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ChapterChapter 7 

Rydberg-ValenceRydberg-Valence Interactions in Mono-Olefins 
AnAn Ab Initio Study on the Electronic Origin of Two Valence States in 

* * 
/,, 1 '-Bicyclohexy lidene. 

Abstract t 

Inn this ab initio study the excited states of various alkylated ethylenes and their 

electronicc properties have been investigated to elucidate the nature of the two valence 

statess in lj'-bicyclohexylidene. To this purpose CIS calculations have been 

performedd employing highly diffuse basis sets to study the interaction between the 

(Ttjr* )) valence state and the Rydberg manifold. Depending on the molecular 

symmetryy of the mono-olefin considered, various mixing paths, amongst which 

(7U,7ü*)̂ ->(7r„3d)) and/or (7i,7t*)<->(7t,3p) mixing, are observed. This configuration 

mixingg leads to a sharing of electronic properties such as the one-photon oscillator 

strengthh and the spatial extent of the electronic wave function. This mechanism, and 

moree specifically the (7i,K*)<-̂ (7U,3d) Rydberg-valence mixing, leads in the case of 

fl'-bicyclohexylidenee to two excited states with large and comparable oscillator 

strengths,, in line with experimental observations. 

**  R.A. Rijkenberg, W.J. Buma, C.A. van Walree. L.W. Jenneskens, L.P. Schmal, and J.H. van Lenthe, 

manuscriptt in preparation. 
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7.11 Introduction 

Recentt studies on functionalised oligo(cyclohexylidenes) have shown that 

thesee compounds exhibit interesting electronic features, making them highly suitable 

candidatess for building blocks of functional materials [1-6]. Crucial for a rational 

designn of such materials is the elucidation of the electronic structure of their basic 

chromophore,, i.e., l,l'-bicyclohexylidene (BCH). One of the important issues to be 

settledd in that respect concerns the excited states of this molecule [7]. A priori  one 

wouldd expect that its absorption spectrum should - similar to ethylene [8] - simply 

exhibitt one strong absorption band associated with absorption of the (7t,7t*) valence 

state.. In stark contrast, the gas-phase UV absorption spectrum of BCH shows two 

equallyy intense bands with maxima at 5.95 and 6.82 eV [7,9]. In the solid state these 

twoo bands remain present [7,10], an observation that has been taken as evidence for 

theirr valence character. Polarised reflection UV spectroscopy of single crystals of 

BCHH [7] has shown that both bands are polarised along the C=C bond. Since single-

crystall  X-ray studies showed that the structure of BCH in the solid state is very close 

too C2h symmetry [11], it was concluded that both states are of 'Bu symmetry. It is 

importantt to notice that in solution and in the gas phase BCH is conformationally 

mobile;; previous 'H-NMR measurements have shown unambiguously that at room 

temperaturee rapid ring interconversion occurs between the anti- and syn-conformer 

(seee Figure 7.1) [10,12]. Ab initio calculations predict as well that both conformers are 

equallyy stable, and that one can expect an equilibrium mixture with an antilsyn ratio 

closee to 1 [13]. 

FigureFigure 7.1. Molecular structures of the anti- (left;C2h symmetry) and syn-conformer (right;C2v 

symmetry)symmetry) of 1,1 '-bicyclohexylidene. 

Effortss to assign these two low-lying valence excitations in BCH have led to 

miscellaneouss and widely varying assignments [7,9,14-17], of which an overview is 
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givenn in Table 7.1. Focussing on the results of extensive ab initio investigations on 

thee electronic properties of the excited singlet states of the <7/7//-conformer of BCH, it 

wass concluded that the absorption bands at 5.95 and 6.82 eV are associated with the 

(TC,TT*)) and (7T.,ö*) valence states, respectively [17-19]. The latter state would involve 

chargee transfer from the C=C bond into the adjacent cyclohexyl rings. The initial 

Multi-Referencee Singles and Doubles Configuration Interaction (MRDCI) 

calculationss employing a 6-31G basis set provided excitation energies for the {7t,7t*) 

andd (TE,G*) valence states of 9.47 and 10.65 eV, respectively [17]. Subsequent studies 

employingg Multi-Reference perturbation theory [19] yielded considerably lower 

valuess for the excitation energies - 8.01 and 9.10 eV at the MP3 level. Although the 

energyy difference between the calculated excitation energies of both valence states is 

inn reasonable agreement with the experimentally determined value of about 0.87 eV, 

thee calculated ratio of the oscillator strengths of both transitions is completely 

differentt from that observed in the experimental absorption spectrum [7,10]. Values of 

0.855 and 0.13 were calculated for the oscillator strengths of the transitions to the 

(TC,7[*)) and (7t,a*) valence state [17], respectively, whereas the experimental values 

aree 0.19 and 0.26 [8]. 

TableTable 7.1. Overview of previously proposed assignments of the two intense absorption bands in the UV 

absorptionabsorption spectrum of BCH. 

BAND'1" " 

I I 

II I 

EXPERIMENTAL L 

Snyder r 
and d 

Clark"" " 

a->a* a->a* 

nn —»Ji* 

Allan n 
etal!" etal!" 

KK —> n* 

G->7C* * 

Yogev v 
etal!etal!AA' ' 

<5<5 -> c* 

(Tt,3p)/(7t,7I^)lb' ' 

jr-»7r* * 

Snyder r 
etal!etal!e) e) 

nn —> 7i* 

aa —> a* 

THEORETICAL L 

Watsonn and 
Nycumm m 

(ji,3s)/(Ji.jr*)'" " 

7CC — > 7 T* 

Hoogesteger r 
etal.etal.ls) ls) 

7t->7t* * 

KK —> a* 

'"'' Band I and U refer to the absorption bands in the gas-phase UV absorption spectrum with maxima at 

5.955.95 and 6.82 eV, respectively [7].  ""  Reference [7].  '" Reference [9].  "h Reference [14]. "'' Reference 

[15].[15].  '" Reference [16]. ""  Reference [17]. ""  Vibronic coupling between (7i3p) and (Tin*) states. '" 

VibronicVibronic coupling between (K.3s) and (iz,7i*) states. 

Anotherr intriguing aspect of these MRDCI calculations is that they predicted 

thatt for the syn-conformer a second low-lying K—>O* valence excitation with its 

transitionn moment parallel to the C=C bond was absent [13]. Instead, here only one 

intensee absorption, associated with the 7ü—>7U* transition, was predicted at an 
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excitationn energy close to 9.5 eV at the MRDCI/6-31G level of calculation. Bearing in 

mindd that under the experimental conditions the anti- and .rm-conformers are rapidly 

interconvertingg and are present in about equal amounts, this would imply that the 

secondd band has only a contribution from the <3/?//-conformer, and that the observed 

discrepancyy between the observed and calculated ratio of oscillator strengths would 

evenn be larger. 

Wee can expect that the electronic structure and photophysics of BCH are 

closelyy related to the electronic structure and photophysics of ethylene, its most basic 

chromophore.. One of the important features of the electronic structure of ethylene is 

thee configuration mixing that occurs between the (7t,7t*) valence state and Rydberg 

statess [20-36], Two types of Rydberg-valence mixing have in the past been proposed: 

(i)) configuration mixing between the 1 'Biu(7C,7t*) valence state and the 2'Biu(7i,3dx/) 

Rydbergg state [8,20-22], and (ii) configuration mixing between the 1 'Biu(7i:,7C*) 

valencee state and the \[B\ë(n,3py) Rydberg state [23-25,38,39], As to the latter 

interaction,, Peyerimhoff and Buenker have predicted that it occurs upon twisting 

aroundd the C=C bond, as a result of which both states become of 'B, symmetry 

[23,25,38,39].. The interaction between the two states thus becomes larger as the 

molecularr geometry is driven away from the Franck-Condon region, leading 

ultimatelyy to an avoided crossing at a twisting angle of about 20 degrees [23,39]. 

Thee other form of Rydberg-valence mixing has raised considerable 

discussionn [8,22,27,28], The central issue in that discussion has been whether the 

1'B|U(7C,TC*)) valence state and the 2'Blu(7i,3dxz) Rydberg state - two states with the 

samee angular as well as radial nodal structure - can coexist as two separate states 

withinn the requirements of orthogonality. According to Mulliken [27,28] this is not 

thee case, and he suggests that the valence state should be described by a linear 

combinationn of the two wave functions of the unperturbed states that reads: 

yryr = a(3dK)+b(2p,(l)-2py(2)). (7.1) 

Inn this expression the two 2py atomic orbitals, residing on carbon atoms 1 and 2, form 

thee n* molecular orbital, and at the equilibrium geometry b>a. Mulliken stated that 

experimentallyy the l !Biu state looks like a valence state, indicating that the n* orbital 

iss not quite a semi-Rydberg orbital. The next 'BI u state is according to him the 

2'Biu(7i,4dX7)) Rydberg state, which has one additional radial node with respect to its 

precursor,, the l'B|U(7t,7C*) valence state, and is of pure Rydberg character. These 
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conclusionss were corroborated in a Configuration Interaction Singles (CIS) ab initio 

studyy by Wiberg et al. [20]. 

Anotherr interpretation has been put forward by Peyerimhoff and Buenker [22], 

andd has been taken over by Robin [8]. According to them, the two unperturbed states 

cann coexist and both states are involved in Rydberg-valence mixing, giving rise to two 

excitedd states that are described as an in-phase and an out-of-phase linear 

combination: : 

l/V:: =  2pY(2)) (7.2) 

Inn this case, configuration interaction is largest for the planar conformation of the 

molecule:: twisting of the molecule around the C=C bond results in a decrease of 

configurationn mixing, leading ultimately again to two separate wave functions, i.e., a 

"pure""  (71,71*) and a "pure" (7t,3dxz) wave function. The strong coupling of the (JU,TC*) 

andd the (7i,3dxz) configurations for the planar conformation of ethylene has an 

importantt consequence. As it mixes their individual characters, a decrease of the 

oscillatorr strength of the valence state can be expected, and an increase of that of the 

Rydbergg state. Concurrently, the valence state becomes more diffuse, whereas the 

Rydbergg state becomes more compact. An important issue has therefore been to 

predictt to what extent this sharing of electronic properties occurs. 

