methods (AM1, PM3 and ZINDOQ/S) to study the ground and excited
state conformations of BT as well as other oligothiophenes [17-19]. It was found that
the PM3 method does not reproduce accurately the torsional potential of BT. On the
contrary, AMI calculations reproduce minima and maxima at angles similar to those
obtained using ab initio calculations and in agreement with most stable conformers
of BT measured in the vapor phase. The torsional potential curve is flat such that
multiple conformations may coexist in the gas phase and in solution. ZINDO/S
calculations performed on AMI1 optimized conformers predict a fully planar anti
conformation for BT but give a torsional barrier between thiophene rings close to the
experimental values (5 % 2 kcal mol™ ) [20, 21]. Moreover, these calculations suggest
that, after excitation, all molecules relax to nearly planar excited singlet electronic
states [18, 19]. ZINDO/S also predicts that the most stable conformations of BT in
its first excited triplet state are planar (¢ = 0° and 180° ), but a local minimum is also
predicted for the perpendicular conformation.

The conformation of many alkyl-substituted thiophene oligomers has been
studied theoretically [13, 14, 16, 22-24] Results indicate that 4,4’-
dialkylbithiopAhenes behave similarly to the unsubstituted compound. On the
contrary, due to strong repulsive interactions 3,3’-dialkylbithiophenes give
conformers with high torsional angles between thiophene rings. These results are
conformed with the absorption spectra of these molecules [24].

The fluorescence quantum yield of BT is very small [25, 26]. It has been
observed that the intersystem crossing is the major mode of relaxation of the first
excited singlet state which is favored by the presence of two heavy atoms [26]. From
the first excited triplet state, the system returns to the ground state via intersystem
crossing such that no phosphorescence is observed. To our knowledge, the

photophysics of substituted bithiophenes is still unknown.



16

To shed more light on the conformational changes involved in substituted
polythiophenes, optical and photophysical properties of bithiophenes having alkyl or
alkoxy groups in 3,3’ or 4,4’ positions have been investigated. 4,4’-Didecyl-2,2’-
bithiophene-5,5’-dicarbonyl dichloride (DCABT) has also been investigated. In these
simple systems, irregular effects caused by the polymer are eliminated such that
absorption and fluorescence bandwidths are smaller and more structured. The study
of small oligomers allows also for the use of semiempirical calculations for the
interpretation of experimental results. The main objective here in this work is to
describe the substituent effect (nature and position) on the molecular conformation
and electronic properties of these thiophene dimers. The bithiophenes have been
divided in two groups: 4,4’- and 3,3’- substituted molecules. The molecules

investigated are shown in Figure 1.
2. Experimental section

2.1. Materials

All solvents were purchased from Aldrich Chemicals (99+%, anhydrous) and
used as received. Prior to use, the solvents were checked for spurious emission in the
region of interest and found to be satisfactory. 4,4’-Didecyl-2,2’-bithiophene
(DD44BT) [27], 4,4 -didecyl-2,2’-bithiophene-5,5’-dicarbonyl Dichloride (DCABT)
[28], and 3,3’-didecyl-2,2’-bithiophene (DD33BT) [29] were prepared according to
previously published procedures. All alkoxy-substituted bithiophenes were prepared
from 3,3’-dibromo-2,2’-bithiophene or 4,4’-dibromo-2,2’-bithiophene following

procedures described in a previous publication [30].
2.2. Instrumentation

The absorption spectra were recorded on a Phillips UV/vis spectrometer

using 1 cm quartz cells and solute concentrations of (1-3) x 10° M. The spectra were
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then digitized with the use of a GRAPHPAD/IBM-AT system. It has been verified
that the Beer-Lambert law is well-respected for these compounds for solute
concentrations up to 10 M. Fluorescence spectra corrected for the emission
detection were recorded on a Spex Fluorolog-2 spectrophotometer with a F2T11
special configuration. The excitation and emission band-passes used were 2.6 and
1.9 nm, respectively. Each solution was excited near the absorption wavelength
maximum using 1 c¢cm path length quartz cell, and the concentration used for each
derivative studied was (0.1-2.0) x 10™ M, giving absorbance of less than 0.1 to avoid
any inner-filter effects. For all molecules, a study of the concentration (C) effect has
been done on the fluorescence intensities (Ir) and all measurements have been
performed in the linear region of the I vs C curve. Quantum yields of fluorescence
were determined at 298 K against DD44BT in chloroform (¢r = 0.017) [28] as a
standard. All corrected fluorescence excitation spectra were found to be equivalent to

their respective absorption spectra.
2.3. Theoretical methods

Semiempirical calculations were performed using the Hyperchem package,
release 4.5, for Windows from Hypercube, Inc on a Pentium computer with an
internal memory of 16 Mb. This package has been used to draw the molecules and
optimize roughly their geometry using the MM+ force field, which is an extension of
MM2 developed by Allinger [31]. A more precise geometry optimization was
obtained using the AM1 (Austin Model 1) semiempirical method, including the
sulfur atom parameter. AM1 is a modified MNDO method proposed and developed
by M.J.S. Dewar and co-workers at the University of Texas at Austin [32-35]. For all
derivatives, the dihedral angle (¢) between the two thiophene rings was varied in 15°
increments from planar cis conformation (¢ = 0%) to the planar trans conformation (¢
= 180°). For each increment, ¢ was held fixed while the remainder of the molecule
was reoptimized using AMI1. We have developed a subroutine to couple

CHEMPLUS and EXCEL to make full use of the automatic phipsi routine of
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HYPERCHEM after optimization by AMI1 at each torsional angle. A root mean
square (RMS) gradient in the energy of 0.1 kcal mol™ was use for the optimization
criterion.

The electronic transition energies have been calculated within the framework
of the semiempirical ZINDO/S method including configuration interaction (CI).
ZINDO/S is a modified INDO method parametrized to reproduce UV/visible
spectroscopic transitions [36-37]. The electron-repulsion integrals were evaluated
using the Mataga-Nishimoto formula. For the singlet-singlet transition, all singly
excited configurations involving the five highest occupied and the five lowest
unoccupied orbitals (CI = 5/5) were included whereas CI = 3/3 was used for the
triplet-triplet energy calculation. The ZINDO/S method also provides the ground
state and the first excited triplet energies of the molecule. From these values and the
transition energies (singlet-singlet and triplet-triplet), the first excited singlet (S;) and
triplet (T)) state energies were obtained for each torsional angle. The geometry used
for ZINDO/S calculations is that optimized at each torsional angle from the AM1

method.

3. Results and discussion

3.1. Optical Properties

The absorption and fluorescence spectra have been taken in a series of »-
alkanes (pentane to hexadecane) as well as in perfluorohexane, methanol, hexanol,
chloroform, tetrahydrofuran (THF), and acetonitrile. We observed that the absorption
and fluorescence maxima of these thiophene derivatives are similar in all solvents. In
general, a small red shift (2-3 nm) has been observed in the spectra going from »-
pentane to n-hexadecane. The solvent effects have been previously study on BT [17].
A small red shift is also observed (1-2 nm) in these spectra as the polarity of the
solvent increases. Figures 2 and 3 show the absorption and fluorescence spectra of

the bithiophenes in n-hexane and Table 1 reports the spectral data.
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If one compares the three 4,4’-substituted bithiophene derivatives with the
unsubstituted molecule (BT: Auws = 301 nm, Ar = 360 nm) [24], it is possible to
analyze the influence of the nature of the substitution on the first electronic transition
assuming that the equilibrium geometry is similar for all the molecules investigated.
We will see later that this assumption is reasonable.

It is observed that the addition of decyl chains to the bithiophene
chromophore (BT) provokes a red-shift of the absorption and fluorescence bands
(see Figure 2 and Table 1). This is surely due to the inductive effect of the decyl
chains. These results are in agreement with measurements reported for 4,4’-dioctyl-
2,2 -bithiophene [24] and 4,4’-dimethyl-2,2’-bithiophene [38]. The absorption and
fluorescence spectra of DD44BT do not show any vibrational fine structure, meaning
that this molecule is quite flexible in its ground (So) and first relaxed excited singlet
states (S;). However it can be observed that the DD44BT fluorescence bénd is
sharper than its absorption band (see Figure 2 and Table 1), suggesting that the
molecule is on average more rigid in the S; state. This suggests that the barrier to
rotation is higher when the molecule is in its first relaxed singlet excited state. This
will be confirmed by ZINDO/S calculations in the next section.

The substitution of BT with methoxy and butoxy groups in the 4,4’ positions
provokes red shifts in the absorption and fluorescence spectra which are larger than
those observed by the incorporation of decyl chains. These results show that, as
expected, alkoxy substituents are better electron donor than alkyl groups. Table 1
also shows that the butoxy substituent is a better electron donor group than the
methoxy substituent when the molecule is in the ground state whereas this trend is
reversed for the molecule in the S; relaxed excited state. The Stokes shifts (difference
between absorption and fluorescence energy maxima) of DMO44BT and DBO44BT
are larger compared to that measured for DD44BT (see Table 1). This indicates that
the conformational changes occurring during the relaxation of the Franck-Condon
excited state are more important for 4,4’- alkoxy- than for 4,4’-alkylbithiophene
derivatives. Like those for DD44BT, absorption and fluorescence bands of alkoxy

derivatives are structureless (see Figure 2), showing the mobilility of the thiophene
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rings in both Sgand S states.

The absorption bands of 3,3’-alkoxybithiophene derivatives appear at
approximately the same wavelengths as those of 4,4’ analogs. This shows that steric
effects are not the only factors influencing electronic transition energy values for
these systems. The positions of substituents also play a role. Indeed, we have shown
by ZINDO/S calculations that alkoxy substituents in the 3-position give Si < So
electronic transitions which are red-shifted compared to those observed for 4,4’
analogs having the same torsional angles. These calculations together with the
absorption spectra suggest that 3,3’-alkoxybithiophenes are more twisted than 4,4°-
alkoxy analogs but have similar singlet-singlet transition energies due to better
electron donor properties of substituents in 3- and 3’-positions. But, conversely to
4,4’-alkoxy compounds, the absorption spectra of 3,3’-alkoxy bithiophenes are
structured. Moreover the bandwidths are smaller by about 1000 cm™ compared to
those of 4,4’-alkoxybithiophenes. These results seem to indicate that the 3,3’-alkoxy
derivatives are more rigid (higher barrier to rotation) such that the number of
conformers available is reduced. This will be confirmed later by semiempirical
calculations.

The fluorescence spectrum of DMO33BT is very wide in all of the solvents
investigated. Moreover the bandwidths increase with time even if the solutions are
kept in the dark. For this reason, it is not possible to assign the fluorescence
wavelength at the center of mass of the peak with good accuracy. This behavior is
not observed in the DMO33BT absorption spectrum. We believe that this behavior is
due to a small degradation of the molecule. The new species is not detected in the
absorption spectra but shows a weak luminescence spectrum which overlaps the
DMO33BT fluorescence band. The same phenomena are observed for DBO33BT in
chloroform, THF and acetonitrile, but, in n-alkanes and in n-alcohols, the
fluorescence bands are much sharper and do not show any changes with time.

It is observed that the fluorescence band of DBO33BT in n-hexane is blue
shifted by 23 nm compared to DBO44BT, whereas the emission bandwidths of both

molecules are similar (see Table 1). Since absorption bands of both molecules appear
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at similar wavelengths, these results suggest that the DBO33BT first relaxed excited
state is less planar than that of DBO44BT. However, the presence of vibrational
structure in the DBO33BT fluorescence spectrum indicates that this molecule
remains rigid in the S; relaxed excited state. The vibrational Franck-Condon
envelope of the absorption and fluorescence spectra is identical, showing that the
DBO33BT geometries in Sp and S) are very close.

Figure 3 shows that the first electronic absorption band of DD33BT appears
as a shoulder around 35700 cm™ (280 nm). This is an indication that the torsional
angle between thiophene rings is very large for this molecule. This will be confirmed
below by semiempirical calculations. The absorpti.on spectrum of DD33BT is very
similar to that of 3,3’-dioctyl-2,2’-bithiophene reported by Van Hutten et al. [24].
However, the first absorption band of the methyl analog derivative is reported at 268
nm [38], which suggests that methyl groups create a slightly larger steric hindrance
than longer alkyl chains. The fluorescence band of DD33BT is very weak but
appeared at 374 nm, giving a very large Stokes shift of 9000 cm™. It thus seems that,
in the relaxed S, excited state, electronic delocalization is favored in such a way that
the steric hindrance caused by the alkyl chains is not very effective. Indeed, Table 1
shows that the energetic positions of the fluorescence bands of DD44BT and
DD33BT are very close. But one can see that the fluorescence spectrum of DD33BT
is wider than that of DD44BT, suggesting that more conformers are present in the S,
state of DD33BT.

Figure 2 and Table 1 show that the addition of carbonyl chloride groups to
the DD44BT molecule to form the DCABT derivative provokes a large red shift of
the absorption band (4500 cm™). This shows that the conjugation length increases by
adding two double bonds to the molecular frame. The effect of this process on the
geometry of the DCABT molecule will be discussed below. However, the fact that
the absorption spectrum is structured seems to indicate that the DCABT molecule is
more rigid than DD44BT. Like its absorption spectrum, the fluorescence band of
DCABT is red-shifted by a large amount (3000 cm™ ) compared to that of DD44BT.

This is in agreement with the observation that the DCABT fluorescence band is
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structured. Indeed, a better electronic delocalization should reduce the mobility of
the thiophene rings. The small value of the Stokes shift observed (see Table 1)
strongly suggests that conformational changes occurring upon the relaxation of the
S| state are less important than those found in other molecules.

In methanol, the DCABT absorption band shows a hypsochromic shift of
1200 cm™ compared to that in #-hexane. This blue shift may be interpreted in terms
of the formation of hydrogen bonds between the alcohol as proton donor and the
carbonyl groups. This should increase the electron acceptor properties of each
carbonyl substituent at both ends of the bithiophene, thus reducing the electron
density between thiophene rings. The resulting effect would be a more twisted
geometry for DCABT in alcohols. A similar blue shift is observed for the
fluorescence spectrum of DCABT in methanol, showing that hydrogen bonds are
also playing a role in the S; relaxed excited state.

Table 2 reports the fluorescence quantum yields (¢r) of the molecules
investigated in n-hexane, n-hexadecane, methanol and n-hexanol. Amid the
bithiophene derivatives investigated, DCABT possesses the stronger fluorescence (¢
= 0.077), probably due to a better electronic delocalization in the S; relaxed excited
state. For the other 4,4 -substituted compounds, the fluorescence quantum yields
observed are close to the one reported for BT in dichloromethane and in dioxane
(0.018) [25, 26]. It thus seems that the alkyl or alkoxy chains at the 4,4’-positions do
not affect much the radiative and/or the nonradiative properties of these molecules.
Moreover, Table 2 shows that fluorescence quantum yields of these molecules are
no;t much affected by the viscosity of the environment. This suggests that the internal
conversion deactivation process is not very important for these derivatives.

