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Chapter l 

General Introduction 

l.l Spectroscopy of Carbon Chain Molecules. 

Molecular spectroscopy in gas phase 

Molecular spectroscopy of isolated molecules in the gas phase is a basis of 

science investigating the fundamental unit of substance, "molecules", and simultaneously 

is a powerful detection technique of molecules by using electromagneti c wave (in the 

microwave, infrared, visible and ultra-vio let region) corres ponding to the energy 

separations between individual quantum states (rotational, vibrationa l and electro ni c 

states) based on quantum theory[ I ,2] . Excell ence of molecular spect roscopy as a 

detection technique of molecules is that it does not require iso lation of species to be 

studied and thus allows us to detect molecules as "they are" . Systems in which 

molecular spectroscopy exercise its merit is extensive: astronomical objects, atmosphere, 

combustion, and plasma. In such systems violent or moderate chemical reactions are 

taking place continuously, in which short-li ved molecules exist. Short li ved molecules 

are chemica ll y unstable but physically stable, namely chemically reactive. They can ex ist 

only in the middle of chemica l reactions, thus they also are call ed "intermediate species" 

and cannot be isolated under normal conditions. Detection of such short-li ved 

molecules is quite important as a mean to trace chemical reactions and probe the physical 

environment of the system, because most of the chemical reaction in gas phase consist of 

many chain reactions involving short-lived molecules. Molecular spectroscopy provides 

a mean to answer to these needs. 

Depletion of stratospheric ozone is a well known but serious example for this 

kind of chemical reactions . Although many reactions are invo lved in this problem, the 

following chai n reaction called CIO x cycle is considered to be taking one of the most 

important roles for ozone depletion[J] 



Cl + 0 3 ---> 

CIO + O ---> 

CI0 + 0 2 

Cl + 0 2 net 

- 2 -

20, 

Here CIO is a short lived molecule, and its spectroscopic data is required to detect o r 

di scuss photochemical reacti ons invo lvi ng thi s molecule in the atmosphere( 4,5]. Thus 

spectroscopic study of molecul es based on laboratory ex periment is necessary in 

understanding familiar phenomena in volving chemical reactions. Simulta neously most 

of these sho11-lived molecu les are call ed "free radi cals" w hi ch have spectroscopic int erest 

in it s energy structure because they have an unpaired electron. By accu mulat ing 

spectroscopic data on van ous molecul es and providing ex planati ons of physica l 

properties of individual molecul es, "Molecular Spectrosco py" const itutes an important 

field in supporti ng powerfu lly the related areas in science. 

Carbon Chain Molecu les (Why Carbon Chain Molecu les?) 

"Carbon chain molecul es", I am considering, Cn, CnX(X= I-1 , N, 0 , S, Si ... ) , 

l lCnX(X=N, 0 , S), belong to short-lived molecul es mentioned above, involved in the 

midd le of chemical reacti ons under ca rbon-ri ch conditions. Previous spectroscopic 

stud ies on carbon chain molecul es are summari zed in Table 1. 1, which indicates mainl y 

the fi rst observati ons of the transitions of carbon chain molecul es (four-atomic or more) . 

Left hand side of the Tab le describes electro ni c transitions between the g round state and 

the electro ni c excited states (observed in the visible to UV region) and right hand side the 

rotat ional transitions (microwave region) o r vibra ti onal transitions (IR region) within the 

electronic ground state. 

Ca rbon chain molecul es canno t be considered without referring to the 

astro nomica l observations. It can be said that at th e beginning of these in vestigati ons 

carbon chain molecul es were paid attention particul arl y by astronomers. Actually 

carbon chain molecu les whose existence were first proved by astro nomical observati ons 

are not rare. For example, well known C3 emission in the near UV reg ion has already 

been observed fro m a comet in 1882(6] about a half century befo re mo lecu lar 

spect roscopy was establi shed in 1930's. Also during past 20 yea rs searches fo r new 

longer carbon chai n molecul es had been carri ed out enthusiasti call y by radi o telescope 

looking towards int erste ll ar media as readil y seen in Tab le. I In the late 1970s five new 
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Table 1.1 Previous Spectroscopic works about Carbon Chain Molecules. 

Electronic Excited 
Ground States 

States 

c3 emission (1882) 

year 

1960 c3 CCN CNC ('64) 

I ( HCCN) ('65) 
1970 

HC~ 
c 4H ** ('75) 

HC~ 
HC}N HC~N ('77, '78) 

.Q_1H, C;J_N ('77,'78) 

1980 HCCS ('80) 

.Q~ ('83) 

( HCCO) ('84) HCCN ('84) 

I c6o ('85) .Q_;)!:! ('85) 

.Q.Q_H C_Q!:i ('86) 

ccs c~ ('87) 

.Q~ (v=1, 2) 

HCCO 
SiC_1 ('89) 

1990 c 7 (90) 

c 4 ('91, '91) 

HC30 ('92) 

CnHm· CnHm - ** ('93) c 4s. c 5s ('93) 
c6 

c6· c8· . c14 ** ('95) HC40, HC4s, HC5S ('94) 
C13 

c 6 -. c 8 -. ···· ,C20 - ** c 4o. c 5o, ... ,c9o ('95) 

C6H, c 8H, .. ,C16H ** 

c4· c4- ** ('96) c7 H,.Q~. C9H, c 11 H ('96) 

Hc 11 N, Hc13N 
-

c4 C5N 
c 6 -. c 8- * 
HCCO 

c 4H, c 3N, HCCN, ccs 

( PDN-LIF spctroscopy) 

* gas phase low resolution underlines 

* * matrix isolation observed both laboratory and 

( ) not confirmed intersteller media 
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carbon chain molecules had been discovered in succession by rad io telescopes. C, H and 

C,N, the molecu les treated in this thesis, had already been known for about 20 years , and 

their discovery in interstell ar media was the fi rst detecti on of carbon chain free radicals 

contai ni ng three o r fo ur carbon atoms. Therefore their abundance in interstell ar clouds 

are relatively larger than other free radicals and conversely these historica l background 

indicates the im portance of carbon chain molecu les fo r astro nomical interest. 

Carbon chain molecul es are a subj ect with g reat interest also in combusti on 

chemistJy or plasmas, as short-li ved intermediate species in the g rowing processes in 

form ing la rge carbon clusters such as g raphite, di amonds and C60 . In spit e of the g reat 

interest, existence and behavior o f carbon chain molecul es in such systems are not well 

unraveled. For instance, in chemical vapor depos iti on (CVD) synthesis of di amond in 

C2H2/0 2 fl ame, C2 and CH are detected by UV emission in flame, and reactions relating 

C2 and CH are reported to have important ro les in d iamond synthesis[?). Much larger 

carbon chain molecul es such as C,, C,H (n <:;; J) must be expected to be in vo lving in thi s 

synt hesize process . C60 , whi ch attracts attenti ons of all scientists' since it s discovery in 

1985 (8], is effi ciently synthesized in combustion and plasma. But fo rmati on mechani sm 

of C60 from ca rbon atoms o r carbon-containing molecules has been a still unreso lved 

quest ion Investi gations of carbon chain molecul es in the combusti on o r plasma 

includ ing synthesis of C60 must provide a important info rmation to solve thi s questi on. 

Electroni c transitions or electro ni c states of carbon chain molecules have been 

scarcely known, in spite o f vari ous needs for spectroscopic data on these carbon chain 

mo lecul es. On the o ther hand a number of studi es of ro tational t ransitions and some of 

vibratio nal t ra nsitions of C, series in the ground states have been reported. Compari son 

between the ri ght and left sections in Table. I I clearly shows lack of data on electronic 

states of carbon chain molecul es. For triatomic molecules spectrosco pic studi es on 

elect ron ic excited state on ca rbon chain molecules are vigorously carri ed out by Herzberg 

and Ramsay, and co-work ers in 1960s by using g rating spectrometer with pho tographic 

plates . But strangely, in 1970s and 1980s new di scoveries of electronic transitions or 

electronic states of ca rbon chain molecul es are almost mi ssing, althoug new carbon chain 
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molecules had been detected constantly by microwave spectroscopy and lR absorption 

spectroscopy in the ground state. One of the reasons for this lack of study on the 

electronic transition is that it was difficult to produce carbon chain molecules with enough 

concentrations to be detected, and the choice of an appropriate detection method is also 

diflicult while various techn iques have been considered to observe electronic transitions: 

photo detection, mass detection, ion detection . 

ln the middle of 1990s three experimental strategies have succeeded to observe 

new systems of electronic transitions of carbon chain molecules by solving the problems. 

(I) absorption spectrum of mass selected carbon chain molecules in a ra re gas matrix by 

the group of J P. Meier(Basel Univ. in Switzerland)[9-l l ]; (2) mass-selected 

photofragment or resonance photodetachment spectroscopy by the group of D.M . 

Neumark (Univ. of California, Berkeley) [12-14); (3) laser induced fluorescen ce 

spectroscopy combi ned with a pulsed-discharge nozzle(PDN) developed in our 

laboratory [1 5,16). ln 1993 Meier's group reported absorption spectra of C.Hm and 

CnHm. series in Ne matrix from an interest related to the Diffuse Interstell ar 

Bands(DIBs)[9] , consisting of many absorption lines superimposed on the visible and 

near-infrared of stars located on the far side of interstellar clouds. After that, in 1995 , 

they succeeded in observing electronic transitions of C2;(2n=4-20), C2• (2n=6-12) and 

C"H (2n=6-l2) series. The matrix isolation method has an advantage that it can isolate 

short-lived molecules with high concentration, but has a difficulty in identification due to 

low spectral resolution . Both ou r and Neu mark's systems employ PDN as molecular 

generation source, which gave a breakthrough in looking for longer carbon chain 

molecules by laboratory microwave spectroscopy in 1992 by Ohshima and En do[ 17). In 

1996 group of Neumark observed electronic transitions of carbon cluster anions, c; 

(n=4,6,8) by mass-selected photodetatchment spectroscopy[l2, 13) and HCCO by 

photofrgment spectroscopy of neutralized mass-selected HCCO"[ 14 ], where spectra of 

C; and HCCO were rotationally resolved. Their system has advantage in spectroscopy 

on carbon chain ionic species and investigations for dissociation dynamics as it has very 

high sensitivity. On the other hand , our method is laser induced fluorescence(LIF) 
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spectroscopy of products in discharge plasma by using PDN. LIF spectroscopy is one 

of a familiar highly sensitive detection method establ ished along the development of 

tunable lasers in 1970s and still one of the most powerful method for spectroscopic 

studies on not only electronic excited states but also the ground state[ 18-20]. LIF 

spectroscopy has possibility to be easi ly applied to investigations in combustion or 

atmosphere. At all events spectroscopic studies on electronic states of carbon chain 

molecules have just started in recent years, and electronic transitions of even longer 

carbon chain molecules should be discovered subsequently in the near future . 

In this thesis I will present electronic spectra of CHand C3N, which have been 

discovered in earliest years of the spectroscopic studies on carbon chain molecules in 

1977 and 1978, and 1 also include a study on an isotopomer c.D by using the system with 

pulsed discharge nozzle and laser induced fluorescence spectroscopy. I measured two 

kinds of electronic spectra, ( I )Laser induced fluorescence excitation spectra (call ed LlF 

spectra) and (2) dispersed fluorescence spectra (called DF spectra). From the LIF 

spectra we could clarity rotational and vibrtional structures of the electronic excited state 

( iFn,) and recognize relaxation processes electronica ll y excited C4 H and C3N 

Vibrational structures of the ground state ( X2 1: •) and first excited electronic state 

( A' n , ) of C. H and C3N were also observed in the DF spectra . Electronic, vibrational 

and rotational energy stru ctures of four- or five- atomic linear molecules, such as C4 H and 

C3N, are expected to be characteristic due to its high symmetry and plural-bending 

vibrat ional modes, and are of particular spectroscopic interest. But experimental data of 

such kind of molecules have been quite limited . Therefore, the observation of 

electronic-vibrational transitions of C.H and C3N must, I believe, provide new 

spectroscopic trend. At the same time, these observations of the electronic transitions 

including information on relaxation processes of C4H and C3N, must contribute to 

understanding astronomical and other environments invo lving chemical reactions of 

carbons. 
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1.2 Astronomical Interest of Carbon Chain Molecules 

Carbon chain molecu les such as C4H and C3N have been identified only in 

interstellar medium o ther than labo ratory. There are some unreso lved astronomical 

observati on which are considered to be very important for understanding the interstellar 

chemistry. introduce here two attractive astronomical topics related to electronic 

structure of carbon chain molecules, "Diffuse Interstellar Bands (D!Bs)" and 

"vibrationall y excited C,H". 

Diffuse Interstellar hands Diffuse Interstellar Bands (D!Bs) have been 

observed in spectra reco rded towards stars that are partially obscured by an interstellar 

medium as shown in Fig. I . I . There are now over 100 known bands(21-25] and it is 

no w clear from the band width, depths, and shapes, that these lines are unlikely to come 

from a single carrier. Although many candidates have been proposed as carri ers, such as 

gas-phase carbon chains(26], fullerenes(27] and dust grains(28], none of which 

succeeded in making definite assignment of unidentified DlBs. In 1983 Bell et a/. 

suggested that the observed density of C,H in the Orion gas ann were sufficient enough 

to ex plain strong diffi1se bands and recommended that C,H was a candidate for a strong 

DIBs at 4428 A (29] . Based on their proposition, Kobolweski calculated transition 

energies of C,H by an ab initio calculation in 1994 and derived a negative result that the 

C,H /.Frr-X22:+ transition was about 3890A(30] w hich was not consistent with 4428 

A Therefore, observation of the gas- phase electro ni c spectrum of C4H has been 

required to judge thi s issue. Quite recently, Sarre suggested that large "carbon ring" 

molecules including I 4-30 carbon atoms were good candidates for diffuse bands at 6614 

and 5797 A[31] . Laboratory experiments for carbon ring molecules are also required . 

Vibrationally exciter/ C.H Several vibrationally excited molecules have been 

detected in the carbon star envelop IRC+ I021 6•> by radio telescopes . These are 

abundant species such as HCN (v2=1,2)(32,33], CS (v=1)(34] ,S iS (v= 1)(35,36], HC3N 

(v,= I)(37], and C4H (v7= !,2)(35,38]. Among these molecules, C, H is particularly 
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Fig. I .2(b) Excitation mechanism ofC4H. 
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excited so that signals of the v 7 and 2v7 states have intensities as large as 1/3 and 1/6 of 

that of the ground state[39] . Fig. 1.2(a) show distributions of C.H and other molecules 

in the carbon star envelope, I RC + I 0216. As physical conditions depend on the radius 

from the carbon star located in the center, I-IC3N and C3N distribute in the region with 

same physica l conditions as C,H. However signals in the vibrationally excited state of 

HC1N (v= I) are very weak, and no vibrationally excited state has been detected in 

IRC+ I0216 for C3N(40]. Since HC3N and C3N have low frequency bending modes 

(HC3 v7=223 cm- 1(41], C3N v1= 131 em· ' which were determined in the present work 

(Chapter 4)) like C4H (v7= 118 em·' and 2v7=235 em·' (Chapter 3), they also must be 

excited efficiently. In order to explain the exceptionally excited C,H, Yamamoto ef a/. 

proposed an excitation mechanism which was derived from the particular electronic 

structure of C,H: radiation of dusts in carbon star envelope with its peak at I 0 ~m 

induces electronic transitions from the ground state to the "low-lying A' n , state" , and 

the following emission populates them in vibrationally excited states including v 7, 2v7 as 

schematically described in Fig 1.2(b). The two transition steps are electronic transitions 

while the relaxation from v 7, 2v7 to v=O is vibrational transitions. Generally, electronic 

transition moments are larger than those of the vibrational transitions by factor of I 04
, 

resulting in large populations in v, and 2v,. The reason of less efficient excitation in 

HC3N and C3N is that these molecules do not have suitable low-lying electronic states for 

the absorption of the lR radiation . It is known that HC3N has its first electronic excited 

state at the UV region . On the other hand C4H and C3N have been considered to have 

similar electronic structures because they are isoelectronic molecules with each other. 

C,N is expected to have a low-lying electronic excited state A2IT like C.H. But no 

experimental approach for )f2rr of both the species have been reported until now. 

will describe the first observation of .::Prr, state of C4H and C3N in Chapter 3 and 4. 

'
11ntcrstel l:.lr medium 

IRC+ 10216 is a laic type carbon star which is well known to be the brightest celestial body emitting at the 

wa\·elcngth region. 10-20 ~m. Chemical reactions are different from the inner region to the outer 

region of the envelope due to the variations of temperature and density: chemical equilibrium reactions at 
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a rclati\·eiy high temperature arc dominant in lhe inner region, neutral-neutral reactions in the 

intermediate region. and photochemical and ion-molecule reactions in the outer region . C<1 H and C3N 

arc observed in the outer region . 

L3 Lineat· polyatomic molecules and Vibronic Intuactions 

Linear polyatomic molecules are interesting with complex energy structures due 

to its high symmetry about their molecu lar axis . Although most of the physical 

quantities associated with angular momenta are "degenerated" due to the symmetry along 

mo lecular axis in linear molecules, the degeneracy is lif1ed by a st rong coupling between 

electronic and vibrational motions, general ly call ed the "vibroni c interacti on", leadi ng to a 

breakdown of the Born-Oppenheimer approxi mation. The resu lts ofvibronic interaction 

in linear polyatomic molecul es are represented by the Renner-T ell e r effect [ 42] and the 

Herzberg-Tell er effect[43 ] as follows . 

Re1111er-Te/ler effect. This effect is important for a degenerate electro nic sta te 

of linea r molecules, where the vibrational angu lar momentum induced by a degenerate 

vibrat ional mode couples with the electronic angular momentum, result ing in further 

spl ittings of the vibrational level s. 

degenerate electronic state. 

Thus Renner-Teller effect occur within the 

Herzberg-Teller effect. This effect is important for both degenerate and non-

degenerated electronic states, where a close lying electronic states of a po lyatomic 

molecule may be mixed by excitation of a vib1 ational mode. Thus thi s effect induces 

interstate int era ct ions such as those between IT and L:, and often distorts the vib rati onal 

potential funct ion or causes intensity borrowing of an electro ni c transition 

The theoretical treat ment of the vibronic interactions of triatomic linear 

molecules has been well establ ished[4 2-47] and many spectroscopic studies of triatomic 

molecules includi ng "Carbon Chain Molecules" such as C3[48,49] , CCN[50] , CNC[51 ] 

have been ca rried out and discussed based on the theory. In linear polyatomic molecules 

there are three angular momenta of interest : 
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L: the total orbital momentum of the electrons. (/\) 

S : the total spin angular momentum of the electrons. (I) 

G : the vibrational angular momentum of the nuclei . (I) 

G is associated with the degenerate bending vibrations (N-2 bending modes exist for N­

atom linear molecules. See Appendix I I where normal vibrational modes are 

schematically described for C,H and C3N) . Projections of these angular momenta along 

the molecular axis, are called, 1\, I, and /, respectively as shown in parentheses . For a 

given value of the bending vibrational quantum number v, /takes the values v, v-2, v-

4, .. ,-v . The electronic states of a linear molecu le are labeled by I, II , 6. , .. for i\=0, ± 

I, ± 2,. If the bending potential is harmonic and there is no coupling between the 

electronic motion and the bending vibration, that is the molecule behaves within the 

Born-Oppenheimer approximation, the various degrees of freedom mentioned above 

can be separated and the wave function is written in the form, 

I i\ ,11,/, I ) - exp(ii\B)p,,,1(r) exp(i/¢)<I> 'P"' (II) 

where n equals v+ I, r is the amplitude of the degenerate bend ing vibration mode, <j> is an 

azimuthal angle of the bending plane, and 8 is azimuthal angle of the unpaired electron. 

p,1ir)exp(i/<j>) is the wavefunctio n for the two dimensional harmonic oscillator(52] and 

<I>,P'" is the spin wavefunction , which is neglected for a singlet electronic state and has an 

expectation value along the molecular axis, I =± 1/2, for doublet electronic states . 