Thee amount of Rydberg character in the 1 'B1U(7C,7T;*) state has for this reason 

beenn an important issue in previous ab initio studies [20,25,29,31-38,40]. One way to 

doo that is by calculation of the out-of-plane spatial extent of electronic wave 

functions.. A number of studies have converged to values of 16-20 al for the 

l'Biu(7t,7t*)) state [20,36-38]. The observation that for the electronic ground state and 

thee lowest triplet l"B lu(7t,7:*) valence state this value is about 11-12 a] [36,38] 

suggestss that the amount of mixing between the 1 'B^TCJI*) and 2lB!u(ir,3dx/.) states is 

ratherr small. This conclusion is drawn as well from the calculated out-of-plane spatial 

extentss of the 2'B|U(7t,3dxz) Rydberg state and its triplet analogue, which are both in 

thee range of 60-70 a] [20,36], and thus suggest that the 2'Biu(7C,3dx/) state is 

predominantlyy of Rydberg character. 

AA possible explanation as to why the amount of Rydberg-valence mixing in 

ethylenee is relatively small, is that the vertical energy gap between the 1'B|U(7t,7t*) 

andd 2'B|U(7i,3dxz) states is relatively large, about 1.7 eV [20]. For alkylated mono-

olefinss this energy gap is, however, expected to decrease. On the one hand, it has been 
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establishedd experimentally that the ionisation energy, and thus the excitation energies 

off  Rydberg states, decreases significantly as the number of alkyl groups attached to 

thee C=C bond increases [8]. The excitation energy of the (n,n*) valence state in 

mono-olefinss is, on the other hand, less sensitive towards alkylation of the C=C bond 

[8].. Upon increasing alkylation, the energy gap between the valence state and the 

(TI,3d)) Rydberg manifold is therefore expected to decrease, and concurrently one may 

expectt an increase in Rydberg-valence mixing. 

Recently,, we have performed excited-state photoelectron spectroscopic studies 

onn tetramethylethylene (TME) and BCH [41]. In these studies no indication could be 

foundd for a state with any of the previously proposed valence characters around the 

excitationn energies where the second absorption band is located in the absorption 

spectrum.. Instead, states were observed that in many aspects exhibited a Rydberg 

character,, and of course signatures from the '(71,7c*) valence state. A possible 

explanationn for these observations could be a strong Rydberg-valence interaction. 

Withh this in mind, it seemed to us that the next logical computational step in the 

elucidationn of the spectroscopic properties of BCH should be calculations employing 

basiss sets that, in contrast to the previous calculations, are also capable to give a good 

descriptionn of the lower Rydberg manifold, and that would thus enable an exploration 

off  the possible effects of Rydberg-valence mixing. Such a study is possible, but rather 

time-consumingg at the MRDCI level. The previous study of Wiberg et al. [20] has 

shown,, however, that for ethylene CIS calculations gave excellent agreement with 

otherr ab initio studies at a higher level, and, more importantly, with experimental 

data.. We have therefore employed this approach as well to study the electronic 

structuree and photophysics of BCH. In order to check the validity of the CIS 

approach,, additional calculations have been performed at the somewhat higher 

Randomm Phase Approximation (RPA) level. Above we indicated that we think that the 

alkylationn of ethylene might be at the basis of an increased role of Rydberg-valence 

mixing.. In the present study we have therefore not only considered BCH and tried to 

putt its properties in the context of ethylene, but also performed calculations on a 

seriess of increasingly substituted ethylenes in the form of propylene, isobutene, cis-

andd rrans-2-butene, trimethylethylene and tetramethylethylene. 
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7.22 Computational Details 

Alll  ab initio calculations have been performed with the Gaussian 98 suite of 

programss [42]. Optimised geometries and harmonic force fields of ethylene and its 

methylatedd derivatives have been obtained using B3LYP density functional theory 

[43].. For BCH, geometries of the anti- and .yy/ï-conformer have been optimised at the 

MP2/6-31G**  level. 

Thee CIS calculations on the methylated derivatives of ethylene have been 

performedd using a valence triple-zeta basis set with polarisation functions and two 

diffusee sp functions on the carbon atoms, the 6-311(2+)G* basis set. Similar to a 

previouss ab initio study on ethylene [20], the exponents of these sp functions have 

beenn chosen as 0.0438 and 0.0131928. In order to study the influence of the basis set 

withh respect to Rydberg-valence mixing and the consequence of this mixing on the 

electronicc properties of the excited singlet states, the CIS calculations on BCH have 

beenn performed employing the 6-31G, 6-311(+)G*. 6-311(2+)G*, and finally 6-

311 l(2+,2+)G**  basis sets. Compared to the 6-311(2+)G* basis set, the latter basis set 

hass additional polarisation functions and an additional set of two diffuse s shells on 

thee hydrogen atoms with exponents of 0.0360 and 0.0108434 [20]. Contour plots of 

thee primary natural orbital of the excited electron have been visualised using the 

gOpenMoll  program [44]. 

7.33 Results and Discussion 

Ass has become clear from the introduction, elucidation of the properties of 

BCHH is thought to be closely related to a fundamental understanding of the properties 

off  ethylene. Although ab initio calculations on the excited states of ethylene at the 

CISS level have already been reported, we have reproduced ourselves part of these 

calculationss for completeness sake, and included the results in the discussion in 

Sectionn 7.3.1. This will give us an excellent point of reference for the evaluation and 

appreciationn of the nature of the electronically excited states of other, larger mono-

olefins.. The main subject of Section 7.3.1 will , however, be the results of the CIS/6-

311(2+)G**  calculations on the methylated derivatives of ethylene. Computational 

evidencee for configuration mixing between the (7r,7T*) valence state and the (n,3p) and 
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(7i,3d)) Rydberg states will be presented and discussed in the light of changes in their 

properties.. The results obtained for these small mono-olefins serve as a starting point 

forr the investigation of the properties of the excited states of the anti- and syn-

conformerr of BCH in Section 7.3.2. Finally, we will compare and discuss in Section 

7.3.33 our ab initio results in the light of experimental observations reported on other 

mono-olefinss than BCH. 

7.3.17.3.1 Rydberg- Valence Mixing in Methylated Ethylenes 

Inn this section we will focus on the results of CIS/6-311(2+)G* calculations on 

ethylenee and, more importantly, its methyl-substituted derivatives propylene, 

isobutene,, cis- and fran.y-2-butene, trimethylethylene, and tetramethylethylene. The 

optimisedd geometries and harmonic force fields of these molecules have been 

obtainedd at the B3LYP/6-31G* level, and led for all mono-olefins considered to 

planarr carbon backbone structures. 

7.3.7.3. LA Two concepts of Rydberg-valence mixing 

Tablee 7.2 presents the calculated vertical excitation energies of the ten lower 

excitedd singlet states of ethylene. The assignments given in this Table are based on the 

contourr plots of the primary natural orbital of the excited electron in each excited 

state,, which are shown in Figure 7.2. As can be seen from Table 7.2, the CIS/6-

311(2+)G**  calculated excitation energies are in good agreement with the 

experimentall  values. 

Thee contour plots associated with the 1 'Bi„(71,71*) valence state and the 2'Biu 

Rydbergg state show each two angular nodes, and zero and one radial node, 

respectively.. Within the requirements of orthogonality, this indicates a precursor 

relationshipp between the two states. A similar precursor relationship is seen, for 

instance,, between the l'B2g(rc,3pz) and 21B2g(7t,4pz) states, which both have one 

angularr node - typical for a /?-type orbital -, and one and two radial nodes, 

respectively.. Based on this observation, and on the above mentioned requirements of 

orthogonality,, Wiberg et al. [20] have stated, following the view of Mulliken [21,27], 

thatt the n* orbital is a linear combination of the 2p orbitals on the two carbon atoms 

andd of the 3dxz Rydberg orbital, whereas the 2'Biu state should be assigned as the 
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(rc,4dxz)) Rydberg state. Another view is held by Buenker and Peyerimhoff [22]. They 

concludee that due to Rydberg-valence mixing the 2'Biu state should be characterised 

ass well as a linear combination of the (7C,7ü*) and (7t,3dxz) configurations. The fact that 

itt has an additional radial node compared to the l'B|U state is in their view due to the 

factt that it is described by an out-of phase linear combination of the (K,n*) and 

(7C,3dxz)) configurations. 

TableTable 7.2. Calculated vertical excitation energies (eV) and oscillator strengths of the ten lower excited 

singletsinglet states of ethylene at the CIS/6-311(2+)G* level at the B3LYP/6-3IG* optimised ground state 

geometry. geometry. 

State e 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

l'B, u u 

l ' B , g g 

1 ' B ,U U 

l ' B 2 g g 

2'Ag g 

2'B,U U 

1'Au u 

2'Btu u 

2'B lg g 

2%, 2%, 

Assignment"" " 

7tt —» 3s 

rc-»3prc-»3py y 

711 ->7Ï* 

TC->3pz z 

TT-^3px x 

J i ^ 3dd , 

Ttt —> 3d y7 

itt —>3dxz 

T C ' ( C H: ) - » 7 C* * 

7 t ^ 4 p7 7 

CIS S 

Energy y 

7.16 6 

7.73 3 

7.80 0 

7.88 8 

8.11 1 

8.67 7 

8.81 1 

9.12 2 

9.35 5 

9.37 7 

ƒ ƒ 
0.1022 2 

0.0000 0 

0.5097 7 

0.0000 0 

0.0000 0 

0.0174 4 

0.0000 0 

0.0604 4 

0.0000 0 

0.0000 0 

Experimental l 

Energy y 

7,11 l,b' 

7.80,c' ' 

7.60,b) ) 

7.84(c) ) 

8.20(o o 

8.62lbl l 

--
99 33(h) 

9.2(d) ) 

--

'"'' Assignments based on Reference [20] and Reference [40]. Similar to the assignment of Bouman et 

al.al. [40] the 2lBlu state is assigned as (7^3dx-J. whereas Wiberg et al. [20J assign it as (7Z.4dt:). "" 

ReferenceReference [8],  'c' Reference [44]. ""  Reference [40]. 