For 3,3’-substituted alkoxybithiophenes, Table 2 shows that ¢r are about 10
times less than those of the 4,4’-analogs. Conversely to the 4,4’-compounds, 3,3’
derivatives show a variation in their fluorescence quantum yields with the viscosity
of the environment. It is difficult to believe that this behavior is linked to the internal
conversion process since, as observed above, 3,3” derivatives seem more rigid than

4,4’- substituted bithiophenes. Recenﬂy, it has been found that the main deactivation
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pathway involved in the relaxation of the BT S state is an intersystem crossing
process [26]. At present, the substitutional effect on this process is unknown for
bithiophene derivatives. We are currently working on this aspect of the problem.
However, Rossi et al. have reported the triplet quantum yield (¢r) of several
2,2°:5° 2”-terthiophene derivatives [39]. It was found that the compound having the
highest ¢ value is the one showing maximum steric effects between thiophene rings.
Thus, it is plausible to think that the same behavior can be observed for bithiophene
derivatives. The intersystem crossing process invol?ed should be related to the S;-Ty
energy gap of the BT derivatives. We have checked this using ZINDO/S
calculations. It was found that the S;-T, energy gap decreases as the dihedral angle
between thiophene rings increases as observed for the unsubstituted BT molecule
[18]. These results will be reported elsewhere. Thus, we think that 3,3’-bithiophene
derivatives would have weaker fluorescence quantum yields due to an enhanced
intersystem crossing involved in these molecules. The viscosity effects observed on
r values would be related to an energy barrier involved in the 8; —T, crossing. For
the 4,4’-derivatives, this barrier is probably higher such that the radiationless process

is independent of the viscosity of the environment.
3.2. Conformational analysis
3.2.1. AM1 Calculations

A conformational analysis has been carried out on all molecules using the
semiempirical AM1 method. For each molecule, a geometry optimization is
performed on each value of the dihedral angle between the two rings (¢) from the
fully planar syn (¢ = 0°) to the fully planar anti (¢ = 180°) conformation at each 15°
using AM1 calculations. The difference between the total energy of each optimized
geometry and the energy of the most stable conformer has been plotted as a function
of the dihedral angle in Figure 4A for the 4,4’-substituted bithiophenes and in Figure

4B for the 3,3’ analogs. Figure 4A also reports the potential energy surface of the
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unsubstituted bithiophene molecule (BT). Recently, we have discussed in detail the
AM1 torsional potential of BT [17, 18]. It was found that a qualitative agreement
exists between AMI results and the most recent calculations performed at the ab
initio level using large basis sets. In particular, the energy minima were reproduced
at similar dihedral angles.

Figure 4A shows that 4,4> derivatives have similar potential energy surfaces;
i.e., energy minima and maxima appear at similar dihedral angles. The DD44BT
potential curve reported here is in good agreement with the AMI1 curve obtained for
the dioctyl analog [24] and qualitatively similar to that of the 4 4’-methyl derivative
as obtained by ab initio calculations [14]. The two minima observed are the result of
a compromise between steric effects between hydrogen and sulfur atoms, which tend
to increase the torsional angle between thiophene rings, and the electronic
conjugation along the molecular frame which favors a planar conformation. The fact
that the perpendicular and the cis conformations have about the same energy shows
the strong steric hindrance between sulfur atoms in the cis conformation.

The rotational barrier, as calculated by the AM1 method, is about 0.4 kcal
mol! for BT, DD44BT, DMO44BT, and DBO44BT, showing that the equilibrium
geometry of these molecules is not much influenced by the substituents in the 4,4’
positions. Thus, it was well-justified to interpret changes in the absorption spectra in
terms of inductive effects rather than conformational changes. However, the
potential energy curves are rather flat, allowing many conformers for these
molecules in their ground state. This is in agreement with the relatively large
structureless absorption bands observed (see Figure 2). The barrier to rotation of
DCABT (0.8 kcal mol™) is higher than those observed for the other 4,4’
bithiophenes, showing the increase in the n-electron delocalization for this molecule.
This should increase the rigidity of this molecule, which is reflected by a sharper
absorption band that shows a vibrational progression (see Figure 2).

Figure 4B shows the potential energy curves of 3,3’-substituted bithiophenes.
For these molecules, the energy of the planar cis conformations (¢ = 0°) are very

large, showing strong steric interactions between sulfur and alkoxy or alkyl
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substituents. Moreover, this energy is much higher for the DD33BT molecule. This
indicates that CH, groups show much more steric hindrance than oxygen atoms. This
is in good agreement with results obtained on poly(3,3’-dialkyl-2,2’-bithiophenes)
[29] and poly(3,3’-dialkoxy-2,2-bithiophenes) [30]. We have observed that the
length of the alkyl chains has no effect on the conformational analysis. The AMI
curve of DD33BT is in good agreement with the one reported for the dioctyl analog
[24] and with the potential energy curve of the dimethyl analog as obtained by ab
initio calculations [14]. The planar frans conformations (¢ = 180°) are also
destabilized compared to those of the 4,4’ analogs. The equilibrium geometry of
these molecules is much more twisted (¢ = 120° for DBO33BT and ¢ = 105° for
DMO33BT and DD33BT). The barrier to rotation is higher for the 3,3 derivatives
compared to the 4,4 derivatives, which suggests that the molecular frame is more
rigid. This is in agreement with the shape of the absorption bands of these systems.
Indeed, Table 1 and Figure 3 show that the first absorption bands of DMO33BT and
DBO33BT are sharper and more structured compared to the 4,4’ analogs. But the
vibrational Franck-Condon envelope of the alkoxy compounds shows a (0,0)
transition lower in intensity compared to other vibronic transitions, which is a
characteristic of nonplanar aromatic skeleton. And since the fluorescence spectrum
of DBO33BT is an approximate mirror image of the absorption spectrum, it is
suggested that the molecule is also twisted in its first relaxed excited singlet state, as

suggested in part 3.1.

3.2.2. ZINDOQV/S Calculations

For each AM1 optimized geometry, the energies of the ground state (So), of
the first excited singlet (S;) and triplet (T;) states, and of the first electronic transition
(S; <« Sp) have been calculated using the ZINDO/S semiempirical method. The
potential energy surfaces of Sp, S; and T, of DMO44BT are shown in Figure 5 and
are representative of all the molecules investigated. The ground state geometry

predicted by ZINDO/S is planar even for the 3,3” derivatives. This clearly indicates
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that ZINDO/S underestimates small steric effects and puts more emphasis on the
electronic conjugation between thiophene rings. However, the fact that cis
conformations are destabilized by 1500-5000 cm™ depending on the nature and the
position of the substituent compared to frans conformations shows that ZINDO/S
takes care of important repulsion forces. One can see on Figure 5 that the fully planar
cis and frans conformations are the most stable for the S; excited state. It is thus
predicted that, after excitation, the molecules should relax to planar S; states. This is
in agreement with the large Stokes shifts generally found for oligothiophenes (see
Table 1) and the observation that fluorescence bands are always sharper than
corresponding absorption bands. It has to be pointed out here that just like that for
the ground state of the 3,3’ derivatives, ZINDO/S failed to predict any distorsion in
the S state geometry of the 3,3’-alkoxy derivatives. Figure 5 also shows that the
most stable conformations of the T, state are planar (¢ = 0° and 180°). However,
contrary to singlet states, potential energy surfaces show local minima when the
thiophene rings are in perpendicular arrangement, showing the biradical nature of the
first triplet state.

It is well-known that even if ZINDO/S sometimes failed to optimize the
ground and excited states geometry perfectly, it is, however, an excellent method to
predicting electronic transition energies [17-19, 36, 37]. Then, another way to
estimate the ground state geometry of the bithiophenes can be done by correlating
the S;«So electronic transition energy (v) calculated for each AMI optimized
geometry with the first absorption band energy obtained experimentally. Since no
vibronic interactions are involved in ZINDO/S calculations, results obtained refer to
the 0,0 electronic transition of isolated molecules (vapor phase). The experimental
v(0,0) of the various molecules have been estimated from the crossing of absorption
and fluorescence spectra. To evaluate the v(0,0) of the molecules in the vapor phase,
the wavenumbers have been plotted as a function of the polarizability function as
described elsewhere [17]. The polarizability function is defined by the relation f(n%)
= 2(n*-1)/(2n*+1), where n represents the refractive index of the alkane. At n =1,

f{(n?) = 0 such that the extrapolated curves give the estimated v(0,0) values for the
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molecules in the gas phase. Figure 6 shows such a plot for the DMO44BT
bithiophene derivative. Table 3 reports the best fits between extrapolated and
calculated v(0,0) values and the corresponding geometry. It is worth noting here that
the ZINDO/S method calculates about the same energies for conformations having
complementary dihedral angles. Table 3 reports only #rans conformations. Moreover,
ZINDO/S is not parameterized for the chlorine atom such that, in the case of
DCABT, Table 3 reports calculations where chlorine atoms are replaced by
hydrogen and fluorine atoms. In general, the ground state geometry of these

bithiophenes obtained from ZINDO/S are in excellent agreement with those

calculated from the AM1 method (see figure 4).

4. Concluding Remarks

This paper shows that electronic spectroscopy coupled with semiempirical
calculations can provide valuable information about the conformations adopted by
substituted bithiophenes in their ground and excited states. AM1 and ZINDO/S
semiempirical calculations coupled with the analysis of absorption spectra predict
that 3,3” twisted conformers are more stable when compared to the 4,4° analogs.
Fluorescence spectra as well as ZINDO/S calculations suggest that, after excitation,
molecules relax to much more planar S; excited states. The sole exceptions are 3,3’-
alkoxy derivatives which seem to remain in the same conformation in their Sy
relaxed excited states if one correlates the shape of their absorption and fluorescence
spectra. ZINDO/S calculations also predict that bithiophene derivatives in their Ty
excited states are characterized by planar as well as perpendicular conformations.

Fluorescence spectra show that 3,3’-alkoxybithiophenes are more rigid than
their 4,4° analogs in their relaxed S; excited state. However, their fluorescence
quantum yields are smaller by 1 order of magnitude compared to those of 4,4’-
alkoxy derivatives. We suggest that an enhanced intersystem crossing deactivation

process for the 3,3” derivatives might be responsible for this behavior.
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Table 1

Spectroscopic Parameters of the Bithiophene Derivatives Studied in #n-Hexane

at Room Temperature (298 K)

molecule Aa? Va2 € Fwhnm,® I Vi © fwhmg " A®
(mm) (m')y ™'em)  (em™) (nm) (cm™) (cm™) (cm™)
DD44BT 309 32300 11 000 4700 375 26 700 4000 5500
DMO44BT 316 31700 10300 5200 395 25 300 4000 6400
DBO44BT 320 31300 8 500 5600 393 25 400 4200 5900
DCABT 361 27700 18 000 5200 422 23 700 3500 4000
DCABT" 346 28900 26 700 4700 413 24 200 3700 4700
DD33BT 280" 35700 4400 - 374 26 700 5100 9000

DMO33BT 319 31400 12 900 4300 - - - -

DBO33BT 317 31500 15 000 4400 370 27 000 4000 4500

* Absorption wavelengths taken at the center of mass of the absorption band.

® Absorption wavenumbers taken at the center of mass of the absorption band.
°Full width at half-maximum (fwhm) of the absorption band.

4 Fluorescence wavelengths taken at the center of mass of the fluorescence band.
® Fluorescence wavenumbers taken at the center of mass of the fluorescence band.
'Full width at half-maximum (fwhm) of the fluorescence band.

& Stokes shift between absorption (v,) and fluorescence (vg) bands.

" Measure taken in methanol.

' Measure evaluated at the shoulder.
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Table 2

Fluorescence Quantum Yields (x 10°) of the Bithiophene Derivatives in #-

Hexane, n-Hexadecane, Methanol and n-Hexanol at Room Temperature (298K).

solvent DD44BT DMO44BT DBO44BT DCABT DD33BT DMO33BT DBO33BT

n-hexane 17 18 22 77 0.77 2.9 39
n-hexadecane 19 27 30 73 - 6.2 6.3
methanol 15 27 25 94 0.72 1.8 1.7

n-hexanol 18 27 32 168 1.4 5.7 33
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Table 3

Dihedral Angle Giving the Best Correlation between v, (0,0) Extrapolated at
n=1 and ZINDO/S Calculations (E (S; < Sp)) for Bithiophene Derivatives.

molecule y 00 agal b
(em™) (cm™)

DD44BT 30 800 30 400 150
DMO44BT 30400 30 095 150
DBO44BT 30000 30 070 150

DCABT 27800 274 00° 135

276 40° 135

DD33BT  35700° 36400 90

34 900 105
DMO33BT  31400° 31300 120
DBO33BT 31300 31 670 120

* Value obtained using an hydrogen atom as a replacement for the chlorine atom.
® Value obtained using a fluorine atom as a replacement for the chlorine atom.

° Value taken at the maximum of absorption.



Figure 1: Molecular structures of the substituted bithiophenes investigated.
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Figure 2: Absorption (—) and fluorescence (---) spectra of 4,4’-substituted

molecules in #-hexane.
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Figure 3: Absorption (—) and fluorescence (---) spectra of 3,3’-substituted

molecules in #-hexane.
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Figure 4: Potential energy curves for the ground state of 4,4’-substituted molecule
(A) and of the 3,3’-substituted molecule (B) obtained by the AMI

semiempirical method.
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Figure 5: Variation of So (—), S; () and T; (——) state energies of DMO44BT

as a function of the dihedral angle between the two thiophene rings.
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Figure 6: Plot of the 0,0 absorption wavenumber as a function of the polarizability

function f(n?) of the nonpolar solvents for DMO44BT.
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Figure 1: Molecular structures of the substituted bithiophenes investigated.
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Chapitre 2

Etude structurale et conformationelle de dérivés alkyls du

2,2’-bithiophéne

Avec ce chapitre commence 1’analyse conformationnelle des dimeres utilisant
les méthodes de calculs théoriques ab initio et semi-empiriques. Les trois prochains
chapitres porteront sur I’obtention des conformations minimales, des barriéres de
rotation et des structures géométriques des dérivés alkyls, alkoxys et alkylthios,
respectivement.

Dans ce chapitre, nous discuterons de I’importance de 1’encombrement
stérique créé par les groupes alkyls en position 3,3’ et 3’,4. Nous verrons que
I’insertion de tels groupes induit une torsion importante entre les cycles thiophenes
comparativement au BT. Conjointement, les barriéres rotationnelles pour les formes
planes sont également plus importantes. Ces résultats théoriques sont en accord avec
les données expérimentales décrites dans le précédent chapitre. Le derivé alkyl en
position 4,4’ n’a pas été considéré dans ce chapitre parce qu’il est bien connu qu’a
ces positions les substituants alkyls n’ont aucun effet sur la conformation du dimere
comme vu au chapitre 1 et comme nous allons le voir dans le prochain chapitre avec
les dérivés alkoxys.

Les résultats des calculs ab initio (HF/3-21G*) sont également comparés aux
résultats obtenus avec les méthodes semi-empiriques (AM1 et PM3). Nous verrons
que, pour ces dérivés alkyls, les calculs semi-empiriques sont satisfaisants pour
’obtention des conformations minimales mais ils sous-estiment les barriéres

rotationnelles. La validité des calculs semi-empiriques obtenue pour ces dérivés
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alkyls est due principalement a la nature méme des substituants. La contribution
électronique, comparativement a la contribution stérique, est faible dans le cas des
substituants alkyls ce qui rend valide I'utilisation des calculs semi-empiriques. Par
contre, la faiblesse des barriéres de rotation obtenues démontre le peu d’importance
qu’accordent les calculs AM1 et PM3 a la délocalisation électronique du dimere

considéré.

