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ChapterChapter 3 

TheThe Spectroscopy & Photophysics ofHexatriene (A) 
AA "Hot" Perspective on Symmetry Breaking and Vibronic Coupling 

inin Cis-1,3,5-Hexatriene. 

Abstract t 

Thee influence of symmetry breaking on the one hand and vibronic coupling on 

thee other hand on the photophysical properties of the lowest excited singlet state of 

polyeness has been investigated for ds-l,3,5-hexatriene by rotational analyses of the 

apparentt origin region of the S|<-S0 excitation spectrum, and by quantum chemical 

calculationss of direct and vibronically induced transition moments. Both approaches 

givee indisputable evidence for a dominant role of vibronic coupling. On the basis of 

thiss conclusion predictions concerning hitherto unobserved important transitions such 

ass the non-vibronically induced 0-0 transition are made and confirmed. 

R.A.. Rij ken berg, D. Bebelaar. and W.J. Buma, J. Am. Chem. Soc. 122, 7418 (2000). 
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3.11 Introductio n 

Thee highly versatile role of polyenes, both in materials science as well as in 

biologicall  processes [1,2], has raised considerable interest in their photophysical and 

photochemicall  properties [3]. By now, it has been firmly established that the 

HOMO—>LUMOO excitation, leading for all-tram polyenes of C2h symmetry to the 

stronglyy dipole-allowed ionic 1 'Bu state, is not the first excited singlet state Si but S2. 

Instead,, the pioneering experimental work of Kohier and Hudson [4] and the 

theoreticall  work of Schuiten and Karplus [5] has shown that Si (for all-trans polyenes 

off  !Ag symmetry) is characterised by extensive electron correlation, and in a zeroth-

orderr picture described by a linear combination of the HOMO—>LUMO+l, HOMO-

1->LUM0,, and (HOMO)'-KLUMO)2 excitations. This implies that for all-trans 

polyeness the one-photon S]<-»S0 transitions are not only forbidden on symmetry 

groundss (g<-»g), but also on account of the double excitation character of S i. 

All-trans-],3,5,7-octatelmemAll-trans-],3,5,7-octatelmem can be considered as the prima donna amongst 

unsubstitutedd polyenes with inversion symmetry. For this molecule the above 

conceptss have convincingly been demonstrated by both experimental [6] as well as 

theoreticall  research [7] - one-photon transition intensity is induced via vibronic 

couplingg (see Appendix A) between the dipole-forbidden 2*Ag (Si) and the dipole-

allowedd 1 'Bu (S2) states along vibrational coordinates of bu symmetry. An intriguing 

question,, whose answer has so far remained elusive, is how the lack of inversion 

symmetry,, for example by the presence of ds-linkages, influences the spectroscopy of 

polyenes.. Theoretical [8] and solid-state experimental studies [9] on cis,trans-],3,5,7-

octatetraenee indicate that for this isomer vibronic coupling between Si and S2 

dominatess the one-photon spectroscopy of Si, but gas-phase spectroscopic studies that 

wouldd be able to validate these results quantitatively are unfortunately still lacking. 

Anotherr possibility to compare the role of symmetry breaking with that of 

vibronicc coupling - and the one that is pursued here - is to study the one-photon 

spectroscopyy of c/s-1,3,5-hexatriene. This molecule was the first unsubstituted 

polyenee for which the Si(2'Ai)<— S0(l'A|) transition could actually be observed under 

isolatedd conditions [10]. It can in principle take place as a direct perpendicular 

transition,, or as a vibronically induced parallel transition. In the latter case transition 

intensityy is borrowed from the S2(1'BI)^-SO(1'AI) transition via bi modes. The one-

photonn excitation spectrum of Si is dominated by a double band around 34380 cm" , 
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whichh has been suggested to arise from the presence of more than one stable 

conformerr on the excited-state potential energy surface of Si. The key question is now 

whetherr this band corresponds to the 0-0 transition, or to a vibronically induced 

transition.. In the original REMPI work [10] a direct transition was assumed, while a 

vibronicallyy induced character was concluded from subsequent gas-phase 

fluorescencee excitation [11] and resonance Raman [12] studies. Time-resolved 

measurementss of the rotational anisotropy [13], however, seemed to give evidence for 

aa perpendicular polarised S|(2,A I)<-S0(1
IA I) transition, i.e., not vibronically induced. 