Althoughh the difference between these two points of view may seem semantic, 

thee two interpretations have fundamentally different implications on the electronic 

propertiess of the 2'Biu state. According to Mulliken [21,27], the 2'B,U state is a pure 

Rydbergg state with all the characteristic electronic properties of such a state. The view 

off  Buenker and Peyerimhoff [22], on the other hand, implies that the 2'Bl u state has 

ann increased valence and a decreased Rydberg character. At the same time, the l'Biu 

statee gains Rydberg character at the expense of its valence nature. 
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0 0 
711 -> 3s 

00 0 

OO O 
7ii  - > 3dy z 

00 0 
711 - » 3 pv 

^3 3 
11 p 

oo o 
711 -> 3d„ 

7 l ^ 4 pz z 

2ft t 
CO O 

7CC - » It * 

ooo o 
711 —» 3d22 

7C(CH2)) - > 71* 

FigureFigure 7.2. Contour plots (0.01 a.u.) of the primary natural orbital of the excited electron in the CIS/6-

311(2+)G*311(2+)G* wave functions of the ten lower excited singlet states of ethylene. 
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TableTable 7.3. Comparison hemeen the calculated {CIS/6-31 l(2+)G*//B3LYP/6-3IG*) expectation values 

ofof the electronic radial spatial extent {R2J (Bohr) for the ten lower excited singlet states of ethylene 

andand their triplet counterparts. 

SINGLETT STATES TRIPLE T STATES 

Statee Assignment""  Energy""  (R2} Energy""  h2\ 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

1B3U U 

l B , g g 

IB l u u 

lB 2g g 

2Ag g 

2B3u u 

1AU U 

2B,U U 

2B l g g 

2B2g g 

71->> 3s 

7 l - » 3 py y 

7I -Mt * * 

Jtt —>3p. 

J t - > 3 px x 

nn -> 3d , 

7CC - > 3d vz 

JX->3d„ „ 

7t'(CH2)) -» 7C* 

K^Ap, K^Ap, 

7.16 6 

7.73 3 

7.80 0 

7.88 8 

8.11 1 

8.67 7 

8.81 1 

9.12 2 

9.35 9.35 

9.37 7 

125.3 3 

136.2 2 

98.5 5 

145.0 0 

156.5 5 

181.6 6 

188.7 7 

200.8 8 

89.6 6 

248.8 8 

6.944 (6.98) 

7.64(7.79) ) 

3.633 (4.36) 

7.77(8.15) ) 

7.79 9 

8.60(8.57) ) 

8.79 9 

8.90 0 

8.73 3 

9.31 1 

118.4 4 

131.9 9 

84.6 6 

138.7 7 

139.7 7 

177.3 3 

187.1 1 

196.6 6 

85.3 3 

243.3 3 

'"'' Assignments based on Reference [20] and Reference [40]. Similar to the assignment of Bouman el 

al.al. [40] the 2]B]u state is assigned as (7t,3dK-j. whereas Wiberg et al. [20] assign it as (it,4dx.). "" 

VerticalVertical excitation energies are given in eV. Experimental excitation energies of several excited triplet 

statesstates have been expressed in parenthesis. Values have been taken from Reference [8]. 

Onee way to investigate whether the 1 'B,u and 2'B,U states are subject to 

Rydberg-valencee mixing, and if so, to what extent, is to calculate the expectation 

valuess of the electronic spatial extent (fl 2) of the excited singlet states and to 

comparee these with the values obtained for their triplet counterparts. This method is 

attractivee since for the triplet manifold the 13BIU(JÜ,TC*) valence state is much lower in 

energyy than the triplet Rydberg states. The resulting increase of the energy gap 

betweenn the 3(7t,Ji*) valence and the triplet Rydberg states should lead to a significant 

decreasee of configuration mixing. Expectation values of the radial spatial extent for 

thee singlet and triplet states are reported in Table 7.3. For the 1 !B,U state a value (98.5 

a])a])  is obtained that is in good agreement with previous ab initio studies [20,36-38]. 

Comparingg this value with the value of 84.6 a] found for its triplet analogue, the 

13B,UU state, suggests that the l'Bi u state is indeed predominantly of valence character 

[20,36-38].. For the 2'Bl u state and its triplet counterpart, on the other hand, values of 

200.88 and 196.6 al are found, demonstrating that the 2'B|U state is of pure Rydberg 
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character.. From these and other ab Initio studies [20,36-38] it becomes apparent that 

forr ethylene Rydberg-valence mixing is not that extensive. 

Thesee findings might be used to support the idea that the 2'B|U Rydberg state 

hass indeed the l'Bi u valence state as its precursor, and that it has a pure Rydberg 

characterr as predicted by Mulliken [21,27]. Another argument put forward by Wiberg 

etet al. [20] to support the view of Mulliken is that, besides their angular and radial 

nodall  structure, the oscillator strengths of these two states should also reflect this 

precursorr relationship. In that case the ratio of the oscillator strengths of the 

transitionss to the two states/(l1B|U)//(2lB,u) should be within the range of 5-10. As it 

turnss out, this is in reasonable agreement with the results of their and our calculations. 

TableTable 7.4. Calculated (CIS/6-311 (2+)G*//B3LYP/6-31G*) vertical excitation energies (eV) and 

oscillatoroscillator strengths for the ten lower excited singlet states of propylene, isobutene, trans-2-butene, cis-

2-butene,2-butene, trimethylethylene. and tetramethylethylene. 

Propylenee (C5) Isobutene (C2v) Trans-2-butene (C2h) 

State e 

l lA" " 

2'A" " 

2'A ' ' 

3'A" " 

3'A ' ' 

4'A" " 

5'A" " 

6'A" " 

4'A" " 

5'A' ' 

Energy y 

6.82 2 

7.37 7 

7.46 6 

7.61 1 

7.86 6 

8.25 5 

8.30 0 

8.35 5 

8.46 6 

8.62 2 

ƒ ƒ 

0.0446 6 

0.0022 2 

0.2622 2 

0.0051 1 

0.2139 9 

0.0263 3 

0.0102 2 

0.0123 3 

0.0125 5 

0.1252 2 

Cr's-2-butenee (C2ï) 

State e 

1'B, , 

2!A, , 

1'A2 2 

2'B, , 

3'B, , 

2'A2 2 

3'A, , 

4'B, , 

1'B2 2 

4'A, , 

Energy y 

6.62 2 

7.05 5 

7.36 6 

7.37 7 

7.91 1 

7.94 4 

7.98 8 

8.04 4 

8.13 3 

8.19 9 

ƒ ƒ 

0.0215 5 

0.2502 2 

0.0000 0 

0.0144 4 

0.0311 1 

0.0000 0 

0.1610 0 

0.0000 0 

0.0000 0 

0.2204 4 

Trimethylethylenee (C.) 

State e 

1'AU U 

l ' B g g 

2'Ag g 

2'Bg g 

l'Bu u 

2'AU U 

3'AU U 

2'BU U 

4 'AU U 

3'BU U 

Energy y 

6.58 8 

6.98 8 

7.21 1 

7.28 8 

7.46 6 

7.82 2 

7.88 8 

7.94 4 

7.97 7 

8.25 5 

ƒ ƒ 

0.0141 1 

0.0000 0 

0.0000 0 

0.0000 0 

0.3341 1 

0.0308 8 

0.0050 0 

0.0613 3 

0.0013 3 

0.2473 3 

Tetramethylethylenee (D2h) 

State e 

1'B, , 

2'B, , 

2]A, , 

l lA 2 2 

1'B2 2 

3'Bi i 

2'A2 2 

4'B, , 

2'B2 2 

3'A, , 

Energy y 

6.40 0 

7.12 2 

7.19 9 

7.26 6 

7.80 0 

7.80 0 

7.88 8 

7.93 3 

7.94 4 

7.99 9 

ƒ ƒ 

0.0167 7 

0.0037 7 

0.0092 2 

0.0000 0 

0.5995 5 

0.0336 6 

0.0000 0 

0.0021 1 

0.0950 0 

0.0010 0 

State e 

1'A" " 

2'A' ' 

2'A" " 

3'A" " 

4'A" " 

3'A' ' 

5'A" " 

4'A' ' 

6'A" " 

5'A' ' 

Energy y 

6.23 3 

6.79 9 

6.89 9 

7.00 0 

7.41 1 

7.50 0 

7.56 6 

7.56 6 

7.58 8 

7.72 2 

ƒ ƒ 

0.0022 2 

0.0657 7 

0.0042 2 

0.0004 4 

0.0173 3 

0.3327 0.3327 

0.0019 9 

0.0142 2 

0.0019 9 

0.2067 7 

State e 

1'B,U U 

2'Ag g 

l'B 3g g 

l'B 2g g 

2'B,U U 

1'Bju u 

3'Bl u u 

l'B2u u 

1'AU U 

2'B?U U 

Energy y 

6.14 4 

6.70 0 

6.86 6 

6.86 6 

7.17 7 

7.18 8 

7.39 9 

7.42 2 

7.45 5 

7.88 8 

ƒ ƒ 

0.0004 4 

0.0000 0 

0.0000 0 

0.0000 0 

0.0133 3 

0.4147 0.4147 

0.0054 4 

0.0037 7 

0.0000 0 

0.4628 8 
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Thee same concept would be expected to hold when the electronic properties of 

thee excited states of methylated ethylenes are considered. This implies that also for 

thesee compounds one anticipates only one excited singlet state with a significant 

oscillatorr strength, and that the next state with a similar angular nodal structure has 

puree Rydberg character and thus a rather low oscillator strength if < 0.1). However, 

whenn the CIS/6-311(2+)G* methodology is used to study the excited singlet states of 

simplee methylated ethylenes, this notion does not seem to prevail. Table 7.4 shows the 

calculatedd vertical excitation energies of the ten lower excited singlet states of 

propylene,, isobutene, fra«s-2-butene, ds-2-butene, trimethylethylene, and 

tetramethylethylene.. The most intriguing aspect of Table 7.4 is that no longer only 

onee excited state, the (7i,7i*) valence state, has a relatively large oscillator strength, but 

thatt now two (rra,«-2-butene, trimethylethylene, and tetramethylethylene), or 

sometimess even three (propylene, isobutene), excited states have a significant 

oscillatorr strength. 