2.1 Article 2 : A conformational study of ethyl-substituted bithiophenes. Semi-

empirical versus ab initio methods.

Article publié dans Synthetic Metals, volume 94, pages 291-298 (1998).
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Abstract

Semi-empirical (AM1, PM3) and ab initio calculations (STO-3G, 3-21G¥)
are employed to obtain the equilibrium optimized geometries and the torsional
potential surfaces of 2,2’-bithiophene as well as its 3,4’- and 3,3’-ethyl-substituted
derivatives. For the unsubstituted molecule , ab initio calculations have also been
performed at the HF/6-31G* level. The geometries were completely optimized along
the torsional potential curves to account for the molecular relaxation, yielding a
physically meaningful picture of the nonrigid rotation. The results given by each
theoretical method are compared and discussed. It is found that ethyl substitution
causes rather small changes in the thiophene ring structure. Contrary to these results,
ethylation dramatically influences the overall shape of the torsional potentials,
leading to a large tilt from planarity. The barrier against planarity is found much
higher for the 3,3’-ethyl derivative. It is also observed that the steric hindrance

created by ethyl groups is much higher than that induced by methyl substituents.
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1. Introduction

Polythiophenes are among the most studied polymeric materials because of
their good chemical stability and high electrical conductivity in the oxidized (doped)
state [1]. However, characterization and processing of these conjugated polymers
have been limited by their inherent insolubility and infusibility. This problem of
processability has been solved by the incorporation of relatively long and flexible
side chains onto the polymer backbone. The development of these new substituted
polythiophenes has led to the discovery of interesting optical phenomena which are
not observed in the unsubstituted parent polymers. For instance, intriguing
thermochromic properties (both in the solid state and in solution) have been found in
several substituted polythiophenes. [2-9]. These observations have been interpreted
in terms of a reversible loss of conjugation due to out-of-plane twisting of thiophene
rings. It is believed that the torsion energies around thiophene-thiophene bonds are
affected by the nature and the position of the lateral groups, since they may lead to
both steric hindrance and electronic delocalization. We have recently shown that the
occurrence of thermochromism in polythiophenes can be related to the values of the
rotational energy barrier of dimer models which are building blocks of the
macromolecules [10].

Geometry optimizations have been reported mainly for 2,2’-bithiophene (BT)
[11-21] and its methyl-substituted derivatives [22-25]. In this work, the equilibrium
conformations and torsional potentials of BT, 3,4 -diethyl-2,2’-bithiophene
(DE34BT) and 3,3’-diethyl-2,2’-bithiophene (DE33BT) are investigated
theoretically using semi-empirical (AM1, PM3) and ab initio (STO-3G, 3-21G*)
methods. These molecules should act as better models than methyl-substituted
oligomers for poly(alkylthiophene)s. Much emphasis is put on the conformational
particularities of each theoretical method used. The molecules investigated are

shown in Fig. 1.
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2. Methodology

2.1. Semi-empirical calculations

It is well known that the MNDO (modified neglect of differential overlap)
semi-empirical method [26,27] is not able to reproduce dihedral angles in conjugated
systems. AM1 (Austin model 1) is an improved version of MNDO which has been
developed to correct some of its weaknesses [28-31]. PM3 (parametric method 3) is
a re-parameterization of AM1 which differs only in the values of the parameters
[32]. The parameters for PM3 were derived by comparing a much larger number and
wider variety of experimental versus computed molecular properties. Typically,
nonbonded interactions are less repulsive in PM3 than in AMI.

AMI1 and PM3 calculations including the sulfur atom parameter sets were
performed using the HYPERCHEM package, release 4.5 for Windows from
Hypercube, Inc., on a Pentium computer with an internal memory of 32 Mbytes. A
r.m.s. gradient in the energy of 0.1 kcal mol™ was use for the optimization criterion.
The conformational analysis was done by changing the torsional angle 6 by 15° steps
between 6 = 0° (planar syn conformation) and 8 = 180° (planar anti conformation).
For each conformer, the dihedral angle was held fixed while the remainder of the
molecule was optimized (the rigid-rotor approximation was not applied). The energy
differences are always relative to the corresponding absolute minimum

conformation. Potential energy surfaces have been drawn using a spline fitting.

2.2. Ab initio calculations

The ab initio calculations were performed on a Silicon Graphics Challenge
R4000 work station at the University of Montreal using the Gaussian 90 program
[33]. STO-3G and 3-21G* basis sets were used for the calculations. The 6-31G*
basis set has also been used for BT. The Berny analytical gradient method was used

for the optimizations. For BT, a Cy, symmetry restriction was applied for the planar
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anti conformation and a C,, symmetry restriction was applied for the planar syn
conformer. A locally C; symmetry restriction between the two rings was applied for
nonplanar BT conformers and DE33BT but no constraint was applied to the side
groups. For DE34BT, no symmetry restriction was applied. The requested HF
convergence on the density matrix was 10° and the threshold values for the
maximum force and the maximum displacement were 0.00045 and 0.0018 a.u,
respectively. To obtain the final torsional angles of the most stable conformers,
calculations of these geometries were performed without constraint on the dihedral
angle. Ab initio calculations were done at each 30° due to the longer time of the
calculations. The geometries were completely optimized at each value of the dihedral

angle i.e. the rigid-rotor approximation was not used.

3. Results and Discussion

3.1. Geometry optimizations

The structural parameters of the optimized equilibrium geometries of BT,
DE34BT and DE33BT as obtained by the various theoretical methods investigated
are compiled in Tables 1-3, respectively. Table 1 also reports bond lengths and bond
angles of BT in the vapor phase as obtained by the electron diffraction technique
[16]. The atomic numbering is indicated in Fig. 1.

Table 1 shows that the agreement between experimental and theoretical data
is good and rather similar for each theoretical method . Indeed the standard deviation
varies between 0.018 and 0.025 A for bond lengths and between 0.7 and 1.3° for
bond angles depending on the theoretical method used. Surprisingly the PM3 semi-
empirical method gives the best overall agreement with electronic diffraction data.
Thus, we can conclude that, except for the dihedral angle (see Section 3.2), semi-
empirical calculations are good enough to obtain the accurate structure of BT. The

same behavior has been found for methoxy-substituted bithiophenes [34].
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One can see from Tables 1-3 that the incorporation of an ethyl group in 3
and/or 3’ position(s) induces only small changes in the structural parameters of BT
which are consistent for each theoretical method. For example, C2-C2’, S1-C2 and
C3-C4 bond distances are stretched, whereas the C4-C5 bond length is shortened
upon ethylation. Moreover C2’-C2-C3, S1-C2-C3 and C3-C4-C5 bond angles
increase, while the C2-C3-C4 bond angle decreases in the presence of ethyl groups.
The small geometrical perturbation contributes to relieve some of the steric
hindrance created by ethyl groups. It is worth mentioning that all the theoretical
methods employed show that, as the torsion between thiophene rings increases, the
C2-C2’ bond length also increases. This is in agreement with a reduction of the
electronic delocalization along the molecular frame for hindered molecules.
However, this correlation is much stronger using the ab initio methods as shown in

Table 1-3.

3.2. Conformational analysis

We illustrate in Fig. 2 the torsion potential surfaces of BT, as calculated with
the various theoretical methods. 4b initio calculations performed at the HF/6-31G*
level show the existence of two-well defined potential wells separated by a relatively
small energy barrier (1.69 kcal mol™). These results suggesting the coexistence of
syn and anti conformers are in good agreement with ab initio calculations performed
at the same level of theory (or with more sophisticated basis sets) [17,18,21,24] and
with the experimental studies on the isolated BT molecules [16,35,36] and in
solution [37]. However, according to ab initio calculations performed on BT [21]
and biisothiathianaphthene [38], the rotational energy barrier calculated at the HF/6-
31G* level is overestimated compared to that obtained at the MP2 (Moller Plesset
Method) level. The absolute energy minimum corresponds to the anfi conformation
with a dihedral angle © = 147.3°. This equilibrium geometry arises from a
compromise between the electronic conjugation between thiophene rings and steric

repulsions occuring between sulfur and hydrogen atoms. But the energy barrier
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against planarity is so small (0.37 kcal mol™) that, in the solid state, packing effects
lead to a coplanar conformation (8 = 180°) [39-41]. The syn-like conformer is
located at 45° and is less stable than the global minimum by 0.68 kcal mol™. Tt is
interesting to note that the planar syn-conformer is more energetic than the
perpendicular conformation. Although the planar syn conformer possesses high
conjugation, the steric interactions between sulfur atoms are strong enough to
destabilize the system by about 1.9 and 1.2 kcal mol! relative to the optimal anfi and
syn conformers, respectively. From Fig. 2, one can see that HF/3-21G* and HF/6-
31G* potential energy surfaces are very similar. Indeed the minimum energy twist
angles are calculated at identical values and the rotational barriers are close enough.
The 3-21G* calculations shown here are in very good agreement with those reported
by Hernandez and Lopez Navarrete [19]. Moreover, these authors found that 3-21G*
and 6-31G** ab initio calculations performed on BT as well as on 3,4’- and 3,3-
methyl-substituted bithiophenes are in excellent agreement with each other. On the
other hand, the use of the 3-21G basis set gives a rotational energy barrier which is
largely overestimated and a gobal minimum for a planar anti conformation [24]. It
was found that this basis set overestimates the conjugative interactions and to a
smaller extent the nonbonded interactions [24]. A similar behavior has been
observed from the STO-3G potential energy surface (see Fig. 2). Thus, as expected,
ab initio calculations performed with the minimal basis set are not able to represent
the conformational preferences of BT and overestimate the rotational energy barrier
in agreement with STO-3G calculations reported elsewhere [12-14].

Surprisingly, the overall shape of the torsional potential curve obtained from
AMI calculations is much more similar of that obtained with HF/3-21G* than that
obtained at the HF/STO-3G level. Indeed, the minima (30, 150°) and maxima (0, 90,
180°) are calculated at similar torsional angles to those obtained from HF/6-31G* or
HF/3-21G* ab initio methods. But the calculated energies are very underestimated
by using AMI as observed before [20,24,42-44]. For instance, the AMI barrier to
rotation is only 0.44 kcal mol™. On the other hand, the use of PM3 calculations leads

to an erroneous rotational profile. Indeed the PM3 method also gives two minima at
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similar angles, but the relative positions are inverted, with the syn-like conformation
more stable by 0.52 kcal mol” in agreement with similar calculations reported in the
literature [25,44]. Comparison between the different methods leads us to consider the
3-21G* basis set as the minimum level necessary to study the conformational
preferences of the substituted bithiophenes investigated in this work and elsewhere
[34,45]. Energies and torsional angles of the minima and maxima of BT, DE34BT
and DE33BT as obtained by the 3-21G* basis set are compiled in Table 4.

The torsional potential surfaces of DE34BT are displayed in Fig. 3. One can
see that 3-21G* calculations predict two minima at twisted angles of 60.0 and 108.1°
separated by a very small energy barrier (0.1 kcal mol™). Thus, the presence of an
ethyl group in position 3 creates repulsive steric interactions which twist the
molecule. But the energy barrier at © = 180° is relatively small (2.2 kcal mol™) such
that planar anti conformation is probably allowed in the solid state. In agreement
with this assumption, X-ray diffraction measurements have revealed co-planar (or
nearly co-planar) structures for poly(3-alkylthiophene)s in the solid state, at room
temperature [46-48]. Thus interchain (or intrachain, through chain folding)
interactions can be large enough to compensate the energy barrier against planarity
for these polymers. Fig. 3 also shows that the fully planar syn conformation is more
destabilized than the planar anti structure, indicating that the combined sulfur-sulfur
and ethyl-hydrogen steric effects are more important than the combined ethyl-sulfur
and sulfur-hydrogen repulsive interactions. 3-21G* calculations have also been
performed for torsional angles ranging from 8 =180 to 8 = 360° since a small
molecular asymmetry does exist in the molecule. A nearly mirror-image symmetry
centered at © = 180° is observed (figure not shown). The 3-21G* potential energy
surface of DE34BT differs from that of DM34BT calculated at the same level of
theory [19]. For DM34BT, only one minimum is observed for the nearly orthogonal
conformation (6 = 108.6°) but no energy calculation has been performed at 6 = 60°.
Moreover the rotational barrier against planarity (amfi-structure) is smaller for
DM34BT (about 0.8 kcal mol™) than for DE34BT (2.2 kcal mol™). This strongly

suggests that an ethyl group creates more steric hindrance than a methyl substituent.
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At the HF/STO-3G level, the most stable conformation is predicted as less
twisted (6 = 150°). A local minimum is found at around 50° which is destabilized by
1.15 kcal mol’ compared to the global minimum. Moreover, the planar
conformational energies are very underestimated compared to that found at the 3-
21G* level. Two minima (8 = 45 and 6 = 135°) are also obtained from AMI
calculations with the syn-like conformer as the most stable. The energy barrier
between these two minima (0.43 kcal mol™) is higher than that observed from ab
initio calculations performed at the HF/3-21G* level (0.1 kcal mol™). The AMI
results reported here are quite different to those reported by dos Santos and Bohland-
Filho [44] where the planar anti conformer of DE34BT is predicted as the most
stable. The reason for this discrepency may be the possible use of the rigid-rotor
approximation in their calculations. PM3 calculations also predict a syn conformer (0
= 50°) as the most stable but no local minimum is displayed in the anti portion of the
curve. These results reproduce PM3 calculations reported in [44].

The above theoretical results are in good agreement with the spectroscopic
evidence that the first absorption band of 3-octyl-2,2’-bithiophene in #-hexane (Aa =
293 nm) is blue-shifted by 8 nm compared to that of BT (As =301 nm) [49]. This is
caused by a decrease in the electronic conjugation arising from a more tilted angle
between thiophene rings. This behavior has been well supplemented using ZINDO/S
calculations [20,49,50].

From Fig. 4, one can see that the structure of DE33BT predicted by 3-21G*
calculations is very twisted (6 = 101.5°) with a barrier against planarity (at = 180°)
of 7.6 kcal mol™ compared to 2.2 keal mol™ found for DE34BT. This clearly shows
that the addition of a second ethyl group in the 3’ position largely increases the steric
hindrance. Along the same line, it is worth noting that, contrary to poly(3-alkyl-
thiophene)s, interchain interactions are not sufficient to allow a co-planar
conformation for poly(3,3’-dialkyl-2,2’-bithiophene)s [5,51]. The same behavior has
been found for 3-21G* [19] an 6-31G* [24] ab initio calculations performed on
DM33BT. But the rotational barrier at 180° is much lower for DM33BT (4.2 kcal
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mol™ at the HF/3-21G* level) than for DE33BT ( 7.6 kcal mol™) confirming the
assumption mentioned above that an ethyl group induces stronger steric effects than
a methyl substituent.