Inn the following, we will present and discuss the results of a fluorescence 

excitationn spectroscopic study on jet-cooled cw-l,3,5-hexatriene in which a rotational 

contourr analysis {see Appendix B) has been performed on the double band at 34380 

cm""  . The results of that analysis, in combination with ab initio calculations, allow us 

too come to unambiguous conclusions on the nature of this band, and the prediction of 

otherr important bands. 

3.22 Experimental and Theoretical Details 

3.2.13.2.1 Experimental Procedures 

Thee experimental setup for performing high-resolution fluorescence excitation 

spectroscopyy is described in detail in Chapter 2. In the case of the experiments on jet-

cooledd cis-1,3,5-hexatriene, the XeCl excimer laser was working at a repetition rate of 

300 Hz, and pumped a dye laser operating on Rhodamine 6G. 

Inn the fluorescence excitation experiments the monochromator was used in 

firstt order with a slit width of 10 mm, resulting in a spectral resolution of about 50 

nm.. The center emission wavelength was set to 400 nm. To record a detailed 

excitationn profile of the double band around 34380 cm'1, the dye laser was scanned in 

stepss of 0.025 cm"1, averaging over 40 laser pulses, and dividing the fluorescence 

signall  by the laser intensity as measured by the radiometer. Fluorescence excitation 

spectraa over a larger spectral range were recorded by scanning the dye laser in steps of 

0.11 cm"1. Unfortunately, the fluorescence quantum yield of jet-cooled c/s-hexatriene 

provedd to be insufficient to record any useful dispersed emission spectra. 
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Althoughh the main purpose of a molecular beam is to cool down the molecules 

off  interest to very low (ro)vibrational temperatures, we have employed in this study 

supersonicc jet expansions in such a way as to realise a good trade-off between high 

resolution,, and enough population in ground state excited (ro)vibrational levels to 

recoverr essential spectroscopic information. This has been achieved by studying the 

moleculess of interest very early in the supersonic jet expansion, i.e., in that region of 

thee expansion where the molecules have not yet had time enough to cool down 

efficientlyy via collisions with the carrier gas. 

3.2.23.2.2 Theoretical Procedures 

Calculationss on the electronic ground state (l'A|) and the lowest excited 

singlett state (21 Ai) of ds-hexatriene have been performed using the GAMESS-

DAKOTAA package [14]. 

3.33 Results and Discussion 

Inn this section we will present the results of our experimental and theoretical 

studiess on ds-hexatriene. In first instance we will concentrate on the nature of the 

343800 cm"1 transition, i.e., establish whether it is a parallel or a perpendicular 

transition,, by analysis of its rotational structure. To this purpose excitation spectra 

havee been recorded using relatively "hot" expansions [15]. Under such conditions 

partiallyy rotationally resolved spectra can be obtained as is shown in Figure 3.1 for the 

doubledd band at 34380 cm"1. 

AA rotational contour analysis of this band within the rigid symmetric rotor 

approachh and employing a two-temperature model (TIjrot=60 K; TIi.ro,= 100 K) [16] 

stronglyy suggests that the rotational features derive from a parallel transition, and, 

consequently,, that this band corresponds to a vibronically induced transition (see 

AppendixAppendix A) along normal coordinates of bi symmetry. In general, one needs to be 

extremelyy cautious about the results of a rotational band contour analysis. Fully 

resolvedd spectra are required to determine unambiguously the orientation of an 

electronicc transition moment in the molecular frame. Bands that appear to be of one 
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343600 34365 34370 34375 34380 34385 34390 

Excitationn energy (cm ) 

FigureFigure 3.1. One-photon fluorescence excitation spectrum of the apparent origin region of the St<—So 

transitiontransition in cis-1,3,5-hexatriene. The top and bottom spectra display, respectively, the experimental 

spectrumspectrum and the fitted spectrum leading to the rotational constants given in Table 3.1. 