Withh in mind the points of view of Mulliken on the one hand, and Buenker 

andd Peyerimhoff on the other hand, it is at this point appropriate to make a distinction 

betweenn two kinds of Rydberg-valence interactions. The first type corresponds to the 

mixingg based on the fact that the rc* and one of the 3d Rydberg orbitals have the same 

nodall  structure. The other type of mixing is less strict, and concerns mixing of 

configurationss that have the same symmetry. In particular for alkylated ethylenes with 

aa low molecular symmetry, the latter mixing may lead to mixing between many 

configurations,, although here we will confine our discussion to the (K,K*) valence, 

andd the (ju,3p) and (7U,3d) Rydberg configurations. 

7.3.7.3. LB Rydberg-valence mixing based on configurations of similar nodal structure 

Togetherr with ethylene, tetramethylethylene has the highest molecular 

symmetryy of all the mono-olefins considered in this Chapter. Since the high degree of 

symmetryy restricts any other mixing, it serves perfectly to study Rydberg-valence 

mixingg anticipated on the basis of the same radial as well as angular nodal structure of 

thee (71,71*) valence and the (7i,3dxz) Rydberg configurations. Table 7.4 shows that the 

CIS/6-311(2+)G**  calculations predict two excited states with a large oscillator 

strength:: the l'B3u state at 7.18 eV with/=0.4147 and the 2'B3u state at 7.88 eV with 

/=0.4628.. If the same CIS method is used with the more compact 6-311 (+)G* basis 
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set,, only one state is predicted to have a large oscillator strength, i.e., the l'B3u state at 

7.455 eV with/=0.8063. This value is nearly equal to the sum of the separate oscillator 

strengthss of the l'B3u and 2'B3u states at the CIS/6-311(2+)G* level of calculation, 

andd suggests the sharing of oscillator strength between two electronic configurations 

whenn the basis set is augmented with more diffuse sp functions on the carbon atoms. 

Figuree 7.3 shows the contour plots of the primary natural orbital of the excited 

electronn from the CIS/6-311(2+)G* wave function of the ten lower excited singlet 

statess of tetramethylethylene. It is seen from these plots that for the 2'B3u state this 

orbitall  has the same number of angular nodes - the two angular nodes are typical for a 

J-orbitall  - as the 1 'B^ state, but one additionall  radial node. In the picture of Mulliken 

thiss would suggest a precursor relationship between them, which, in turn, would imply 

thatt the 2'B3u state is the (Tt,4d„) state of pure Rydberg character, whereas the 1 'B3u 

statee is described as a linear combination of the (TI,JI*) and (ïc,3dxz) configurations and 

iss mainly of valence character. The calculated ratio of their oscillator strengths (0.9) is 

att odds with this concept, however, because a ratio within the range of 5-10 would 

thenn have been expected [20]. Finding an explanation for these observations within 

thee Mulliken approach seems difficult, but they are much more simple to interpret if, 

followingg Buenker and Peyerimhoff and others [8,22], Rydberg-valence mixing is 

invoked.. This means that the l 'B^ and 2]B3u states are characterised as in- and out-

of-phasee linear combinations of the (ÏÏ.ÏC* ) and (7c,3d„.) configurations. 

Thiss type of Rydberg-valence mixing is not only of influence on the oscillator 

strengthh of the states involved, but should also influence their electronic spatial extent. 

Too explore this aspect, we have also investigated at the CIS/6-311(2+)G* level of 

calculationn the properties of the ten lower excited triplet states in the methyl-

substitutedd ethylenes. Table 7.5 reports the vertical excitation energies of these states. 

Similarr to ethylene, the triplet (TC,JC*J valence state has for all molecules dramatically 

decreasedd in excitation energy, while the pure Rydberg states are only slightly red-

shiftedd by about 0.02 to 0.2 eV. Since the excitation energy of the triplet (n,%*) 

valencee state is roughly about 2.3-3 eV below that of the lowest triplet Rydberg state 

forr all substituted ethylenes, the triplet valence state should have less contribution 

fromm the (7i,3dxz) state than the singlet valence state, which is energetically much 

closerr to the (7t,3d) Rydberg manifold. The comparison between the expectation value 

off  the radial spatial extent of triplet states with that of their singlet counterparts should 
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8 8 
l 'B l u :7t->3s s 2'Ag:: n -» 3p, 

00 0 00 0 
l'B3g:: n -> 3py 

rB2 8:J t ->3px x 

2'BIU :7t^3dz2 2 l'B3u: : 
a(Ka(K -> 71*)  (3(71 -»3d«) 

l 'Bvic->3dV ; ; 

11 A„: 7t —» 3d., 2'B_,U: : 
a(7tt  -» 7t*)  P(7C -+3dxz) 

FigureFigure 7.3. Contour plots (0.001 a.u.(left) and 0.01 a.u.(right)) of the primary natural orbital of the 

excitedexcited electron in the CIS/6-311(2+)G* wave functions of the ten lower excited singlet states of 

tetramethylethylene. tetramethylethylene. 
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TableTable 7.5. Calculated (CIS/6-31 I<2+)G*//B3LYP/6-31G*) vertical excitation energies (eV)for the ten 

lowerlower excited triplet states of propylene, isobutene, trans-2-butene, cis-2-butene, trimethylethylene, and 

tetramethy{ethylene. tetramethy{ethylene. 

Propylenee (Cs) Isobutene (C2v) Trans-2-butene (C2h) 

Statee eV State eV State eV 

l3A*(ïï,7t* ) ) 

13A" " 

23A" " 

2V V 
3-V V 
43A" " 

53A" " 

63A" " 

3-'A' ' 

43A' ' 

3.69 3.69 

6.63 3 

7.29 9 

7.44 4 

7.54 4 

8.14 4 

8.23 3 

8.33 3 

8.34 4 

8.46 6 

13A,(7UI* ) ) 

13B, , 

2'A , , 

2-,B, , 

1?A2 2 

33B, , 

2% % 

33A, , 

43B, , 

\% \% 

3.70 0 

6.44 4 

7.26 6 

7.30 0 

7.32 2 

7.79 9 

7.88 8 

8.00 0 

8.02 2 

8.12 2 

1-Bu(rc,jr* ) ) 

13AU U 

l 3Bg g 

I 3A g g 

23Bg g 

23AU U 

23BU U 

33AU U 

43AU U 

33BU U 

3.71 1 

6.42 2 

6.91 1 

7.08 8 

7.22 2 

7.70 0 

7.82 2 

7.84 4 

7.96 6 

7.98 8 

OV2-butenee (C2v) Trimethylethylene (C,) Tetramethylethylene (D2h) 

Statee eV State eV State eV 

l3B;,(jUt* ) ) 

13B, , 

23B, , 

1'A, , 

1?A : : 

33B, , 

23A, , 

23B2 2 

43B, , 

23A, , 

3.73 3 

6.22 2 

7.05 5 

7.06 6 

7.22 2 

7.68 8 

7.83 3 

7.89 9 

7.92 2 

7.94 4 

l3A7(7Ut*) ) 

13A" " 

23A' ' 

23A" " 

33A" " 

43A" " 

33A' ' 

53A" " 

63A" " 

43A--

3.61 1 

6.08 8 

6.80 0 

6.84 4 

6.94 4 

7.31 1 

7.52 2 

7.52 2 

7.57 7 

7.59 9 

l3B.1u(jr,7c*) ) 

l 3B l u u 

13A„ „ 

l 3B2g g 

l 3B3g g 

23B l u u 

33B l u u 

l 3B2u u 

23B3u u 

l 3A u u 

3.67 7 

5.98 8 

6.65 5 

6.79 9 

6.82 2 

7.09 9 

7.37 7 

7.40 0 

7.41 1 

7.43 3 

thereforee give a good indication of the influence of Rydberg-valence mixing on the 

excitedd singlet states. These values are reported Table 7.6. 

Whenn we concentrate for the moment on tetramethylethylene, we see from 

Tablee 7.6 that for the 1'B3u an (/?") value of 798.4 a] is found, whereas that of its 

triplett counterpart is only 732.1 al. The 2,B3u state shows exactly the opposite trend: 

itt is significantly more compact than its triplet counterpart - 798.8 al versus 843.5 

alal,, respectively. The differences with respect to the situation in ethylene clearly 

comee forward when the contour plots of the primary natural orbital of the excited 

electronn from the CIS/6-311(2+)G* wave function for the 1' 3B,u and 2l3Biu states of 

ethylenee are compared with those of the l''3B3u and 213B3u states of 

tetramethylethylenee (Figure 7.4). While for ethylene large differences between the 
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TableTable 7.6. Calculated (CIS/6-311(2+)G*//B3LYP/6-3IG*) expectation values of the radial spatial 

electronicelectronic extent \R~) (Bohr) for the excited singlet and triplet states of propylene, isobutene, trans-

2-butene,2-butene, cis-2-butene, trimethylethylene, and tetramethylethylene. 