The same profile is observed when STO-3G calculations are performed on
DE33BT but the whole curve is less energetic than the 3-21G* energy profile and the
dihedral angle of the most stable conformer is shifted to 115°. AM1 calculations
predict two minima located at 135° and 60° which are almost isoenergetic (AE =
0.029 kcal mol™) with a small rotational barrier (0.25 kcal mol™). As in the case of
DE34BT, our AMI calculations do not agree with those published by dos Santos and
Bohland-Filho [44] which predict the global minimum at 6 = 180°. PM3 and 3-21G*
potential energy surfaces are quite similar in the anti section of the curves. But the
syn conformers are less energetic than those calculated using the 3-21G* basis set as
observed elsewhere [44].

According to the above results, DE33BT should be very twisted. This
assumption agrees well with spectroscopic data showing that the first absorption
band of 3,3’-dioctyl-2,2’-bithiophene [49] and 3,3’-didecyl-2,2’-bithiophene [50] in
n-hexane are blue-shifted by about 20 nm and are much more reduced in intensity
compared to that observed for BT. Indeed, as predicted from ZINDO/S calculations
[20,49,50], the singlet-singlet electronic energy increases and the oscillator strength
decreases as the torsional angle between thiophene rings becomes more tilted.
Another spectroscopic evidence in favor of the theoretical results reported above is
the fact that the Stokes shift between absorption and fluorescence spectra of
DD33BT in solution is very large ( about 9000 cm™) compared to that of the 4,4’
didecyl derivative (about 5500 cm™) [50]. This indicates that large conformational
changes occur during the relaxation of the Franck-Condon excited state. According
to semi-empirical [50] and ab initio calculations [52] and following spectroscopic
data [50], BT derivatives adopt a planar conformation in the first relaxed singlet
excited state. Thus, the large Stokes shift observed strongly suggests that DD33BT is
twisted in the ground state. Since the length of the alkyl chain should not have
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significant effects on this behavior. DE33BT is expected to give the same type of

results.

4. Concluding remarks

We have presented semi-empirical and ab initio calculations for the
investigation of equilibrium structures and torsional potential curves of 2,2°-
bithiophene (BT), 3,4’-diethyl-2,2’-bithiophene (DE34BT) and 3,3’-diethyl-2,2’-
bithiophene (DE33BT). The overall agreement between theoretical and experimental
structural parameters of BT is about the same for each theoretical method
investigated. This suggests that semi-empirical methods are sufficiently accurate to
provide reliable bond distances and angles of oligothiophenes.

Potential energy surfaces compiled for BT at HF/6-31G* and HF/3-21G*
levels are very similar. From these calculations, a nonplanar anfi conformer is
predicted as the more stable but the energy barrier against planarity is rather small
(0.39 kecal mol™). Another local minimum is located at aroud 45° in agreement with
experimental data. On the other hand, STO-3G calculations predict the BT molecule
as planar with an anti configuration. No other local minimum is detected by this
method. These results show that a minimal basis set is not large enough to calculate
small details in the torsional potential surface of this type of molecule. Surprisingly
the AM1 potential energy surface qualitatively agrees with that obtained at the HF/3-
21G* level but the energies are largely underestimated. Finally, a syn-like conformer
is predicted as the minimal energy structure from PM3 calculations.

The incorporation of ethyl groups causes rather small changes in the
thiophene ring structure. These small variations in the structural parameters are
consistent within each theoretical method investigated. On the other hand, the shape
of the torsional potential curves changes dramatically with the presence of ethyl
groups. Each theoretical method clearly shows that ethyl-substituted oligomers are
very twisted. It is found that the barrier against planarity is much higher for the 3,3’-

ethyl-substituted derivative in agreement with the nonplanar conformation of the
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parent polymer in the solid state. It is also observed that ethyl groups create more
steric hindrance than methyl groups. Thus, the former compounds should be more

adequate as models in the conformational analysis of poly(alkylthiophene)s.
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Optimized Geometry of BT

Table 1
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Parameter°  HF/6-31G* HF/3-21G* HF/STO-3G AMI1  PM3 e diff.”
C2-C2’ 1.465 1.458 1.479 1.424 1.440 1.456
$1-C2 1.739 1.735 1.744 1.687 1746 1.733
C2-C3 1.352 1.353 1.346 1387 1376 1370
C3-C4 1.434 1.434 1.448 1427 1432 1.452
C4-C5 1.344 1.347 1.336 1379 1366 1.363
C5-S1 1.725 1.721 1.730 1.665 1721 1.719
C3-H3 1.074 1.069 1.080 1.092 1.091 1.124
C4-H4 1.073 1.069 1.080 1.092 1.090 1.123
C5-H5 1.071 1.067 1.079 1.089 1.089 1.122
C2’-C2-C3 128.3 127.8 127.6 126.7 1246 1263
S1-C2-C3 110.8 111.0 111.5 110.7 1112 1118
C2-C3-C4 113.2 113.0 112.8 111.8 1126 1119
C3-C4-C5 112.6 112.5 112.2 111.6 1124 1123
C4-C5-S1 111.8 111.9 112.7 1ie 1125 1123
C5-S1-C2 91.6 91.6 90.8 940 913 917
C2-C3-H3 123.3 123.3 124.2 1249 1245 123.1
C3-C4-H4 123.6 123.5 123.1 123.1 1227 1236
C4-C5-H5 127.9 127.1 126.9 1253 1257 1279

$1-C2-C2’-ST1’ 1473 146.3 180.0 150.0 300 1484

* Distances (A), angles and the dihedral angle (°).
® Taken from Ref. [16].



Optimized Geometry of DE34BT

Table 2

parameter * HF/3-21G* HF/STO-3G AM1 PM3
C2-C2 1.468 1.486 1.426 1.442
S1-C2 1.735 1.748 1.691 1.748
C2-C3 1.349 1.346 1.384 1.373
C3-C4 1.441 1.458 1.433 1.438
C4-C5 1.348 1.335 1.381 1.369
C5-81 1.723 1.729 1.666 1.720
C3-H3 1.070 1.079 1.093 1.093
C5-HS 1.068 1.078 1.089 1.090
C4-Ca 1.509 1.526 1.477 1.485
Ca-Cb 1.548 1.548 1.511 1.515
C2’-C2-C3 127.2 1285 126.8 1253
S1-C2-C3 111.0 111.7 110.7 111.4
C2-C3-C4 113.6 1125 112.0 112.5
C3-C4-C5 111.5 112.1 1113 112.2
C4-C5-81 112.6 113.0 112.1 112.6
C5-81-C2 91.4 90.8 93.9 913
C2-C3-H3 122.9 124.8 124.8 124.9
C4-C5-HS 126.5 126.5 125.2 125.2
C3-C4-Ca 123.2 122.5 123.2 122.8
C4-Ca-Cb 110.2 110.5 112.1 111.4
C3-C4-Ca-Cb 285.9 287.2 -77.9 -78.5
s1°-C2’ 1.737 1.748 1.691 1.749
Cc2°-C3’ 1.353 1.346 1.389 1377
C3’-C4’ 1.441 1.458 1.435 1.440
Cc4’-C5’ 1.346 1.335 1.375 1.364
C5°-81° 1.717 1.729 1.667 1.721
C4-H4’ 1.070 1.080 1.092 1.091
C5*-HS’ 1.068 1.079 1.089 1.089
C3’-Ca’ 1.509 1.526 1.477 1.485
Ca’-Ch’ 1.548 1.548 1.511 1.515
C2-C2°-C3’ 128.1 128.5 127.6 126.6
S$1°-C2°-C3® 111.8 111.7 110.9 1113
C2°-C3’-C4’ 111.8 112.5 111.3 112.1
C3°-C4’-C5° 113.1 112.1 112.0 112.6
C4-C5°-81’ 111.9 113.0 111.8 112.5
C5°-81°-C2’ 90.8 94.0 914
C3’-C4’-H4’ 122.9 122.8 122.5 122.2
C4’-C5’-HS’ 126.9 126.7 125.5 125.6
C2’-C3’-Ca’ 125.6 126.6 126.2 126.4
C3’-Ca’-Cb’ 110.1 110.6 112.2 111.6
C2’-C3’-Ca’-Cb’ 262.5 254.2 -107.7 -108.2
S1-C2-C2’-S1’ 108.1 40.4 45.0 50.0

* Distances (A), angles and dihedral angles (°).
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Table 3

Optimized Geometry of DE33BT

parameter*  HF/3-21G* HF/STO-3G AM1  PMS3
C2-Cc2” 1.470 1.491 1427 1.445
S1-C2 | Byahy 1.749 1.690 1.749
C2-C3 1.353 1.346 1.388 1.376
C3-C4 1.442 1.458 1435 1.440
C4-C5 1.345 1.332 1376 1.363
C5-S1 1.718 1.728 1.666 1.722
C4-H4 1.070 1.080 1.092 1.091
C5-H5 1.068 1.079 1.089 1.089
C3-Ca 1.509 1.526 1.477 1.485
Ca-Cb 1.546 1.546 1.510 1.515
C2’-C2-C3 128.1 128.1 128.3 126.3
S1-C2-C3 111.6 112.0 111.0 1114
C2-C3-C4 111.9 111.8 1112 1LE.l
C3-C4-C5 113.1 112.8 112.0 1126
C4-C5-S1 111.9 1127 111.9 1126
C5-S1-C2 914 90.7 93.9 91.3
C3-C4-H4 123.0 122.5 1227 1222
C4-C5-HS5 126.9 126.8 1254 1256
C2-C3-Ca 125.7 126.3 125.6  126.2
C3-Ca-Cb 111.4 112.4 113.0 111.6
C2-C3-Ca-Cb 250.8 2529 -132.0 -106.6
S1-C2-C2°-ST’ 101.5 113% 60.0 95.0

* Distances (A), angles and dihedral angles (°).
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Table 4
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Relative energies (kcal mol™) and torsional angles (0) of BT, DE34BT and

DE33BT obtained by ab initio calculations performed at the HF/3-21G* level

Molecule  syn (6 = 0°) 6 =90° anti (6 = 180°)
BT 1.72 057 1.49 0.0 0.39
(44.7°) (146.3°)
DE34BT 3.81 0.014 0.1 0.0 2.2
(60.0°) (108.1°)
DE33BT 15.9 - 0.0 - 7.6

(101.5°)
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Figure 1. Molecular structures of the bithophenes investigated.
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Figure 2. Potential energy curves of BT as obtained from semi-empirical (AML,

PM3) and ab initio (STO-3G, 3-21G*, 6-31G*) calculations.
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Figure 3. Potential energy curves of DE34BT as obtained from semi-empirical

(AM1,PM3) and ab initio (STO-3G, 3-21G*) calculations.
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Figure 4. Potential energy curves of DE33BT as obtained from semi-empirical

(AM1,PM3) and ab initio (STO-3G, 3-21G*) calculations.
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Chapitre 3

Etude structurale et conformationnelle de dérivés alkoxys

du 2,2’-bithiophéne

L’analyse conformationnelle des diméres se poursuit ici avec la présentation
des résultats théoriques obtenus sur les dérivés alkoxys. Contrairement aux
substituants alkyls, la contribution électronique des substituants alkoxys en position
3 et/ou 3’ est plus importante. Ceci se refléte sur les conformations minimales et les
barriéres rotationnelles de ces substituants. La présence des substituants alkoxys
induit une plus grande planéité entre les cycles thiophénes et une barricre
rotationnelle 4 90° plus importante. Cet effet est expliqué par une combinaison des
effets mésomeéres entre le doublet libre de I’oxygéne et les électrons m du systéme
aromatique et la variation des densités de charge créée par Iinsertion des
groupements alkoxys. L’insertion des groupements alkoxys en position 4,4 n’affecte
aucunement la surface d’énergie potentielle du dimére comparativement au BT. Les
résultats sur un dimeére possédant des groupements alkoxys et alkyls sont également
présentes.

Les résultats semi-empiriques présentés dans ce chapitre montrent un
désaccord important comparativement aux résultats obtenus avec les calculs ab
initio. Ce désaccord est principalement dii & la faiblesse des méthodes semi-
empiriques utilisées pour obtenir les surfaces d’énergie potentielle des systémes ou

les facteurs électroniques sont importants.
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3.1 Article 3: HF/3-21G* ab initio calculations on methoxy-substituted

bithiophenes

Article accepté dans Journal of Molecular Structures (TheoChem), novembre 1998.
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Abstract

We report, for the first time, the lowest energy structures as well as a detailed
conformational analysis of several bithiophenes substituted with methoxy and methyl
groups in various positions. For each molecule, geometrical parameters and potential
energy surfaces have been obtained from HF/3-21G* ab initio calculations. The
effect of the position of substituents on structural parameters and on torsional
potentials has been examined. These calculations give results, which are in good
agreement with available experimental data. For oligomers having methoxy groups
in positions 3,3’ and 3,4°, planar anti conformations are well stabilized with large
rotational barriers at 90°. This phenomenon has been interpreted in terms of charge
transfer in the thiophene units induced by the methoxy groups in the 3 and/or 3’
positions and delocalization throughout the molecular frame. For 4 4’-methoxy-2,2’-
bithiophene, the alkoxy groups do not show any influence on the electronic structure
of the molecule and do not create steric hindrance such that the most stable
conformer is very similar to that of the unsubstituted bithiophene molecule. On the

other hand, it is found that the most stable conformer of 3,4’-dimethoxy-4,3’-
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dimethyl-2,2’-bithiophene is much twisted due to the presence of the methyl group in
the 3’-position. This work also reports on theoretical results performed at lower
levels (AM1 and PM3) since these levels of calculation are often the only ones
practically available for large substituted oligothiophenes. It is shown that these
calculations fail to predict accurate conformations of the molecules studied here
mainly due to the methoxy group substituent. A ZINDO/S analysis performed on the
geometries obtained by the various theoretical methods employed is also reported. It
is observed that, for the same torsional angle, the ZINDO/S method is very sensitive

to the starting geometry.

1. Introduction

Some substituted polythiophenes with relatively long and flexible side chains
show interesting thermochromic properties, both in solution and in the solid state [1-
7]. It has been found that these thermochromic properties are strongly related to the
nature and the position of the side chains in the repetitive units of the polymer [8].
The optical properties presented by these macromolecules involve the intramolecular
delocalization of the 7 electrons along the conjugated chain. This delocalization
depends on the extent of the overlapping between the p, orbitals of the carbon atoms
in the o,o’-positions which is governed by the internal rotation around the single
bonds between adjacent thiophene rings.

Ab initio calculations have been used to obtain the torsional potential of 2,2’-
bithiophene (BT) [9-18] as well as of various alkyl-substituted derivatives [19-23].
For BT, the most advanced calculations show the existence of two well-defined
potential wells separated by a relatively small barrier suggesting that syn-gauche and
anti-gauche conformers should coexist [17, 18, 22]. The incorporation of alkyl-
substituents in 3 and/or 3’ positions creates a large steric hindrance, which induces a
large torsion of the molecule, giving rise to an increase in the rotational barrier

against planarity. It was shown that the occurrence of thermochromism in



68

polythiophenes could be related to the values of the rotational barrier of dimer
models, which are building blocks of the macromolecules [24]. To reduce the time of
calculation, semiempirical calculations have also been performed on BT and on
substituted bithiophenes [25-31]. It was observed that the potential energy surface of
BT calculated by the AM1 method [26, 27] is qualitatively similar to those found out
by the most advanced ab initio calculations [17, 18, 22]. Even though the energy
curve is too flat compared to ab initio result, the lowest energy conformations are
well reproduced. The AM1 method also detects steric effects caused by alkyl
substituents giving rise to much twisted conformations for alkyl-substituted
bithiophenes. Alkoxy-substituted derivatives are also predicted to be much twisted
from these semiempirical calculations [30, 31]. However, these calculations seem to
neglect the electronic properties of the alkoxy substituents, which should favor a
better planarity of the molecule.