( From equation ( 1. I) electronic transitions must satisfy the M=O selection rule) 

i\ and I are good quantum numbers. Q - 1\+I is also a good quantum number 

for molecules without excitation of the bending mode. However when a bending mode 

is excited in a degenerate electronic stale, such as / if= O vibrational states in a II electronic 

state, angular momenta L and G couple and i\ and I are not good quantum numbers any 

more. ln this case, K=i i\+11, I, and P= i\+1 +I are good quantum numbers, and such 

"vibronic states" are generally labeled by I, II, 6., ... for K=O, ± 1, ± 2, .. , and actually 

vibronic couplings caused by the Renner-Teller effect or the Herzberg-Teller effect mix 

the same K vibronic states, namely between the same representations such as I-I or 

n-rr 
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Let us consider vib ro ni c states in a 211 electroni c state, to wh ich B2TI , state of 

C.H and C;N belong. The 211 electronic state has an angular momentum of electron A= 

± 1 and that of an unpaired sp in I= ± 1/2 . Vibronic states given by an excitation of a 

bending mode by a quantum number v=O, I ,2 are expressed as 2Kr, similar to the notation 

2AQ for diatomic molecules, 

v - 0 [A - ±1,/ - 0)[I - + t) K - 1 P- t zn l,2 

[A-±1,/-0)[ I-±t) K - 1 P- f z iiJ,z 

v -I [A- ±1 ,/ - + I)[ I - ± t) K - 0 P- t 2I CII2J 

[A - ± 1,/ - +l )[I - + t) K - 0 p _ l. 
2 2I ' '"l 

IA - ±1,/ - ± l)[ I - + t) K - 2 p _ 1. 
2 2 t!J. ,/2 

[A- ±1,/- ±l )[ I - ± !) K - 2 p _ :. 
2 

2

"' 512 

v - 2 [A - ±1,/ - 0)[ I - + t) K - 1 P- t 2 rr l,2 
[A - ±1 ,/ - O)[ I - ± t) K - 1 p - t 2 IT ],z 

[A - ± 1,/ - +2)[I - + t) K - 1 P- t 2
rr 1,2 

[A - ± 1,/ - +2)[I - + t) K - 1 P- f 2 rr3,2 

[A - ±1,/ - ±2)[ I - + t) K - 3 p_ i 
2 

2
<1> 5/2 

[A - ±1,/ - ±2)[ I - + t) K - 3 P- f 2 <I> ,/2 

The above wavefuncti ons are st ill under the Born-Oppenheimer approximat ion and also 

can be written by the decoupled form IA>I/>. They constitute basis functions, and the 

vibro nic states in a vibrational state v are degenerate without the vibronic interactions . (In 

reality since 211 electronic sta te has a spin angular momentum, the degeneracy is lift ed by 

the spin-orbi t interacti on. See the theory in Chapter 2.) Hami ltonian of the vibronic 

interaction is exp ressed as, 

H' - V,rcos(B - ¢) + V2rcos2(B- ¢) 

The first term, which has nonzero matrix elements between the lt.vl- I , t.K - 0 , 

I'. A - ±I , and M - + I states, causes the Herzberg-Teller effect, and the second term, 

which has nonzero matrix elements between the ltJ.vl- 0, t.K - 0 , t!J.A - ±2 , and 

M - +2 states, gives the first order con tribution of the Renner-Tell er effect. 

Therefore, for example, two 2I states of v= I in a 211 electronic state have 
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nonzero matrix elements of the Renner-Teller effect 

(A - :t 1,1- +!,I IH' I A - +1,1- :t 1, I ), and split into two with eigen wavefunctions of 

II" ) - -Jr[IA-:tl,I - + I,I) :t iA - +1,/ - :t1 , I )] as shown in Fig.l.3 . The Herzberg­

Teller effect may occur when a 2I state exists, for example, between I(K=O) vibronic 

states of v= I in the 2IT electronic state and the I(K =0) vibronic state in v=O in the 2I 

electronic state. Its matrix element can be written as 

(A- :t!,/- + 1, IIH'IA - 0,1 - O,I). I ' state has a nonzero matrix element while I . 

does not. As a result, only I + vibronic states are affected by the Herzberg-Teller effect 

and sh ifted as shown in Fig.1.3, where the 2I electronic state is supposed to li e above the 

' IT electronic state. 

In the case of four or five atom- linear mo lecules, like C,H and C,N, vibronic 

interaction takes place by more a complicated form than the case of a triatomic molecules 

because degrees of freedom of the degenerate bending mode increase as number of atoms 

increase. Theory of the vibronic interaction for four-atomic molecules was discussed by 

Petelin and Kiselev[53,54], but experimental observations of vibronic structures of four 

or five atom-molecules are limited. Recently Tang and Saito[55] observed microwave 

spectra of four atomic linear molecule, HCCS, and derived higher order vibronic 

interaction terms between the two degenerate bending modes, which have not been 

considered for triatomic molecules, in order to explain precisely determined molecular 

constants. Considering the lack of spectroscopic data of vibronic structures of four or 

five atom linear molecules, our observat ion of vibronic states of C.H and C3N laeds to 

fUI1her understanding of this spectroscopic target. 
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(a) (b) (c) (d) 

2n 2n 20
1/2,3/2 -=== 

20 , 2<D 

< 2<D 

~ 
2<1>5/2 

v=2 
2n 

== -= 
2<1> 712 

211
112,3/2 

2I: - 2I: -
2I:H -2I: ,21'1 

~ 21'1 21'1 <='"Jn --v=1 2I:+ 
2I:+ 21'15/2 ~ - 2I:(+) 

2n 2n 

~ 2n 2nl /2 v=O -<::::::: 
RT 2n 3/2 

RT+HT 
RT+HT+SO 

Fig 1.3 Level spl itti ngs of a 2n electro nic state. 

(a) unpertubed, (b) only the Renner-Tell er effect , (c) Renner-Tell er effect and Herzberg-Teller effect 

on an assumpti on that 21:+ elect roni c state li es above, and (d) Renner-Teller effect, 
llerzberg-Tell er effect and sp in-orb it interaction. 
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1.4 Relaxation Processes of Electronically Excited Molecules 

Excited molecules do not remain excited states even under the isolated conditi o n 

(collision free condition), and there are a number of interesting relaxati on processes 

These processes are distinguished to two main paths: Radiative transitions and non­

Radiative transitions includi ng dissociations : 

1) Radiative transitions 

Fluorescence, Phosphorescence 

2) 110n-!?adiative tramitions 

Intramolecular vibrational energy redistribution ( IVR) 

Internal conversio n (I C) 

Inte rsystem Crossing ( I SC) 

Predissociation 

Autoion izatio n, lsomarizat ion 

Laser induced fluorescence studies in jet cooled condi ti o ns provide evidences for these 

non-radiative processes, in addition to the radiative processes throu gh observation of 

fluorescence time profiles. 

The radiati o n process is a spontaneous emission from an exci ted state Is> to the 

grou nd states (lg> } and natural lifetime ,;0,d associated with the relaxatio n rate of excited 

molecu les are ex pressed by using Einstein's A coefficient as, 

0 64n
4
.? (gg)l 12 

lfrmd - l;A,g - 2: ---3- - /l,g 
g g 3hc g, 

( 1.2) 

and the time profile is expressed as a sing le exponential decay, 

I 
1 (I) - / 0 exp(- -

0
- 1) ( 1.3) 

rrad 

where 1!!12 is a transition dipole mo ment, and g is the degeneracy o f the states. Generally 

for most of molecules, especially for larger molecu les, non-radiative transitio ns occur 

competitively to the radiative transition, where no n-diabati c processes with other vibronic 

states take place through th e vibronic coupling, the spin-orbit coupling , and the 

anhrmonic interaction, leading to IC (spin-allowed transitions by operators of nuclear 
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motions, of CQ), ISC (spin-forbidden transiti ons by the operator Hso) and lVR(within 

the same electronic state), respectively, as schematically shown in Fig.l.4 where Js> and 

Ji> are basis states within the BO approximation. These processes are more important 

for large molecules with high density of states (J i> } accessible from Js> due to high 

degrees of freedom. In the model of Fig.1.4, zero order state Js> is prepared by laser 

excitation, and is subsequently mixed with dark states (Ji> }( n states), and eigen states are 

produced as the fo rm, 

J q~, ) - a, J s) +b,"~Ji ) 

The rate of thi s relaxation process is g iven by Fermi's golden rule, 

2Tr --
W - - p!v I' 

h ·" 

( 1. 5) 

(1.6) 

where p is the densit y of states of Ji> and v,; is an interaction matrix element. Thus the 

time profile is expressed as, 

( 1.7) 

lf ji> states are those of repulsi ve potential or correlate to a dissociation coordinate, most 

of the molecules dissociate into fragments, lead ing to a substantial decrease o f population. 

In most of the cases involving dissociation, since W is much la rger than Jh:0
," the 

fluo rescence lifetime becomes 1/W(<1:0,") or in an extreme case flu orescence cannot be 

observed . HCCO is a latter type of molecules, because Mordaunt el a/. have recently 

observed C2 I1 (A")- X 2 A" transition of HCCO[ 14] around 34000 en,-' by monitoring 

the CH and CO fragments, in which both IC and ISC lead to non-d iabatic transitions to 

pri dissociat ion. However we cou ld not observed any LJF signal in the same region 

under the opt imized conditions for the HCCO production[ 57]. However if Ji> stat es 

belong to bound states, the molecule keep the excitati on energy in Jcp,(t)> states even 

afler the relaxation , and thus the fluorescence time profile has an additional component to 

(I 7), according to probabilit y of finding Js> in Jcp,(t)> as, 
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t(t) -1< slq,>"(t) >I' 

- L; la. I' exp( - _!_I) + 2 I. Ia, l'la •. l' exp{- _!_ (_..!._ + _!__)t} cosw,.t 
1 r; , .. ) 2 r, r, . 

( 1.8) 

The first term causes unusually long li fe ti me decay call ed the "D ouglas effect"[56], and 

the second term causes a "Q uantum beat". l f the number of li> is large, Ia ,;!' and 

la,lla .;·l' are approximated by 1/n. Detail featu res of the time pro fil e exp ressed by 

equat ion (I .8) va ry for individual molecul es acco rding to the density of states of {li>}. 

HCCS is one of such type of molecules. In the fluorescence time profi le of HCCS 

(24000-27000 cm- 1
) in B2 II ,, Kouguchi et a/. have observed various decay patterns 

which depended on the excitation energies, whi ch can be expressed by equation of ( I. 7) 

and ( 1. 8)[ 16], caused by lC to highly vibrationall y excited states of th e ground state. 

The find ing suggested the increase of the densi ty of states li> as an increase of the 

excitat ion energy. 

1 will di scuss th e relaxati on processes and the energy fl ow of C4H and C3 rn 

Chapters 2 and 4 based on the fluorescence time pro fil es. Fluorescence time profiles o f 

C4H and C3N contain both short and long decay components with quantum beat on it: the 

former corresponds to the flu o rescence from B2 II , relaxing to high vibrational states of 

X' L• and A' ' rr , thro ugh lC(equation ( I .7)), and the latter to the fluorescence fro m the 

eigen states (equation ( 1. 8)) . Short decay component of C4 H ( I 0-20 ns) is much faster 

than that of C3N( ~ 120 ns), and long decay component of C4H is very weak compared 

with that of C3N These result s are consistent with the fact that density of states (ex n ) 

of C.H is larger than C3N. Long li ved component s are about 2-3 fl S for bo th C4H and 

C,N 



fli>} 
Is> 

relaxation 

excitation 

Fig.1.4 Schematic diagram of non-radiative relaxati on in zero-order model. 
Is> and li> are zero order states. 
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1.5 The aim and scope of the thesis 

The main purpose of the present investigation is to observe electronic spectra of 

carbon chain molecules, C41:-l and C3N, whose existence were first recognized in 

interstellar media about 20 years ago, whi le electronic and also vibrational transitions of 

these molecules have never been detected in the gas phase. Spectroscopic data on these 

molecules have been required in connection with astronomical interests, chemical 

reactions involving the growth of large carbon clusters, and, of course spectroscopic 

interests of linear molecules containing four and five atoms. In this thesis I present the 

first observation of electronic spectra of C.H, C,D and C3N by using laser induced 

fluorescence spectroscopy. 

Chapter 2 explai ns observations of electronic spectra of C4 H and C4 D B2 TI , ­

X2I• system by LIF spectroscopy in the region of 24000-25000 cm-1 Molecular 

constants fo r 20 vibronic states of C4 1:-l and 17 of C4D were determined , and partial 

vibrational assignments were carried out. I wi ll discuss vibro ni c interactions which 

depends on each bending mode from the vibrational and rotational structures . 

Relaxation processes of the B2 IT, state were discussed based on the fluorescence time 

profiles and obtained a conclusion that radiations and fast internal conversions occur 

competitively in the B2 IT , state rather than the dissociation. Nature of the local 

pe11urbations which were found in most of the vibronic states in the B2 IT, was 

considered . Finally, l disproved the proposition that C41:-l might be a ca rri er of DIBs at 

4430 A which was not consistent with the present observation. 

Chapter 3 exp lains observati on of the dispersed fluorescence spectra ofC4 H and 

C,D from the B2 IT, state, and describes vibrational structures of the ground state X2I• 

and the low-lying first e lectronic excited state .:Prr, The v7 (CCC bending) mode of 

x'r• and the v6 (CCC bending) mode of .:Frr, were assigned, and the origin of the 

.:Prr, state was estimated to be 150 cm-1for C4H and 160 cm·1 for C4D . 

Chapter 4 describes observati ons of the electronic spectra of the C3N , B2 IT,­

X2I + system in the region 28600-29200 cm-1 by LIF spectroscopy. Molecular 

constants of B2 IT, were determined from rotational analyses and relaxation processes 
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from the iJ2rr, state were discussed . Dispersed fluorescence spectra from the JFrr, 

state were also observed. The DF spectra showed clearly distinguishable structures 

assigned to the fluorescence to the ground state and the first excited electronic state, 

if' TI , The origin of the /f2 rr, state were determined to be 1846 en,-' . All the 

spectroscopic data of C_,N were compared with those of C.H which is an isoelectonic 

molecule. The last chapter includes summary of the results obtained in the present 

investigation. 
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Appendix 1.1 

Vibration Modes of C4H and C3N 
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Chapter 2. 

Laser-Induced Fluorescence Spectra of the C4H and C4D radicals 

in a Supersonic Jet 

ABSTRACT 

Laser-induced nuorescence(LIF) spectra of the C41-l and its isotopomer C4D 

radicals have been observed in a supersonic free jet expansion for the first time. The jet 

cooled molecules have been generated by an electric discharge of 0 .5% of C2J-J2 or C2D2 

diluted in Ar by using a pu lsed discharge nozzle(PD ). Twenty vibronic bands of C,H 

and seventeen of C4 D have been observed in the regio n of 24000-25000 em·' . Most of 

the observed bands have been assigned to of 2J1-22: type and two types of 22:-22: 

transitions, and precise molecular constants for the excited electronic states of C4 H and 

C,D were obtained. The effective sp in-orbit coupling constant s modified by vibronic 

interactions determined from the 2J1 bands were -14 . 7644(80) and -1 0 .9926(3 5) em·' fo r 

C, 1-l and C,D, leading a conclusion that the observed excited electronic state is £l>rr;, 

which agrees with a prediction made by Sobolewski et a/. [J Chem. Phys. 102, 394 

(1 995)]. Observation of two types of 22:-22: bands, 22:+-22:+ and 2 2:\ r] - 22:+, have been 

explained by vibronic interactions including the Renner-Teller interactions of bending 

vibrationa l modes they belong to . Although vibratio nal structure is very complicated, 

we assigned the v,(CC!-1 bending) and v6(CCC bending) progression of l f2 IT ; state based 

on rotational analyses, where the Renner-Teller effect is large for v 5, and small fo r v6, and 

determined the vibrational frequenci es as w6= 191 and 184 em·' for C4H and C4D. 

Fluorescence time profile is composed of strong sho 11 ( I 0-20 ns) and very wea k long (2-

3 f.lS) time decay components, which indicate C41-l in lF rr; state goes to a fast relaxati on 

process to nonradiative states through internal conversion and does not dissociate by the 

near UV absorption at 400-4 17 nm . 
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2.llntroduction. 

The linear carbon-chain molecule C4H(CCCCH) is one oft he C,H series molecules, 

whi ch are important as intermediate species in interstellar chemistry[ 1-1 2) or in 

combustion chemistry involving growth of larger carbon clusters such as C60 or graphite. 

C. H was first identified at a carbon star envelope, lRC+ I 0216, in 1977[8) . The 

di scovery of C4H was simultaneously the first spectroscopic identification of long carbon 

chain radicals or unstable molecules, C,X (X=H, N, 0 , S, n ~ 3) . So far C3H-C9H (1 -

17), C3N [ 18), C5N [ 19) and C3S-C5S [20-22) have been known in the interstellar clouds 

or by laboratory experiments at the present time in 1996. Since 1977 C4H have been 

well studied as one of the most important species to prove interstellar conditions because 

thi s molecule has been detected by radiotelescopes in many of the important astronomical 

sources associated to the circulation of the interstellar matters : at a diffuse cloud such as 

the Orion ann[3], a dark molecular cloud, TMC-1 (4-7) , and also carbon-rich 

circumsteller envelope, IRC+ I 0216[8-11 ]. 

Laboratory detection of C,H were performed by Gottlieb ef a/. in 1983[23), after 

s1x years from the first identification in circumstellar envelope, by microwave 

spectroscopy in discharge flow ofC2H2/Ar. In 1987 Yamamoto ef a/.[24] investigated 

vibrationally excited states of the lowest-bending mode, v7 (IT) and 2v7 (i'> ,I) , and 

simultaneously succeeded in assigning some unidentified lines observed in IRC+ I 0216 to 

vibrationally excited C.H C,D have been detected by laboratory microwave 

spectroscopy in 1988[25). Therefore, molecular constants for lower vibrational levels 

of the ground state have been determined precisely except for the vibrational energy. 

The electronic states have been a subject of great interest from both astronomical 

and spectroscopic point of view. It has been expected that C.H has the first electronic 

excited state ;prr at a little above the ground state, because the A2 IT state is 3612 em-' 

above the X2 I+ state for C2H[26), and this order is reversed and the ground state is 2I1 

for C, l-1[ 12) . Yamamoto eta/. proposed that the low-lying A2 IT state contributes to 

specific vibrational excitation of C4H in the carbon star envelope lRC+ I 0216[27) . They 

also suggested the possibility of strong vibronic interactions between X2 I+ and A2 IT 
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due to thi s accidentally small energy gap based on the rotational structure of the v, state 

The second or other electronic excited states were expected to exist in region from violet 

to UV. Bell el a/.[3] suggested that electronic transi ti on ofC,H is a good candidate for 

diffuse interstellar bands (D!Bs) in the near UV region . Recently, Fulara et a/.[28] 

indicated that unsaturated C,Hm species are good candidates for Diffuse Interstell ar 

Bands(DJBs) . According to a most recent ab initio calcul ation by Soboleowski and 

Adamowicz[29] (CASSCF/DZVP), excitat ion energies of the lowest three elect roni c 

states at the 22:' ground state opt imized geometry for C.H have been expected to be 

0 07cV(565 em·', 12I1), 3 .04eV(245 19 em·' , 22I1) and 4.17eV(33633 en,-', 3 2I1) 

In spite of the importance and attraction of the electron ic structure of thi s molecule, 

spect roscopic approaches other than the microwave studies have been very limited, only 

to rare gas matrix iso lated experiments. The group of Graham[30,31] reported 

absorption spect rum of C,H , which were produced in photolysis of C,H2, in Ar or Ne 

matrix in IR, visible and UV regions, and they assigned some vibrational modes of the 

ground state, C-Hand two C = C stretchings in 1990 and electronic excited state 2I1, with 

its origin at 33800 ± 60 em·' in 1975. However no experimental observation in the gas 

phase have not been rep011ed until now for both IR and UV spectra . Recentl y Maier et 

a/. [32,33] have observed visible absorption spectra of other longer chain series, 

C,, H(n=3-6), in which band orig ins of 2I1<-X2I1 have been determined to be 18854 em· 

1
(CGH), 15848 cm' '(C8H), 13852 cm-1(C 10H) and 12492 cm' 1(C 12H), respectively . 

ln thi s chapter, we present first observation of the electronic spectrum of C.H and 

isotopomer C.D in the gas phase by using LIF spectroscopy. The observed excited state 

was the second excited electro nic state, JJ> n ,, lying near in the UV region. Since LIF 

spectra are rotationally resolved , precise molecular constants including excitation energy 

and vibronic symmetly of the excited states could be determined . The present 

observati on of B2I1, state provides new propositions with following meaning ( 1 )The 

first is astronomical interest: transition energy of C4 H can compared with the data on UV 

absorption or emission of interstellar material s, such as DIBs. Also the relaxation 

process in the excited state, whether it mainly di ssociates or not, gives a restriction for the 
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existence of C,H in interstell ar medium. (2)The second is spect roscopic interest: 

spectroscopic data of the vibronic structure of fo ur o r five-atomic linear radica ls, in which 

complicated interacti ons due to the vibronic effect and the spin-o rbit coupling are 

expected, have been very scarce. C4 H(CCCCH) is an example showing such rare 

spectroscopic behaviors, pro pert y whi ch will be commo nl y observed fo r large linea r 

radica ls. 