TableTable 3.1. Rotational constants (cm ) of the 

vibrationlessvibrationless level of the ground state of cis-1,3,5-

hexatrienehexatriene and the vibronic level of Si accessed in the 

3438034380 cm' transition. 

State e 

1'A,(S0) ) 

2'A,(S,) ) 

,4 4 

B+C B+C 

A A 

B+C B+C 

Experiment t 

0.496 6 

0.096 6 

0.534 4 

0.093 3 

Abb initi o 

0.496 6 

0.098 8 

0.529 9 

0.093 3 

typee at low resolution can in fact be of an entirely different type at high resolution 

[17].. In the present case, however, we can be reasonably sure of our assignment 

becausee the values of the rotational constants of the zero-point vibrational level of So 

andd the bi vibrational level of Si excited in the 34380 cm"1 transition derived from the 
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fitt shown in Figure 3.1 are in excellent agreement with the results of CASSCF/6-

31G**  geometry optimisations of the S0(l'Ai ) and Si(2'Ai) states as can be seen in 

Tablee 3.1. The rotational constants show that upon excitation a significant increase 

occurss in the A rotational constant associated with rotation around the molecular long 

axis,, and a decrease in the (B+C) rotational constant. This result implies that the 

moleculee contracts towards its long axis upon excitation, which, in turn, is consistent 

withh the idea of a significant bond order reversal upon excitation. 

TableTable 3.2. Calculated intensities for direct (OjJ) and vibronically 

inducedinduced (£>,)(', S,(2'A,)<—S0(1
!A,) transitions in cis-1,3.5-hexatriene. 

Transitionn Frequency'1"  Frequency""  Intensity'01 

0.02 2 

3655 355 100.0 

7222 43.8 

10244 7.3 

12944 1187 8.1 

14055 1280 12.1 

14922 17.7 

16177 1451 3.9 

17699 1623 2.4 

"""  Calculated unsealed ground state vibrational frequency (cm1). "" 

ExperimentalExperimental ground state frequency  [21]. "''  Intensities are given 

withwith respect to the calculated intensity of the 31], band taken as 100.0 

Previously,, we have successfully employed quantum-chemical modelling to 

simulatee the intensity pattern of vibronically induced false origins in the one-photon 

excitationn spectrum of all-trans octatetraene [7]. Here the same approach is used to 

calculatee vibronically induced transition intensities in the Si(2'Ai)<— S0(l'Aj ) one-

photonn excitation spectrum of ds-hexatriene [18]. These intensities are given in Table 

3.22 where they are compared with the intensity calculated for the 0-0 transition. The 

calculationss clearly show (i) that vibronic coupling along b| normal modes is by far 

thee dominant source of transition intensity in the Si(2'Ai)<— So(l'Ai) one-photon 

excitationn spectrum, and (ii) that v31 - the lowest-frequency bi mode - is most 

effectivee in inducing transition intensity. In terms of pseudoparity quantum numbers, 

o o 

31' ' 

3o; ; 

29;, , 

28jt t 

27i i 

261, , 

25^ ^ 

24' ' 
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thee Si(2'At) and S2( 1 ^ i ) states are of opposite parity (- and +, respectively). 

Pseudoparityy considerations predict in such a case that vibronic interaction will be 

mostt effective for coupling via bending vibrations [19]. This is nicely borne out from 

thee calculations: v3i and v30, the two most active vibrational modes, are CCC 

deformations. . 

Thee calculations indicate that, apart from v3i , also several other vibronic 

transitionss involving bi modes should have a significant intensity, which might seem 

too be at odds with the experimental excitation spectrum [10,11]. This comparison 

betweenn experiment and theory is, however, only valid if the lifetimes of the accessed 

vibrationall  levels in the excited state are about the same. For the Si(2'A]) state of cis-

hexatrienee this is definitely not the case: comparison of fluorescence excitation [11] 

andd REMPI [10] excitation spectra obtained with nanosecond lasers, as well as 

lifetimee measurements employing sub-picosecond lasers [13] show a rapid decrease 

off  the excited-state lifetime as a function of excess vibrational energy. The 

fluorescencee studies showed that the S i state of m-hexatriene is subject to at least two 

nonradiativee decay processes, which were subsequently associated with c/t and Z/E 

interconversionn [20]. The present conclusion that the 34380 cm"1 band should be 

associatedd with a vibronically induced bi band, and not with the 0-0 transition implies 

thatt the barriers for these processes in Si are about 1 kcal/mol higher than what was 

previouslyy suggested. 