To the best of our knowledge, ab initio calculations have never been
performed on alkoxy-substituted bithiophenes. In order to obtain more reliable
information about the conformation of this type of molecules, we will report on a
conformational analysis of 4,4’-dimethoxy-2,2’-bithiophene (DMO44BT), 3,3’-
dimethoxy-2,2’-bithiophene (DMO33BT) and 3’,4-dimethoxy-2,2’-bithiophene
(DMO34BT) using HF/3-21G* ab initio calculations. The HF/3-21G* method has
been selected because of the relatively large size of our systems. The results obtained
with this ab initio method can be successfully compared with more elaborate ab
initio calculation as HF/6-31G*, MP2/6-31G* and DFT calculations for BT
[17,18,32] and substituted bithiophenes [20,22,33]. Moreover, preliminary results
have shown that HF/3-21G* and HF/6-31G** performed on 2-methoxy thiophene
show very similar torsional potentials. The theoretical results obtained show that the
incorporation of methoxy substituents in 3 and/or 3’ positions greatly improves the
molecular planarity in agreement with experimental data reported in the literature.
This paper also reports HF/3-21G* calculations performed on 3,4’-dimethoxy-4,3’-
dimethyl-2,2’-bithiophene (DMODM34BT) which is the dimer model for the
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corresponding thermochromic polythiophene [24]. It is shown that the presence of a
methyl group in the 3’-position induces a twisting in the molecule. Semiempirical
(AM1, PM3) calculations are also reported. It is observed that these calculations fail
to give reliable results for the geometry of the molecules studied involving methoxy
groups. Finally a ZINDO/S analysis have been performed on the molecular
geometries optimized by the various theoretical methods used. It is shown that, for
the same twisting angle, the ZINDO/S method is very sensitive to the starting

geometry. The molecules investigated are shown in Figure 1.

2. Theoretical Methods

Ab initio calculations were performed on a Silicon Graphics Challenge R4000
workstation at the University of Montreal using the Gaussian 90 program [34]. The
HF/3-21G* basis set was used for the calculations. The Berny analytical gradient
method was used for the optimizations. For the 3,3’- and 4,4’-methoxy bithiophenes,
a locally C, symmetry restriction was applied between the two rings but no
constraint was applied to the side groups. For the other molecules, no symmetry
restriction was applied. The requested HF convergence on the density matrix was
10® and the threshold values for the maximum force and the maximum displacement
were 0.00045 and 0.0018 a.u. (atomic unit), respectively. To obtain the final torsion
angles of the most stable conformers, calculations of these geometries were
performed without constraint on the dihedral angle. Potential energy surfaces have
been drawn using a simple analytical form (1) least-squares-fitted which has been

used by most workers in the field [18, 32]:
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V(@) =31/2 ¥,(1-cos(n6)) )

with m varying from 4 to 6. For the complete potential energy surface of
DMODM34BT (Fig. 5), the fitting has been done separately for 0 to 180° and for
180 to 360° due to the asymmetry of the potential energy surface.

AMI1 (Austin model 1) [35-38] and PM3 (Parametric Method 3) [39]
semiempirical methods including the sulfur atom parameter sets were performed
using the HYPERCHEM package, release 4.5 for Windows from Hypercube, Inc.
PM3 is a reparametrization of AM1, which is based on the neglect of diatomic
overlap (NDDO) approximation. Typically, nonbonded interactions are less
repulsive in PM3 than in AM1. A RMS gradient in the energy of 0.1 kcal mol™ was
used for the optimization criterion.

The semiempirical conformational analysis was done by changing the
torsional angle 0 by 15° steps between 8 = 0° (syn conformation) and 8 = 180° (anti
conformation). Ab initio calculations were compiled at each 30° due to the longer
time of the calculations. For each conformer, the dihedral angle was held fixed while
the remainder of the molecule was optimized (the rigid rotor approximation was not
applied).

The ZINDO/S method including configuration interaction (CI) as employed
in the HYPERCHEM package has been used to calculate the singlet-singlet
electronic transition energies of the optimized conformers. ZINDO/S is a modified
INDO method parameterized to reproduce UV/Visible spectroscopic transitions
[40,41]. The electron-repulsion integrals were evaluated using the Mataga-Nishimoto
formula. All singly excited configurations involving the five highest occupied and
the five lowest unoccupied orbitals (CI = 5/5) were included in the energy

calculation.
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3. Results and Discussion

3.1. Equilibrium structures

Fully optimized geometric structures of the lowest energy conformer of each
bithiophene derivative as obtained by the HF/3-21G* method are compiled in Tables
1 to 4. The atomic numbering is indicated in Figure 1. For the sake of comparison,
X-Ray measurements of DMO44BT [42] and DMO33BT [43] are included in Tables
1 and 3, respectively. It is observed that X-Ray structures of both molecules are well
reproduced by ab initio calculations performed at the HF/3-21G* level.

Insertion of methoxy groups in 4,4’-positions does not significantly change
the geometrical parameters of BT (see Table 1 and ref. [20]). The sole exception is
the C2-C3 bond length, which is shorter for DMO44BT than BT. This can be
explained by the electron-donor properties and/or an inductive effect of the methoxy
groups which can produce a resonance structure and/or a charge transfer involving
C4, C5 and S1 atoms (or C4’-C5’-S1’ in the other thiophene ring). This resonance
structure should not increase the electronic delocalization between the two
heterocycles. Indeed, this behavior has no effect on the value of the C2-C2’ bond
length but favors a slightly better planarity for DMO44BT (S1-C2-C2’-S1’ dihedral
angle = 148.4°) compared to BT (S1-C2-C2’-S1’ dihedral angle = 146.3°) as well as
a slightly higher rotational barrier between thiophene rings for the former molecule
(see next section).

Tables 1 and 2 show that the C2-C2’ bond length of DMO34BT is shorter
than that of DMO44BT. This shows the importance of the methoxy group in the 3’
position in the electronic structure of the dimer. The consequence of this behavior is
the increase of the molecular planarity (S1-C2-C2°-S1’ torsion angle = 170.9°)
which causes a reduction of the inter-ring bond length (see next section). The
incorporation of a second methoxy group in the 3 position (DMO33BT) further
decreases the C2-C2’ bond length due to the increase of the planarity of the molecule
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(S1-C2-C2°-S1° torsion angle = 180°) compared to DMO34BT. This shows the
additive effect of the two methoxy groups in the 3,3’ positions. On the other hand,
the presence of a methyl group in the 3’-position of DMODM34BT induces a large
twisting between thiophene rings, which contributes to increase the C2-C2’ bond
distance. The same behavior has been observed for alkyl-substituted bithiophenes
[20, 23]. From Table 4, one can also observe that C3-C4 (or C3’-C4’) bond lengths
are longer showing the repulsion between methyl and methoxy groups. It is worth
mentioning that all molecules show a stretching of the C2-C2’ bond length as the
torsion between thiophene rings increase.

It is interesting to note that the orientation of the methoxy groups relative to
the molecular frame depends upon the position of this substituent on the molecule.
Indeed methoxy substituents in 3 and/or 3’-positions adopt a twisted conformation
(C2-C3-0a-Cb) while these groups in 4 and/or 4’-positions are planar (C3-C4-Oa-
Cb) with neighboring thiophene rings. This difference will be discussed later in the
text with the presentation of the potential energy profiles. It will be shown below that
the orientation of the methoxy groups does not significantly affect potential energy
surfaces but can influence singlet-singlet electronic transitions as calculated by the
ZINDOY/S semiempirical method.

Finally, we have observed that all the theoretical methods investigated are in
good agreement with each other as far as the geometrical parameters are concerned.
The sole exceptions are the orientation of methoxy groups in 3 and/or 3’-positions,
which are predicted as nearly planar for all the molecules by the semiempirical

methods and the inter-ring torsion as discussed below.
3.2. Conformational analysis
Torsional potentials of the various dimers as obtained by ab initio HF/3-21G*

as well as semiempirical (AM1 and PM3) calculations are represented in Figures 2 to

5. The energies and torsional angles of the minima and maxima of each molecule as
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obtained by the HF/3-21G* method are compiled in Table 5. Recently, we have
shown that torsional potential energy surfaces of BT obtained from ab initio
calculations using HF/3-21G* and HF/6-31G* basis sets are very close [23]. This,
and a comparison with the literature results on ab initio calculations (HF with large
basis sets, MP2 (Moller-Plesset Method) and DFT (Density Functional Theory) on
BT [17,18,22,32] and on alkyl-substituted bithiophenes [20-22,33], strongly suggest
that the HF/3-21G* basis set is sufficiently accurate for a conformational analysis on
substituted bithiophenes.

The complete conformational analysis of the molecules investigated here
should involve the dihedral angle between thiophene rings as well as the orientation
of the methoxy groups relative to the molecular plane. In a first step, a
conformational analysis of the methoxy group in the 4 (or 4°) position (for
DMOA44BT) has been obtained keeping the inter-ring torsion angle fixed. The results
show that the methoxy substituents adopt an anfi conformation (C3-C4-Oa-Cb
dihedral angle = 180°) in agreement with X-Ray data [42]. Tt was observed that the
perpendicular and syn conformations of the methoxy groups are more energetic
regardless of the value of the inter-ring torsional angle. In a second step, the inter-
ring torsional potential has been obtained for two sets of methoxy groups
orientations, syn and anti. It was found that the relative potential energy surface is
not significantly influenced by the above orientations of the methoxy groups. This
indicates that the relative torsion potential involving the two thiophene rings is
mostly independent of the conformation adopted by the methoxy groups. On the
other hand, calculations performed on DMO33BT shows that methoxy groups in
3,3’-positions are much twisted relative to the molecular plane for any value of the
inter-ring dihedral angle. At this position, the methoxy group can not adopt a planar
syn conformation (C2-C3-Oa-Cb = 0°) due to a large steric hindrance existing
between the methyl group (Cb) and the neighboring thiophene ring. The

perpendicular and the anti conformations are suspected to be less energetic. The
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effect of this torsion on the electronic contribution of the methoxy groups to the
conformation of DMO33BT will be discussed later in the text.

For the asymmetrical DMO34BT molecule, energy calculations have been
done for many sets of torsional angles of the methoxy groups. The results confirm
the data reported above that, in the 4 (or 4°) position, the methoxy group is coplanar
(anti) with the molecular frame for any dihedral angle between thiophene rings. In
the 3 (or 3°) position, this substituent adopts a minimum energy twisted
conformation for any conformation of the molecular frame but the inter-ring
torsional potential shows a little dependence with the conformation adopted by the
methoxy groups. Since the twisted conformation of the methoxy group is always the
minimum conformation, we present only the potential energy surface for this
methoxy conformation. The effect of the conformation of the methoxy groups in 3
(or 3°) position will be discussed with the presentation of the respective potential
energy surface. It is important to mention that, for all the calculations presented here,

the substituents have always been free to relax.
4,4 ’-dimethoxy-2, 2 -bithiophene (DMO44BT)

Ab initio calculations performed at the HF/3-21G* level show that the most
stable conformation of DMO44BT corresponds to an anti-gauche structure with a
torsional angle O = 148.4° (see Figure 2 and Table 5). This twisted conformer is
found to be more stable than the anti structure (8 = 180°) by 0.34 kcal mol™. Two
main factors are involved in the description of the molecular structure of BT
derivatives: the steric hindrance between thiophene rings, which favors twisted
conformations and the m-electron conjugation along the molecular frame, which
favors the planarity of the molecule. The actual equilibrium geometry of the
molecule can be considered as a compromise between these two factors. However
the energy difference between the anti-gauche conformer and the anti-conformer is

so small that, at room temperature, DMO44BT could adopt any in-between
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conformations as suggested by the absorption spectrum of this compound in solution
at room temperature [30]. Thus it is easy to understand that, in the solid state,
packing effects are strong enough to overcome this small energy barrier such that
DMO44BT is reported to be planar [42]. A stable syn-gauche conformer is also
calculated at a torsional angle 6 = 41.1° which is more energetic than the anti-gauche
conformer by 0.54 kcal mol™”. The maximum in the HF/3-21G* energy surface
corresponds to the conformation where the thiophene rings are in a perpendicular
arrangement (8 = 90°). It is interesting to note that the syn-conformer (8 = 0°) is
almost as energetic as the perpendicular conformer showing the strong steric
hindrance between sulfur atoms.

The HF/3-21G* potential energy surface of DMO44BT is very close to that
of BT performed at the same level of theory [17, 20] and at higher levels [17,18,32].
Particularly the torsional angles of the lowest energy conformers are calculated at
similar angles than those predicted for BT (6 = 44.3°and 6 = 146.3°) [20]. Moreover,
the rotational barrier between anti-gauche and perpendicular conformations (1.84
kcal mol™) is relative close to that found for BT (1.49 kcal mol™). These results show
that the presence of methoxy groups at 4,4’-positions does not seem to have
significant effect on the conformation of the molecule. The same behavior has been
observed for 4,4°-dimethyl-2,2’-bithiophene [20, 22]. Moreover, it was found that
the absorption spectra of BT and DMO44BT in solution are quite similar [30].
Indeed the first absorption band of each molecule has about the same width (= 5200
cm™) and is structureless showing the mobility of the thiophene rings (small energy
difference between the anti-gauche structure and the anti conformation). However,
the first absorption band of DMO44BT in n-hexane is red-shifted by 1600 cm’!
compared to that of BT. This is probably due to the electron-donating properties of
the methoxy groups.

Figure 2 shows that the results provided by the AM1 semiempirical method
are in qualitative agreement with HF/3-21G* data. Indeed the minima (45°, 150°)

and maxima (0°, 90°, 180°) are calculated at similar torsion angles. However the
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calculated energies are largely underestimated by AMI1. For instance, the barrier to
rotation between anti-gauche and perpendicular conformers is only 0.44 kcal mol™.
On the other hand, the PM3 semiempirical method predicted a syn-gauche
conformation (6 = 30°) as the most stable geometry but the barrier to rotation (0.57
kcal mol™) is close to that obtained by AM1. The same behavior has been reported
for AM1 and PM3 semiempirical calculations performed on BT [26-29].