2.2 Experimental. 

2.2.1 Production of C4 1:1 and C4D. 

We used a pulsed di scharge nozzle (PDN) to produce short li ved radi cals, whi ch 

has been appli ed success full y fo r generati on of various unstable molecules including 

carbon-chai n molecul es such as CnS [22-24] , Cn0[34,35] and CnN [ 19] in Fourier­

transform microwave spectroscopy in superso ni c ex pansion, and quite recently to laser 

spectroscopy of HCCS [36] and CCN[37]. Schemati c diagram of the PD is shown in 

Fig.2. I (a) . The PDN used in the present study is composed of a pulsed va lve (General 

Valve co .) with a 0.8 mm orifice and a unit of electrodes and insulato rs in front of it, 

where the inner electrode is a cathode and the outer is an anode. The pul sed valve was 

operated at a repetiti on rate of I OHz. Just after the sample gas was pul sed out through 

the nozzle, pul sed D C di scharge(I. 0- 1. 5 kV with 20[!S durati on) was invoked between 

the two electrodes. Timing chart fo r synchronization is shown in Fig. 2 . I (b) . 

Discharge products thus generat ed were adiabatically cooled in a subsequent superso ni c 

expansion. The rotational temperature estimated fro m rotati onally resolved spectra was 

about 5K in the present study. 

The C.H and C4D radi cal s were produced by di scharges of gas mixtures, 0 .5- 1.0% 

ofCzHz or C2D2 diluted in Ar. The stagnation pressure was kept at 2.5-3.5 atm and the 

typical background pressure in the vacuum chamber is about 3-4x I o-s Torr, which may be 

compared wit h the case of the condition optimized fo r C3, 6-7x l 0"5 Torr. We al so tried 

a discharge of a gas mixture, 0 .5% of C4H2 diluted in Ar. Jn the C4Hz/Ar di scharge the 
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signal intensities of C.J{ were almost the same as that of C2H2, while the signals of C,, 

which overlap with some of the C4H vibronic bands, became a little stronger under the 

C4H optimized condition. Therefore, we mainly used the C2 H2/Ar samples in the 

present measurement . 

2.2.2 Laser Induced Fluorescence Spectra. 

The excitation UV laser beam was obtained by a frequency doubling of the output 

of a pulsed dye laser (Lambda Physik Scan mate) by a KDP crystal. The dye laser was 

pumped by the 2nd harmonic of a Q-switched Nd3. :Y AG laser (Quanta-Ray GCR-3 , 

I OHz) which synchronized to pulse valve. The resulting resolution of the tunable UV 

laser was about 0.03 cm"1 The laser dye used was Styryl 9, covered almost the full 

region in 24000-2500cm·1 The output beam was expanded nine times through a beam 

expander and then attenuated to avoid saturation, and crossed the jet 40mm downstream 

from the PDN with a delay time of80~s from the di scharge. The scattered light caused 

by the discharge can be elminated during thi s delay time, and then only the background 

noise caused by the discharge is weak phosphorescence of metastable atoms[3 7] . 

Laser-induced fluorescence was collected at right angle of the laser propagation by 

the two planoconvex lenses( f=90 and f= 120) focused onto an iris put on the quartz 

window, and detected by a photomultiplier(PMT, Hamamatsu R928) through a low-pass 

glass filter(HOY A Y -44 or 42) . PMT signal was then preamplified( X 25), averaged by 

a boxcar integrator(SR250), and stored in a personal computer( PC, EC PC 980 IBX). 

When weak bands of C4H(D) were covered with strong C3 signals, it was 

impossible to find out the C4H(D) from the LIF spectrum. In such case we used another 

measurement system to extract only the C4H signals, in which preamplified PMT signal 

were fed in a digital oscilloscope (Lecroy 9350A) with a sampling rate of I GHz (or 500 

MHz), and converted to digital signals . The fully digitized time profile (I pt./ns) was 

transferred to another PC(DELL OptiPiex GXMT 51 00) at a repetition rate of I OHz, and 

integrated over a certain region in the time domain signal. Fortunately, lifetime of C3(-r 

~250 ns) is much longer than that ofC.J{ (-r~2o ns), we integrated this time profile over 
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two regions, 0-50 ns and 100-150 ns, where the former includes C4H and C3 while the 

latter includes only C3 . Then spectrum of CJ-I could be extracted from the LIF 

spectrum of the first gate by subtracting the second gate with a suitable factor . 

Fluorescence time profiles which were used to discuss relaxation processes in the 

excited states were measured through this system by an accumulation of 500 shots. In 

this case we used a home made fast preamplifier (250 MHz). 

Calibration of the laser wavenumber was made by simultaneously observing 

absorption spectra of the hot !2 vapor (20 Torr, 500 oc, 30 em path length) using the 

fundamental dye laser output. The relative uncertainty could be kept Jess than 0.008 

em·' Eta! on fringe (FSR= l . l cm-1
) was also monitored simultaneously to ensure the 

linearity of frequency scan. 
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Pulsed Dischrge Nozzle (PDN) 

General Valve 

lnsulator(acryl) 

Insulator( teflon) --+----+====/ F====l 
Cathode( SUS) J 
Anode(SUS) 

10Hz 
1.5kV 

excitation laser 
1 em diameter 

Timing Chart 

GAS out 
20 ~s 

n < 1.5kV 
Discharge HV ------' '-------

0 {\ -100mA 
ischarge current~.... __ ____./ '--------

80 ~s 

laser Q-sw -----...... ~======~•-:::-'fL_ .__.. 

Fig.2.1 (a) 

Fig.2.1 (b) 

Fig 2 I (a) Schematic diagram of Pulsed Discharge Nozzle and a timing chart of synchronization 
of pulsed vulve, dischrge HV and excitationa laser. 
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2.3 Theo11' of vib1·onic interaction and spin-orbit coupling 

for linea1· molecules. 

. 33. 

2.3. 1 Hamiltonian including the vibronic interaction and the spin-or·bit interaction 

and its matrix elements. 

The theory of vibronic interaction of linear polyatomic molecules in degenerate 

electronic state were first given by Renner[ 48] , and then expanded by Pople and 

Longuet-Higgings[49] and H ougen[ 50] . 

Hamiltonian of 2II electronic states of linear po lyatom ic molecules is exp ressed as, 

(2. I) 

where H' indicates a perturbati on Hamiltonian incl uding the vibro ni c interaction and th e 

spin-orbit interaction, 

H' - Jl1 'r cos(B - ¢) + v; r' cos 2(8 - ¢) + AL, S, 

- V1(Q.e-' 0 + Q_e' 0
) + V2(Q. 'e-2>0 + Q_ 2e 2

'
0

) + AL,S, 
(2 .2) 

where rand <1> indicate the amplitude and the azimuthal angle of a bending mode, 8 is the 

azimuthal angle of the unpaired electron, and Q, - ji;r exp( ;::i B) represent the polar 

normal coord inates of the bending mode. The first and second terms cause the vibron ic 

interactions, corresponding to Herzberg-Teller and Renner-Teller effects respectively . 

The third term shows the spin-orbit inte raction . For thi s perturbati o n Hamiltonian, 

since K=j /\+/ 1, I , and F= /\+I +I are good quantum numbers, the effect of the vibron ic 

interaction can be distinguished by quantum number K. The matrix e lements are 

summarized in Append ix 2. 1. 

2.3.2 Vibronic states with K = O in a 2IT electronic state: 2E vibronic states. 

2
I vibronic states of a 2II electronic state arise when a bending vibrational mode a re 

excit ed with an odd quantum number. We have observed two types of 2I vibron ic states 

which have quite different rotational structures with each other, w hi ch are originated 

from different magnitude ofvibronic interactions of t he bending modes they belong. For 
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c,H, which has three bending vibrational modes, v,, Y6 , v,, vibronic states have I 

symmetry when v5+v6+v7=odd and K= /5+ /6+ !,+1\=0. 1\ and/; represent project ions of 

the electron and vibrational angular momenta along the linear axis, where 1\ is ± I 

because the electronic state considering is II. To simplifY the di scussion, we now 

consider only one particular bending mode in the fo ll owing arguments, like triatomic 

molecules. Then the wavefunction of 2I states with vibrational quantum number v in II 

electroni c state is expressed as II')- 1/ J2[1A- ±1,1 - K+ 1) ± lA- +1,1 - K ± 1)] with 

K=O, where I is a projection of the electron spi n angu lar momentum onto the molecular 

axis, and +/- signs refer to the symmetry of orbital part of wavefunction with respect to 

reflection in a plane containing molecular axis . In electronic transition, I ''·- I ''· is 

allowed while I ''·- I ·'' is forbidden . I ' and I - have diagonal matrix elements of the 

Renner-Teller effect and offdiagonal elements of the spin-orbit interaction for H' in 

equation (2 .1 ), 

I ' 6'aJ(v +l) 
A.ff i 

2 (2 .3) 

I- A._o- I 
_ t·w(v+ 1) 

2 

Where w is a vibrational frequency and E is a Renner parameter. Degeneracy of I states 

are lifted by the Renner-Teller effect and I ' and I- are mixed with each other by the 

spin-orbit interaction in the 2II electronic state. Therefore the ± symmel!y label of 2I 

vibronic states is not strictly defined when Ew(v+ I) is small compared with AL, and 

generally labeled by the ± sign in parentheses : 2 I <•> and 2 I <->. Hougen [40] deri ved 

a expression of the rovibrational energy of 2I vibronic states in a 2II electronic state of 

linear triatomic molecules. According to Hougen's definition, the vibronic term energy 

including a higher order term is expressed as, 

E(' I) - w( l- ~c-')(v+ l)+r 
(2.4) 

and when Aso>>BJ, the rotational energies are expressed in Hund's case (b) form as, 



where 

I~ (J:.K , N) - B.~N(N + 1) + t Y.~ (N +I) 

1-~ (J:.K , N) - B':tr N(N + 1)-tr':tr N 

I' I' 
F;(J:. ", N) - B.JJN(N + 1) + t r.JJ (N +I) 

Jl I J1 
F2 (I", N) - B.rrN(N +I)- 2 Yeff N 

r sin 2(3 - f w .>(v +I) 

r cos2(J - f Ae/J 

r - f~A./ + s 2
o/(v + 1)

2
. 

. 35. 

(2 .5) 

(2.6) 

K levels always lie above f1 levels, and K and f1 levels correspond to whether 2J:. ' or 2I ·. 

Be/J is an effective rotational constant and Ye/J is not a conventional spin rotat ion 

interaction constant but also an effective splitting constant defined by, 

B~ - B"[l+(B"/ 2r)cos
2

2fJ] 

s:~ - B, [l-(/3"/ 2r )cos2 2fJ] 

y~ - 2B, [l- fsin2~+(B"/ 2r)cos2 2fJ] 

r:~ -2B,. [ l-fs in 2~ -(13, /2r)cos2 2/J] 

O:s y~,y;~ :s2B 

and Bv is the original rotational constant of the vibronic state. 

(2 . 7) 

(2 .8) 

Using Hougen's parameter~. the eigen wavefunctions ofmatrrix (2 .3) are written as, 

2: t• l - ~ [(lcosfJI+ I sinfJI)J:.• +(lcosfJI-IsinfJI)J:.· ] 

J:. l-J - ~ [(lcosfJI - I s i nfJI)I+ - (lcosfJI+Is infJI)I· ] 

(2.9) 

According to equations (2.4)-(2.8), the rotational structure and symmetry about 

reflection in a plane are expected to be qu ite di fferent whether Ren ner-Teller effect of the 

bending mode is strong or not. We consider here two limiting cases. When Renner­

Teller effect is strong, Em(v+ I )>>AJ:. , or l sin2~ [ is close to I and l cos2~ 1 close to zero. 

In this case eigen wavefunctions in equation (2 .9) become to, 
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(2.10) 

which indicate that the ofT diagonal elements of the matrix (2.3), is negligible compared to 

diagonal elements, and the 2: ' -2:· mixing is small. The rotational structures are similar to 

that of a 2I state of diatomic molecules with no spin-orbit interaction, because y,ff 

becomes almost zero. Conventional spin rotation interaction constant could be added if 

necessary. We labeled these 2I states by 2:+ and r- to distinguish them from following 

' I ' ' > states. 
On the other hand , when the Renner-Teller effect is weak, that is Ew(v+ I )<<AI, 

an efficient mixing between 2: ' and r occurs. In this case, fsi n2~1 is close to zero and 

l cos2~ 1 close to I , leading to I sin f31 - lcosf31 .. 1 I J2. Eigen functions are thus, 

(2. I I) 

I \:/ and I\;/ notations are based on the Hund's case( c) rotatinal strucutre, where 1/2 

indicates projection of the total angular momentum onto the molecular axis . Since y,ff 

becomes considerably large, ~28, the rotational structure is similar to case (b) 2I with 

large spin splittings. The splittings are also called the p-type doubling. Or the 

rotational structure is similar to that of Q= l/2 states of case( c) of diatomic molecules. 

Therefore, the rotational structure is considerably different from usual 22: states in this 

case. 

2.3.3 Vibronic states with K=v+l and O*K*v+l. 
2I1 vibronic states of v=O or 2!!. vibronic states of v= l in the 2I1 electronic state 

belong to this type. Vibronic states with K=v+ I have no matrix element of the first 

order Renner-Teller effect. The vibrational term energy including the second order 

Renner-Teller effect is expressed as, 

(2.12) 
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The rotational energy structure is litt le affected by the vibronic interaction and is similar 

to those of diatomic molecules, except for it s spin splitting constan t, 

A,0 - A[l - ~
2 

K(K+ I)] (2 13) 

where A is the true spin-orbit coupling constant without the vibronic in teraction. 

For vibronic states with 0 * K * v+ I, the fi rs t order Renner-Teller effect have to be 

considered. For example, 2IT vibro nic states of v=2 belongs to thi s type, in which there 

are four wavefunctions interacting by the Renner-Tell er effect and the spin-orb it 

interaction :I A - ±1 , / - 0) and IA - ±1,/ - +2). If the Renner-Teller effect is small , 

only the spin-orbit int eraction is considered as a perturbation. Thus the rotational 

structure is similar to K=v+ I vib ronic states: 2IT vibro nic states form a spin-orbit pair 

separated by A eff But when the Renner-Teller effect is large, the above two sets of 

wavefunctions interact through the fi rs t order Renner-Tell er effect, and the spin-orbi t 

coupling becomes a minor pe11urbation in thi s case: 2IT vibronic states form Renner-Tell er 

pair with a small sp in splitting, which is much smaller than A./J 
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2.4 Observation and Identification of C4H and C4D. 

An expanded laser-induced fluorescence spectra observed in a C2H2/ Ar discharge in 

the region of24000-25000cm·' is shown in Fig.2.J(a). A lot ofvibronic bands appeared 

in this region and all of them were ascribed to discharge products . Several strong bands 

were assigned to the C3 A- X system[J8-40], with lifetimes, typically , ~zsons. In the 

same energy region, we found new bands labeled [A] to [0], all showing similar 

behaviors, such as short lifetimes ,~zo ns or production conditions as described in the 

experimental secti on. Similarly, Fig.2.J(b) shows UF spectrum observed in a C2D 2/Ar 

discharge, where other new bands labeled [a] to [k] were observed, w hil e [A] to [0] were 

not observed. Thus the new species must contain at least one hydrogen atom. In 

addition, in a discharge of a mixture of C2 H2 /C2 D2/Ar, no new bands other than the 

former two series were observed. Therefo re, we conclude that th e carrier of these new 

bands are molecules composed of several carbon atoms and one hydrogen(deuterium) 

atom, namely CnH(Cn D), because if the species contains more than two hydrogen atoms 

there must be at least three isotopomers, such as X- HH, X-HD and X-DD. Considering 

that C.H molecules have one unpaired electron, we can determine th e transition types for 

the observed bands as due to a doublet linear molecule !Tom their rotational st ructures. 

Actually, Cn H (n=2-9) series detected so fa r were all analysed as doublet linear molecules. 

Our identification of the present molecu les to be C.H and C4D has been confirmed 

by rotational analyses of some vi bronic bands, for example [C] and [e], w hi ch were 

observed o nly in the C2H2/ Ar and C2D 2/ Ar discharge, respectively, and both have very 

simple structures. Figs .2.4(a) and (b) show high reso lution L!F spectra of bands [C] and 

[e]. These bands have no Q-branches and consisted of only P and R- branches. While 

they are rotat ional ly resolved , spi n sp littings were considered to be no t distinguished in 

the present spectral reso lution. Therefore bands[C] and [e] can be assigned to 22.: - 22.: 

type transitions . Rotational assignment also can be made as shown in F igs.2.4(a) and (b) . 

In the 2I - 2I transition, si nce P(N"+ l) and R(N"-l) transitions have the common 

rotational levels in the excited state, we cou ld determine rotational constant of the ground 
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(a) 

24044 

(b) 

24459.5 
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* 
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01234567 

. 40-

24050 
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Wavenumber I cm-1 

Fig.2.4 High resolut ion UF spectra on;+_z:+ bands (a) C4H and (b) C4D, 

correspondi ng to bnnds [C] and [e) in Flg.2.J .. 
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2I state from the combination defferences, they are R(N" -I) - P(N"+ I) = B"(4N"+2), 

on an assumption that spin splittings of the ground state were small enough to be 

neglected . Thus, we determined the rotational constants of the ground state B" to be 

0 158715(64) em- I for C"H and 0.147291 (61) em·' for CD by least square fittings . 

These rotational constants B " determined in our observation for C"l-1 and C"D are both in 

good agreement with those ofC4 H, 0 . 15873191 em·' [23] and C.D, 0. 14731691 em·' 

[25] in the ground state X2 I+, precisely determined by microwave spectroscopy. Spin 

rotation interaction constants y=-0.00 12891 em· ' and -0.0012039 em·' for c.H and C.D 

determined by microwave spectroscopy are small enough to be ignored . Conversely, 

referring B" constants of C4H and C4D determined by microwave spectroscopy, we 

could assign rotational structures for most of other bands. We fina lly concluded that the 

carrier of these two band series of bands are C.H (CCCCH) and C.D (CCCCD) radicals . 

So far, we observed 20 and 17 vibronic bands for C4H and C4 D, respectively Some of 

them were so weak that one cannot recognize in Fig.2.3(a) and (b). Throughout this 

paper we consider that hot bands were not included in our observation because all the 

observed bands were ass igned to have 22: symmetry as lower states from the combination 

differences. Observation of transitions from a vibronic 22: state ofv=2, where vis some 

bending vibrational mode, is improbable because tra nsitions from v= l err) were not 

observed. Since the lower state is 22:•, the observable excited states should be 22: and 2I1 

vibronic states, and 2 
/';, 

2<1> .•• were not observed in the present study as will be shown 

later. 

2.5 Rotational Analys is and Vibronic Symmetry 

We have carried out rotational analyses for most of the observed bands, and 

determined molecular constants of the excited state. The band types were assigned to 

either 2I1-2I, 22:+-22:+ and 2 IIt"{- 2 I+ , all of whi ch started from the vibron ic ground 

state, X2 I + v=O. The symmetry of the electronic excited state was determined to 2I1; 

from the rotatio nal analysis of the 2I1-22: band. Therefore, observed 22: vibronic states 
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accompany excitation of some bending modes. Rotational structures of every type of 

bands are affected by vibronic interaction including the Renner-Teller effect , and 

especially for the 2I -2I bands, magnitude of the Renner-Teller effect, which depends on 

the excited bending modes, are remarkably different for 2I+ and 2 I ~;] vibronic states, 

where 2I+ and 2 I ~;] suggest strong and weak Renner-Teller effect, respectively as 

mentioned in the previous section. Thi s observation of different types of I states is 

characteristic to polyatomic linear molecules containing more than 4 atoms. 