Propylenee (Cs) 

Statee Singlet Triple t A(T-S)a' 

IA ""  243.3 237.0 -6.3 

2A""  255.8 251.3 -4.5 

2A'' 244.0 259.0 +15.0 

33 A" 270.4 265.3 -5.1 

33 A' 246.1 199.8 -46.3 

4A""  300.2 293.3 -6.9 

55 A" 300.7 290.0 -10.7 

6A""  303.4 300.6 -2.8 

4A'' 311.3 303.7 -7.6 

5A'' 308.6 309.2 +0.6 

TransTrans-2-butene-2-butene (Cn,) 
Statee Singlet Triple t A(T-S),a' 

1AUU 446.8 440.1 -6.7 

lBgg 457.5 453.4 -4.1 

2A¥¥ 471.4 462.4 -9.0 

2B,,, 480.4 475.6 -4.8 

1BUU 433.8 403.6 -30.2 

2AUU 512.0 498.7 -13.3 

3AUU 509.2 506.8 -2.4 

2BUU 511.0 493.3 -17.7 

4AUU 518.7 517.2 -1.5 

3BUU 493.0 516.4 +23.4 

Trimethylethylenee (Cs) 

Statee Singlet Triple t A(T-S)la) 

IA ""  584.0 577.0 -7.0 

2A'' 599.0 603.4 +4.4 

22 A" 611.0 606.5 -4.5 

3A""  624.0 618.6 -5.4 

4A""  641.0 634.0 -7.0 

3A'' 603.9 540.8 -63.1 

5A""  659.3 654.8 -4.5 

4A'' 642.6 637.2 -5.4 

6A""  659.7 656.9 -2.8 

5A'' 615.0 650.8 +35.8 

Isobutenee (C2,) 

Statee Singlet Triple t A(T-S),a' 

IB,, 374.1 366.6 -7.5 

2A,, 372.2 392.0 +19.8 

1A22 403.1 400.0 -3.1 

2B,, 403.7 398.9 -4.8 

3B,, 427.0 418.9 -8.1 

2A22 427.4 417.9 -9.5 

3A,, 396.6 328.6 -68.0 

4B,, 430.6 429.0 -1.6 

IB22 438.0 435.8 -2.2 

4A,, 419.3 428.8 +9.5 

C«-2-butenee (C2v) 
Statee Singlet Triple t A(T-S),a' 

IB,, 402.3 395.9 -6.4 

2B,, 420.0 415.3 -4.7 

2A,, 429.2 420.5 -8.7 

1A22 438.5 434.6 -3.9 

1B22 374.9 359.2 -15.7 

3B,, 460.0 450.4 -9.6 

2A22 471.3 462.0 -9.3 

4B,, 466.7 465.0 -1.7 

2B22 462.2 462.7 +0.5 

33 A, 466.0 461.7 -4.3 

Tetramethylethylenee (D2h) 
Statee Singlet Triple t A(T-S)ta) 

1B|UU 773.5 765.8 -7.7 

2ASS 798.9 794.4 -4.5 

lB3gg 818.1 814.8 -3.3 

lB2gg 820.0 813.0 -7.0 

2B,UU 833.7 830.0 -3.7 

1B3UU 798.4 732.1 -66.3 

3B,UU 848.1 844.8 -3.3 

lB2uu 838.6 836.9 -1.7 

1AUU 866.8 862.6 -4.2 

2B1uu 798.8 843.5 +44.7 

""  The difference between the \R~) values (Bohr') for analogous triplet and singlet states. 

2'B] UU and 2',Biu excited states are absent, the 2]B3U state in tetramethylethylene is 

significantlyy more compact than the 2" B3U state. Similarly, the differences between the 

1'B]UU and l3Biu states of ethylene are considerably magnified in the l 'B^ and l'B,^ 

statess of tetramethylethylene. These results confirm that indeed the (it,Jt*) and (it.3dx/) 
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statess are involved in extensive configuration mixing, leading to such an intense 

sharingg of the properties associated with the unperturbed states, that it seems that 

theree is no longer one - the (%,%*) valence state -, but two excited singlet states with 

thee characteristics of a valence state. A word of caution is in order, however, because 

inn the case of ethylene it is well known that distortion of the molecular geometry leads 

too a decrease of the Rydberg-valence mixing. Although we do not know whether and 

too what extent this is also true for the substituted ethylenes, the present conclusions on 

thee apparent presence of two valence states would therefore in first instance apply for 

verticall  excitation. 

Ethenee (Da,) 

l ' B l uu 2 'B l u 

**  oo 
1'B|UU 2 , B h I 

Tetramethylethylenee (D2h) 

l 'B , uu 2 ' B3 U 

l 3B3uu 23B3u 

FigureFigure 7.4. Contour plots (0.01 a.u.) of the primary natural orbital of the excited electron in the CIS/6-

311(2+)G*311(2+)G* wave function for (i) the l'Blu and 2'B,„ excited states of ethylene and their triplet 

counterparts,counterparts, and (ii) the l'B3u and 2'B3u excited states of tetramethylethylene and their triplet 

counterparts. counterparts. 

An,, in first instance, intriguing feature of the results reported in Table 7.4 is 

thatt for cf'.j-2-butene (C2v symmetry) only one state is predicted to have considerable 

oscillatorr strength. This might seem surprising since for the frans-conformer (C2h 

symmetry)) two states with quasi-equal large oscillator strengths are found. Because 
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TableTable 7.7. Calculated (CIS/6-3II(2+)G*//B3LYP/6-31G*) vertical excitation energies and oscillator 

strengthsstrengths of the ten lower excited singlet states of the D2  ̂ C2h< and C2v conformers of 

tetramethylethylene. tetramethylethylene. 

D2h h 

State e 

l ! B l u u 

2'A g g 

1'B^ ^ 

l 'B; e e 

2'B,U U 

1'B,U U 

3'B,U U 

l 'B 2u u 

1'AU U 

2'B.,U U 

conformer r 

Energy y 

6.14 4 

6.70 0 

6.86 6 

6.86 6 

7.17 7 

7.18 8 

7.39 9 

7.42 2 

7.45 5 

7.88 8 

ƒ ƒ 

0.0004 4 

0.0000 0 

0.0000 0 

0.0000 0 

0.0133 3 

0.4147 7 

0.0054 4 

0.0037 7 

0.0000 0 

0.4628 8 

State e 

1'B„ „ 

2'Ag g 

1'B, , 

3'A , , 

2'BU U 

3'BU U 

4'BU U 

1'AU U 

2'AU U 

5'BU U 

C2hh conformer 

Energy y 

6.11 1 

6.69 9 

6.84 4 

6.85 5 

7.09 9 

7.22 2 

7.38 8 

7.40 0 

7.44 4 

7.82 2 

ƒ ƒ 

0.0070 0 

0.0000 0 

0.0000 0 

0.0000 0 

0.2254 4 

0.1979 9 

0.0048 8 

0.0046 6 

0.0000 0 

0.3954 4 

State e 

1'B, , 

2'A , , 

1!A 2 2 

2'B, , 

3'A , , 

3'B, , 

4'B, , 

1'B2 2 

2 % % 

4'A , , 

C2,, conformer 

Energy y 

5.99 9 

6.58 8 

6.71 1 

6.76 6 

7.05 5 

7.06 6 

7.25 5 

7.28 8 

7.33 3 

7.38 8 

ƒ ƒ 

0.0014 4 

0.0000 0 

0.0000 0 

0.0000 0 

0.5044 4 

0.0129 9 

0.0002 2 

0.0165 5 

0.0000 0 

0.1061 1 

forr trans- versus f/.ï-2-butene the carbon backbone changes, we have explored this 

issuee further by investigation of the electronic properties of the excited states of 

tetramethylethylenee upon changing the symmetry of the molecule to Cih or C2V by 

simplee rotations of the methyl groups. Table 7.7 shows the calculated values for the 

verticall  excitation energies associated with the ten lower excited singlet states of the 

D2h,, C2h, and C2V conformation. The Table demonstrates that the excited-state 

propertiess are rather dependent on the orientation of the methyl groups. Upon going 

fromm the D2h to the Cih conformation, the excitation energies of the various states 

remainn more or less the same, but now three states have a significant oscillator 

strengthh instead of two. For the Civ conformation, two states have a significant 

oscillatorr strength - values that are, however, still rather different from the values 

obtainedd for the D2h conformation -, but now we see as well that the excitation energy 

off  the upper one of these two states, the 4'A] state, has decreased by about 0.5 eV in 

comparisonn to the situation in Dih or C2h symmetry. One might expect that two factors 

couldd be of importance when the methyl groups are rotated. Firstly, when inversion 

symmetryy is present, the (7t,7t*) state can only mix with configurations of ungerade 

symmetry,, i.e., the (n.nd) or (Jt,ns) configurations. At the moment that inversion 

symmetryy is absent, also (rc.np) configurations might come into play. From contour 
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plots,, we conclude, however, that at least as far as tetramethylethylene of C2v 

symmetryy is concerned, this does not seem to be the dominant factor since these 

contourr plots indicate that the 41 A| state still has 3d character. A second aspect to take 

intoo consideration is that, although the wave function of a Rydberg state is more 

extendedd than that of the valence state, it still is - and certainly for the lower Rydberg 

statess - reasonably close to the nuclear framework. The electronic distribution, and 

thuss the vertical excitation energy of the state, can thus be expected to be susceptible 

too the detailed orientation of the methyl groups. 

Recently,, more advanced Random Phase Approximation (RPA) calculations 

[46]]  have been carried out in the group of Dr. J.H. van Lenthe (University of Utrecht). 

Forr the D2h conformer of tetramethylethylene these calculations predict that the 1 'B-.u 

andd 2'B3u states have vertical excitation energies of 7.01 and 7.69 eV, respectively, 

andd oscillator strengths of 0.5221 and 0.1930, respectively. Although the results of 

thesee more advanced RPA calculations seem to suggest that the CIS methodology 

overestimatess Rydberg-vale nee mixing, significant configuration mixing between the 

(7r,7T*)) valence state and the Rydberg manifold is thus predicted as well by this ab 

initioinitio  technique. 