3’ 4-dimethoxy-2, 2 -bithiophene (DMQO34BT)

Figure 3 shows that the HF/3-21G* potential energy surface of DMO34BT
predicts the molecule as nearly planar (6 = 170.6°). Indeed this conformation is
found to be more stable than the anti conformation by only 0.13 kcal mol™. It would
be surprising that the presence of a methoxy group in 3’-position causes weaker
repulsive steric interactions than those induced by an hydrogen atom in the
unsubstituted molecule. We believe that the increase of planarity is due to an
important electronic contribution of the methoxy group in 3’-position, which favors
electronic delocalizations between thiophene rings that can overcome the steric
hindrance between sulfur and oxygen atoms. This contribution might involve the
electron donor properties of the methoxy groups, an inductive effect due to the
electron attractive properties of the methoxy groups and a charge transfer involving
the sulfur atoms. A detailed discussion of these contributions will be presented later
on after the presentation of the potential energy surface of DMO33BT. It is found
that the syn conformation of DMO34BT is destabilized by 1.19 kcal mol” compared
to the lowest energy conformer indicating that steric effects between sulfur atoms are
still important. The barrier of rotation between anti-gauche and perpendicular
conformations is 3.88 kcal mol” compared to 1.84 kcal mol™ found for DMO44BT.
Calculations have also been performed on DMO34BT for torsional angles ranging

from © =180° to © = 360° since a small asymmetry in the molecule does exist. It is

observed that this energy profile is very similar to the 0 - 180° one.
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AM1 and PM3 semiempirical methods predict the DMO34BT molecule as
twisted with a syn-gauche arrangement. Moreover both methods indicate that the
anti conformation is strongly destabilized compared to the syn conformation. Thus,
for these semiempirical methods, the main geometric factor seems to be the repulsive
interactions between oxygen and sulfur atoms, which are stronger than those
between sulfur atoms. The electronic contribution of the methoxy groups seems to be
completely neglected by this type of calculations. This behavior is important since
the only conformational analyses of methoxy substituted bithiophenes reported in the
literature are obtained with molecular mechanic and semiempirical calculations
[30,31], where twisted (8 = 120° [30] et 6 = 135° [31]) molecular conformations are

found.
3,3 -dimethoxy-2,2 -bithiophene (DMO33BT)

The conformation of DMO33BT predicted by HF/3-21G* calculations is anfi
(see Figure 4). The rotational energy barrier between anti and the perpendicular
conformer (6.69 kcal mol™) is much higher than that found for DMO34BT (3.88 kcal
mol™). A second local minimum, syn-gauche, is also calculated at @ = 55.2° but this
conformation is less stable by 3.34 kcal mol? compared to the anfi conformation.
The syn conformer is almost as unstable as the perpendicular conformer showing
strong steric repulsive interactions in this structure.

This decrease of twisting and the important increase of the rotational barrier
at 90° compared to BT [23] (or DMO44BT) show the important contribution of the
methoxy groups in the 3 and/or 3’ positions. The electron donor properties of the
methoxy groups may be involved. But since the charge density (Mulliken
population), as calculated from HF/3-21G*, on the oxygen atom does not
significantly change with the value of the dihedral angle between the thiophene rings
and since the methoxy groups are nearly perpendicular to the plane of the thiophene

rings, this contribution is small and might not influence the molecular conformation
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and the rotational barrier. In contrast, important changes in the charge density
(Mulliken population) of the S1 and C3 atoms are observed as the torsional angle is
varied. Indeed, the charge density on S1 is 0.455 for the perpendicular conformation
and is more positive as the molecule becomes planar (0.505 for the anti
conformation). For the C3 atom, the charge density is 0.415 and 0.360 for the
perpendicular and anti conformations, respectively. This indicates that an important
charge transfer occurs between S1 and C3 atoms when the molecule becomes planar.
On the other hand, the charge density on the sulfur atom of BT does not significantly
change with the rotation of the thiophene rings. However we can observe a small
change in the charge density of the C3 atom (-0.205 and -0.240 for the perpendicular
and the anti conformations, respectively). The important charge transfer observed in
DMO33BT is thus induced by the presence of the methoxy groups linked to the C3
and C3’ atoms. This effect is greater when the molecule is planar showing that the
delocalization over the molecular frame contributes to this phenomenon. It is worth
noting that the decrease of twisting could also be due to attractive interaction forces
taking place between the oxygen atom (negatively charged) and the sulfur atom in
the opposite thiophene ring (positively charged) as suggested previously by Meille ez
al [44]. Both mechanisms, the intramolecular charge transfer interaction and the
Coulombic interaction between non-bonded sulfur and oxygen atoms, are likely to
play a role in explaining the planarity of these molecules.

From AMI calculations, the molecular structure of DMO33BT is predicted to
be much twisted (6 = 105°). But to the contrary of AM1 calculations performed on
DMO34BT, the minimum conformation is anti-gauche. Moreover, anti-like
conformers are much lower in energy than syn-like conformers. This indicates that
the combined sulfur-sulfur and oxygen-oxygen steric interactions are more important
than repulsive steric effects between oxygen and sulfur atoms in this type of
calculations. The reverse situation is true for PM3 calculations where anfi-like
conformations are very unstable. The lowest energy conformer predicted by this

method appears for a syn-gauche conformation (8 = 75°). Like in the case of
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DMO34BT, both methods seem to minimize the electronic contribution of the
methoxy groups on the conformation of the molecule.

According to the above ab initio theoretical results, the DMO33BT molecule
should be planar and rigid compared to DMO44BT and BT. This assumption is in
good agreement with the experimental evidence that, to the contrary of DMO44BT
and BT, the absorption spectrum of DMO33BT is structured [30]. This is a
spectroscopic behavior of planar rigid systems. Moreover, the bandwidth of the first
absorption band of DMO33BT (4300 cm™) is much smaller than that of DMO44BT
(5200 cm™) suggesting that a lower amount of conformers are present in the case of
DMO33BT. Another spectroscopic evidence in favor of an average planarity of this
3,3’-alkoxy derivative is the fact that the absorption and fluorescence spectra of 3,3’-
butoxy-2,2’-bithiophene (DBO33BT) form very good mirror images [30]. Since BT
derivatives are expected to be almost planar in the first relaxed singlet excited state
[28-30], the good mirror-image relationship strongly suggests that DBO33BT is
nearly planar in the ground state. The length of the alkoxy chain should not have any
significant effects on this behavior. Thus DMO33BT is expected to give the same
behavior. Recently, the structure of DMO33BT has been predicted as twisted from
AMI1 [30] and MM2 [31] conformational analyses. Using AMI1 as a geometry
optimizer, the ZINDO/S semiempirical method has also predicted DMO33BT as
twisted [30]. But we have clearly shown above that semiempirical theoretical results
totally disagree with ab initio calculations. It will be shown below that the
calculations of electronic transition energies of alkoxy bithiophene derivatives are
very sensitive upon the starting geometry obtained from the various optimization

methods employed.
3,4 -dimethoxy-4, 3 -dimethyl-2, 2 -bithiophene (DMODM34BT)

Since DMODM34BT is an asymmetrical molecule, HF/3-21G* calculations

have been performed for torsional angles between 6 = 0° and 6 = 360°. The potential
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energy surface obtained is not symmetrical (see Figure 5). The orientation of the
methoxy group in the 3 position is responsible for this behavior. Indeed, this
substituent is twisted relative to the thiophene ring attached to it such that, at 6 =
210° and © = 240°, the methoxy substituent and the adjacent thiophene ring are
pointing in the same direction creating large steric interactions between the methyl
group (Cy) of the methoxy substituent and S1°. On the other hand, for conformers
having torsion angles of 150° and 120°, respectively, the methoxy group and the
neighboring thiophene ring are pointing in opposite directions resulting in lower
steric effects, which explains the smaller energy that is found for these conformers.
Similarly, the non-coplanarity of the methoxy group is responsible for the energetic
differences found between corresponding syn-gauche conformers (30° and 60° vs
330° and 300°). In the latter case, steric interactions involved the methyl group of the
methoxy substituent in the 3 position and the methyl group of the adjacent thiophene
ring located in the 3’-position.

Figure 5 shows that the lowest energy conformer is located at © = 305.9° with
high barriers against planarity (syn, 8.00 kcal mol™; anti, 4.18 kcal mol™). However,
a local minimum is also found at 6 = 123.4°, which is relatively close in energy to
the anti conformer (0.81 kcal mol™) but a high barrier to rotation at 6 = 0° (6.63 kcal
mol™). The higher rotational barriers against planarity obtained for this molecule
relative to those of the other methoxy-substituted bithiophenes investigated are
explained by the presence of the methyl group in the 3’-position, which creates large
steric effects. A similar behavior has been observed for alkyl-substituted
bithiophenes [20, 22, 23]. Moreover, starting from the local minimum, the energy to
reach 0 = 180° is very similar to that obtained for 3,4’-dimethyl-2,2’-bithiophene
[20]. This indicates that the electronic contribution (charge transfer) induced by the
methoxy group in the 3 position partly compensates for the combined steric effects
induced from methoxy and methyl groups in 3 and 3’-positions, respectively. On the

other hand, syn-like conformers are much destabilized emphasizing the strong steric
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interactions between methoxy and methyl groups on one side of the molecule and
between sulfur atoms on the other molecular side.

Recently, we have reported the potential energy surface of DMODM34BT for
conformers having dihedral angles between 0° to 180° with the lowest energy
conformer located at 88° [24]. However, the latter conformer was obtained starting
from a planar conformation of the methoxy group in the 3-position (Cb-Oa-C3-C2 ~
0°). For this molecular arrangement, thiophene rings are not free to rotate (relax)
because the methyl of the methoxy group (in the 3 position) is very close to the
thiophene ring. Thus the corresponding potential energy surface has not been
calculated. On the other hand, the potential energy surfaces have been obtained with
the other possible planar conformation of the methoxy group (Cb-Oa-C3-C2 ~ 180°)
as illustrated on Figure 1. The torsion potential obtained (figure not shown) shows
important differences compared to that obtained with a perpendicular conformation
of the methoxy group. For instance, the lowest energy conformer is located at 0 =
180° whereas lower rotational barriers are obtained for syn-gauche conformers. But
all conformers optimized with the latter conformation of the methoxy group are
much more energetic than those obtained with a perpendicular conformation of the
methoxy group. Thus, Figure 5 features the most stabilized conformers of
DMODM34BT in the gas phase, except for the conformer having a dihedral angle of
88° as discussed above. The latter conformer represents a local minimum in another
part of the three dimensional torsion potential. To conclude this conformational
analysis, one can see that it is rather difficult to have a complete view of the potential
energy surface of DMODM34BT. Indeed this kind of molecule has a high degree of
freedom leading to a wide distribution of possible conformers. However, we think
that the potential energy surface illustrated in Figure 5 gives a good idea of the
minimum conformation and the rotational barriers involved in this substituted

bithiophene.
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3.3. ZINDOY/S Analysis

The first electronic transition energies have been calculated from the
ZINDO/S semiempirical method using the optimized geometry obtained at each
theoretical level. Table 6 reports the transition wavelengths obtained for DMO33BT.
The same trend has been obtained for the other bithiophene derivatives studied here
such that the same conclusions could be applied.

For each theoretical method used to obtain optimized geometries, the
wavelength of the electronic transition decreases as the molecule becomes more
twisted. This behavior is well known and is due to the decrease in the overlapping
between p, orbitals of the inter-ring carbon atoms as the torsional angle increases.
This induces a reduction in the electronic conjugation and hence an increase in the
transition energy (decrease of the wavelength). However, ZINDO/S data are very
sensitive to the starting geometry used in the calculations for the same torsional
angle. Indeed, transition energies are lowered when ZINDO/S is performed from
semiempirical AM1 and PM3 geometries compared with geometries optimized at ab
initio level. Each geometrical parameter may influence ZINDO/S data, particularly
the dihedral angle formed between methoxy groups and the bithiophene moiety. It
has been mentioned in the previous section that the structure of DMO33BT as
calculated from the HF/3-21G* method gives the methoxy groups as twisted relative
to the molecular frame whereas semiempirical methods place methoxy groups as
planar with the rest of the molecule. To investigate further the effect of the
orientation of methoxy groups on the transition energy, we have done a HF/3-21G*
geometry optimization keeping methoxy groups of DMO33BT planar. For the anti
conformation, the transition wavelength obtained was 335.2 nm. The same trend was
observed for other torsional angles. Thus, the fact that HF/3-21G* calculations give

the lowest energy conformer of DMO33BT with tilted methoxy groups is partly
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responsible for the high energies found compared to those obtained from
semiempirical calculations where the optimized structures show the methoxy groups
as planar. ZINDO/S calculations performed on the AMI1 and PM3 equilibrum
structured (6 = 150°) of BT give transition wavelengths of 325.4 nm and 317.3 nm
respectively. These wavelengths obtained with the semiempirical structures are also
red shifted compared to that obtained with the HF/3-21G* structure (301.3 nm).
Since no methoxy groups are present in the BT molecule, this behavior should
involve small variations in the C-C and C-S bond lengths for both BT and
DMO33BT.

ZINDOY/S calculations performed at the HF/3-21G* equilibrium structures (6
= 150°) for bithiophene (BT) and DMO44BT give transition wavelengths of 301.3
nm [23] and 310.8 nm, respectively. The red-shift observed (1000 cm'l) for
DMO44BT shows the electron-donor properties of the methoxy groups. The same
behavior has been found experimentally [30]. Moreover, it was found that
DMO33BT absorption wavelengths are higher than those calculated for DMO44BT
for the same dihedral angle. This indicates that methoxy groups located in the 3,3’-
positions induce a higher electron delocalization throughout the entire molecule.

From ZINDO/S transition energy calculations on AM1 optimized geometries
and the position of the 0,0 absorption wavenumber extrapolated at n =1, we have
reported that DMO33BT is twisted with 6 = 120° [30]. Recently, the same geometry
has been reported for this molecule using transition energy calculations on
geometries optimized from molecular mechanics (MM2) [31]. These results are not
in agreement with ab initio calculations reported above. But we have seen that the
starting geometry is critical in ZINDO/S calculations. The wavenumber [va 0, 0)]
extrapolated at n = 1 for DMO33BT gives a value of 31400 cm’ (318 nm) [30].
According to Table 6, this corresponds to a torsion angle 8 = 150° from HF/3-
21G*/ZINDO/S calculations. This is in a better agreement with the conformational
analysis performed at ab initio levels. Moreover, a value of 30900 cm™ (324 nm) is

obtained for the DMO33BT’s anti conformer. The difference (500 cm™) is inside the
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1000 ¢cm™ bracket generally accepted for this kind of calculations. To conclude this
part, we believe that ZINDO/S calculations are too sensitive to starting geometries,
when one compares the variation of the transition energy with the torsion angle, to be
used in the determination of precise conformations for this type of molecules in
solution. It has to be mentioned though, that in all ZINDO/S calculations discussed
here, the ¢ and m scaling parameters have been kept fixed at 1.267 and 0.585,
respectively. Better correlations between ZINDO/S and experiments might be

obtained for a particular geometry optimizer by changing the scaling parameters.