2.5.1 2Il-2I bands 

Three 2II bands of C,H and two of C,D have been observed and rotational analyses 

were made as case (a) 2II bands which are the same as that of diatomic molecules . The 

term values Tv, the rotational constants B' and effective spin-orbit coupling constants A eff 

were determined by least square fittings as shown in Tables 2.1 and 2.2. An example of 

high resolution LIF spectrum of 2II-2I band ofC4 H is shown in Fig. 2.5(a) and (b) , which 

was the lowest pair of bands we observed, bands [A] and [B] in Fig.2.3. Both bands 

consist of four branches, and the rotational assignment was made as shown in Fig.2.5. 

Since the lowest rotational level in the upper state is J' = 1.5 for band [A] and J'=O.S for 

band [B] , they belong toP- 3/2 and P- 112 components of a 2II vibronic state in Hund' s 

case (a) , respectively, separated by Aeff which is expressed approximately by equation 

(213) 

2.5.2 2I - 2Iba nds. 
2I '-2.L ' bands, where the upper 22:' state arise from vibrational excitation of a 

bending mode accompanying a strong Renner-Teller effect. 2I ' -2.L' bands have simple P 

and R branches as shown in Figs . 2.3(a) and (b). We have observed four 2I ' -2I' bands 

for C., H, and eight for C4 D, and determined molecu lar constants of the upper states, Tv 

and B', by least square fittings as shown in Tables 2. I and 2.2. Spin splittings were not 

resolved in the present resolution . In some case irregular large spin splittings were 

observed as a result of some local perturbations in 22:'-22: ' bands. Therefore, the spin 

rotation interaction constant of the upper state y' was neglected for both the cases . 
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Fig 2.4 lligh resolution Uf' spectra ofl::+-2:+ bands (a) C
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H and (b) C
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D, 

correspond ing to bands [C] and [e] in Flg.2.J .. 



--14-

When an irregular spin splitting are recognized, center frequencies of two spin 

components were used in the least squares fitting . Centrifugal distortion constants D 

were also neglected because only low J lines were observed in the present jet condition. 

The other state of Renner-Teller pair, I -, were not observed because I --I' transition is 

forbidden. 

2.5.3 2 I \"{ - 2 2: • bands. 

Most of the observed vibro nic bands belong to 2 I\,"{- 2I' type, that is transition 

to ' I vibronic state which arise from excitation of a bending vibrational mode with a 

weak Renner-Teller effect. In this type of transitions, both 2 I \,'] - 2 I • and 2 I \;] - 2 I· 

are allowed because the 2 I \,"] states are mixed states of I ' and I-, and both have a I ' 

character. Since vibrational energies of 2 I \,"] states are represented as equation (2.4), 

2 I \;] - 2 I ' band should be observed as a pair of 2 I \,'] and 2 I \;] separated by 2r, which 

depends on vibrational quantum number and the Renner parameter as defined in equation 

(2 .6). Typical 2 I \,"] - 2 I' vibronic bands are [D) and [E) of C4H, and [c) and [d) of 

C,D . High resolution LfF spectra of bands [D) and [E) are shown in Figs.2.6 (a) and (b) , 

which are assigned to 2 I \;] - 2 I' and 2 I \;] - 2 I' , respectively. The band features are 

quite simi lar to those of the 2I1 -2I+ bands of Fig.2.5, except for the intensit y pattern . 

Rotational assignments are labeled by N following to equation (2 .5) expressed in Hund 's 

case (b), where P and R branches corresponding to t:.N= ± I are observed in 2 I \,'] - 2 I ' 

bands, while 0 , Q, and S branches corresponding to t:.N=O, ± 2 are observed in 

2 2: \,"] - 2 2: ' bands. The transition diagram of the 2 I \,"] - 2I' bands are summarized in 

Fig.2 7. High resolution LIF spectra ofC,D bands [d) and [e) are also shown in Fig.2.8, 

corresponding to 2 I \,'] - 2 I' and 2 I \;] - 2 I' . Band [d) are overlapped with C3 

A (300)- X (300)[38) . lf we compare the relative intensities of 2 I \;] - 2 I • and 

' I \;] - 2 I ', the fonner is stronger than the latter by a factor 2 in the case of bands [D) 

and [E) of C4 H, which suggests that 2 I \;] has larger 2I ' character than 2 I \;]. The 

quantitative discussion will be described in the next section. 
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Term value Tv, and effective molecular constants B~g) and y ~j} in equation (2 .5) 

were determined by least square fittings and summarized in Tables 2. I and 2.2. When a 

2 2:\ 'i and 2 2:\,-,> pair was observed, the splitting parameter r was also determined . 

However 2 2:\:i and 2 2:\ii are indistinguishable with each other when one of the 2 2: \;,> 
pair are not observed by its weak intensity or obscured by other species, because their 

rotational structure can be expressed as the same formula except the Yef! constant. 

Namely as understood from Fig.2. 7, if Ye!J of 2 2:\:i increases more than the rotational 

structure, the rotational structure is almost identical to that of 2 2:\,-2>. In this case we 

analyzed these bands as 2 2:\ ;d because 2 2:\;d has larger intensity than 2 L:L-,> . When the 

assignment was correct reasonable molecular constants were obtained . But some bands 

showed considerably large Yef! constant, like y,/!>2Bv, when analyzed as 2 2:\;d In such 

cases, we re-analyzed them as 2 2:\ii>, for example 24837.981 cm-1 band ofC4H. 
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11 .5 



(a) 

24292 24294 24296 24298 24300 

Wav enumber I em - 1 

(b) 
* 

* 

* 
* 

* 

24278 24280 24282 24284 24286 24288 

Wavenumber I em - 1 

f'ig 2.8 Jligh resolution LIT' spectra and simulation of C,D, (a) 2 L: \;]- 2 L:+ and 

(b) 
2

L: \;,> - 2 L: + (Band ( d] and ( c] in T' ig.2.3 (b)). Peaks labeled with asteri sks are C3 

7\ (300)- x (3oo). 
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Table 2. I Observed vibronic bands of C,H . 

band origin ba nd type Btrr Y·rr •) A,rr ab> rclati \'c assignment 

cncr 

24033 -!32(6) ' TI- ' :!: • 0.15038(22) - 14. 7644(80) 0 .02 0 .0 0 - 0 

240-! 7.63 1(1) ' :!:• - ' :!:• 0. 15005(05) 0.00 14.2 v5 

242 14 .735(5) 2 I~;f -2 I• 0.14922( 15) 0 .1885(13) 0.01 181.3 v6 

24230 660(4) 2If;i -2I • 0.15 18 1( 10) 0. 1942(13) 0.0 1 197.2 v6 

24389 .3 39(6) ' TI- ' :!:• 0. 14870(27) -5 043 1(5 8) 0 .02 355.9 

24-!17.296(4) ' TI- ' :!: • 0. 15240( 19) - 16.465 1(47) 0.0 1 383 .9 2 v6 

244 90.806(6) ' :!:• - ' :!:" 0. 15076( 17) 0.02 457.4 3v5 

24567 683(3 ) 1 f~tf - 2 L · 0.14948(09) 0. 1995(04) 0.0 1 534 .3 

2-!576.432(2) 2I fif -2I · 0. 14984(08) 0 2 146(07) 0 .0 1 543.0 

24580.034(2) 2rf;i -2r· 0. 15233(09) 0 .1886(1 3) 0 .01 546.6 

24589.626(2) 2rf;i -2r· 0. 15308( 17) 0 .2389(13) 0.0 1 556 .2 

24598.830(4) 2rj;f -1r· 0.15020( 13) 0. 1529(09) 0.0 1 565.4 3 v6 

24615.375(4) 2 r~;i -2r· 0. 152 10(24) 0.15 16(17) 0 .0 1 58 1.9 3 v6 
24823 <) 790 

24837.98 1 (6) 2rf;d -2r· 0. 15 11 5(33) 0.1598(45) 0 .02 8045 

2484 7 d) ' :!:• - ' :!: •? 814 

24849 990(3) 1Lfi] -1L· 0. 1539 1( 12) 0.2876(11 ) 0 .0 1 8 16 .6 

24872. 2 18(9) ' :!: • - ' :!: • 0. 15 11 9(5 1) 0.02 838 .8 

2493 8.123 (3) 1Lf:/ - 2L• 0.15093( 13) 0 .1554(10) 0.0 1 904 .7 

24948 d) 91 5 

all in unit or cm"1
• 

•) 
y' does not show the normal spin-rotation constant but the effecti ve splitting constant of Hougen's express ion for 

2
L vibronic state in 2TI electronic state. 

b) 
la or least square fi tting. 

<) 
masked by C3. 

d) heavi ly pcrt.urbecl. 
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Table 2.2 Observed vibronie bands of C, D. 

band ori gin band lype B,/T '•> y •IT A.rr abl rclat i\'e assignment 

cncr' ' 

24099 19 1 (2) ' I·-' :E• 0 . 140 17(05 ) 0 .0 1 -6. 1 "6 

24 105.309(3) ' IT- ' :E' 0 . 140 14(0 7) - I 0.9926(35) 0.01 0 .0 0-0 

24282 545(4) 1 L \il -1 L~ 0. 13950( 10) 0 .133 5(08) 0.0 1 177.2 v6 

24295 52 1(4) 2 I~j] - 2I • 0 141 54(08) 0. 1360( 11 ) 0 .0 1 190 .2 v6 

2436 1 705(4) ' IT- ' :E· 0 .14043( 14) -13 . 1172(46) 0.01 256.4 

24463 .240(2) ' I'- ' :E• 0. 14107(04) 0.00 357 .9 3v5 

24480.545(4) 2I Ii/ -'I• 0 13836(07) 0. 1890(08) 0.02 375 .2 

24489.19( 1) 
2Llil -2L· 0.14261(53) 0. 1928(33) 0 .02 383.9 

24550.60 I (2) 'Llif -'L• 0 14209(05) 0.2376(43) 0.01 445 .3 

24583. 911 (5) 1Lfil -1L• 0.140 18(17) 0.265 1( 14) 0.02 478 .6 

2459 1.76( 1) ' I'-' :E• 0. 14050(3 1) 0.03 486 .5 

24667 <) 561.7 

24 705 .86( I) ' I'-' :E• 0. 13968(35) 0.03 600 .6 

24799.962(6) ' I'-' :E· 0 . 14 108( 13) 0.02 694 .7 

2493 8.5 <) ' I'-' :E• ? 833 

24959.0 <) 'r·-'r ·? 854 

24962 993 (5) 2Liif -2L· 0. 14390(23) 0.2866(16) 0 .0 1 853.7 

24992386(4) ' I·-' :E' 0 14111(10) 0.0 1 887 .1 

all in unit or em .) 

•> y' docs not show the normal spi n-rotation consta nt but the effective splitting constant or Hougen 's expression for 
2
I vibronic state in 2TI electronic state. 

b) 
! a of lcasl square filling. 

<) 
heavily perturbed . 
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2.6 Vibrational Assignment of the lJ 2D; state 

The stick diagrams and assignments of vibrational structures of C,H and C,D in 

iF IT, are shown in Fig.2.9. 2I1 vibronic band corresponding to the 0-0 band of C4H 

was observed at 24047.631(1) em·' , which was the lowest vibronic band we observed . 

v5 mode (CCH bending) were observed at 24033.432(6) en,-' and 24490 .806(6) em· ' 

corresponding to the v5(' I · ) and 3v5(' I • ) vibroni c states of iJ2rr,. Since vibronic 

symmetry of v5 mode is 2 I • indicating a large Renner-Teller effect in this bending mode, 

the vibrational structure of the v5 bending mode is quite irregular . In contrast to the v 5 

mode, v6 mode (CCC bending) has a regular vibrational structure whose Renner-Teller 

effect is very small , where 2 I~;] and 2 I ~;] pair could be observed. We found the v6 

progression at 24214 . 735(5) and 24230.660( 4) en,-' for v6 (' I ~1'] ) , 244 17.296( 4) em·' 

for 2v6 ('IT) and 245 98.830( 4) and 24615 .375( 4) en,-' for 3v6 ( 
2 I~:i ) with an interval of 

about 190 em·' . Some correspondence of vibrational states between C4 H and C4D are 

found as drawn by dotted lines in Fig.2 .9. The 0-0 band of C,D is at 241 05 .309(3) em· ' , 

and v5(' I·) at 24099. 191(2) em·', 3v5('I•) at 24463.240(2) en,-' and v6(
2 I ~ 1',>) at 

24282.545(4) and 24295 .521(4) em·', where the vibrational energy ofv6 is about 183 cn,-

AII the determined vibrational frequencies and Renner parameters are summarized in 

Table 2.3 . v5(
2I•) vibronic state of C,D lies below the origin This fact indicates 

di stonion of the potential surface along the v5 normal mode due to a strong vibronic 

interaction . 

In the energy region above 24500 cm' 1(relative energy from origin is 400 cm-1
) the 

vibrational structure rapidly loses correspondences between C,H and C4 D, and many 

unassigned band remain for both species . This feature must be caused by the 

complicated vibronic interaction involving three bending modes . 
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Table. 2.2 Vibrational Frequencies and Renner parameters of C4l-l and 

C4D in the B2II , state. 

w5 (CCH bending)") 
Es ~) 

w6(CCC bendi ng) 
b) 

E6 

563 
-0.97 

191 

-0 0 15 

184 

-0.0 19 

'
1 w1 and E1 of C4H were determined from vibrational analysis including v=O, v1= I and 

v1=3, where Herzberg-Teller effect is not considered . 

bi E6 were determined from rotational analys is ofv6= 1 states . 
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2.7 Results and Discussions 

2.7.1 Assignment of the i.Frr, state and the Electron Co nfiguration. 

The molecu lar constants determined in the least square fittings of bands [A] and (8] 

yielded term energy Tv=24033 .432(6) em·', 8'=0. 15038(22) em·' and Ac;F- 14 .7644(80) 

em·', where the spin-rotation constant y', parameters for the A-type doubling and the 

cen trifugal distortion constants were fixed to be zero, since their effects are undetectable 

in such low J levels observed in the jet-cooled condition. Acff, an effective spin-orbit 

interaction constant is not different from conventional A.o constants of diatomic 

molecu les without vib ro ni c interacti on. Considering that the spin-orbit interaction 

constant of the carbon atom l;,(2p) is 29 em·', it is clear that the excited state have an 

orbita l angular momentum, and so the electroni c symmetry is concluded to be 2I1; . The 

label i indicates inverterd, that is the lowest term is the P=3/2 component and A,,.< 0, 

whose electronic state have a half filled rr orbital. Spin-orbit interaction constants of 

other carbon chain molecules, C3H( x'n, ), for example, are a similar values, 14.2 cn,-

1(41], which confirming our conclusion. For C.D , bands [a] and (b] belong to the 2I1-2I 

bands co rresponding to 2I1312 and 2I1112, respectively, and molecular constants were 

determined to Tv=24099 . 191 (2) en,-' , 8 '=0. 140 17(05) em·' and Acr -I 0.9926(35) em·' 

A,ff ofC,D is also similar to that ofC3D(X 2n ,), 12.53 cm-1(4 1] . We have observed 

three 2I1-2I bands for C4J-l and two for C4 D until now, and their molecular constants are 

summarized in Tables 2. I and 2.2. The o rigin of the 2I1 electronic state must be 2I1 

vib ronic state. We have tried to find other 2I1 bands in the lower region than 24000 em· 

1 
down to 2 1200 em·', but we did not observed any bands ofC4H Thus, we concluded 

that the 2I1 vibroni c states at 24033.43 em·' for C4H and at 24099. 19 em·' for C4 D are the 

origin of the 2I1 electroni c state. A characteristi c featu re observed commonly for all the 

2
I1 -2I bands is their very weak intensities, about one tenth of the 2I-2I bands, although 

the electronic transition is 2IT-2I . The reason will be discussed in section 2. 7.4. 

According to an ab initio calculation (CASPT2/DZVP) by Sobolewski and 

Adamowicz(29], the second lowest electronic excited state is 22I1 and exists at 3.04 

eV(24519 cm-1) from the ground state X2 I +, whi ch shows a good agreement with the 
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observed 2I1; electronic state. Kobluszewski also calculated (MR-Cl (+Q)) that the 

JJ2 n state lies at 3.24eV(26 133 .84 cm-1)[42]. which is slightly larger than our 

observation but only 8. 7%. Since only one electronic state, 22TI, is expected around this 

energy region in their calculations, it is reasonable to consider that the observed transition 

is JJ2 n,- X2 I +. The main electro nic configuration of the ground state and the low 

lying first excited state arc, 

A'n , . . ( l :rt)4(2n)3(na)2 

.... .. ( l:rt)4(2:rt)'1(na) 1, 

where l:rt and 2:rt are bonding :rt molecular orbitals originated from 2Px.y atomic orbitals of 

four carbon atoms, and no is a non-bonding a orbital of the terminal carbon atom, which 

has been expected to li e a li tt le above 2:rt as shown in Fig.2. 1 0. The second lowest 

excited stat e, 2I1; having a half fill ed :rt orbital, must have a main configuration as, 

lPn, . (ln)3(2n)4(na/. 

Accord ing to Kobluszewski 's C! calculation the electronic configuration of B2 TI, state is 

also 9%(1n)4(2:rt)3(na)2 + 60%( l:rt)3(2n)'(na)2 B2 TI, - X2 I+ transition includes no­

In one electron transition. The third excited slate, 32TI , was calculated to be 

4.17eV(33633 cm-1
) by Sobolewski and Adamowicz[29]. It s electro nic configu ration 

must be, 

.. .. .. ( J:rt )'1 (2:rt )4 (3Jt) I . 

In 1975, Dismuke e/ a/. observed UV abso rption spectrum in Ar matrix with it s band 

origin of 33800 em·' , and ass igned tentatively 2TI/I ' transition[30]. Poss ibly they 

observed C2 TI ,. - X2 I + transition. 



2r+, 2r-,26, 

tlr", 4r-,46, 

4 n 

3n 

Fig 2. I 0 Molecular orbitals and elect roni c confi gu rati ons of C,H. 
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2. 7.2 Effective molecular constants modified by vibronic interaction: 

The effective spin-orbit coupling constant 

Magnitudes of the effect ive sp in-orbit coupling constants of C.H and C.D in the 

lowest 2IT states are different with each o ther, whil e in the case of diatomic molecu les the 

A constants obtained from the 2Ilw-2II312 splittings are almost the same between H and D 

isotopmers like CH X2IT, (27.95 cm-1 for both CHand CD) and OH X2Il; (-139.21 cm·1 

for 01-1 and - 139.23 cm- 1 for 00)[43]. The difference of the A constants between C4H 

and C4D is due to the vibro nic interaction and characteri st ic in polyatomic linear 

molecules, as well as C3H and C,D[41] . 

2IT vibronic states of lP rr, v=O have wavefu nction expressed as lA= ± 1, v=O, 

1=0> and K=IA+/1= 1 When a third-order co rrecti on term arising from vibronic states 

wit h other electronic states through the first term of equat ion (2.2) the effective spin-orbit 

coupling constant for K=v+ I state of equation (2. 13) is modified as, 

(2. 14) 

for triatomic linea r molecules[53], where A is the true spin-orbit coupling constant 

without the vibroni c interaction, and must be almost the same for C4!-l and C4D. 

E in the second term is a conventional Renner parameter, 

ao - c(l>w + c(2>w 

(2. 15) 

where E(l) is the Renner-Tell er interaction between vibronic states in the 2IT electroni c 

state by the first order perturbation of the first term of H ', and E<
2
> is a higher order 

perturbation from other electroni c stat es !;' corresponding to either 2L' or 2L-electronic 

state, where s is even for a 2L ' state and odd for a 2L- state. y is defined as y - 2:rrcw I h 

where w is the vibrational frequency of the bending mode. 