7.3.7.3. J.C Rydberg-valence mixing based on configurations of similar symmetry 

Ass indicated in the previous section, one can expect that, apart from 

configurationn mixing between the wave functions of the (7t,7t*) and one of the (7t,3d) 

configurationss based on similar nodal structure, under the appropriate symmetry 

conditionss configurations of the same symmetry may also participate in configuration 

mixing.. This may lead to Rydberg-valence mixing as well as Rydberg-Rydberg 

mixing.. Examples are found for propylene (Cs symmetry) and isobutene (C2v 

symmetry).. Table 7.4 shows that for propylene the CIS calculations predict three low-

lyingg excited singlet states at 7.46, 7.86, and 8.62 eV with relatively large oscillator 

strengthss of 0.2622, 0.2139, and 0.1252, respectively. For isobutene a comparable 

patternpattern is observed: the 2'A. state at 7.05 eV with/=0.2502, the 3'A. state at 7.98 eV 

withh f=0.1610, and finally the 4'A, state at 8.19 eV with/=0.2204. In the following 

wee will focus on propylene, and show that for this molecule mixing with a (rc,3p) 

configurationn plays an important role. For isobutene similar concepts apply. 
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Inn the case of propylene, the addition of a single methyl group to the ethylenic 

moietyy lowers the molecular symmetry from D2h to Cs. As a result, the (7i,3pz) 

configurationn becomes of the same symmetry ('A') as the (7t,7t*) valence 

configuration,, and the two can in principle mix. Rydberg-valence mixing between the 

(n,n*)(n,n*) and (7C,3p) Rydberg configurations has already been studied extensively by 

Peyerimhofff  et al. for ethylene [23,25,38,39]. For that molecule coupling is predicted 

too occur upon lowering the molecular symmetry from D2h to D;> via a twisting motion 

aroundd the C=C bond, i.e., outside the Franck-Condon region, whereas for propylene 

thee appropriate symmetry conditions for configuration mixing are already satisfied for 

verticall  excitation. This is nicely reflected in the results of the present ab initio study. 

Figuree 7.5 shows the contour plots of the primary natural orbitals of the 

excitedd electron from the CIS/6-311(2+)G* wave function for the ten lower excited 

singlett states of propylene. Similar to ethylene, the four lower excited singlet states 

aree described by the (rc,3s), the three (7t,3p), and the (7t,Ji*) configurations. Inspection 

off  the nodal structure of the contour plots in Figure 7.3 demonstrates that the 2*A' and 

3!A'' states are predominantly linear combinations of the (7i,3pz) and (7i,7T.*) 

configurations.. This configuration mixing leads to sharing of their oscillator strengths, 

resultingg in a situation that both states have practically equal oscillator strengths. This 

featuree is clearly illustrated by the observation that with the 6-311(+)G* basis set only 

onee low-lying valence state is predicted, i.e., the ]A'(TZ,K*) valence state at 7.64 eV 

withh an oscillator strength of 0.5096, which is close to the sum of the oscillator 

strengthss of the separate 2*A' and 3!A' states derived from the CIS/6-311(2+)G* 

calculations. . 

Fromm Figure 7.5 we also notice that for propylene the contour plots of the 

primaryy natural orbitals reflect to a much lesser extent the typical atomic nodal 

structuree associated with Rydberg orbitals than for, for example, ethylene and 

tetramethylethylene.. This most likely should be attributed to the low molecular 

symmetryy (Cs) of propylene as a result of which extensive configuration mixing not 

onlyy occurs between the (n,rc*) valence state and the (rc,3p) Rydberg manifold, but 

alsoo within the Rydberg manifold. 
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FigureFigure 7.5. Contour plots (0.001 a.u. (left) and 0.01 a.u. (right)) of the primary natural orbital of the 

excitedexcited electron from the CIS/6-311(2+)G* wave function for the ten lower excited singlet states of 

propylene. propylene. 
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Apartt from its influence on oscillator strengths, Rydberg-valence mixing 

betweenn the (n,n*) valence and (7i,3pz) Rydberg configurations should also be of 

influencee on the electronic spatial extent of the excited state orbital. Table 7.6 shows 

thatt for propylene the singlet 3!A' state is much more diffuse with an (R2) value of 

246.11 a2 than its triplet counterpart with an (R2\ value of 199.8 a2. On the other 

hand,, for the 2'A' state exactly the opposite trend is observed: it is noticeably more 

compactt with a value for {R2) of 244.0 a2 than its triplet counterpart with a value of 

259.00 a2. These observations thus agree very well with the suggested Rydberg-

valencee mixing between the (jr,7t*) and (7t,3pz) configurations. Figure 7.6 shows the 

contourr plots of the primary natural orbitals of the excited electron from the CIS/6-

311(2+)G**  wave function for the 2*A' and 3'A' excited singlet states and their triplet 

counterparts.. From this Figure it becomes clear that the 3'A' state can in first 

approximationn indeed be described as a linear combination of the (jt,7C*) and (Jt,3pz) 

configurations,, whereas its triplet counterpart, the 13A' state, is exclusively 

characterisedd by the (JC,TC*) configuration, leading for this state to a much more 

compactt orbital than for the 3'A' state. Figure 7.6 moreover nicely illustrates that the 

3p77 Rydberg orbital mixes with the HOMO as defined by 2p2(l)+2pz(2). 

FigureFigure 7.6. Contour plots (0.01 a.u.) of the primary natural orbital of the excited electron from the 

CIS/6-311(2+)G*CIS/6-311(2+)G* wave function for the 2'A' and 3'A' excited singlet states of propylene and their 

triplettriplet counterparts. 
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Finally,, taking a look at Table 7.4 again learns us that the CIS calculations also 

predictt an excited singlet state at 8.62 eV with a relatively rather large oscillator 

strengthh of 0.1252. Inspection of the contour plot of the primary natural orbital 

associatedd with this 5'A'state shows that it is to a large extent characterised by a d-

typee Rydberg orbital. 

7.3.27.3.2 Rydberg-Valence Mixing in 1,1 '-Bicyclohexylidene 

Thee conclusion drawn from the previous Sections that an increasing alkylation 

off  the C=C bond in mono-olefins leads to a significant increase in Rydberg-valence 

mixing,, makes us expect that also for BCH configuration mixing plays a dominant 

rolee in determining the electronic properties of its excited states. The present ab initio 

studyy has focused on the electronic properties of the lower excited singlet states of 

bothh the anti- and the syn-conformer of BCH. The molecular geometry of both 

conformerss has been optimised at the MP2/6-31G* level, leading to structures of C2h 

andd C2v symmetry for the anti- and ^yn-conformer, respectively, that are slightly 

twistedd around the C=C bond. The energy difference between both is about 0.161 

kcal/moll  (56 cm"1) in favour of the syw-conformer. This difference corresponds 

practicallyy to a one-to-one antilsyn ratio at room temperature. The principal geometric 

FigureFigure 7.7. Molecular structures (MP2/6-31G*) of the anti- (left) and syn- (right) confonner of 1,1 '-

bicyclohexylidene. bicyclohexylidene. 
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parameterss of the two conformers are given in Table 7.8 together with the 

experimentallyy determined parameters for crystalline BCH. Figure 7.7 shows the 

numberingg of the carbon atoms. It is important to notice that due to packing forces, 

BCHH is only present in the an //-conformation in the solid state, albeit slightly 

distortedd (Q symmetry) [11]. 

TableTable 7.8. Geometrical parameters (bond lengths in A, angles in degrees) of the MP2/6-31G* 

optimisedoptimised structures of the anti- and syn-amformer of /, / ' -bicyclohexxlidene. 

Parameter r 

Bondd lengths: 

C(l)-C(2) ) 

C(2)-C(3) ) 

C(3)-C(7) ) 

C(7)-C(ll) ) 

Annies: : 

C(l)-C(2)-C(3) ) 

C(2)-C(3)-C(7) ) 

C(3)-C(7)-C(ll) ) 

C(7)-C(ll)-C(9) ) 

Dihedrall  angles: 

C(4)-C(l)-C(2)-C(3) ) 

C(4)-C(l)-C(2)-C(5) ) 

Energy"11 1 

a/zri-conformerr  (C2h) 

MP2/6-31G* * 

1.3559 9 

1.5112 2 

1.5361 1 

1.5276 6 

124.61 1 

110.35 5 

111.13 3 

111.21 1 

180.00 0 

3.90 0 

-467,628591 1 

Exp.. Value'31 

1.339 9 

1.5111 ; 1.514 

1.529;; 1.531 

1.523;; 1.519 

124.40;; 124.55 

112.27;; 111.88 

111.08;; 111.17 

110.42 2 

180.0 0 

0.7 7 

syn-conformerr  (C2V) 

MP2/6-31G* * 

1.3557 7 

1.5108 8 

1.5364 4 

1.5279 9 

124.62 2 

110.08 8 

111.11 1 

111.33 3 

180.00 0 

4.47 7 

-467.628848 8 

FromFrom Reference [U].  (h> Energy in Hart rees. 

Verticall  excitation energies and oscillator strengths have been determined for 

thee anti-conformer of BCH with various basis sets, amongst others to determine the 

influencee of the diffuseness of the basis set. The basis sets considered were the (1) 6-

31G,31G, (2) 6-311G*, (3) 6-311(+)G*, (4) 6-31J(2+)G*, and (5) 6-31 l(2+,2+)G**  basis 

sets.. The vertical excitation energies of the twelve lower excited singlet states and 

theirr oscillator strengths obtained using these basis sets are given in Table 7.9. Figure 

7.8,, in which the calculated excitation energies are plotted as a function of the basis 

set,, shows the influence of the diffuseness of the basis set on the excitation energies. 

Similarr to conclusions reached in an earlier ab initio study on ethylene [20], the 

verticall  excitation energies appear to be converged using either one of the two largest 

basiss sets. For ethylene it was observed that experimentally and CIS predicted 

excitationn energies agree surprisingly well. Here, we do not find such an excellent 
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agreement.. The experimental excitation energy of the lowest excited singlet state in 

BCH,, the (7i,3s) Rydberg state, is 5.39 eV [8]. The two most diffuse basis sets show 

thee smallest error margin, about 0.9 eV, between calculated and experimental value. 