Thee calculations predict that under the appropriate experimental conditions a 

numberr of important, but hitherto unobserved, transitions might become visible. 

Firstly,, careful inspection of the excitation spectrum might reveal the 0-0 transition as 

aa very weak feature. Secondly, if the 31, level would have enough population, the 

31"" vibronically induced hot band should become detectable. Figure 3.2 displays the 

fluorescencee excitation spectrum obtained under the same "hot" expansion conditions 

ass those in Figure 3.1, albeit over a larger range of excitation energies. As expected, 

thee spectrum contains a significant number of hot bands close to the 34380 cm"1 band. 

However,, two bands that are significantly more red-shifted deserve further attention. 

Thee first band is a feature observed at -33735 cm'1, 645 cm' displaced from the 

dominantt 34380 cm ' band. It disappears under better cooling conditions, and can thus 

bee assigned as a hot band. The second band is a doubled band near -34100 cm"1. As 

thee signal-to-noise ratio already indicates, this band is even weaker than the previous 

one.. As a result, a definite assignment in terms of it being a hot band or not is not 
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warranted.. The intensities of the hot bands near the 34380 cm' band make it hard to 

believee that the 33735 cm"1 band would involve a vibrational level at 645 cm"1 in the 

groundd state, an idea that is reinforced by the conclusion that a vibrational energy of 

6455 cm"1 in the ground state cannot be associated with totally-symmetric vibrational 

levelss [21]. An alternative assignment is that this band is the vibronically induced 31" 

hott band, in line with the conclusion that the one-photon excitation spectrum of the 

S|(2'Ai)) state is dominated by vibronic coupling. In that case the doubled band near 

-341000 cm"1 can be assigned to the O-O transition - the fundamental frequency of V31 

inn the ground state has been reported as 355 cm"1 [21], in good agreement with our 

calculationss (see Table 3.2). These assignments would at the same time imply, 

however,, that the frequency of V31 decreases considerably upon excitation or that the 

doubledd band around 34380 cm"1 does not correspond to the 31J, transition. 

a a 

100 100 

80 0 

60 0 

40 0 

20 0 

0 0 

33720 0 

34090 0 34105 5 

33740 0 

33600 0 33800 0 34000 0 34200 0 34400 0 34600 0 

Excitationn energy (cm ) 

FigureFigure 3.2. One-photon fluorescence excitation spectrum of the Si<—So transition in cis-1,3,5-

hexatriene.hexatriene. The insets show two weak but reproducible features that under the experimental conditions 

employedemployed are three orders of magnitude weaker than the 34380 cm band. 
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3.44 Conclusion 

Inn conclusion, we have investigated by rotational analyses of the dominant 

bandss in the S|(2'A|)<— So(l'Ai) excitation spectrum of d.v-l,3,5-hexatriene and by 

thee ab initio calculation of direct and vibronically induced transition intensities, the 

rolee of symmetry breaking and vibronic coupling. From these experimental and 

theoreticall  efforts, it can be concluded that even for a polyene without inversion 

symmetryy vibronic coupling is still of dominant importance for describing the 

photophysicss of the lowest excited singlet state. 

3.55 Appendix A: The Origin of Vibronic Coupling 

Inn an effort to solve the Schrodinger equation for a collection of mobile nuclei 

andd electrons, one assumes that the nuclei are "frozen" in a single arrangement, the 

molecularr conformation, and that the motion of the electrons can be described in the 

stationaryy potential generated by this specific molecular conformation. This 

approximationn is denoted as the Born-Oppenheimer approximation and implies that 

thee overall wave function is a product of the electronic wave function y/e' \f;R0) at a 

certainn molecular arrangement /?0 and the nuclear wave function %" \R). 