11 in the second term is derived by Brown[53] , whi ch represen ts a contribution of 

the third order correcti on caused by vibronic interactions with other electronic states and 

defined as 
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(2 .16) 

s ' is the 2IT electronic state considering and s indicates all I and C.. electron ic states, which 

can interact with the 2IT state through the first order term of the vib ronic Hami lto nian , 

V
1
(Q,e-'0 +Q_e'0 ) , generally ca ll ed the Herzberg-Teller vibron ic coupling . pis an even 

or an odd integer when s' is I or C.., and As and As· represent the spin-orbit coup ling 

constants of the s and s' states. t:..E is the energy difference between the sand s' states . 

According to equations (2 . 14)-(2. 16), A,g depends on E and 11 parameters which are 

almost the same between C,H and C,D except for the CCH bending mode. Vibrational 

frequ encies of CCH is expected to be larger than that of CCD by a factor nea rly .J2, and 

thus y" 1(C4 H)</(CD) for the CCH bending mode. Therefore the difference of A,g is 

caused by the vibronic interaction along the CCH bending mode, v5, so we mainly 

cons ider the vib ro ni c interaction ofv5 here, although C,H has three bending modes . 

Generally, the first term of equation (2 . 15) is much larger than second term and the 

former indicates a co rrection of the Renner-Teller effect to A eff, whi ch is different for C4 H 

and C..D. However, the observed result , A,g(C.H)/A,g(C4 D)= 1.343 , cannot be 

explained by considering only E(JJ Therefore, we shou ld consider contributions of the 

Herzberg-Teller vibronic interaction wit h other electronic states, such as 2I ''· or 21:;. 

When appropriate 2I and 2
1:; electronic states exist, they interact with H2 IT, through 

Herzberg-Teller vibro nic cou pling along the CCH bending mode, and as a resu lt A,g 

became different between C,H and C, D as explained by equations, (2 . 14) and (2 . 16) . In 

the present case, the following electro nic states can be considered as candidates of such 

2I and 211 States. The (In)4(2n)'(na) 1 configuration produces X2I+, which is the onl y 

state lying lower than R2 IT,, and the ( In)'(2n)3(na) 1(3n) 1 configuration produces 2I +' 

2
I. and 2

1:; , and their qua11et states. According to an ab initio study [29], 21:; state lies 

about only I 0000 cm· 1 above H2 IT,, w hil e X2 I+ is 24000 cm· 1 below lPrr,. Thus 2t:.. 

and 
2I ' derived from the configuration of ( ln)

4
(2n)3(na) 1(3n) 1 contribute dominantly to 

the 11 constant, and 11 takes a negative value with I 11 (C,H)I<I 11 (C,D)I, since y (C4H) . J < y 

(C.D) ·I for the CCH bending mode. Consequently, the absolute value of effective sp in-
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orbit coupling constant IA,JJI in equation (2 . 14) ofC.H is observed to be much larger than 

that of C4D by a factor 1.343 . This conclusion suggests simulta neous ly that the second 

ord er Herzberg-Teller interaction between i.Prr and higher 21: and 211 states expressed as 

j(s ' rr iV,e"0
1
2l:

0
, 
211)j in not negligible for the vibrational structure, as well as the 

Renner-Teller vibronic interaction, and occu rrence of such an effect is actuall y confirmed 

from vibrational structure of the lFrr, state as wi ll be described in section 2 . 7.3. 

Effective Molecular Co nstan ts of 2 1:\;d and 2 1:\,-,> vibronic states. 

The Renner-Teller effect can be discussed qualitatively from 2 I\ t] and 2 l:\ii, 

which are separated by the Renner-Teller effect and the spin-orbit coupling, by us ing 

equations (2.4)-(2 .9) . Let us consider the v6 vibron ic states, bands [0] 2 1:\;d and [E] 

21: \,-,' of C.H, and [c] 21:\;d and [d] 2l:\i2l of C4D , corresponding to I-ll: and Kl:, 

respecti vely. We use notation of(+) and(-) instead of 1-l and K used in equations (2.4)­

(2 .9) in the following discussions. According to equation (2.4) the spl itting between 

2 I\:i and 2 1:\,-] corresponds to 2r, which is 15 .925 em·' for v6 the vibronic state. 

Using A,1r -14 . 7644 em· ' determined from the rotational analysis of the 2fT orig in band, 

we obtai ne l sin2~i=0 . 3747 , lcos2~I=O 927 1 and lc-w(v + 1)1=5.968 . Since v6= 1 and 

w= 189 em·' , the Renner-Teller parameter is derived as £6=-0.0 16, which indicates that the 

Renner-Teller effect is very small for the v 6 bending mode. The mixing ratio of l: ' and 

1:· is al so obtained by replacing l s in~I=O 2764 and l cos~i=0 . 961 0 to equation (2.9) , 

I \;] - 0.8291:' + 0.5591:- - 2 (v6 state of C.H in 13 IT,) 
l: \;i - 0.5591:'- 0.8291:-

Thus, the ratio oft he transition intensities should be J(I\ti j,ujl:' )J' I J(I\;,' j,ujl:' )J' - 2.2 , 

which is qualitati vely consistent with the observation shown in Fig.2.3 where band[D] is 

about two times stronger than band[E]. 

The effective constants B!;J and r!;J, B!j/ and r!_o.l can be calculated by using 

equations (2 .8) and (2 .9) from the above l sin~ l and I eos~ ! as, 13!0)=0 1493 em·' , 
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These values show in 

surprisingly good agreement with those of the observed, B!;/ =0. 14922 en,-' and 

r!;>=0. 1885 em·' , s ;n:'=0. 15181 em·' and r!;'=0. 1942 em·' . 

In the similar way, we obtain ls in2~1=0 . 3747, l cos2~I=O 9271 and 

k m(v + l) j =5 968, and £ 6=-0 0 19 where co= 183 em·' for v6 stat e of C4D (band [ c] and 

( d]) The eigen funct ions are expressed as, 

I\:] - 0.8752:' + 0.484 2:­

I \;J - 0.4842:' - 0.8752: -

I lowever estimated intensity ratio from the above eigen fun ctions 1s 

I( I \'{ IfilL' t I I(I\iJ I,ul I+ t -3J , whi ch is slightly larger than the observed value, 

- 2_0 _ (Note that band [c] in Fig.2.3 is overlapped with C3) The effective constan ts are 

s;;'=O 1394 em·', r !,; '=O 130 en,- ' , B;ij-1=0 14 16 en,- ' and r :; '=O 134 em·' whi ch are in 

less good agreement with the observed, 8~;1 =0 . 13950 em·', r !;'=O. I335 em·' , 

s;;'=O 14154 em·' and r:ff' =O 13 60 en,-' compared with the case of v6 o f C4H. 

These slight divergence in intensity ratio and the effective molecu lar constants are 

probably caused by Herzberg-Teller vibronic interaction, whose effect is different 

between C.H and C4D. 

For other 2 I \;1 and 2 I \,-21 bands, above discussions were not applicable, even for 

3v6 of C, H, due to higher order vibronic interactions, such as the cross vibronic 

interaction between two 22: states (the interaction between different bending modes) 

wh ich were recently considered by Tang eta!. [ 44] for the explanation of anomalous y,JJ Of 

HCCS in the grou nd state_ 
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2.7.3 Vibrational structure of 8 1Di state 

v5 CCH bending mode 

Renner-Teller effect is very large in v 5 mode, thus vibrati onal structure of v, mode 

iS quite irregular : Vs e2.: ') State is COnsiderably shift ed down to 14 .2 cm·l above Origin and 

3v5 e2.:' ) lies at 457.4 em· ' for C, H. When Renner-Tell er effect is strong, that is the case 

ofEw >>A, the vibrational energy may be exp ressed as, 

7; - w(v +I) - ~c2 roK(K + I) (2 I 7) 

for K=v+ I state and , 

• ( 1 ' ) I 1 2 2 cAK (K + 1) 7; - w I - - c (v + I)+ - cW\f(v + I) - K ± --;r=='==='=7 
8 2 8~( v + I) 2 

- K' 

. ( I ' ) I 1 2 2 cAK(K + I) 7v- - w I- - c (v+I) - - cw\l(v+ 1) - K ± ---;=~:==~ 
8 2 8~(v+ 1 ) 2 - K 2 

(2 . 18) 

for K <v+ I states, where Herzberg-Tell er vibroni c interacti on between electroni c state is 

not considered and the sign of shoulder is associated to symmetry of refecti on plane. 

Using equatio n (2 . I 7) fo r 2II(v=O) and equation (2. 18) for 22-: '(v= I ,3 ), we obtained Es= -

0.975 and bending frequ ency w5=562.65 em·' for C,H in B2 II , . On the o ther hand, fo r 

v, CCD bending mode of C.D, the vibrational energy are v5=-6.5 em·' and 3v5=357.9 

em·' It is wo rth noting that v5 state of C.D li es below orig in of B2 II , . This inversion 

cannot be explained solely by Renner-Tell er effect, so we should consider second order 

perturba tion from o ther electro ni c states, that is Herzberg-Tell er interacti on. 

The second order contribution to the vibrational energy is expressed as [53 ], 

E''' - !1T - ( v + l)hc11w''' + g)1cK/\ +higher ord er term (2. 19) 

In this equation, /1T represents a constant correlation to all vibronic levels of II electronic 

state given by 

. h j(q , A - IIV" e·'"lc;'. A - 2)1' 
117 -- 2: 2 

4 !>""'" (11E) 
(2.20) 

where 11E is a energy difference between lP rr, and other electroni c states involved 

vib ronic interacti on. The second term involves 11w''' whi ch can be described as a second 
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order correlat ion to the vibrational frequency, 

(2.21) 

The sign of the correction 11w depends on the sign of 11E, and in the present case since we 

consider that the contribution of 22: ' and 211 electronic states lying above B2 TI , is 

dominant , so 11w>O. The third term gk is given by 

g,. - ~ '\' (-1/I(4Jv,,f4')1' (2.22) 
4y d:t. (11E) ' 

p is an even integer for 2: states and an odd integer for 11 states. Considering both 

Renner-Teller and Herzberg-Teller effects the vibrational energy can be rewretten by 

2 TI(v- 0) - T, + rv - _I_ E:2 cv + 117' -hcl1cv C'l + gKKA 
4 

2 2:•(v- I) - 7~ + 2cv + E:CV - _I_E: 2 CV + 117'- 2hc11cvC'l 
4 

2 2:'(v-3) - 7~ +4cv+2E:cv-_1_&2cv+I1T -4hcl1cvc2> 
2 

2 I' (v - 5) - 7~ + 6cv + 3&cv - 2_&2cv + 11T- 6hcl1cvC' l 
4 

(2 23) 

Following these expression, v 5e2:') must be shifted down further by Herzberg-Teller 

interaction in addition to Renner-Teller effect. From equations (2.2 1) and (2.22), 

hcl1w(2) is expected to be larger than gk because 11E>>w, thus the energy difference is 

approximately writt en as, 

(2.24) 

In the present case of C,D since Herzberg-Tell er interaction is enough large and 1-E is 

close to zero, the above energy difference has a negative value, 2 2:(vl)<2 TI(v = 0) . 

Considering a correlation of vibrational energy structure between linear and bent 

molecules, 2:•(v= I) state correlate to v=O, K=O level, which is the lowest level in a bent 

molecule, and TI(v=O) correlates to v=O, K= I level which is the second lowest level. 

amely the order of vibrat ional energy in a linear molecule is inverted in a bent molecule. 

Therefore vibrational structure of CD and also C,H in B2 IT, state suggest that B2 IT, 
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state is in the middle of linear and bent molecule along CCH angle, namely "quasi-linear" 

molecule, whose vibration averaged geometry is generally linear but potential enery 

surface is distorted . Qualitative potential curve of B2 IT, state and other electronic 

states associated in vibronic interaction are described in Fig.2. ll . 

Tf tJ.w'21 
IS independent to vibrational levels, then 

I ' (3v1 ) - I'(v3 ) - I'(5v1)-I'(3v3 ) from equation (2 .23), then vibrational energy of 

I ' (5v1 ) state can be expected as 900.6 and 72 1.9 cm-1fo r C, H and C,D . I ' state at 

838 .8 em· ' ofC,!-1 and 694 .7 em·' ofC,D are most reliable candidates for 5v5 state_ 2IT 

bands correspond ing to 2v5 or 4v5 were not also assigned ce11ainly. Anyway such IT 

states must have a sma ll A eff because Renner-Teller effect is so large that spin-orbit 

coupling is not important leading to quenching of electron angular momentum. 2IT band 

at 355 _9 em·' ofC,!-1 have a small Aeff constant , -5 em· ', is likely to be 2v5 

v6 CCC bending mode 

v6 CCC bending mode has a harmo ni c vibrational structure which shows Renner­

Teller effect is weak along v6 mode_ This was confi rmed from the rotatio nal structures 

of 2 I\:1 and 2 I\11 vibro ni c states as described in rotational anlysis. Since the term 

energies of I vib ronic states wit hout perturbations for v6 mode are expressed as 

Tv=[Ee I\:1 )+Ee I\i£)]/2, we could obtain v,= l 89 25 en,-' , 2v6=383 9 em·' and 

3v,=573 .65 cm·I By averaging these term values we determined the vibrational 

frequency , w6= 191 em·' for C4!-l in B2 IT, _ For C4 D, only v6= 183 . 7 en,-' was observed, 

and so we estimated w6= 184 em· ' . All determined molecular constants for vibrational 

structure of the B2 IT, state were summarized in Table 2.3. 

ln the 2v6 state, however two 2IT state must arise, namely linear combinations of 

lA- ± 1,/=0> and I A =± I, I =+ 2>, we cou ld observe only one 2IT state . [t is for thi s 

reason that since Renner-Teller effect ofv6 mode is very weak, vibronic mixing between 

lA- ± 1, I 0> and I A =± I, I = + 2> is also small , and consequently on ly 2IT vibronic 

stat es with lA- ± 1, 1=0> was observed by I selection rule . 
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Fig 2. 11 Vibronic interaction between B2 D, and higher lying other electroni c states. 

Potential energy surface of B2 D1 is distorted along CCH bending mode. 
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There are even many unassigned vibronic states in spite of whose rotational analysis 

can be completely made, for example, 2 L:\~i pairs with their term energy of 573.86 and 

583.03 cm·1 from the origin, a littl e below of3v6 states ofC4H . Because their rotational 

st ru cture were those of with weak Renner-Tell er effect, it is considered that they do not 

accompany the excitation of v5 bending mode. Possibly they are combination bands of 

v6 and v,, such as 2v6+v,, v6+2v7 and 3v,, where v7 is another CCC bending mode. 
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2.7.4 Vibronic interact ion in the ground state. 

It is surprising that 22:-22: bands were observed very intensively compared with 

2IJ-2:L bands by about ten times as recogni zed in Fig.2.9. Because the electronic 

transition lFrr, - X2 2: + is induced by a perpendicular transition moment f.lx,y, 
2I1-22: 

perpendicular transition is symmetry all owed and thus observable, while 22:-22: parallel 

transition is symmetry forbidden and not observed under Born-Oppenheimer (BO) 

approximation. Therefore the 1Prr, - X22: + system must involve some perturbations 

caused by breakdown of BO approximation, and observed intensity pattern of vibronic 

bands must reflect contributi on of this effect. We consider that the main contribution of 

this observed resu lt is vibronic coupling between X22:+ and !Frr, as schemati cally 

described in Fig.2 12 . 

Accordi ng to ab initio calculation by Sobolewski and Adamowicz[29] oscillator 

strength .f (ocl ~ l 2) of B-X transition is 4 .6x l 0-
4

, on the other hand that of lJ-A 
transition is 1.3x I 0'2, about 30 times lager than that of B- X. From another ab initio 

study by Kolbuszewski , IJ-'f of B- X and B- A transitions are 0.00 17 and 6.60 

respecti vely, which are different by a factor 400[ 42] . Since lf.l-12 is directly related to 

signal intensity, if X22:+ v=O state has a character of B2 IT,, then parallel transitions 

22:-22: or 211_211 induced by B- if parallel transition moment f.lz come out predominant 

rather than perpendicular transitions, in other words "intensity borrowing" from A211,. 

The first excited electronic state A211, has been predicted to be very close to the ground 

state, and from recent ab initio calculations the energy gap between A211, and X22: + is 

expected to 565 cm-1[29], 70 c,~- 1 [4 5 ] and 150± 100 cnf 1[46] Thus exceptionally 

strong vibro nic coupling can occur between X22: + I A - 0, v" - 0,1 - 0) and 22: 

vibronic states of A211,, I A - :!: I, v', I - + 1) through HT vibronic interaction, the first 

term of H' in equation (2 .2), where same vibronic statesc>:E) labeled quantum number K=O 

are mixed . In this case A and I are no longer good quantum numbers and only K(IA+II) 

is a good quantum number, the wavefunction of the ground state can be expressed as 
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v cev~ 0 r evn) 

Herzber·g-Teller 
vibron ic inte raction 

Fig 2. 12 Vibronic interaction between X2 l::+and i\' n, 
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!wJs,K - o) -w [lx, A- o)l v" - 0,/ - 0) + 2;c,jli, A- ±l )l v, ',/ - +I )] 
I+ 2;c, ' 

' 

(2 25) 

where all possible 22: vibronic state of A2 IT, expressed by summation were replaced 

approximately by lA - ±I , v',/ - + I). The excited states, 2IT and 22: vibronic states of 

B2 IT, state are also expressed in similar way, 

j w~r) - jJJ, A- ±l )l v,t - 00 , +2) 

l wi~) - jJJ, t\ - ±l )lv,t - +I ) 
(2.26) 

where the contribution of vibronic interaction with other electronic states as discussed in 

previous section can be excluded because vibronic mixing expected to be small compared 

that of A2 IT,- X2
2:+ interaction due to large energy of 211,22:- B2 II, Therefore 

transition intensities of vibronic transition of 2IT-22: and 22: -22: bands in lP rr, -X 22:+ 

system are written by, 

'n-r - l(w~ leriWJst 

1 ['(JJ, A - ±ll.uiX, A - o)(v,! - OJv',l - o)j
2 l 

- l +c
2 

+e
2

j(JJ,A- ±ll.uiA, t\- ±l )(v,! - 0"' +2Jv" - 0,1 - +If (2.27) 

I I 12 C' 
•i+ C2 .Um; FC 

(X _ J_ f ('' 
1 + c2 . nx FC 

and, 
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I r-r - l( q.r~, [er[W6s t 
I(.B, A- :!:I[p[X,A - o)(v,i - +IIv',/ - of 

- I + c' I I' +e
2 (8, /\- :!:l [Ji[A,A - :!:I )(v,i - +I Iv"- 0,/ - +I) (2.28) 

1-lm» and fmn indicate transition dipole moment and oscillator strength of electronic 

transition from state m to state 11, and CFC: is Franck-Condon factor. First and second 

term in sq uare brackets vanishes because M" 0 These formula of transition intensity 

suggests that 2IT-2I band include B2II,- X' I + electronic transition whil e 2I-2I band is 

induced by transition from A2II; character of X2I+ v=O to B2II,. The ratio of 

iPn, character in X' I • v=O can be estimated to about 37% from simulation of relative 

intensities between 2I -2I and 2IT -2I, where 2I -2I transition is ten times stronger and 

/ABI/Ax ~ 30 from ref 29, and the Frank-Condon factor is same between equations (2 .27) 

and (2.28) . The strong vibronic coupling between X2I+ and A2 IT, states is also 

suggested based on experimen tal result s obtained by microwave spectroscopy. Chen et 

a/.[47] estimated that X2I+ v=O state contains about 28% of A2 IT, character from 

hyperfine coupling constants of 13 C. However Chen's and our est imation are based on 

quite different type of experimental data, both are in good agreement wi th each other 

Yamamoto el a/. (24] observed rotational structure of vibrat ionally excited state o f 

,PI+, and mentio ned that large spin-orbit coupling constant of v,(IT) vibronic state is 

caused by vibronic interaction from A2 IT, although it was not v=O state. Therefore our 

discussion recomfirmed the dominant op inion that vibro ni c coupling between X' I • and 

ii' rr, is very strong from phenomenal point of view. 
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2.7.5 Fluorescence lifetime and relaxation processes of the lPrr, state. 