4. Concluding remarks

Ab initio calculations performed at the HF/3-21G* level give torsional
potentials which correlate well with available absorption data. It is found that the
potential energy surface of DMO44BT is very similar to that of BT showing the
small effect of methoxy substituents in 4,4’-positions. On the other hand, DMO34BT
and DMO33BT are predicted as planar with an anti conformation. This behavior is
interpreted mainly by the charge transfer occurring between the sulfur atom and the
carbon C3, which is induced by the presence of the methoxy group on the same
carbon atom. This charge transfer has a direct influence on the resonance between
the thiophene rings. Finally, the DMODM34BT molecule is reported to be much
twisted due to the presence of the methyl group in position 3, which creates steric
hindrance. On the other hand, semiempirical calculations are not precise enough to
obtain accurate rotational energy profiles for alkoxy-substituted bithiophenes. It is
also shown that the ZINDO/S semiempirical method is very sensitive to the starting

geometry used in the calculations.
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Optimized Geometry for the lowest energy structure of DMO44BT

bond length ~ HF/3-21G*  X-RAY*® angle HF/3-21G* X-RAY*®
(A) A (degree) (degree)
C2-C2 1.457 1.462 (4) C2’-C2-C3 127.4 128.4 (3)
S1-C2 1.735 1.723 (2) S1-C2-C3 111.4 111.4 (1)
C2-C3 1.348 1.356 (3) C2-C3-C4 112.7 112.3 (2)
C3-C4 1.436 1.427 (3) C3-C4-C5 112.9 113.2(2)
C4-C5 1.348 1.355 (4) C4-Cs-S81 111.5 111.1 (2)
C5-S1 1.727 1716(2) | C€5-81-C2 91.5 92.1 (1)
C3-H3 1.068 0.906 (24) C2-C3-H3 125.1 127.8 (13)
C5-H5 1.065 1.018 (22) C4-C5-H5 128.0 128.3 (15)
C4-Oa 1.360 1.357 (3) C3-C4-Oa 118.4 118.9 (2)
0a-Cb 1.439 1.426 (3) C4-0a-Cb 118.7 114.8 (2)
C3-C4-0a-Cb  180.6  178.1(2)
S1-C2-C2’-SI’ 148 .4 180.0 (2)

*Taken from ref. [42].



Table 2

Optimized Geometry for the lowest energy structure of DMO34BT

bond length HF/3-21G* angle HF/3-21G*
(A) (degree)
C2-C2 1.451 C2’-C2-C3 126.7
S1-C2 1.741 S1-C2-C3 111.1
C2-C3 1.351 C2-C3-C4 113.0
C3-C4 1.433 C3-C4-C5 112.7
C4-C5 1.348 C4-C5-S1 111.9
C5-81 1.726 C5-S1-C2 91.3
C3-H3 1.068 C2-C3-H3 125.2
C5-H5 1.066 C4-C5-H5 127.8
C4-Oa 1.362 C3-C4-Oa 118.4
0a-Cb 1.439 C4-0a-Cb 118.5
S1°-C2’ 1.736 (C3-C4-0a-Cb 179.9
C2’-C3’ 1.352
C3-C4 1.434 C2-C2°-C3’ 127.2
C4’-C5 1.344 S1’-C2°-C3’ 110.5
C5’-S1’ 1.722 C2-C3’-C4#’ 113.6
C4’-H4’ 1.068 C3-C4’-C5’ 112.0
C5’-HS’ 1.067 C4’-C5-SI’ 112.2
C3’-0a’ 1.375 C5’-81’-C2’ 91.6
Oa’-Cb’ 1.457 C3’-C4’-H4’ 123.3
C4’-C5-H5’ 127.0
C2-C3’-0a’ 122.4
C3’-0a’-Cb’ 116.5
C2’-C3’-0b’-Cb’ 251.3
S1-C2-C2’-SI’ 170.9
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Optimized Geometry for the lowest energy structure of DMO33BT

bond length  HF/3-21G*  X-RAY® angle HF/3-21G*  X-RAY®
(A) (A) (degree) (degree)
C2-C2’ 1.448 1425(7) | C2'-C2-C3 1263 1289 (4)
S1-C2 1,740 1733(3) | S1-C2-C3 110.4 108.9 (3)
C2-C3 1.354 1.373 (5) C2-C3-C4 113.8 114.0 (4)
C3-C4 1.432 1.401 (7) C3-C4-C5 111.7 112.2 (4)
C4-C5 1.345 1.327(7) C4-C5-S1 112.7 113.2 (5)
C5-S1 1.720 1693 (5) | C5-S1-C2 91.4 91.8 (2)
C4-H4 1.068 0.83 (4) C3-C4-H4 123.5 116.0 (3)
C5-H5 1.067 072(4) | C4-C5-HS 126.6 131.0 (3)
C3-Oa 1378 1371(5) | C2-C3-Oa 121.9 118.6 (4)
0Oa-Cb 1.457 1.414 (5) C3-0a-Cb 116.5 116.5 (3)
C2-C3-0a-Cb 2462 -178.6 (3)
S1-C2-C2’-S1’ 180.0 180.0

*Taken from ref. [43].



Table 4

Optimized Geometry for the lowest energy structure of DMODMS34BT

bond length HF/3-21G* angle HF/3-21G*
(A) (degree)
C2-C2’ 1.460 C2°-C2-C3 127.6
S1-C2 1.736 S1-C2-C3 110.6
C2-C3 1.350 C2-C3-C4 113.9
C3-C4 1.440 C3-C4-C5 111.4
C4-C5 1.345 C4-C5-S1 112.6
C5-S1 1.723 C5-51-C2 91.5
C5-H5 1.068 C4-C5-H5 126.6
C3-Oa 1.377 C3-C4-Cc 121.7
0a-Cb 1.459 C2-C3-Oa 125.7
C4-Cc 1.503 C3-0a-Cb 116.6
S1°-C2° 1.741 C2-C3-0a-Cb 286.1
c2’-C3’ 1.350
C3’-C4# 1.445 C2-C2°-C3’ 127.2
C4’-Cs’ 1.347 S1°-C2°-C3° 112.1
C5’-Sr 1.724 C2-C3’-C# 111.4
C5’-HS’ 1.065 C3’-C4’-C5 113.7
C3’-Cc’ 1.506 C4’-C5°-SI’ 111.5
C4’-0a’ 1.363 C5’-S1°-C2’ 913
Oa’-Cb’ 1.440 C4’-C5’-HS’ 127.8
C2’-C3’-Cc’ 126.4
C3’-C4’-0a’ 118.1
C4’-0a’-Cb’ 118.8
C3’-C4’-0A’-Cb’ 181.3
S1-C2-C2°-SI” 305.9
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Relative energies (in kcal mol™) and torsional angles (6) of DMO44BT,
DMO34BT, DMO33BT and DMODMB34BT obtained by ab initio calculations
HF/3-21G* level

performed at the

Molecule syn® syn-gauche  perpendicular®  anfi-gauche  anti 5
DMO44BT 1.55 0.54 1.84 0.0 0.34
(41.1°) (148.4°)
DMO34BT 1.19 3.88 0.0 0.13
(170.6°)
DMO33BT 6.26 3.34 6.69 0.0
(55.2°)
DMODM34BT 8.00 0.0 - 1.37 (123.4°) 2.18
(305.9°) 418 (210.0°)

® Syn, © = 0° ; anti, © = 180° ; perpendicular, 6 = 90°.
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Table 6

First Singlet-Singlet Electronic Transition Wavelength (nm) of DMO33BT as
Obtained by ZINDO/S from Starting Geometries Optimized at Various

Theoretical Levels and for Various Dihedral Angles 0.

0 (degree) HF/3-21G* AM1 PM3
0 3215 358.1 357.1

30 3112 345.7 338.7

60 293.5 318.8 313.6

90 255.6 280.4 270.7
120 291.7 319.7 310.3
150 3182 348.8 338.1

180 3242 3585 349.2
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Figure 1. Molecular structures of the bithiophenes investigated.
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Figure 2. Potential energy curve of DMO44BT as obtained from semiempirical

(AM1, PM3) and ab initio (HF/3-21G*) calculations.
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Figure 3. Potential energy curve of DMO34BT as obtained from semiempirical

(AM1, PM3) and ab initio (HF/3-21G*) calculations.
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Figure 4. Potential energy curve of DMO33BT as obtained from semiempirical

(AM1, PM3) and ab initio (HF/3-21G¥*) calculations.
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Figure 5. Potential energy curve of DMODM34BT as obtained from the HF/3-21G*

ab initio calculation.
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Chapitre 4

Etude structurale et conformationnelle de dérivés alkylthios

du 2,2’-bithiophéne

Ce chapitre présente la derniére partie des analyses conformationnelles sur les
dimeres substitués. Dans ce chapitre, il sera question des substituants alkylthio, plus
précisément de groupes méthylthio substitués en position 3 (et/ou 3°) et 4 (et/ou 4°).
Il sera aussi question d’une molécule combinant des groupes méthylthios et
méthyles.

Comme discuté dans les deux chapitres précédents, les surfaces d’énergie
potentielle sont présentées et discutées en termes d’encombrement stérique et d’effet
électronique (tel que discuté avec les substituants méthoxys). Les résultats montrent
que I'insertion de deux groupes méthylthios en position 3,3 crée une importante
torsion entre les cycles thiophénes. Cet effet est di a la grosseur des groupes
méthylthios (spécialement celle du soufre) qui crée un encombrement stérique
important. Cet encombrement stérique est tout de méme moins important
comparativement aux substituants éthyles (chapitre 2). Comme le soufre fait partie
de la méme famille que I’oxygéne, on pourrait s’attendre a observer un effet
électronique similaire & celui observé avec les substituants méthoxys (chapitre 3).
Ceci n’est pas le cas & cause de la moins grande électronégativité du soufre.
L’encombrement stérique compense cet effet électronique et cause I’importante
torsion calculée. Par contre, pour le bithiophéne substitué en position 3,4’ par des
méthylthios, I’encombrement stérique créé par un substituant méthylthio est moins

important et Peffet électronique est moins négligeable. La surface d’énergie
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potentielle de cette molécule est similaire a celle obtenue pour le BT montrant que
I’effet électronique et Iencombrement stérique se compensent mutuellement.
Naturellement, lorsque I’on combine un méthylthio en position 3 et un méthyle en
position 3’, ’encombrement stérique est tel que 1’on obtient une molécule treés
tordue.

Dans la derniére partie de cet article, les résultats spectroscopiques du 3,3’-
dibutylthio-2,2’-bithiophéne (DBS33BT) seront présentés. Ces résultats complétent
les résultats expérimentaux présentés au chapitre 1. Ces résultats sont présentés dans
ce chapitre puisque la molécule n’était pas disponible lors de la publication de
Iarticle présenté au chapitre 1. Les données spectroscopiques du DBS33BT sont
également comparées a celles du BT, du DE33BT et du DBO33BT. Les résultats
montrent I’importante torsion entre les cycles thiophénes du DBS33BT en accord

avec les calculs théoriques présentés.

4.1 Article 4: Molecular structure and conformational analysis of some
alkylthio-substituted  bithiophenes.  Theoretical and  experimental

investigation

Article publié dans The Journal of Physical Chemistry A, volume 102, numéro 16,
pages 2700-2707 (1998).
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Molecular Structure and Conformational Analysis of Some
Alkylthio-Substituted Bithiophenes. Theoretical and
Experimental Investigation

Nicolas DiCésare *, Michel Belletéte *, Francois Raymond ® Mario
Leclerc ® and Gilles Durocher *

? Laboratoire de photophysique moléculaire
P Laboratoire des polyméres électroactifs et photoactifs

Département de Chimie, Université de Montréal,

C.P. 6128, Succ. A, Montréal, Québec, H3C 3J7, Canada

Abstract

The conformational analysis and molecular structure of 3,3’-dimethylthio-
2,2’-bithiophene (DMS33BT), 3,4’-dimethylthio-2,2’-bithiophene (DMS34BT) and
3,4’-dimethylthio-3,4’-dimethyl-2,2’-bithiophene (DMSDM34BT) were investigated
by ab initio calculations at the Hartree-Fock level (HF/STO-3G and HF/3-21G*) as
well as by semiempirical calculations [Austin Model 1 (AMI1) and Parametric
Method 3 (PM3)]. 4b initio calculations (HF/3-21G*) indicated that the insertion of
two alkylthio chains in the 3,3’ positions creates a sufficiently high steric hindrance
to twist the molecule to a minimum conformation at 71.0° (and a second minimum at
120°), with an energy barrier of 2.3 kcal mol™ compared with the coplanar frans
(180°) conformation. For this molecule (DMS33BT), one can see an absorption band
characteristic of a twisted molecule with a large range of conformations. The
fluorescence spectrum demonstrates that the molecule adopts, in the first singlet
excited state, a less twisted conformation. The presence of only one alkylthio

substituent in the 3-position (DMS34BT) decreases the steric hindrance such that a
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less twisted conformation (141.5°, (HF/3-21G*)) is obtained, with a lower energy
barrier of 0.5 kcal mol™. The insertion of an alkylthio and a methyl group in the 3,3
positions (DMSDM34BT) creates the maximum steric hindrance and the more
twisted molecule (102.2°), with the higher energy barrier compared with the planar
conformation (5 kcal mol™). It is concluded from these results that the steric
hindrance created by an alkylthio group is less than that of a methyl or an ethyl
group in the same positions. Tt is also shown that the ab initio HF/STO-3G and the
semiemperical AM1 and PM3 calculations are not sophisticated enough to predict
good energy minimum conformers and potential energy surfaces for these kinds of

molecules.

1. Introduction

Polythiophenes are frequently studied because of their high conductivity [1]
in the doped state and also because of their interesting optical properties [1,2]. These
properties make polythiophene a good candidate for electronic and optoelectronic
composites [3,4]. To improve the solubility of polythiophene, new substituted
polythiophenes with different lateral chains have been synthesized [5-10]. These
substituted polythiophenes show new interesting optical properties, such as
thermochromism and solvatochromism [8-11]. Variation in the optical properties of
the different substituted polymers are related to the change of conformation of the
backbone caused by the lateral chain. To have a good description of the
conformation and of the effects of the position and nature of the substitution on the
optical properties of polythiophene, theoretical and experimental studies of well-
defined substituted oligothiophene models have been very useful. Recently, the
conformations and spectroscopic properties of bithiophene (BT) and of some alkyl-
and alkoxy- substituted bithiophenes have been studied [12-16]. Also, the potential
energy surfaces of a series of substituted BTs have been used to obtain a theoretical

understanding of the thermochromism observed in the parent polymers [17]. These
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results have successfully correlated the potential energy surface of the dimer with the
thermochromism of many polymers and have allowed to successful predictions of
the 3,3’-dimethylthio-2,2’-bithiophene (DMS33BT) polymeric system [18].

To date, the conformational analysis of BT [19,20] and some alkyl
derivatives [21,22] have been well studied by ab initio calculations as well as by
semiempirical calculations [12,13,23]. The potential energy surface of bithiophene is
well defined by using ab initio HF/3-21G* and more elaborated basis sets. On the
other hand, using the ab initio HF/STO-3G basis set and semiempirical calculations
[Austin Model 1 (AM1) and Parametric Method 3 (PM3)], the potential energy
surface is not defined with sufficient accuracy [12,13]. It is interesting to note that
the semiempirical method AM1 predicts similar conformers than those obtained with
more elaborated methods but with smaller rotational energy barriers. From the most
elaborate methods, two minima are obtained, one at 30° and the global minimum at
150°, Three maxima are found: one at 0°, a second at 90°, and one at 180°. The
rotational energy barrier between 0° and 30° is ~1.3 kcal mol™, the rotational barrier
at 90° is ~1.5 kcal mol”, and a low rotational barrier, 0.5 kcal mol™, is obtained
between 150° and 180°. For BT and substituted BTs, two important forces
determine the conformation and the rotational barrier of the molecule. One force is
the electron delocalization throughout the molecule, which favors a planar
conformation, and the second force is the steric hindrance between the sulfur atom
and the group of atoms in the 3-position, a hydrogen atom in the case of BT, which is
responsible for the twisting of the molecule.