Withinn this approximation, the transition probability between the electronic 

groundd state given by y/^'\f;R0) and an electronically excited state described by 

y/1'y/1' (r; /?„) can be expressed as: 

jxMlWA^^jxMlWA^^elel¥ir-R¥ir-R{){))dr])dr] XcXc{R)dR{R)dR = 
(3.1) ) 

K{K)\xMx\R)dR K{K)\xMx\R)dR 

Iff  y/e <8> pe' ®y/e is not totally symmetric, the electronic transition is forbidden. 

However,, as has been illustrated in this Chapter, it has been shown both 

experimentallyy as well as theoretically that such forbidden electronic transitions can 

neverthelesss be observed. 
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Onee way to explain this observation is to take the dependence of the electronic 

transitionn moment jü^,(fl0) on the molecular configuration into account. As a result of 

thiss dependence, the electronic transition moment for R~R0 can be zero, but for 

somee other molecular arrangement, Rt RQ, the electronic transition moment may well 

bee different from zero. In such a case, one speaks of a vibronically induced transition. 

Inn order to bring this nuclear coordinate dependence back into the electronic transition 

moment,, one considers the electronic transition moment M^{Qj as a Taylor 

expansionn in terms of the molecular normal coordinates Q : 

M„AQ)=M, M„AQ)=M, fe»)+z fe»)+z 
{{dM.Aö^ dM.Aö^ 

30,-- 0,^X1 1 
/a, , 

Q,Qj+-Q,Qj+- <3-2) 

Usingg this expansion we can formulate theje <— ̂  vibronic transition moment as: 

^ë^l^fcölh h (3.3) ) 

M. M. .feXfJjJJ + I (MM) (MM) (''MlyJ+^SX X 
dd22M, M, 

*Q$Qt *Q$Qt 
ififKK\Q\QttQQtt\j\j rr)) + 

inn which 4*,(r;Qj and 4 ,̂ \f\Qj are the overall wave functions associated with a 

vibrationall  level i of the electronic ground state g and a vibrational level j of an 

electronicallyy excited state e. The coefficients containing the derivatives of M^[Qj 

withh respect to the normal coordinates can be easily computed numerically since: 

dMdM xe (Q) ) M „, (QQ + AQk) - M„  fe " A& ) 

3ft t 
m m 

2AÖ* * 
(3.4) ) 

Thee transition moment A/,./ associated with a vibronic transition from the 

vibrationlesss level 0M of the electronic ground state to the first excited level of a 
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vibrationall  mode p - \r,e - of an electronically excited state e can be expressed as: 

C''=^(oJ(0JJ 1 ̂ M) ^M) (( ^JTJ 

32, , 
O O 

I I I (0,10,0,11,.)) + (3.5) ) 

== ̂ teo)(oJl,J+I ̂M ^M n n 

aa a /Ön n 
2<u u (UO' ' 

inn which the normal coordinates Qk are those of the electronic ground state. 

Similarly,, the transition moment associated with the 0-0 transition from the electronic 

groundd state to an electronically excited state e, i.e., M , is given by: 

M , > M s , ( o o ) ( o J o J + X X 
o h h V 2 2 

fafa V 2fl»t. . 
(i*.JoJ+-- (3.6) ) 

Inn the case of the dipole-forbidden Si(21Ag)<—S0(l 'Ag) transition in polyenes, this 

latterr term, M , is equal to zero. The fact that the transition to the first excited 

singlett state can nevertheless be observed is due to the fact that the MKe
p term is non-

zero,, leading to a vibronically induced transition via modes of bu symmetry. 

Another,, though in the end similar way, to explain the observation of 

vibronicallyy induced transitions, starts from the electronic wave functions. In the 

crudee adiabatic approximation [22] electronic wave functions are assumed to be 

independentt of the nuclear coordinates. Recovering this dependence can be done 

usingg the Herzberg-Teller expansion of the electronic wave function \i/"T\r;Q) 

derivedd from perturbation theory, which, truncated to the zero and first order term, 

reads: : 
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V?(nQ)=V?(nQ)= vXnQQ) + J,am(ö)vS^Qo) (3.7) 

wheree the coefficients aimt\Qj are given by: 

-- (fi)=I 
it t 

Thiss approach implies that the electronic wave function y/"T[r;Q)  should be 

consideredd as a linear combination of all the appropriate crude adiabatic electronic 

wavee functions at Q-Q{) [22]. More concrete, this results in a photophysical picture 

inn which the electronic wave function of Si of polyenes with inversion symmetry 

obtainss "'Bu" character outside the high symmetry configuration due to molecular 

distortionss along normal coordinates of bu symmetry. It has been shown that it is in 

particularr the mixing with the strongly dipole-allowed l'Bu state that is responsible 

forr inducing transition intensity in the one-photon St^'Ag)*— So(l'Ag) transition in 

all-franss polyenes [7]. 