13—1 1 

12-- I 
I I 

!!  | 

I I 

II I I 
== : 

6 --

5- 11 1 1 1 1 1  1 
1 22 3 4 5 

Basiss Set 

FigureFigure 7.8. The influence of the basis set employed on the excitation energies resulting from CIS 

calculationscalculations on the anti-conformer of 1.1 '-bicyclohexylidene. Numbering of the basis sets is: (I) 6-3IG, 

(2)6-311G*.(2)6-311G*. (3)6-311(+)G*. (4)6-311(2+)G*, and(5)6-311(2+,2+)G**. 

Tablee 7.9 clearly shows that increasing the diffuseness of the basis set leads to 

aa sharp decrease of the oscillator strength of the lBu(7t,7C*) valence state, and a 

concurrentt increase in the oscillator strength of another excited singlet state of Bu 

symmetry,, located about 0.5-1.0 eV above the 'Bu(7t,7t*) valence state. It is 

noteworthyy that the 2!BU state has no longer the largest oscillator strength with the 

twoo largest basis sets. Instead, the 5'BU state has now obtained the largest oscillator 

strength.. Although the absolute oscillator strengths should be regarded with caution, 

thee calculated ratio of the oscillator strength of the 2'BU and 5'BU states (0.79 and 0.68 

forr basis set 4 and 5, respectively) is in excellent agreement with the experimentally 

determinedd ratio of 0.73 [8]. 

Thee observed behaviour of the oscillator strengths upon increasing the 

diffusenesss of the basis set indicates the occurrence of configuration mixing between 

thee (7i,7t*) valence state and the Rydberg manifold. Considering that very similar 

observationss have been made above for much smaller mono-olefins, this conclusion is 

hardlyy surprising. The series of calculations, that have now been done to investigate 
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thee influence of the diffuseness of the basis, beautifully demonstrates that adding 

diffusee sp functions on the carbon atoms decreases strongly the vertical excitation 

energyy of the Rydberg states, and leads to a diminishing energy gap between the 

unperturbedd 'BU(7C,JI*) valence state and the Rydberg states. As a result, Rydberg-

valencee mixing is enhanced and the electronic characteristics of the unperturbed states 

aree shared. 

TableTable 7.9. Calculated vertical excitation energies (eV) and oscillator strengths of the twelve lower 

excitedexcited singlet states of the anti-conformer of 1,1'-bicyclohexylidene as a function of the basis set. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

Stat e e 

l l Bu u 

l'B g g 

2'B U U 

2'A g g 

3'A g g 

3'B U U 

2'B , , 

4'A g g 

3'B g g 

1'A U U 

2'A U U 

4 ! BU U 

6-31 G G 

Energ y y 

7.6 4 4 

9.0 8 8 

9.7 9 9 

9.8 4 4 

10.5 6 6 

10.7 5 5 

10.7 5 5 

10.9 6 6 

11.0 4 4 

11.0 5 5 

11.2 2 2 

11.4 9 9 

6-311(2+) G G 

ƒ ƒ 
1.077 7 7 

0.000 0 0 

0.036 1 1 

0.000 0 0 

0.000 0 0 

0.093 2 2 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.026 6 6 

0.089 2 2 

0.029 6 6 

* * 

Stat e e 

1'B U U 

2'B U U 

2'A g g 

l'B g g 

2'B g g 

3'B U U 

3'A g g 

4'A g g 

1'A u u 

4'B U U 

5'B U U 

3'B B B 

6-311G * * 

Energ y y 

7.2 9 9 

8.4 6 6 

8.7 6 6 

8.9 4 4 

9.0 9 9 

9.3 8 8 

9.4 3 3 

9.7 1 1 

9.7 8 8 

9.8 7 7 

10.2 5 5 

10.3 7 7 

6-311(2+,2+) G G 

ƒ ƒ 
0.918 5 5 

0.095 5 5 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.045 2 2 

0.000 0 0 

0.000 0 0 

0.106 8 8 

0.025 1 1 

0.059 9 9 

0.000 0 0 

** * 

Stat e e 

1] BU U 

2'A g g 

l'B g g 

2'B U U 

3'B U U 

3'A g g 

1'A U U 

4'B U U 

2'A U U 

5'B U U 

2'B g g 

4'A E E 

6-311(+) G G 

Energ y y 

6.6 1 1 

7.0 2 2 

7.2 9 9 

7.3 0 0 

7.6 8 8 

7.6 8 8 

7.8 9 9 

8.1 1 1 

8.2 0 0 

8.4 2 2 

8.6 5 5 

8.6 7 7 

* * 

ƒ ƒ 
0.200 4 4 

0.000 0 0 

0.000 0 0 

0.575 7 7 

0.071 3 3 

0.000 0 0 

0.015 1 1 

0.020 0 0 

0.035 3 3 

0.212 1 1 

0.000 0 0 

0.000 0 0 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

Stat e e 

1'B U U 

2'A g g 

1'B , , 

3'A g g 

21B„ „ 

3'B U U 

1'A U U 

4'B U U 

2'A U U 

5'B U U 

4'A g g 

6'B U U 

Energ y y 

6.3 0 0 

6.4 9 9 

6.7 6 6 

7.0 1 1 

7.0 5 5 

7.1 2 2 

7.1 9 9 

7.2 9 9 

7.3 1 1 

7.5 0 0 

7.6 7 7 

7.7 1 1 

ƒ ƒ 
0.097 0 0 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.258 1 1 

0.080 4 4 

0.000 1 1 

0.001 7 7 

0.016 2 2 

0.379 8 8 

0.000 0 0 

0.103 1 1 

Stat e e 

1'B U U 

2'A 6 6 

l'B g g 

3'A g g 

2'B U U 

3'B U U 

1'A U U 

4 l Bu u 

2'A U U 

5'B U U 

4'A g g 

6'B U U 

Energ y y 

6.2 8 8 

6.4 7 7 

6.7 4 4 

6.9 8 8 

7.0 3 3 

7.0 9 9 

7.1 6 6 

7.2 5 5 

7.2 7 7 

7.4 2 2 

7.5 2 2 

7.6 0 0 

ƒ ƒ 
0.095 6 6 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.230 1 1 

0.082 0 0 

0.000 2 2 

0.001 4 4 

0.015 1 1 

0.290 5 5 

0.000 0 0 
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FigureFigure 7.9. Contour plots (0.001 a.u. (left) and 0.01 a.u. (right)) of the primary natural orbital of the 

excitedexcited electron from the CIS/6-311(2+)G* wave function for the twelve lower excited singlet states of 

thethe anti-conformer of 1,1 '-bicyclohexylidene. 

Figuree 7.9 shows the contour plots of the primary natural orbitals of the 

excitedd electron from the CIS/6-311(2+)G* wave function for the twelve lower 

excitedd singlet states of the a«»'-conformer of BCH. For the four lower excited singlet 

statess a Rydberg character in terms of a hydrogen-like orbital is easily deduced; they 

cann be assigned as states with 3s and 3p character. For higher excited singlet states 

thiss becomes more difficult because mixing does not only occur between the (Jt,Jt*) 

valencee state and the Rydberg manifold, but also within the Rydberg manifold itself. 

Inn contrast to ethylene or tetramethylethylene, which both have a high symmetry, the 
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TableTable 7.10. Calculated (CIS/6-31 l(2+}G*//MP2/6-3]G*)  excitation energies (eV) of the excited 

singletsinglet and triplet states of the anti-conformer of 1,1 '-bicyclohexylidene and expectation values of the 

radialradial electronic spatial extent (Bohr2). 

SINGLET SS TRIPLET S 

Statee Energy (tf?) Energy (R*} (*r  )-(*?)' " 

1'B U U 

2'A g g 

l'B g g 

3'A g g 

2'B U U 

3'B U U 

1'A U U 

4'B U U 

2 ! AU U 

5'B U U 

4'A g g 

6'B U U 

6.3 0 0 

6.4 9 9 

6.7 6 6 

7.0 1 1 

7.0 5 5 

7.1 2 2 

7.1 9 9 

7.2 9 9 

7.3 1 1 

7.5 0 0 

7.6 7 7 

7.7 1 1 

+58 8 

+63 3 

+95 5 

++ 14 0 

+70 0 

+95 5 

++ 11 2 

++ 16 5 

++ 15 9 

++ 12 4 

++ 17 9 

++ 14 0 

6.2 7 7 

6.4 3 3 

6.7 4 4 

6.9 6 6 

3.6 1 1 

7.0 5 5 

7.1 7 7 

7.2 1 1 

7.2 9 9 

7.2 7 7 

7.6 2 2 

7.5 8 8 

+50 0 

+58 8 

+93 3 

++ !2 9 

+4 4 

+94 4 

++ 10 9 

++ 12 3 

++ 15 4 

++ 16 0 

++ 17 3 

++ 15 2 

-8 8 

-5 5 

-2 2 

-11 1 

-66 6 

-1 1 

-3 3 

-42 2 

-5 5 

+36 6 

-6 6 

++ 1 2 

lala'' Expectation values (Bohr2) of the electronic radial spatial extent (R2\ expressed as the difference 

betweenbetween the values for each of the excited singlet state minus that of the electronic ground state (for S„ 

(R(R22^  ̂ =2639 a\ at the MP2/6-31G* level). 

lowerr symmetry of the a/iri-conformer of BCH gives rise to mixing between 

configurationss of the same symmetry. 

Thee vertical excitation energies and the expectation values of the electronic 

radiall  spatial extent {^R2  ̂of the twelve lower excited singlet and triplet states of the 

arc/i-conformerr of BCH are given in Table 7.10. From this Table it can be concluded 

thatt the 2 Bu state is considerably more diffuse than its triplet counterpart as well as 

thee electronic ground state. The 5!BU state, on the other hand, is less diffuse than its 

triplett analogue, although both are still significantly more diffuse than the electronic 

groundd state. These results confirm the Rydberg-valence mixing between the (n,n*) 

valencee and the (7C,3d) Rydberg configurations, and indicate that the two intense 

absorptionn bands observed in the UV for BCH [7,9,10] can be explained by a strong 

(71,71*)̂ ->(7t,3d)) configuration mixing. 
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TableTable 7.11. Calculated (CIS/6-31 l(2+)G*//MP2/6-31G*) vertical excitation energies (eV) and 

oscillatoroscillator strengths of the excited singlet and triplet states of the syn-conformer (C2v) of 1,1'-

bicyclohexylidenebicyclohexylidene and expectation values of the radial electronic spatial extent (Bohr). 