We have measured nuorescence time profile in order to investigate the relaxation 

processes. Although fluorescence time profile of C, H is seemed to be a single 

exponential decay curve at one view, it consists of two component: a short time 

component (fast decay) and a long time component (slow decay) . 

Fig.2. IJ(a) shows a typical time profi le in the decay time of0-4 f.'S obtained by P( I) 

transition of Jv, state of C,H at 24990.499 em· ' (see Fig.2. 18), by accumulating of 500 

shots with sampling rate of 500Ml-Iz. Fig. 2.13(b) is expanded time profile of a short 

time component in 0-100 ns, where the circles indicate observed decay curve ( I pt. /2ns) . 

We analyzed this short time component as a single exponential decay and determined 

decay time as I I ns by convolution with laser pulse. Resulting decay curve of fitting 

were described by a so lid line. 

Fig.2.14(b) shows long time component of the same timeprofile expanded alo ng 

vertical ax is. One can find that very weak and slow decay signals continue to the reg ion 

longer than 4 f.i. S. This long time component have a compli cated structure on it , whi ch 

are not noise owing to electronics because base line is fl at before laser radiation comes in . 

Therefore this structure co rresponds to "Quantum beat" wh ich renects the energy 

structure of the excited states related to non-rad iative transition. In order to check the 

reproducibility and dependence on rotational levels of quantum beat, we compared time 

profiles of P and R branches both whi ch have the common rotat ional level in the excited 

state, as shown in Fig.2. 15. The features of quantum beats on the longer decay 

component are perfectly co incidence between for the common N' level s' leading to that 

the very weak long time component with quantum beat are real. Although the feature of 

quantum beats depend on rotational levels, but the decay time is estimated to about 3-4 

f.llll which is common for all rotatio nal levels. 

The observation of above two decay component suggest the competition of 

radiative and non-radiat ive relaxation processes as mentioned in secti on 1.4 . In the 

present case, the non-rad iative states, "dark states", lying in the same energy region as 

lP rr, are considered to be high vibrationally excited states of X2I+ and iP rr, because 
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no other electronic states exist below B2 IT, considering electronic configuration as 

discussed in section 2.7.1 Therefore non-radiative transition, B2IT,- A2 IT,' X22:+ ' 

were induced by internal conversion (I C) as schematically shown in Fig 2.16 following 

zero order model of Feed and Nitzan[52] in which Is> and {II>} indicate zero order A2 IT, 

and { iFrr, ' X 2
2: +} states, and {u>) are eigen states produced by I C. 

ln thi s model short time component is expressed as, 

~(I) - exp[- ( ; , + r)t] (2.29) 

where 1:, is spontaneous emission lifetime of B- X and B- A transitions. r is relaxation 

rate constant to non-radiative states (or dephasing rate constant of coherently excites 

sta tes) and when number of (I I>} states, N, is large ( ;?; I 0), 

(p,cxN) 

where W,1 is interaction matrix element and p; is density of states of (II>}. 

Long time component is approx imately expressed as, 

1 (t) - - exp - -, I ( I ) 
·• N r

1 

(2.30) 

(2.31) 

where Yi is lifetime of eigen state u> which is approximately 1:,N, leading to anomalous 

long time decay when N is la rge, generally call ed "Douglus effect"[51). 

The observed short time components have li fetimes about 15 ns, which is an 

averaged liflime of N'=0-4 of 3v5 C4H, corresponding to (-!; + r) _, . Lifetime of 

spontaneous emission from A2IT,, 1:,, can be expected from osci ll ator strength f of ah 

initio calculation[29], 1:, =5 ~-ts for B2 IT1-X2I+ transition and • ,=220ns for B2 IT,­

if2rr, transition . These are much larger than observed lifetime, 15 ns, which suggests 

that IC is much faster than radiative decay, and thus, 

( t + [)-I - ~ - J5ns , and T, - 200ns. 

The decay time of long time component is about 3-4 I-tS, corresponding to r, - r, N . 

Thus using 1:,=220 ns, , number of II> involving IC process, is expected to 15-20. On 
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the other hand the intensity rat io of shot1 and long time components is ~50 which derive 

N ~ 50. Probably true lifetime of spontaneous emission T, is shorter than the theoretical 

prediction. The quantum beat were observed clearly on the longer component whi ch 

depend on rotatio nal levels. Therefore in the case of C4H, although N is expected to be 

more than I 0 which is nearly statisti c limit, the interaction between ZPrr, (Is>) and 

!Frr,, X2 L + ({I I>}) remains still "local" character 
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Internal Conversion of the B state 

{ ll >} 
(A2rrjlx2~+) {I j >} 
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l' ig .2. 16 Relaxa tion processes of elec troni cally excited C,H in iPD
1

. 



- 78-

2.7.6 Perturbations observed in the rotational structure. 

We found two type of local perturbations in the observed vibronic bands. One 

typical case is such that some rotational lines are weakened like broken teeth by 

interaction with some dark states, as we have seen in a 2IT vibronic band in Fig.2.5(b) or 

2~ · vibronic bands in Figs. 2.4(a) and (b) . The characteristic of these perturbations are 

that they occur randomly, not systemat ically about rotational levels, J ( or N) . 

Therefore it might be said that the dark states have different rotational constant from 

those of the perturbed vibronic states as schematically shown in Fig.2.17(a). If the dark 

state have similar rotational constant, the effect of perturbation must changes 

systematically with J(or N) like Fig.2.17(b). On the other hand, if the rotational 

constants are different with each other, perturbation can take place in the on ly pa rti cu lar J 

level , which is crossing point of two vibronic states . Then we conclude that the dark 

states, the cause of perturbat ions, are highly excited vibrational levels of ,\' 2 2: + or .::Prr, 

state with vibrational energy of 24000-25000 em·', which must have cons iderably small 

rotational constant due to large vibration amplitude of stretching modes . 

Another type of perturbation is such that the rotational levels are perturbed 

systematically with J. Thus the situation like Fig.2 17(b) is expected for this type of 

perturbation, where the dark state has a similar rotational constants with the perturbed 

state . 3v5('2:+) state of C,H is a typical case of this perturbation, as shown in Fig.2.18. 

in which while spin splitting are not observed for N' ~ 3 , suddenly large splitting about 

0.04-0.05 en,-' appeared for N' ~ 4. The reduced energy, that is rovibrational energy 

minus 0 151 N(N+ I), is shown in Fig. 2. 19. One can recognize that level crossing 

occurs between N'=3 and 4, which causes systematical level shifts about N' levels and 

anomalous spin splitting . The most probable candidate of the dark state is the other 

vibronic state of lPrr,. In the case of 3v5 
2~' . 2IT state is expected to lie in the 

background as a dark state like Fig.2.20, and interact with 3v5 
2~ ' through vibration­

rotati on Hamiltonian' >. At the crossing point, F 1 component ofN'=4 in 22: ' interacts with 

1'=4 5(+), and as a results N'=4 F1 is shifted up above F2. For larger N, the similar 

tendency, F1> F2, are expected in fine structure. On the other hand , for lower N', F1 
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levels are shifted down to below F2, that is F1< F2, but the energy shift is smaller than that 

of higher N' because the magnitude of matrix element depends on J. Consequently, 

since spin sublevels in the ground state is F 1 < F2 because y<O, the spin splitting were 

canceled below crossing point and emphasized above crossing point in the observed UF 

spectrum Fig.2.18 . 

') This type of interaction was observed in the case of C3DIRI . A Rotation Hamiltonian including 

vibnuinal angular momentum is. 

and from expansion of this Hamiltonian , perturbation Hamiltonian. H', is obta ined tlS 

1-l' - - B(J ,G_ + J_G.) + B(S,G_ + S_G,). 

H' have oiTdiagonal clement at tiK - ±I . and 6./ - +1. and thus between 2I t and 2IT vibronic states 

with same J and parity.) 

Two types of perturbations exist together in the origin band of C4 D where 2II312 

and v5 
22: ' were observed overlapping each other as shown in Fig.2.21 . P12 and Q1+R 12 

branches of )'= 1.5 and 2.5, and P 1+Q 12 and R1 of 1'=2.5 were missed or weakened. 

These line missing are occurred due to the former type of the perturbations. The energy 

diagram of
2
II312 and 22:' calculated from molecular constants of Table 2.2 are described in 

Fig.2 21. The perturbed levels in LIF spectrum are labeled by asterisks. The perturbed 
2
!1312 levels can interact with particular levels in 22: ' (v5) by the latter type of the 

perturbations. Therefore the effect of perturbation which cause line missing in 2II312 can 

act for 22: ' levels through 2II312 levels. Actually, both F 1 and F2 sp in sublevels of N'=2 

level in 22: ' can interact with J=2.5 in 2II312, of which both L components are pe11urbed by 

IC, and as a results P(J) and R( I) branches were weakened. On the other hand, N'=J 

which were perturbed only in F2 component, thus in P(4) branch only J'=1.5-J"=2.5 is 

weakened and J'=2.5-J"=3.5 is not affected by perturbation Therefore P(4) is not so 

lost with its intensity. 
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cig.2. 17 High resolution LlF spectrum ofC,II B2 Il
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Fig.2.21 lligh resolution Llf' spectrum and simulation of 2 n312 (v = 0)- 2 l:' and 
2 2:' (1'1 ) -

2 2:' . Several rotat ional lines in lower J' or N' are missed or weakened by 

interaction between 'n"' and 2l::'. Peaks labeled with asterisks are C3. 
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2.7.7 Suggestion for Astronomical Interest 

The present observation of the electro ni c transition of C4H, B2 II, - X2 I • system, 

disprove the possibility of that C4H is a carrier of the strong diffuse interstellar bands 

(D IBs) at 443 nm, as proposed by Bell ef a/. [3] in 1983. The band orig in of lJ2 rr, -
X2

I+ transitio n is 416 nm as shown before, thus the absorption of radiation at 443 nm is 

not enough for excitation of C,H from the grou nd state to lF rr,. In additio n, if 

absorption spectrum of C,H is observed, it must have vibrational progression as observed 

in LIF spectrum. But DlBs at 443 nm seems to include one vibroni c transition . 

Therefore we recommend that other species than C4H is a carrire of the 443 nm band . 
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Appendi x 2. 1 

Matrix elements of the vibronic interaction and the spin-orbit coupling 

Herzberg Teller vihronic interaction 

(1,11, K- I, 2: jV1r cos(B- ¢)jo,ll :t I, K, 2:) - +W ~[(11 :t K I 2)) 

(- l,11, K +I , 2: jV1r cos(B - ¢)jo,11 :t I,K, 2:) - +W j [(11 + K I 2)) 

Renner-Teller vihronic interaction 

(1,11,K -1 ,2:[V2 r2 cos2(B - ¢)[-1,11,K + 1,2:) - 6
; ~(11 2 - K 2 ) 

(1,11, K- I, 2:[V2r
2 cos2(B - ¢)[- l,11:!: 2, K +I, 2:) - 6

: ~(n :!: K){11 :t (K + 2)} 

(- 1,11, K +I , 2:[V2r 2 cos2(B - ¢)[1,n:!: 2,K - I, 2:) - E.: ~(11 + K){11+ (K - 2)} 

.'i'pin-orhit coupling 

-89-



A
p

p
en

d
ix

 2
.2

 O
b

se
rv

ed
 t

ra
n

si
ti

o
n

s 
o

f 
lF

IT
,-

X
2

:L
·o

r
C

4
H

. 

2
fi

li
2

-
2
P 

24
03

3.
43

21
(5

8)
 e

m
·' 

ba
nd

 o
f C

4H
. 

2
fi

l1
2

-
2
I+

 

J"
 

P
,(

J"
) 

ob
s.

-c
al

c.
 

P
2

1
(J

"+
l)

+
Q

,(
J"

) 
ob

s.
-c

al
c.

 

0.
5 

24
04

0.
65

1 
0.

00
4 

1.
5 

24
04

0.
46

5 
-0

 0
03

 

2
.5

 
24

04
0

.2
69

 
-0

.0
06

 

3
.5

 
24

04
0.

08
9 

0.
02

1 

4.
5 

5.
5 

2
fi

3
1

2
-2

I+
 

J"
 

P
,(

J"
) 

ob
s.

-c
al

c.
 

P
"(

J"
+

1)
+

Q
2(

J"
) 

ob
s.

-c
al

c.
 

0.
5 l.S
 

24
02

5.
41

0 
0.

01
6 

2.
5 

24
02

4.
45

2 
0.

01
1 

24
02

5
.1

68
 

-0
.0

18
 

3.
5 

24
02

3.
87

8 
-0

.0
38

 
24

02
4.

97
2 

0.
01

4 

4.
5 

24
02

3.
40

 I 
0.

03
0 

24
02

4.
72

4 
0.

01
3 

5
.5

 
24

02
4.

45
2 

0.
00

9 

6.
5 

24
02

4
.1

85
 

0
.0

28
 

Q
"(

J"
)+

R
,(

J
"

-1
) 

ob
s.

-c
al

c.
 

24
04

0
.9

62
 

-0
.0

03
 

24
04

!.
09

8 
-0

.0
05

 

24
04

!.
21

6 
-0

.0
12

 

24
04

1.
35

5 
-O

.O
l7

 

Q
"(

J
"
)+

R
,(

J"
-1

) 
ob

s.
-c

al
c.

 

24
02

6.
05

5 
0.

02
6 

24
02

6.
13

2 
-0

.0
06

 

24
02

6.
18

1 
-0

 0
47

 

24
02

6
.2

44
 

-0
.0

54
 

24
02

6.
30

7 
-0

0
4

2
 

24
02

6.
35

8 
-0

.0
21

 

R
21

(J
")

 

24
04

!.
09

8 

24
04

!.
85

5 

24
04

2
.3

12
 

24
04

2.
69

5 

24
04

3.
09

4 

24
04

3.
48

6 

R
21

(J
"

) 

24
02

6.
75

5 

24
02

7.
21

2 

24
02

7.
58

9 

24
02

7.
94

4 

24
02

8.
32

4 

24
02

8.
62

8 

24
02

8
.9

05
 

ob
s.

-c
al

c.
 

0.
00

3 

-0
.0

07
 

0.
02

1 

-0
.0

10
 

-0
.0

12
 

-0
.0

07
 

ob
s.

-c
al

c.
 

-0
.0

18
 

0.
03

1 

0.
02

1 

0
.0

08
 

0.
04

0 

0.
01

5 

-0
.0

17
 

'0
 "" 



E
•-

E
• 
2
4
0
4
7
.
6
3
0
6
~
1
3
)
 e

m
-!

 b
a

n
d

 o
fC

.H
. 

N
" 

P
(N

"
) 

ob
s.

-c
al

c.
 

R
Q

::!
")

 
ob

s.
ca

lc
. 

0 
24

04
7.

92
7 

-0
.0

04
 

24
04

 7
.3

15
 

0.
00

2 
24

04
8.

21
2 

-0
 0

02
 

2 
24

04
6.

97
9 

0
0

0
1 

24
04

8.
47

6 
-0

.0
03

 

24
04

6.
62

5 
-0

.0
0

1 
24

04
8.

73
4 

0
.0

07
 

4 
24

04
6.

25
6 

-0
.0

01
 

24
04

8.
95

5 
-0

.0
03

 

24
04

5.
87

4 
0.

00
4 

24
04

9
.1

74
 

0
.0

03
 

6 
24

04
5.

46
4 

-0
.0

02
 

24
04

9.
36

7 
0.

00
0 

7 
24

04
5.

04
5 

0.
00

1 
24

04
9.

5
39

 
-0

.0
06

 
24

04
4.

60
0 

-0
.0

04
 

'0
 



':£
;,

-'
:£

' 
2

4
2

14
.7

3
5

1
(4

5
) 

em
·•

 b
a
~
H
.
 

P
(N

")
 

R
(N

")
 

N
" 

P,
 

")
 

ob
s.

-c
al

c.
 

P 1
(N

'')
+

P
12

(N
'')

 
ob

s.
-c

al
c.

 
R

21
(N

")
+

R
2(

N
")

 
ob

s.
-c

al
c.

 
R

,(
N

")
 

ob
s.

-c
al

c.
 

24
21

4.
95

2 
0.

01
3 

24
21

5.
21

3 
-0

.0
09

 
24

21
4.

49
6 

-0
 0

17
 

24
21

5.
13

4 
0.

01
1 

24
21

5.
56

8 
-0

 0
28

 
24

21
3.

98
8 

0.
00

3 
24

21
4.

25
3 

-0
.0

18
 

24
21

5.
31

4 
0.

02
6 

24
21

6.
00

7 
0.

05
5 

24
21

3
.5

45
 

0.
01

1 
24

21
3.

98
8 

-0
0

2
2

 
24

2
15

.4
37

 
0.

00
2 

24
21

6.
29

6 
0.

00
7 

4 
24

2
13

0
9

3
 

0.
02

8 
24

21
3.

79
1 

0.
06

0 
24

21
5.

56
8 

0.
00

6 
24

21
6.

60
3 

-0
 0

02
 

24
21

2.
57

0 
-0

.0
07

 
24

2
13

.4
49

 
0.

01
7 

24
21

5.
65

6 
-0

 0
15

 
24

21
6.

90
7 

0.
00

3 
24

21
2.

06
7 

-0
.0

02
 

24
21

3.
11

8 
0.

00
3 

24
21

5.
75

5 
-0

.0
05

 
24

21
7

.2
48

 
0.

06
5 

24
21

1.
53

1 
-0

.0
12

 
24

21
2.

78
9 

0.
01

1 
24

21
5.

83
3 

0.
00

3 
24

21
7.

43
5 

-0
.0

09
 

24
21

0.
99

1 
-0

.0
06

 
24

2
12

.7
98

 
0.

07
6 

'I
; 1

2
-

2
I
' 

24
23

0.
66

04
(4

2)
 e

m
·' 

ba
nd

 o
fC

.H
. 

P(
N

")
 

R
(N

")
 

N
" 

O
,

(N
")

 
ob

s.
-c

al
c.

 
Q

,(
N

")
+

Q
,(

N
"
) 

ob
s.

-c
al

c.
 

Q
,(

N
"
)+

Q
,(

N
"
) 

ob
s.

-c
al

c.
 

S
,(

N
")

 
ob

s.
-c

al
c.

 
0 

24
23

0.
72

5 
-0

.0
33

 
24

23
1.

40
2 

0.
02

5 
24

23
0.

57
7 

0.
02

7 
24

23
0

.8
26

 
-0

.0
13

 
24

23
1.

90
8 

0.
03

4 
24

22
9.

78
0 

-0
.0

23
 

24
23

0.
44

3 
0.

0
17

 
24

23
0.

90
6 

-0
.0

02
 

24
23

2.
30

8 
-0

.0
50

 
24

22
9.

24
5 

-0
.0

06
 

24
23

0.
32

5 
0.

03
7 

24
23

0.
97

7 
0.

01
4 

24
23

2.
81

6 
-0

.0
11

 
24

22
8.

68
2 

-0
.0

03
 

24
23

0.
08

0 
-0

.0
56

 
24

23
1.

03
3 

0.
02

9 
24

23
3

.2
88

 
0.

00
6 

24
22

8.
11

2 
0.

00
7 

24
22

9.
95

5 
-0

.0
16

 
24

23
3.

72
7 

0.
00

4 
6 

24
22

7.
50

6 
-0

.0
05

 
24

22
9.

78
0 

-0
.0

11
 

24
23

4.
15

8 
0.

00
7 

7 
24

22
6.

89
6 

-0
.0

07
 

24
22

9.
60

1 
0.

00
4 

24
23

4
.5

60
 

-0
.0

05
 

24
22

6.
28

2 
0.

00
0 

24
22

9.
39

5 
0.

00
4 

24
23

4
.9

6
1 

-0
.0

05
 

'0
 

"-
' 

9 
24

22
5.

64
1 

-0
.0

05
 

24
22

9.
16

8 
-0

.0
02

 
24

23
5.

35
5 

0.
00

3 



2
IT

-2
J:

• 
2

4
3

8
9

.3
3

9
4

(5
8

) 
em

·'
 b

a
n

d
 o

f 
C

.H
. 

2
Il

u
z
-2

2:
• 

b
a

n
d

. 

1"
 

P
,(

J'
')

 
ob

s.
-c

al
c.