3.66 Appendix B: Rotational Contour Analysis 

AA very efficient spectroscopic tool for extracting detailed information about 

thee electronic and structural properties of excited states is to simulate and analyse the 

rotationall  structure of transitions in electronic spectra by a so-called Rotational 

ContourContour Analysis. This method consists of three steps. First, using guess parameters 

onee calculates the peak positions and the intensity of rotational lines given the 

structurall  characteristics of the molecule under investigation. In the second step one 

assumess a certain line shape of each peak and a summation over all peaks is taken, 

providingg the total rotational contour associated with a specific vibronic transition. In 

thee third step simulated and experimental rotational profiles are compared, and 

v„(r;Öo) | | 
'dtfrfcé) ) ) 

dQdQk k 
\w, \w, k'A)Qu k'A)Qu 

feu feu 

£„(öo)-£,„(öo ) ) 

(3.8) ) 
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rotationall  parameters are then adjusted as to obtain an, in least-squares sense, optimal 

correspondencee between both profiles. 

Itt is customary to designate the x, y, and z axes as a, b, and c - not necessarily 

inn that order - with the convention that the rotational constants associated with these 

axess are classified as A > B > C. For a symmetric rotor two rotational constants are 

equal,, and we will regard the axis associated with the unique rotational constant as 

thethe z axis. Since c/jf-l,3,5-hexatriene has two nearly identical rotational constants, we 

wil ll  focus in the following exclusively on the rotational features of (near-)symmetric 

topp molecules [23]. Moreover, we will consider the model of a rigid rotor, i.e., any 

rotation-vibrationn interaction (Coriolis coupling [24]) is neglected. There are two 

speciall  cases: (1) if the two equal rotational constants are smaller than the unique 

rotationall  constant {A>B=C), one speaks of a prolate symmetric top {e.g., cis-1,3,5-

hexatriene);; (2) if the two equal rotational constants are larger than the unique 

rotationall  constant {A=B>Q, one speaks of an oblate symmetric top. 

Thee peak positions associated with the rotational transitions are determined by 

thee rotational selection rules and the the change in rotational energy F(J,K) 

correspondingg to a specific vibronic transition energy of the rotational levels. The 

generall  energy difference associated with the |y KM) —»\j'K'M' ) rotational 

transitionn for a prolate top is given by (choosing a, b, c\ as z, x, and v axes): 

AF(JAF(J -> y';/r -> K')=  [C'J'(J'+\) + (A'~C')K': ]-
\J.J7) \J.J7) 

[CJ(J[CJ(J + \)+ (A-C)K2] 

andd that for an oblate top is given by (choosing a, bH c as x, v, z axes): 

AF(JAF(J -^ J'\K^> K')=\AJ'(J'+\) + (C-A')K'2\-
(3.10) ) 

[AJ(J+\)[AJ(J+\) + (C-A)K2] 

J,J, K, and M are in these expressions the rotational quantum numbers corresponding to 

aa specific rotational wave function defined by \J KM) [23]. The rotational constants 
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AA and C are those associated with the vibronic level from which excitation occurs, A" 

andd C are those of the vibronic excited level reached after laser excitation. The 

changess occurring in these constants are a direct spectroscopic reflection of the 

changess in the molecular geometry. Note that the energy expressions indicate that for 

aa symmetric top there is a 27+1 degeneracy because of the space quantisation due to 

thee rotational quantum number M besides a two-fold ^-degeneracy [23]. 