For the first time, we propose in this paper a theoretical analysis of alkylthio
substituents on BT. The effects of the nature and of the position of the substituent are
discussed together with the potential energy surfaces and the geometry. It is shown
that the insertion of two alkylthio lateral chains in the 3,3’-positions creates
sufficiently high steric hindrance to induce a large twisting of the molecule. The
presence of only one alkylthio lateral chain in the 3-position creates less steric

hindrance and gives rise to a molecular structure much less twisted, near the
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conformation of BT. The presence of an alkylthio and a methyl group in the 3,3’-
positions, on the other hand, create the most important steric hindrance, with a
concomitant high rotational energy barrier compared with the planar frans
conformation. It is also shown that the basis set HF/STO-3G from ab initio
calculations and the semiempirical AM1 and PM3 methods are not sophisticated
enough in comparison with the ab initio HF/3-21G* basis set to make good
predictions on the minimum energy conformers and on the potential energy surfaces.

The molecular structures investigated are shown in Figure 1.
2. Methodology

2.1. Ab initio calculations

The ab initio calculations were performed on a Silicon Graphics Challenge
R4000 work station at the University of Montreal using the Gaussian 90 program
[24]. The conformational analysis was done by changing the torsional angle 8 by 30°
steps. The geometries were optimized at the Hartree-Fock (HF) level with the STO-
3G and 3-21G* basis sets. The Berny analytical gradient method was used for the
optimizations. In the geometry optimization of the DMS33BT, a locally C;
symmetry restriction was applied between the two rings to reduce the calculation
time, but no constraint was applied to the side groups. No constraint was applied on
the other molecules. The requested HF convergence on the density matrix was 108,
and the threshold values for the maximum force and the maximum displacement
were 0.00045 and 0.0018 au. (atomic unit), respectively. To obtain the final
torsional angles of the most stable conformers, calculations of these geometries were

performed without constraint on the dihedral angle.
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2.2. Semiemperical calculations

Semiempirical calculations were performed using the HYPERCHEM
package, release 4.5, for Windows from Hypercube, Inc., on a Pentium personal
computer. This package has been used to draw the molecules and roughly optimize
their geometry using the MM+ force field, which is an extension of MM2 developed
by Allinger [25]. A more precise geometry optimization was obtained using the AM1
or PM3 semiempirical methods, including the sulfur atom parameter. AMI is a
modified MNDO method proposed and developed by M.J.S. Dewar and co-workers
at the University of Texas at Austin [26-29]. For all derivatives, the dihedral angle
(6) between the two thiophene rings was varied in 15° increments from planar zrans
conformation (8 = 180°) to the planar cis conformation (8 = 0°). For each increment,
0 was held fixed while the remainder of the molecule was optimized using AM1. A
root-mean-square (rms) gradient in the energy of 0.1 kcal mol” was use for the

optimization criterion.
2.3. Materials

Hexane was purchased from Aldrich Chemicals (99+%, anhydrous) and used
as received. Prior to use, the solvent was checked for spurious emissions in the
region of interest and found to be satisfactory. The synthesis of 3,3’-dibutylthio-2,2’-
bithiophene (DBS33BT) will be described in a forthcoming publication [18]. All

NMR and elemental analysis data were consistent with the expected structure.
2.4, Instrumentation

Absorption spectra were recorded on a Varian spectrometer model Cary 1 Bio

using 1-cm path length quartz cells and a solute concentration of 2.18 x 10° M. It
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has been shown that the Beer-Lambert law applies for the concentration used.
Fluorescence spectra corrected for the emission detection were recorded on a Spex
Fluorolog-2 spectrophotometer with a F2T11 special configuration. The excitation
and emission band-passes used were 2.6 and 1.9 nm, respectively. Each solution was
excited near the absorption wavelength maximum using a 1-cm path length quartz
cell, and the concentration used was 2.18 x 10° M, giving an absorbance near 0.1 to
avoid any inner filter effects. A study was made of the effect of concentration ( C )
on the fluorescence intensity (Ir), and all measurements were made in the linear

region of the Ir versus C curve.

3. Results and Discussion

We have used the HF/3-21G* method as the more elaborated calculation in
this paper to have reasonable calculation times and because this basis set gives
similar results in comparison with more elaborated basis sets. We used the results
obtained with this basis set for comparison with the other methods. For BT, it was
shown that a basis set without polarization functions is not good enough to predict
good potential energy surfaces [19,22]. Methods and basis sets HF/3-21G* [20,21],
HF/6-31G* [20,22], HF/6-31G** [21], HF/6-311G** [22], and MP2/6-31G* [20]
give very similar potential energy surfaces with the same minima and similar
potential energy barriers. For the alkyl-substituted bithiophenes in the 3,3’-positions
[21], it is also clear that the HF/3-21G* and the HF/6-31G** basis sets give identical
potential energy surfaces with similar energy barriers and minima. From these
results, the use of polarization functions seems essentials and the HF/3-21G* is the
minimal basis set acceptable for the determination of potential energy surfaces.
Moreover, results obtained with the basis set HF/3-21G* have been recently shown
to give a very good correlation between the calculated conformation and the
rotational energy barrier of substituted BTs and the experimental optical properties

of the parent polymer [17].
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If one compares the structural parameters of BT with the basis set HF/3-21G*
[21], HF/6-31G* [20], HF/6-31G** [21], and MP2/6-31G* [20], very similar values
are obtained. Indeed, we have compared the optimized geometries obtained from
HF/3-21G*, HF/6-31G*, and MP2/6-31G* with experimental results from electron-
diffraction [30]. Standard deviations (SDs) on the bond lengths (including carbon-
hydrogen bond lengths) of 0.024 A for HF/3-21G*, 0.024 A for HF/6-31G*, and
0.022 A for MP2/6-31G* are obtained. For the angles, SDs of 0.81° for HF/3-21G¥,
1.04° for HF/6-31G*, and 1.10° for MP2/6-31G* are obtained. Now, if we compare
the calculated planar trans conformations with the crystallographic results [31],
which show BT as planar, we obtain for bond lengths (excluding carbon-hydrogen
bond lengths) SDs of 0.035 A for HF/3-21G*, 0.037 A for HF/6-31G* and 0.027 A
for MP2/6-31G*. For the angles, we obtain SDs of 6.4° for HF/3-21G*, 6.5° for
HF/6-31G*, and 6.5° for MP2/6-31G*. From these data, one can see that the MP2/6-
31G* method seems to give better results on bond lengths but not necessarily on
bond angles. The results obtained using the two other Hartree-Fock methods on bond
lengths are very close to those obtained from MP2/6-31G*.

We have also confirmed that even the semiempirical methods (AM1 and
PM3) give good structural parameters on BT such that any differences observed in
the potential energy surfaces based on the dihedral angle from one calculation to the
other cannot be ascribed or correlated to any structural parameter defects. In the
following, the molecular structures as obtained from HF/3-21G* will be described
and a comparison of the energy surfaces, based on the dihedral angle, calculated

from various methods will be discussed.
3.1. 3,3’-Dimethylthio-2,2’-bithiophene (DMS33BT)
The potential energy surfaces of DMS33BT calculated from various methods

are represented in Figure 2. The rotational barrier and the minimum conformations

calculated from HF/3-21G* are shown in table 1. Very shallow minima are obtained
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at 71.0° and at 120°. The geometry at 120° was optimized without constraint on the
dihedral angle and we obtained a relaxed conformation at 73.8°, which is very close
to the 71.0° angle previously obtained. For this reason we can confirm that the
minimum obtained at 71.0° in Figure 2 is the global minimum. The energy barrier
between these two minima is very low, 0.11 kcal mol”. In comparison with kT at
room temperature (298 K), 0.59 kcal mol”, one can expect that many conformers
will coexist at room temperature in solution or in the gas phase. At 180°, we obtain a
rotational barrier of 2.3 kcal mol™. This barrier corresponds to the steric hindrance
existing between the methylthio side group and the sulfur atom of the thiophene ring.
This rotational barrier is very similar to that obtained with one ethyl side group in the
3-position [32], but is higher than the one obtained with one methyl group in the 3-
position [21,22]. From these results, one can see that the presence of two methylthio
groups creates the same steric hindrance as one ethyl side group. In other words, the
steric hindrance of one methylthio group is less than that of one ethyl side group as
will be shown later for 3,4’-dimethylthio-2,2’-bithiophene (DMS34BT). For the co-
planar syn conformation (6 = 0°), one obtains a high rotational barrier of 13.6 kcal
mol™ because of the steric hindrance caused by the presence of two lateral chains
very close each other. This rotational barrier is smaller than that found for the 3,3’-
diethyl derivative [32], showing that two methylthio groups on the same side of the
molecule create less steric hindrance than two ethyl groups at the same positions.
Using the basis set HF/STO-3G, one obtains a potential energy surface very
similar to that calculated from HF/3-21G*. This basis set predicts two minima, at
61.1° and 124.8°. The barrier at 90° is higher but the rotational barrier at 0° is lower.
The barrier at 180° is also similar with that calculated from HF/3-21G*. For this
molecule, one can see that HF/STO-3G is quite good though it cannot reproduce the
fine details of the more elaborate basis set and it gives always a higher rotational
barrier at 90° and a lower barrier for the syn conformation. The same behaviour has
been found for BT [33,34] and alkyl derivatives [32]. As for the semiempirical AM1

calculations, the potential energy surface obtained is not at all realistic. The
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minimum obtained is for the coplanar syn conformation where there is the larger
steric hindrance. For PM3, the surface looks better. We obtain the global minimum
at 90° but the energy falls off for the planar conformations, syn and anti, which is not
realistic either. It is surprising that the results obtained by these two semiempirical
methods are so different because they were much more similar when applied to BT.
These results were rather similar to the ab initio results [23,35], except that the
rotational barriers were largely underestimated compared with that obtained at the ab
initio level.

The molecular structure parameters of the lowest energy conformer of
DMS33BT using the four theoretical methods already described are listed in Table 2.
A restricted C; symmetry between the two thiophene rings has been applied such that
only parameters of one thiophene ring and one side group is shown. From the results
in Table 2 we can see that few parameters are quite different from one method to
another. The bond length between the two thiophene rings, C2-C2’, is much higher
for ab initio methods than for semiempirical methods. The double bonds in the
thiophene ring, C2-C3 and C4-C5, are predicted to be smaller by the ab initio
calculations in comparison with the semiemperical methods. This result shows the
difference in the electronic distribution is taken care of by the ab initio and
semiemperical methods. The bond lengths between the sulfur atom and carbons in
the ring, S1-C2 and C5-S1, are much smaller for the AMI method compared with
other methods which is the reason the potential energy barrier calculated by ab initio
methods are higher than those obtained by semiempirical methods for the planar
conformation (180°). These small bond lengths explain the favored planar
conformation calculated by AM1 because of the more compact ring giving rise to
less steric hindrance between the sulfur atom and the group in the adjacent thiophene
ring. Another difference is the bond length of the carbon and the sulfur of the side
group, C3-Sa, which is larger for the ab initio methods compared with
semiemperical methods. It is also noteworthy that the side group is perpendicular to

the thiophene ring (C2-C3-Sa-Cb ~94°) for HF/3-21G*, which decreases the
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resonance of the nonbonding electron lone-pair on the sulfur atom with the aromatic
ring.

The absorption and fluorescence spectra of BT, DBS33BT, and decyl- and
butoxy- substituted bithiophenes in the 3,3’-positions are shown in Figure 3 and the
spectroscopic parameters for these molecules are reproduced in Table 3. The
absorption spectrum of BT has already been discussed [13]. The first absorption
band is well explained by using a twisted angle of 150° with a certain distribution of
conformers. The absorption spectrum of 3,3 -dibutoxy-2,2’-bithiophene (DBO33BT)
is characteristic of a planar conformation [36]. On the other hand, the absorption
spectrum of 3,3’-didecyl-2,2’-bithiophene (DD33BT) is characteristic of a twisted
conformation of ~100°, as shown recently [12]. Figure 3A shows that the absorption
band maximum of DBS33BT is not far from that of DD33BT, and in both cases the
absorbtivity coefficient is less than that of BT and DBO33BT. This result clearly
shows that DBS33BT is on the average much more twisted than BT or DBO33BT
but probably a little less than DD33BT. Indeed, the minimum obtained by HF/3-
21G*, 120° (or 71.0°), is between the minima of BT (150°) [20] and DE33BT (
101.5°) [32], which shows the good evaluation of the minimum energy conformer by
using the HF/3-21G* basis set.

We can see that the absorption band of DBS33BT is spread over a large
wavelength region. The part of the band in the region of lower energy shows the
presence of more planar conformers. The absorption band of DBS33BT extends to
the red of that of DBO33BT in the region of 27 500 cm™, this suggesting that the
methylthio group has better electron donor properties compared with the butoxy
group. This result is in agreement with the spectral data observed on substituted
thiophenes. Indeed the maximum of the absorption band of thiophene is at 231 nm
[37], that of 3-methoxythiophene is at 255 nm [37], and that of the 3-
methylthiothiophene is at 270 nm [38]. The same behavior has been observed on the
4,4’ -substituted-2,2’-bithiophenes [12,39,40]. It is worth mentioning that ZINDO/S
calculations performed on HF/3-21G*-optimized geometries of DMO33BT and
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DMS33BT do not predict the methythio substituent as a better electron donor group.
Indeed the calculated energies of the first electronic transition of each compound are
very similar.

DBS33BT possesses a very particular absorption spectrum that allows for
many possible conformers at room temperature because the rotational energy barrier
is quite low (see Figure 2 and Table 1). We have already mentioned that the minima
of the potential energy surfaces of DMS33BT and of the ethyl substituents in the
3,4’-positions are in the same position and that the surfaces between 90° and 180°
are very similar. In agreement with these results, it is observed that the absorption
spectra of DBS33BT and 3-octyl-2,2’-bithiophene (O3BT) [14] (parameters are
reported in Table 3) are much blue-shifted in comparison with the BT absorption
spectrum. These spectra are also very wide, which is a characteristic of twisted
molecules with a large distribution of conformers. However, it is worth pointing out
that the first absorption band of DBS33BT shows a larger blue-shift, is less intense
and is spread over a larger region compared with that of O3BT.

The fluorescence spectrum of DBS33BT shows a large red-shift in
comparison with the absorption band (the Stokes shift is 11300 cm™) and a decrease
of the bandwidth. For the BT derivatives, it is well-known that, in the first excited
singlet state, the planar conformation is favored [12]. The spectral data reported here
lead us to the same conclusion for this molecule. However, the fluorescence band of
DBS33BT is much red-shifted in comparison with that of alkyl- and alkoxy-
substituted BTs (see Table 3). This result is in agreement with the assumption
already mentioned that the methylthio substituent is a better electron donor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>