 
P 2

1(
J"

+
I)

+
Q

2(
J
")

 
ob

s.
-c

al
c.

 
Q

21
(1

")
+

R
2(

1
"·

1
) 

ob
s.

-c
al

c.
 

R
,

(J
"

) 
ob

s.
-c

al
c.

 

0.
5 

24
39

16
91

 
-0

 0
01

 
24

39
2.

02
0 

0
.0

10
 

24
39

2.
50

4 
0.

03
6 

l.5
 

24
39

10
64

 
0.

00
7 

24
39

1.
52

8 
0.

01
2 

24
39

2.
15

5 
0.

00
4 

24
39

2
.9

10
 

-0
.0

05
 

2
.5

 
24

39
0.

57
2 

0.
00

9 
24

39
1.

33
4 

0.
00

6 
24

39
2.

28
8 

0.
00

8 
24

39
3

.3
57

 
0.

00
7 

3
.5

 
24

39
0.

05
5 

-0
 0

02
 

24
39

l.
l2

1 
-0

 0
06

 
24

39
2.

40
3 

0.
00

6 
24

39
3

.7
86

 
0.

01
5 

4
.5

 
24

38
9.

54
6 

0.
00

7 
24

39
0.

91
8 

0.
00

4 
24

39
2.

50
4 

0.
00

3 
24

39
4

.1
69

 
-0

.0
11

 

5.
5 

24
38

9
.0

22
 

0.
01

3 
24

39
0.

66
9 

-0
.0

20
 

24
39

2.
56

1 
-0

.0
33

 
24

39
4

.5
71

 
·0

0
0

6
 

6.
5 

24
39

0.
43

8 
-0

 0
12

 
24

39
2.

65
3 

-0
.0

19
 

7.
5 

24
39

5
.3

23
 

-0
0

0
6

 

8.
5 

24
39

5
.6

79
 

-0
0

0
6

 

2
Il

31
2-

2 E
+ 

b
a

n
d

. 

1
" 

P
,(

J"
) 

ob
s.

-c
al

c.
 

P
,(

J"
+

l)
+

Q
,(

1
")

 
ob

s.
-c

al
c.

 
Q

21
(J

"
)+

R
2(

1
" -

1)
 

ob
s.

-c
al

c.
 

R
,(

J"
) 

ob
s.

-c
al

c.
 

0.
5 

24
38

7.
06

4 
-0

.0
39

 

1.
5 

24
38

6.
11

9 
-0

 0
31

 
24

38
6.

75
9 

-0
.0

27
 

24
38

7.
47

6 
-0

.0
32

 

2.
5 

24
38

5.
89

7 
-0

.0
24

 
24

38
6.

85
3 

-0
.0

20
 

24
38

7.
88

5 
-0

.0
01

 

3.
5 

24
38

5.
67

6 
0.

01
2 

24
38

6.
94

4 
0.

01
0 

24
38

8.
28

3 
0.

04
7 

4.
5 

24
38

5.
43

4 
0.

05
6 

24
38

7.
01

9 
0.

05
3 

5.
5 

6.
5 

'0
 

w
 



2
n

-z
i;

• 
2

4
4

1
7

.2
9

6
1

(4
3

) 
e

m
·'

 b
a

n
d

 o
fC

,H
. 

2
IT

11
2-

2
L:

• 
b

an
d

. 

J"
 

P
z(

J"
) 

ob
s.

-c
al

c.
 

P 2
1
(J

"+
I)

+
Q

2(
J"

) 
ob

s.
-c

al
c.

 
Q

"(
J"

)+
R

,(
J"

-1
) 

ob
s.

-c
al

c.
 

R
21

(J
"
) 

ob
s.

-c
al

c.
 

0.
5 

24
42

5
.4

35
 

0.
07

1 
24

42
5.

76
7 

0.
08

6 

1.
5 

24
42

4.
80

7 
0

.0
78

 
24

42
6.

59
7 

0.
00

3 

2.
5 

24
42

5.
02

6 
0.

0
19

 
24

42
5.

98
3 

0.
02

4 
24

42
7.

04
6 

0.
01

1 

3.
5 

24
42

3.
72

7 
-0

 0
09

 
24

42
4.

80
7 

-0
.0

07
 

24
42

6.
09

1 
0.

00
8 

24
42

7.
46

8 
0.

00
1 

4
.5

 
24

42
3

.2
14

 
-0

.0
12

 
24

42
4.

58
5 

-0
.0

25
 

24
42

6.
18

6 
-0

.0
11

 
24

42
7.

89
9 

0.
01

1 

5.
5 

24
42

2.
68

1 
-0

 0
24

 
24

42
4.

39
8 

0.
00

1 
24

42
6.

32
4 

0.
02

3 

6.
5 

24
42

2.
19

1 
0.

0
17

 
24

42
4.

14
5 

-0
.0

29
 

24
42

6.
37

5 
-0

.0
2

1 

7.
5 

8.
5 

2
IT

a1
z-

2
L:+

 b
an

d
. 

J"
 

P,
(J

"
) 

ob
s.

-c
al

c.
 

P 2
1
(J

"
+

1)
+

Q
2(

J"
) 

ob
s.

-c
a1

c.
 

Q
21

(J
"

)+
R

2(
J"

 -1
) 

ob
s.

-c
al

c.
 

R
21

(J
"

) 
ob

s.
-c

al
c.

 

0.
5 

24
40

9.
36

1 
-0

 0
03

 

1.
5 

24
40

8.
41

6 
0.

00
5 

24
40

9
.0

57
 

0.
01

0 
24

40
9.

78
6 

-0
.0

16
 

2.
5 

24
40

8
.2

07
 

-0
 0

08
 

24
40

9
.1

58
 

-0
 0

09
 

24
41

0.
22

0 
-0

.0
04

 

3.
5 

24
40

6.
94

0 
-0

.0
05

 
24

40
8 

00
9 

0.
00

7 
24

40
9.

26
6 

-0
.0

05
 

24
41

0.
63

0 
-0

00
1 

4.
5 

24
40

7
.7

73
 

-0
.0

0
1 

24
4

09
.3

6
1 

-0
.0

00
 

24
41

1.
01

5 
-0

.0
07

 

5.
5 

24
40

5
.8

68
 

-0
.0

01
 

24
40

7.
52

2 
-0

.0
08

 
24

40
9.

46
0 

0
0

2
5

 

6.
5 

'0
 

.,_ 



:r
,•

.:r
,•

 2
4
4
9
0
.
8
0
5
9
~
6
1
)
 e

m
·'

 b
a

n
d

 o
f 

C
.H

. 

N
" 

P
(N

")
 

ob
s.

-
ca

lc
 

0 

24
49

0.
49

9 
0.

01
1 

2 
24

49
0.

15
3 

-0
.0

02
 

24
48

9
.7

95
 

-0
.0

11
 

4 
24

48
9.

4
17

 
-0

.0
24

 

24
48

9
.1

22
 

0.
03

2 

.0
6

1 

6 
24

48
8.

68
9 

0.
00

4 

.6
42

 

7 
24

48
8.

28
1 

0.
00

5 

.2
26

 

24
48

7.
84

6 
-0

.0
02

 

.7
90

 

9 
24

48
7.

40
2 

-0
 0

06
 

.3
35

 

R
(N

")
 

24
49

1.
10

5 

24
49

1.
38

3 

24
49

1.
63

5 

24
49

1.
98

0 

92
0 

24
49

2.
18

3 

. 1
35

 

24
49

2.
39

5 

.3
56

 

24
49

5.
60

3 

.5
60

 

24
49

5.
79

3 

.7
38

 

ob
s.

-c
al

c.
 

-0
00

2 

-0
.0

10
 

-0
.0

27
 

0.
03

4 

0.
00

7 

-0
.0

0
1 

-0
 0

01
 

-0
 0

06
 

'0
 

'-'
• 



'L
:;

, -
'L

: ·
 2

4
5

6
7

.6
8

4
5

(2
7

) 
em

·'
 b

a
n

d
 o

f 
C

"
H

. 

N
" 

P
,(

N
")

 
ob

s.
-c

al
c.

 
P

1(
N

")
+

P
.,

(N
'')

 
ob

s.
-c

al
c.

 
R

21
(N

")
+

R
,(

N
")

 
ob

s.
-c

al
c.

 
R
,
~
"
)
 

ob
s.

-c
al

c.
 

24
56

7.
88

3 
0 

00
0 

24
56

8
.1

79
 

-0
.0

03
 

2
4

5
6

7
4

7
8

 
0.

01
2 

24
56

8
.0

66
 

0
.0

04
 

24
56

8
.5

46
 

-0
.0

17
 

24
56

6.
94

7 
0.

01
9 

24
56

7.
22

8 
-0

.0
02

 
24

56
8.

22
2 

-0
.0

02
 

24
56

8.
93

3 
0

.0
08

 

24
56

64
71

 
-0

.0
03

 
24

56
6

.9
47

 
-0

0
3

0
 

24
56

83
71

 
0.

00
4 

24
56

9.
27

1 
0.

00
2 

4 
24

56
6 

00
2 

0.
00

2 
24

56
6.

71
2 

0.
00

8 
24

56
84

91
 

-0
.0

00
 

24
56

9.
58

6 
-0

.0
09

 

24
56

5.
51

2 
0

.0
04

 
2

4
5

6
6

4
1

2
 

-0
.0

01
 

24
56

8
.5

98
 

0.
00

1 
24

56
9

.9
08

 
0

.0
07

 

24
56

5.
00

3 
0.

00
5 

24
56

6.
10

2 
-0

.0
01

 
24

56
8.

68
4 

-0
.0

01
 

24
57

0.
19

3 
0.

00
4 

24
56

4.
46

6 
-0

.0
03

 
24

56
5

.7
76

 
0.

00
0 

24
57

0.
40

8 
-0

.0
51

 

24
56

3.
91

3 
-0

.0
08

 
24

56
5.

43
2 

0.
00

4 
24

57
0.

70
2 

-0
.0

08
 

9 
24

56
5.

00
3 

-0
.0

60
 

'I
:,

-'
I'

 2
45

76
.4

31
6(

24
) 

em
·' 

ba
nd

 o
fC

4
H

. 

N
" 

P,
(N

")
 

ob
s.

-c
al

c.
 

P
1(

N
'')

+
P

12
(N

''
) 

ob
s.

-c
al

c.
 

R
2
1
(
N
"
)
+
R
2~
"
)
 

ob
s.

-c
al

c.
 

R
,(

N
")

 
ob

s.
-c

al
c.

 

0 
24

57
6.

62
1 

-0
.0

03
 

24
57

6.
94

6 
-0

.0
00

 

24
57

6.
21

5 
-0

.0
08

 
24

57
6.

79
2 

-0
.0

06
 

24
57

7.
33

9 
0.

00
3 

2 
24

57
5.

67
6 

0.
00

7 
24

57
5.

99
5 

0.
00

0 
24

57
6.

94
9 

-0
.0

05
 

24
57

7.
70

3 
-0

.0
05

 

24
57

5.
21

2 
0.

00
3 

24
57

5.
75

3 
0.

00
3 

24
57

7.
09

1 
-0

.0
01

 
24

57
8.

04
3 

-0
.0

19
 

4 
24

57
4.

73
4 

0.
00

4 
24

57
5.

48
9 

0.
00

2 
24

57
7.

20
7 

-0
.0

05
 

24
57

8.
40

4 
0.

00
5 

24
57

4.
24

7 
0.

01
3 

24
57

5.
21

2 
0.

00
5 

24
57

7.
30

7 
-0

.0
08

 
24

57
8.

71
6 

-0
 0

02
 

6 
24

57
3.

71
5 

-0
.0

04
 

24
57

4.
92

9 
0.

02
1 

24
57

9.
00

9 
-0

.0
10

 

24
57

3.
19

6 
0.

01
0 

24
57

4.
59

7 
0.

00
5 

24
57

9.
29

9 
-0

.0
03

 

24
57

4.
24

7 
-0

.0
11

 
'0

 

9 
24

57
3.

91
7 

0.
01

1 
"' 



'~
,-
,
-'
~

· 
2

4
5

8
0

.0
3

3
6

(2
0

) 
em

·'
 b

a
n

d
 o

fC
.H

. 

N
" 

O
,

(N
"

) 
ob

s.
-c

al
c.

 
Q

,,
(N

'"
)+

Q
,(

N
")

 
ob

s.
-c

al
c.

 
Q

,
(N

"
)+

Q
,(

N
")

 
ob

s.
-c

al
c.

 
s,
.
~
"

l 
ob

s.
-c

a1
c.

 

0 
24

58
0

.1
33

 
0.

00
5 

24
58

0
.7

50
 

-0
.0

09
 

24
57

9
.9

31
 

0.
00

4 
24

58
0

.2
15

 
0

.0
07

 
24

58
1.

26
2 

-0
.0

00
 

2 
24

57
9.

17
4 

0.
00

1 
24

57
9.

80
0 

-0
.0

08
 

24
58

0.
27

1 
-0

.0
06

 
24

58
1.

75
1 

-0
.0

01
 

24
57

8.
62

6 
0

.0
07

 
24

57
9

.6
78

 
0.

00
2 

24
58

0
.3

29
 

-0
.0

02
 

24
58

2
.2

36
 

0.
00

7 

4 
24

57
8.

04
3 

-0
.0

10
 

24
57

9.
53

2 
0.

00
1 

24
58

2
.6

96
 

0
.0

03
 

24
57

7.
47

7 
0.

00
4 

24
57

9
.3

78
 

0.
00

5 
24

58
3

.1
42

 
-0

.0
03

 

6 
24

57
9.

17
4 

-0
.0

28
 

24
58

3.
59

1 
0.

00
7 

7 
24

57
9.

00
9 

-0
.0

11
 

24
58

4
.0

06
 

-0
.0

04
 

24
57

8.
81

2 
-0

.0
12

 

9 
24

57
8.

62
6 

0.
0

12
 

'I
;,

-'
I'

 2
45

89
.6

25
6(

24
) 

em
·' 

ba
nd

 o
fC

.H
. 

N
" 

O
,(

N
"

) 
ob

s.
-c

al
c.

 
Q

,.
(N

")
+

Q
,(

N
"

) 
ob

s.
-c

al
c.

 
Q
,
(
N
"
)
+
Q
,
~
"

) 
ob

s.
-c

al
c.

 
S,

.(
N

")
 

ob
s.

-c
a1

c.
 

0 
24

58
9

.7
47

 
0.

00
2 

24
59

0
.2

98
 

-0
.0

08
 

24
58

9.
49

8 
0.

00
2 

24
58

9.
84

3 
-0

.0
09

 
24

59
0

.7
87

 
-0

.0
01

 

2 
24

58
8.

79
1 

0.
00

0 
24

58
9.

36
1 

0.
00

7 
24

58
9

.9
57

 
0.

00
9 

24
59

1.
26

0 
0.

00
2 

24
58

8.
25

9 
0.

00
7 

24
58

9
.2

01
 

0.
00

0 
24

59
0.

03
0 

-0
.0

03
 

24
59

1.
70

5 
0.

01
3 

4 
24

58
7.

73
1 

0.
00

0 
24

58
9.

04
2 

0
.0

05
 

24
59

2.
16

1 
-0

.0
05

 

24
58

7.
17

2 
0.

00
5 

24
58

8.
86

2 
0.

00
0 

6 
24

58
8.

68
6 

0.
01

1 

7 8 
'0

 

9 
" 



'I
,-
,-

'I
" 

2
4

6
1

5
.3

7
4

8
(4

4
) 

em
·'

 b
a

n
d

 o
f

C
.H

. 

N
" 

0
12

(N
")

 
ob

s.
·c

al
c.

 
Q

,,
(N

'"
)+

Q
,(

N
")

 
ob

s.
-c

al
c.

 
Q

\2
(N

")
+

Q
,(

N
")

 
ob

s.
-c

al
c.

 
S2

1(
N

")
 

ob
s.

-c
al

c.
 

0 
24

61
5.

43
2 

-0
.0

19
 

24
61

6
.1

41
 

0.
00

6 

24
61

5
.2

85
 

-0
.0

01
 

24
61

5.
51

0 
-0

0
0

2
 

24
61

6
.6

60
 

0.
00

5 

2 
24

61
4.

47
6 

-0
.0

20
 

24
61

5.
19

1 
0.

00
7 

24
61

5
.5

57
 

-0
.0

03
 

24
61

7.
17

6 
0.

01
3 

24
61

3.
93

6 
0.

0
13

 
24

61
5

.0
83

 
0.

01
3 

24
61

5
.6

05
 

0.
00

9 
24

61
7

.6
38

 
-0

.0
20

 

4 
24

61
3.

33
4 

-0
 0

03
 

24
61

4.
95

3 
0.

0 
II

 
24

6
18

.1
45

 
0.

00
9 

24
6

12
.7

43
 

0.
00

6 
24

61
4

.7
74

 
-0

.0
26

 

6 
24

61
2.

13
1 

0.
00

7 
24

61
4.

64
7 

0.
00

2 

7 
24

61
1.

49
2 

-0
.0

06
 

8 9 

2
L~

12
-

2
L'
 2

48
37

.9
81

0(
60

) 
em

·' 
ba

nd
 o

fC
.H

. 

N
" 

0
12

(N
")

 
ob

s.
-c

al
c.

 
Q

21
(N

")
+

Q
,(

N
"
) 

ob
s.

-c
al

c.
 

Q
\2

(N
")

+
Q

,[
!:

i"
) 

ob
s.

-c
al

c.
 

S2
1[

!::
!"

) 
ob

s.
-c

al
c.

 

0 
24

83
8.

05
4 

-0
.0

07
 

24
83

8.
71

6 
-0

.0
12

 

24
83

7.
85

6 
-0

.0
11

 
24

83
8

.1
61

 
0.

03
6 

24
83

9.
22

9 
-0

.0
09

 

24
83

7.
10

3 
-0

.0
04

 
24

83
7.

76
9 

-0
.0

08
 

24
83

8.
22

8 
0.

05
5 

24
83

9
.7

55
 

0 
02

2 

3 
24

83
6.

53
2 

-0
.0

04
 

24
83

7.
64

8 
-0

.0
04

 
24

84
0

.2
5

2 
0.

03
9 

4 
24

83
5.

93
8 

-0
.0

11
 

24
83

7.
52

8 
0.

01
6 

24
84

0
.6

42
 

-0
.0

36
 

24
83

5.
34

7 
-0

.0
0

2 
24

83
7.

40
8 

0.
05

1 
24

84
1.

11
7 

-0
.0

10
 

6 
24

84
1.

55
9 

-0
.0

03
 

7 
24

84
1.

98
8 

0.
00

8 

8 
'0

 

9 
"" 



.E
·-

.E
· 

2
4

8
4

7.
1

3
8

(4
0

) 
em

·'
 b

a
n

d
 o

f 
C

4
H

. 
h

ea
v

il
y

 p
er

tu
rb

ed
 

N
" 0 2 4 6 7 

P
(N

")
 

24
84

6.
8

13
 

24
84

6
.5

16
 

24
84

6.
12

0 

5.
96

2 

24
8

45
.8

26
 

58
8 

24
84

5.
49

4 

19
4 

24
84

4.
74

6 

24
8

44
.3

16
 

24
84

3.
92

8 

ob
s.

-
ca

lc
 

R
(N

")
 

24
84

7.
47

8 

24
84

7
.7

17
 

.5
54

 

24
84

8 
05

3 

7.
8

14
 

24
84

8
.3

37
 

05
3 

24
8

4
8.

22
9 

24
84

8.
42

0 

ob
s.

-c
al

c.
 

'0
 

'0
 

L
 



':E
;, 

-'
1

:.
 

2
4

8
4

9
.9

9
0

0
(3

1
) 

em
·'

 b
a

n
d

 o
f 

C
.H

. 

N
" 

P,
(N

")
 

ob
s.

-c
al

c.
 

P
1(

N
")

+
P

12
(N

'')
 

ob
s.

-c
al

c.
 

0 

24
84

9.
20

9 
0.

00
9 

2 
24

84
9.

84
8 

0.
03

1 
24

84
8.

73
2 

0.
01

4 

24
84

9.
60

7 
-0

.0
27

 
24

84
8.

22
9 

0.
00

2 

4 
24

84
9.