AA second important aspect are the rotational selection rules determined by the 

molecularr symmetry. For a pure symmetric top we can classify the electronic 

transitionss into two ways: 

(1)) parallel transition: 

(n\p(n\peeJ\n')J\n') = 0 g = x,y 

(3.11) ) 

(n\fi(n\fi eeJ\n')*oJ\n')*o  g = z 

withh rotational selection rules: AJ = 0, 1 A^ = 0 and K ̂  0 

A// = 0 AK = 0 and K = 0 

(2)) perpendicular transition: 

(n\fl(n\fleeJ\n')^0J\n')^0 g = x,y 

(3.12) ) 

(n\fi'J\n')(n\fi'J\n') = 0 g = z 

withh rotational selection rules: A7 = 0, 1 AK = 1 

Thee line intensities Ij  K of parallel and perpendicular transitions for a 

symmetricc top are proportional to the product of the relative Boltzmann population 

ee-F{j.K)iki-F{j.K)iki  m t ne r o t a lj o n a] j e v ei fcQ,̂  which excitation occurs, the statistical weight 

gjgj K of this level, i.e., the degeneracy (K, M, spin statistics), and the Hönl-London 

HL{JHL{J -^ J';K -» K') factors for the P-, Q-, and R-branches [23], leading to the 

followingg equation: 

//.**  = Cv gj K HL(J ^>J';K  ̂ K'yF(JK)nT (3.13) 
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Thee formulae for the Hönl-London HL(j -» J'\K -> Kf) factors for the P-, Q-, and 

R-branchess of a parallel and perpendicular transition of a symmetric top are given by 

[23]: : 

(1)) parallel transition: 
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(2)) perpendicular transition: 
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Thee relative rotational Boltzmann population is determined by the rotational 

energyy levels F(J,K) and the "rotational temperature", (typically about 2-5 K under 

goodd cooling conditions) realised in the supersonic jet expansion. In equation (3.13) a 

singlee Boltzmann distribution has been assumed. This assumption is only accurate 

whenn the molecules in the expansion have reached an equilibrium situation, i.e., when 

thee collision frequency is low enough that the rotational temperature is stable. 

However,, when the molecules have not reached yet such an equilibrium situation, it 

turnss out that one has to use a modified rotational state population to obtain agreement 
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withh the experiment. An often used distribution is the two-temperature distribution 

[16],, given by: 

P[F(j,K)]=eP[F(j,K)]=e  -FiJK),kT> +aeFiJK} (3.20) ) 

inn which P[F(j, K)\ is the population of a rotational level \j A'), T] and T2 the two 

temperatures,, and a a factor describing the relative weight of the higher temperature 

(aa < 1). The effect of a two-temperature model is that one achieves a better 

descriptionn of the actual rotational distribution, in particular for the high J region, as 

thee cooling of high J levels due to collisions with the carrier gas are somewhat less 

efficientt than the cooling of low J levels. Since in this Chapter partially resolved 

rotationall  structure of relative rotationally "hof7 ds-l,3,5-hexatriene, and thus with a 

relativee large population in high J levels, is presented, the two-temperature model was 

essentiall  to obtain an accurate simulation of the experimental rotational profile. 

Finally,, once the peak positions and the line intensities have been calculated, 

thee peaks are convoluted with a certain line profile. The simulations described in this 

Chapterr have been performed using a Voight profile V, which is a convolution of a 

Gaussiann and a Lorentzian profile. The expression for this Voight profile can be 

approximatedd by: 

v(*,r,* 0,,/,,fc,c)) = £-

]]  + (\-b-c) 
x-xx-x0l 0l 

.. /2 
++  b 

xx - x{U 

/2 2 

4 4 

++ c 
xx x(U 

/ 2 2 

(3.21) ) 

wheree T is the line width, xu, are the positions, and I, the intensity of the bands. The 

twoo extra parameters b and c, the so-called shape parameters, determine the mixing of 

thee Gaussian and Lorentzian profiles. For b=c=0 an exact Lorentzian profile is 

obtained,, whereas a Gaussian profile can be approximated by choosing b = 0.03 and c 

=0.18.. For the rotational analyses of cis-1,3,5-hexatriene in this Chapter Gaussian 

profiless have been employed. 
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