SINGLET SS TRIPLET S 

Statee Energy ƒ (/?s
2)(a) Energy (R2

T)W {R2)-(ülf 

2'A , , 

3'A , , 

l'B 2 2 

1'B , , 

4'A , , 

2'B | | 

5'A , , 

2'B 2 2 

1'A 2 2 

3'B 2 2 

6'A , , 

7'A , , 

6.2 8 8 

6.6 7 7 

6.7 0 0 

6.7 7 7 

7.1 6 6 

7.2 0 0 

7.2 5 5 

7.2 8 8 

7.3 0 0 

7.5 0 0 

7.6 9 9 

7.7 1 1 

0.000 0 0 

0.004 6 6 

0.323 7 7 

0.013 4 4 

0.008 9 9 

0.001 0 0 

0.004 0 0 

0.003 0 0 

0.000 0 0 

0.539 7 7 

0.001 3 3 

0.000 8 8 

+66 6 

+72 2 

+81 1 

+98 8 

+99 9 

++ 11 3 

++ 15 2 

++ 14 6 

++ 15 9 

+96 6 

++ 16 7 

+145 5 

6.1 7 7 

6.6 1 1 

3.6 1 1 

6.7 5 5 

7.1 0 0 

7.1 9 9 

7.2 3 3 

7.2 6 6 

7.2 9 9 

6.8 8 8 

7.6 5 5 

7.6 0 0 

+57 7 

+67 7 

+3 3 

+96 6 

+97 7 

++ 11 0 

++ 13 9 

++ 14 8 

++ 15 5 

++ 11 4 

++ 16 3 

++ 13 8 

-9 9 

-5 5 

-7 8 8 

-2 2 

-2 2 

-3 3 

-1 3 3 

+2 2 

-4 4 

+18 8 

-4 4 

-7 7 

''aa'' Expectation values (Bohr2) of the electronic radial spatial extent [R2j expressed as the difference 

betweenbetween the values for each of the excited singlet state minus that of the electronic ground state (for S0 

(R(R22)) =2449 al at the MP2/6-31G* level). 

Inn a previous ab initio study [13] it was concluded that only the anti-

conformerr is responsible for the second absorption band in the UV absorption 

spectrumm [7,9,10]. To investigate this aspect, we have performed the same type of 

calculationss done for the £mf/-conformer as well for the sy/i-conformer. Table 7.11 

showss the excitation energies, oscillator strengths, and spatial diffuseness of excited 

statess of this conformer calculated with the CIS/6-311(2+)G* method, while in Figure 

7.100 the contour plots of the primary natural orbital of the excited electron for the 

variouss excited states are shown. For this conformer two states are observed with 

relativelyy large oscillator strengths, the 1 2̂ and 3'B2 states at 6.70 and 7.50 eV, 

respectively.. Inspection of the contour plots reveals that the l'B2 state is a state that 

hass (7C.7C*) as well as 3p character, and not the 3d character that might have been 

expectedd on the basis of similar nodal structures. That particular 3d state is actually 

recognisablee in the contour plot of the 2!B2 state. On the basis of its small oscillator 
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2'A,, :7t->3s 

1'B,, f = 0.3237 

4'A,, : 7t -> 3d72 

(TD D 
-~\~r -~\~r 

5'A, , 

rA 2:7c-»3dx . . 

6'A, , 

-'\„ r r 

3'Aii  : JI —> 3pz 
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1'B,, : 7 t ^ 3 px 

2'B, , 
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322 : 71 —> JUyz 
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7'A, , 

Figuree 7.70. Contour plots (0.001 a.u. (left) and 0.01 a.u. (right)) of the primary natural orbital of the 

excitedexcited electron from the CIS/6-311(2+)G* wave function for the twelve lower excited singlet states of 

thethe syn-conformer of 1,1'-bicyclohexylidene. 
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strengthh and the small changes that occur with respect to its triplet counterpart, it can 

bee concluded that this state is hardly involved in mixing, and retains predominantly its 

Rydbergg character. The contour plots of the 3'B2 state show that this state has, similar 

too the lJBi state, (71,71*) as well as 3p character. 

Similarr to tetramethylethylene, RPA studies [46] on the excited singlet states 

off  the anti- and sy/z-conformers also give evidence of strong mixing between the 

(71,7:*)) valence state and the Rydberg manifold. For the a/ifr-conformer, the RPA 

calculationss show that the 2!BU and 5'BU states at 6.92 and 7.38 eV, respectively, have 

sharedd the oscillator strength associated with the unperturbed (ÏÏ,TI* ) configuration: 

0.45955 versus 0.1882, respectively. For the syn-conformer, however, the RPA 

calculationss predict that not only the 1 'B2 state at 6.60 eV and the 3'B2 state at 7.31 

eVV have a considerable oscillator strength (0.4337 and 0.2273, respectively), but also 

thee 2'B2 state at 7.26 eV with/= 0.1273. 

7.3.3.7.3.3. Experimental Evidence for Rydberg-Valence Mixing 

Onn the basis of the present results one expects that Rydberg-valence mixing 

shouldd also be of influence on the excited-state properties of other mono-olefins. It 

wass already stated by Clark et al. [7] in his UV absorption study on BCH that the 

spectraa of all mono-olefins display two intense bands similar to BCH, but that in 

manyy cases they are approximately degenerate. For instance, close inspection of the 

UVV absorption spectrum of a thin film of tetramethylethylene [8,47] provides 

evidencee for an intense shoulder around 50000 cm"1 and a broad absorption band with 

itss maximum close to 55000 cm '. This higher-energy band was assigned to the 7r.̂ jr.* 

valencee transition, but the shoulder at 50000 cm'1 was not explicitly assigned. In view 

off  the extensive configuration mixing anticipated for tetramethylethylene {vide 

supra),supra), we feel that the bands at 50000 and 55000 cm ' correspond to excitations from 

thee electronic ground state to excited states that are characterised by in- and out-of-

phasee combinations of the (7t,7i*) and (7i,3dX7) configurations. 

Otherr experimental evidence for an important role of Rydberg-valence mixing 

inn mono-olefins is found in a study by Yogev et al. [14] on steroids. In this study the 

polarisationn of the electronic transitions in A4- and A5-cholestene was investigated in 

orderr to get a better insight into the spectroscopic properties of isolated CC double 

bonds.. Yogev et al. concluded that olefins having symmetrically substituted CC 
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doublee bonds generally show two absorption bands of similar intensity in the UV, 

bothh of which are polarised along the C=C bond. For unsymmetrically substituted 

mono-olefinss only the shorter wavelength band was found to have in all cases a 

transitionn moment directed along the C=C bond, whereas for the longer wavelength 

bandd the transition moment might deviate from this direction. These conclusions are 

inn line with the ab initio results presented here. 

7.44 Summary and Conclusions 

Inn the present ab initio study we have investigated the electronic properties of 

thee excited states of mono-olefins, ultimately aiming to understand and explain the 

spectroscopicc properties of BCH. As a prototype system for this molecule, we have 

firstt focused on the effects of alkyl substitution on Rydberg-valence mixing in small 

methylatedd derivatives of ethylene. For these molecular systems Rydberg-valence 

mixingg has been observed that was not only limited to mixing between configurations 

off  the same nodal structure ((7i,7ü*)<->(7C,3d) mixing), but - symmetry permitting - also 

betweenn configurations of the same symmetry, for example between the (7T,7t*) and 

thee (7C,3p) configurations. We have argued that Rydberg-valence mixing as proposed 

byy Buenker and Peyerimhoff, and by others [8,22] for ethylene offers the most direct 

explanationn for these results. 

Onn a more detailed level, it has been observed that the characteristics of 

configurationn mixing depend critically on the molecular symmetry of the mono-olefin 

considered.. For molecules with a high symmetry, such as ethylene and 

tetramethylethylenee of D2h symmetry, Rydberg-valence mixing between the (7r,7t*) 

andd (7T,3dxz) configurations leads to two excited singlet states with valence-like 

properties.. This mixing is somewhat particular as it concerns the interaction of 

configurationss that have the same radial as well as angular nodal structure. However. 

ass the molecular symmetry of the mono-olefin is lowered, e.g., by methylation of the 

C=CC bond, other Rydberg configurations with the same symmetry as the (71,71*) 

valencee configuration can become involved in the Rydberg-valence mixing. As a 

result,, the electronic properties of the unperturbed wave functions become shared. For 

thee (K,K*) valence state this causes a gain in Rydberg character and vice versa for the 

Rydbergg states. Concurrently, it is no longer only the (71,71*) valence state that has a 
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relativelyy large oscillator strength, but instead two or more states with the same 

symmetryy as the (TUJT.*) valence state obtain significant oscillator strength. Although 

thee present CIS approach has been able to elucidate this mixing, comparison with the 

resultss of RPA calculations indicates that the CIS calculations tend to overestimate the 

Rydberg-valee nee mixing. 

Thee theoretical results are in line with experimental studies on the 

spectroscopicc features of BCH. For this molecule two low-lying valence transitions 

havee been observed, whereas only one, the JÏ—>7r*  transition, was expected. The 

presentt ab initio studies on both the anti- and syn-conformer of BCH reveal strong 

(7r,7i*)<-K7i,3d)) configuration mixing for both conformers, for the s>77-conformer a 

(7i,7T*)^(7i,3p)) mixing is observed as well. It has been argued that for other alkylated 

mono-olefinss there are a posteriori also spectroscopic indications for the presence of 

moree than one excited state with valence-like properties that can in the same way be 

attributedd to derive from Rydberg-valence mixing. 
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