44
6 

0.
00

4 
24

84
7.

71
7 

-0
.0

10
 

24
84

9.
23

4 
-0

0
0

6
 

24
8

47
.2

22
 

0.
00

5 

6 
24

84
9.

03
6 

0.
00

7 

7 
24

8
48

.8
09

 
0.

00
1 

24
8

48
.5

76
 

-0
.0

00
 

P
-
P

 2
48

72
.2

17
6{

88
) 

em
·' 

ba
nd

 o
f C

4H
. 

N
" 

P(
N

")
 

ob
s.

-c
al

c.
 

R
(N

")
 

0 
24

87
2.

51
3 

2
48

71
.9

5
0 

0.
05

0 
24

87
2.

79
7 

2 
24

87
1.

56
6 

-0
.0

02
 

24
87

3.
10

4 

24
87

L
l9

9 
-0

0
2

1
 

24
87

3.
34

4 

4 
24

87
0.

88
2 

0.
02

2 
24

87
3.

56
3 

24
87

0.
08

4 
-0

.0
03

 

R
21

(N
'')

+
R

2(
N

'')
 

ob
s.

-c
al

c.
 

24
85

0.
15

3 
-0

.0
02

 

24
85

0.
31

4 
0.

00
6 

24
85

0.
43

8 
-0

.0
13

 

24
85

0.
57

4 
-0

.0
12

 

24
85

0.
72

3 
0.

00
4 

(e
m

-•
) 

ob
s.

ca
lc

. 

-0
.0

07
 

-0
.0

10
 

0.
02

5 

0.
00

7 

- 0
0

1
6

 

R
,(

N
")

 

24
85

0.
57

3 

24
85

1.
04

4 

24
85

1.
45

6 

24
85

1.
88

8 

24
85

2.
30

6 

24
85

2.
71

1 

24
85

3.
09

9 

24
85

3.
47

9 

24
85

3.
84

9 

ob
s.

-c
al

c.
 

-0
.0

12
 

0.
01

6 

-0
.0

05
 

0.
00

4 

0.
00

8 

0.
00

9 

0.
00

2 

-0
.0

02
 

-0
.0

08
 

...._
 

c c 



'1
:.;"

-
':E

." 
2

4
9

3
8

.1
2

2
6

(2
9

) 
em

·'
 b

a
n

d
 o

fC
.H

. 

N
" 

P,
(£:

1"
) 

ob
s.

-c
al

c.
 

P 1
(N

"
)+

P
,(

N
")

 
ob

s.
-c

al
c.

 
R

21
(N

"
)+

R
,(

N
"

) 
ob

s.
-c

al
c.

 
R

,(£
:1

"
) 

ob
s.

-c
al

c.
 

0 
??

 
24

93
8

.5
71

 
-0

 0
09

 

24
93

7.
88

4 
0

.0
00

 
24

93
8.

57
1 

0.
01

7 
24

93
8

.9
25

 
-0

0
2

0
 

24
93

7.
39

2 
-0

.0
00

 
24

93
7.

63
0 

0
0

0
1

 
24

93
8

.7
40

 
-0

 0
06

 
24

93
9

.2
98

 
0 

00
5 

24
93

6
.9

70
 

0.
00

4 
24

93
7.

35
4 

-0
 0

04
 

24
93

8.
92

5 
0

.0
02

 
24

93
9

.6
24

 
-0

.0
03

 

24
93

6.
52

4 
0.

00
1 

24
93

7 
08

8 
0.

0
15

 
24

93
9 

08
6 

0
.0

02
 

24
93

9
.9

36
 

-0
 0

08
 

24
93

6
.0

62
 

-0
 0

03
 

24
93

6.
77

7 
0.

00
6 

24
94

0
.2

59
 

0.
01

2 

6 
24

93
5

.5
81

 
-0

0
0

7
 

24
93

6.
45

5 
0.

00
1 

24
94

0.
52

8 
-0

.0
06

 

-<:::> 



A
p

p
en

d
ix

 2
.3

 O
b

se
rv

ed
 t

ra
n

si
ti

o
n

s 
o

f 
lF

rr
,-

X
2
L

• 
o

fC
4
D

. 

E
q

:•
 2

40
99

.1
90

8{
20

} 
em

·' 
ba

nd
 o

f 
C

4
D

. 

N
" 

P
(N

")
 

ob
s.

-c
a1

c.
 

R
(N

"
) 

0 
24

09
9.

47
3 

24
09

8.
88

8 
-0

.0
08

 
24

09
9.

74
2 

24
09

8.
58

2 
-0

 0
06

 
24

09
9.

99
6 

24
09

8.
26

6 
0.

00
2 

24
10

0.
22

4 

24
09

7.
93

0 
0.

00
4 

24
10

0.
45

2 

24
09

7.
57

4 
0.

00
0 

24
10

0.
65

3 

24
09

6.
82

2 
-0

 0
07

 
24

10
0.

86
2 

7 
24

09
6.

43
4 

0
.0

01
 

24
10

1
0

3
7

 

24
09

6.
01

8 
-0

.0
06

 

ob
s.

-c
a1

c.
 

0.
00

2 

0.
00

5 

0.
00

7 

-0
.0

03
 

0.
00

2 

-0
.0

05
 

0.
00

9 

0.
00

4 

._
 

c:>
 "' 



2 f
1-

21
:•

 2
4

!0
5

.3
0

8
8

(2
5

) 
em

·'
 b

a
n

d
 o

f 
C

.D
. 

2
fl

l1
2

-
2
E

• 

J"
 

P,
(J

")
 

ob
s.

-c
al

c.
 

P,
(J

"+
I)

+Q
2(

J"
) 

ob
s.

-c
al

c.
 

Q
21

(J
"

)+
R

2(
J"

-I
) 

ob
s.

-c
al

c.
 

R
,

(J
"

) 
ob

s.
-c

al
c.

 

0.
5 

24
11

0.
65

3 
0.

00
3 

24
11

0.
94

7 
0

.0
02

 
24

11
1.

38
5 

0.
01

4 

1.
5 

24
11

0
.0

64
 

0.
00

2 
24

1
10

.4
88

 
0.

00
1 

24
11

1.
07

6 
0

.0
00

 
24

11
1.

79
6 

0
. 0

11
 

2.
5 

24
10

9.
59

5 
-0

.0
08

 
24

11
0.

31
8 

0.
00

5 
24

11
1.

20
2 

0
.0

06
 

24
11

2
. 1

76
 

-0
 0

13
 

3
.5

 
24

10
9

.1
32

 
-0

.0
02

 
24

11
0.

11
6 

-0
 0

11
 

24
11

1.
29

2 
-0

 0
13

 
24

11
2

.5
79

 
-0

 0
04

 

4.
5 

24
10

9.
92

7 
-0

.0
03

 
24

11
1.

38
5 

-0
 0

20
 

24
11

2.
98

7 
0.

02
3 

5.
5 

24
10

9.
72

6 
0.

00
3 

24
11

1.
56

5 
0.

07
3 

24
11

3
.3

43
 

0.
00

8 

6.
5 

24
10

9.
49

8 
-0

.0
07

 
24

11
3.

70
2 

0.
00

6 

7.
5 

24
10

9.
26

8 
-0

.0
08

 
24

11
4

.0
52

 
0

.0
08

 

8.
5 

24
10

9.
03

6 
-0

.0
00

 

2
T

is
t2

-2
E+

 

J"
 

P
,(

J"
) 

ob
s.

-c
al

c.
 

P
,(

J"
+

I)
+

Q
d

J"
) 

ob
s.

-c
al

c.
 

Q
,(

J"
)+

R
12

(J
"

-I
) 

ob
s.

-c
al

c.
 

R
,(

J"
) 

ob
s.

-c
al

c.
 

0.
5 

1.
5 

2
.5

 
24

09
9.

97
5 

-0
.0

06
 

24
10

0.
86

2 
-0

.0
03

 

3.
5 

24
10

0.
04

7 
-0

0
0

1
 

24
10

1.
24

4 
0.

01
8 

4.
5 

24
09

8.
80

2 
0.

00
0 

24
10

0
.1

07
 

0.
01

0 
24

10
15

81
 

0.
01

1 

5.
5 

24
09

8.
58

2 
0.

00
7 

24
10

1.
87

9 
-0

.0
18

 

6.
5 

24
09

8.
32

6 
-0

.0
04

 
24

10
2.

20
8 

0.
00

2 

7.
5 

-<:::> ..., 
8.

5 
24

09
7.

77
9 

-0
.0

06
 



'1
:;"

-'
l:

' 
24

28
2.

54
54

(4
0)

 e
m

·' 
b

an
d

 o
fC

.D
. 

N
" 

P,
(N

"
) 

ob
s.

-c
al

c.
 

P 1
(N

"
)+

P
12

(N
"

) 

0 

24
28

2.
33

0 

24
28

1.
87

2 
-0

.0
00

 
24

28
2

.0
55

 

24
28

1.
87

2 

4 
24

28
1.

05
3 

-0
.0

17
 

24
28

15
63

 

24
28

0
.6

25
 

-0
.0

20
 

24
28

1.
24

4 

6 
24

28
0

.2
07

 
0

.0
01

 
24

28
0

.9
43

 

7 
24

27
9

. 7
61

 
0.

01
2 

24
28

0
.6

25
 

24
27

9
.2

77
 

-0
.0

01
 

24
28

0
.2

86
 

9 
24

27
8

.7
88

 
-0

.0
03

 
24

27
9.

93
8 

ob
s.

-c
al

c.
 

R
21

(N
"

)+
R

2(
N

"
) 

ob
s.

-c
al

c.
 

24
28

2
.7

60
 

0
.0

13
 

0.
0

11
 

24
28

2
.9

38
 

-0
.0

15
 

-0
.0

20
 

24
28

3
. 1

18
 

-0
.0

16
 

0.
05

5 
24

28
3.

32
1 

0.
02

3 

0.
02

1 
24

28
3.

46
0 

0.
01

3 

-0
.0

09
 

24
28

3
.6

24
 

0.
04

3 

-0
.0

04
 

24
28

3
.7

04
 

0.
00

5 

0.
00

1 
24

28
3

.7
93

 
-0

.0
08

 

-0
.0

04
 

0.
00

1 

R
,(

N
")

 

24
28

2
.9

38
 

24
28

3.
3

21
 

24
28

3.
62

4 

24
28

3
. 8

91
 

24
28

4
.1

87
 

24
28

4.
45

6 

24
28

4
.7

10
 

24
28

4
.9

44
 

ob
s.

-c
al

c.
 

-0
0

2
0

 

0.
03

2 

0.
0

20
 

0
.0

12
 

0
.0

00
 

0.
00

1 

0
.0

03
 

-0
.0

01
 

.....
 

<::
:> .....
 



'1
:,·
,
-

'E
" 

2
4

2
9

5
.5

2
0

6
(3

5
) 

em
·' 

ba
nd

 o
f

C
.D

. 

N
" 

O
,

(N
''

) 
ob

s.
-c

a
lc

. 
Q

,
(N

"
)+

Q
,(

N
"

) 
ob

s.
-c

al
c.

 
Q

Jo
Q:

:!'
')

+
Q

JQ
::!

"
) 

ob
s.

-c
al

c.
 

s,
1

(N
")

 
ob

s.
-c

al
c.

 

0 
he

ad
 

24
29

6.
23

2 
-0

00
2 

24
29

5.
43

9 
-0

 0
03

 
24

29
6

.7
17

 
-0

.0
04

 

2 
24

29
4

.7
07

 
0.

00
4 

24
29

5
.3

56
 

0.
00

5 
24

29
7

.2
05

 
0.

00
8 

24
29

4
.1

97
 

0
.0

28
 

24
29

5
.2

57
 

0.
00

8 
24

29
7

.6
57

 
-0

.0
04

 

4 
24

29
3

.6
05

 
-0

 0
19

 
24

29
5.

14
7 

0.
0

12
 

24
29

8
.1

09
 

-0
0

0
4

 

24
29

3
.0

61
 

-0
.0

07
 

24
29

5
.0

1
1 

0.
00

1 
24

29
8

.5
46

 
-0

.0
09

 

6 
24

29
2.

49
5 

-0
.0

05
 

24
29

4
.8

77
 

0.
00

4 
24

29
8

.9
73

 
-0

.0
11

 

7 
24

29
1.

91
8 

-0
.0

02
 

24
29

4
.7

07
 

-0
.0

19
 

24
29

9.
41

5 
0.

01
3 

24
29

1.
33

3 
0.

00
4 

24
29

4.
56

3 
-0

0
0

2
 

24
29

9
.7

89
 

-0
.0

19
 

9 
24

29
0

.7
27

 
0.

00
1 

24
30

0.
22

7 
0.

02
4 

2
II

-2
L+

 2
43

61
. 7

04
8(

36
) 

cm
·1 

b
an

d
 o

f 
C

4D
. 

2
I
l

11
2·

2
[
•
 

J"
 

P,
(J

"
) 

ob
s.

-c
al

c.
 

P,
(J

"+
l)

+
Q

,(
J"

) 
ob

s.
-c

al
c.

 
Q

21
(J

"
)+

R
,(

J'
 '-

I)
 

ob
s.

-c
al

c.
 

R
,I

(J
"

) 
ob

s.
-c

al
c.

 

0.
5 

24
36

8.
11

3 
0

.0
04

 
24

36
8.

40
2 

-0
.0

02
 

24
36

8
.8

47
 

0.
01

7 

u 
24

36
7

.5
22

 
0.

00
2 

24
36

7
.9

54
 

0.
00

8 
24

36
8

.5
32

 
-0

.0
03

 
24

36
9

.2
65

 
0.

02
1 

2.
5 

24
36

7.
05

7 
-0

.0
05

 
24

36
7.

78
7 

0.
01

5 
24

36
8.

67
1 

0.
0

16
 

24
36

9.
64

5 
-0

.0
03

 

3.
5 

24
36

6
.6

14
 

0.
02

1 
24

36
7.

58
3 

-0
.0

03
 

24
36

8
.7

58
 

-0
.0

06
 

24
37

0
. 0

41
 

-0
.0

00
 

4
.5

 
24

36
6

.1
03

 
-0

 0
10

 
24

36
7.

38
6 

-0
 0

04
 

24
36

8
.8

47
 

-0
.0

16
 

24
37

0.
40

9 
-0

.0
15

 

5.
5 

24
36

5
.6

11
 

-0
 0

11
 

24
36

7
.1

70
 

-0
.0

13
 

24
36

8
.9

16
 

-0
.0

34
 

6.
5 

24
36

5
.1

06
 

-0
.0

14
 

7.
5 

-<::> '-"
 

8.
5 



2~
 

J"
 

P,
(J

")
 

ob
s.

-c
al

c.
 

P
,(

J'
'+

I)
+

Q
,(

J'
')

 
ob

s.
-c

al
c.

 
Q

,
(J

"
)+

R
2(

J"
-1

) 
ob

s.
-c

al
c.

 
R

,t
(l

''
) 

ob
s.

-c
al

c.
 

0
.5

 
24

35
5.

40
7 

-0
.0

15
 

1.
5 

24
35

5.
12

5 
-0

 0
03

 
24

35
5

.8
34

 
0

.0
11

 
2.

5 
? 

24
35

4.
52

1 
-0

.0
17

 
? 

24
35

6.
16

8 
-0

.0
38

 
3.

5 
24

35
3

.1
44

 
-0

.0
28

 
24

35
4.

35
0 

0.
00

1 
24

35
5

.2
71

 
-0

.0
51

 
24

35
6

.5
92

 
0.

01
9 

4.
5 

? 
24

35
4 

09
8 

-0
.0

46
 

24
35

5.
40

7 
0.

01
3 

24
35

6.
93

3 
0.

01
0 

5.
5 

24
35

2.
16

6 
0.

01
2 

24
35

3
.9

36
 

0.
01

5 
24

35
5.

45
8 

0.
00

8 
24

35
7.

27
0 

0
.0

14
 

6.
5 

24
35

1.
61

0 
-0

.0
10

 
24

35
3

.6
83

 
0

.0
01

 
24

35
5.

49
5 

0.
00

6 
24

35
7.

58
5 

0.
01

2 
7.

5 
24

35
3.

42
6 

-0
.0

00
 

24
35

7
.6

65
 

-0
.2

01
 

8.
5 

24
35

3.
14

4 
-0

.0
10

 
24

35
8

.1
38

 
-0

.0
19

 
9

.5
 

24
35

8
.5

23
 

0
.0

99
 

L+
 -L

+
 24

46
3.

24
03

(1
5)

 c
m

·1 
ba

nd
 o

f 
C

4
D

. 

N
" 

P
(N

"
) 

ob
s.

-
ca

lc
 

RQ
::!

"
) 

ob
s.

-c
al

c.
 

0 
24

46
3.

52
8 

0.
00

6 

24
46

2.
96

1 
0.

01
6 

24
46

3.
78

9 
-0

 0
03

 

2 
24

46
2.

64
1 

0.
00

2 
24

46
4.

04
7 

-0
 0

02
 

24
46

2.
32

1 
0

.0
02

 
24

46
4.

29
5 

0.
00

1 

24
46

1.
98

8 
0.

00
1 

24
46

4.
51

9 
-0

.0
07

 

24
46

1.
64

3 
0.

00
1 

24
46

4.
74

4 
-0

.0
01

 

24
46

!.
28

2 
-0

.0
03

 
24

46
4.

95
3 

-0
.0

00
 

7 
24

46
0.

91
7 

0
.0

02
 

24
46

5.
15

2 
0.

00
4 

24
46

0.
52

8 
-0

.0
05

 
._

 "" 
9 

24
46

0.
14

2 
0.

00
4 

C
\ 



':
>

:;
,-

';;
:·

 2
4

4
8

0
.5

4
4

7
(3

5
) 

em
·'

 b
a

n
d

 o
fC

.D
. 

N
" 

P,
(N

"
) 

ob
s.

-c
al

c.
 

P
,(

N
.'

)+
P

10
(N

"
) 

ob
s.

-c
al

c.
 

R
"

(N
")

+
R

,(
N

"
) 

ob
s.

-c
al

c.
 

R
,(

N
"
) 

ob
s.

-c
al

c.
 

0 
24

48
0.

73
3 

0.
00

6 
24

48
10

34
5 

0.
02

3 

24
48

0.
36

3 
0.

01
8 

24
48

0
.8

72
 

-0
.0

18
 

24
47

9
.8

56
 

0.
01

5 
24

48
0

.1
42

 
0.

01
5 

24
48

1
.0

34
 

-0
.0

02
 

2
4

4
8

1
6

7
6

 
-0

.0
25

 

24
47

9.
41

4 
-0

.0
02

 
24

48
1.

16
4 

0.
00

0 
24

48
2

.0
02

 
-0

.0
17

 

4 
24

47
8.

98
2 

0.
00

9 
24

47
9.

61
2 

-0
.0

27
 

24
48

1
.2

93
 

0.
01

9 
24

48
2

.3
13

 
-0

.0
06

 

24
47

8.
51

4 
0.

00
3 

24
47

9.
36

2 
-0

.0
06

 
24

48
1.

36
5 

-0
.0

01
 

24
48

2
.5

97
 

-0
.0

04
 

6 
24

47
8.

09
8 

0.
02

2 
2

4
4

8
1

4
2

9
 

-0
.0

11
 

24
48

2
.8

59
 

-0
.0

06
 

24
47

7
.5

27
 

-0
.0

08
 

24
47

8
.7

71
 

-0
.0

01
 

24
48

3.
12

0 
0

.0
08

 

24
47

7.
01

0 
-0

.0
10

 
24

47
8.

44
5 

-0
.0

02
 

24
48

3
.3

39
 

-0
.0

02
 

9 
24

47
6.

48
1 

-0
.0

05
 

24
48

3
.5

56
 

0.
00

5 

10
 

24
47

5.
93

0 
-0

.0
06

 

'I
;,,

-'
I'

 2
44

89
.1

88
5(

98
) 

em
·' 

ba
nd

 o
fC

4D
. 

N
" 

O
,(

N
")

 
ob

s.
-c

al
c.

 
Q

,
(N

"
)+

Q
,(

N
")

 
ob

s.
-c

al
c.

 
Q

,
(N

")
+

Q
,(

N
"

) 
ob

s.
-c

al
c.

 
S"

(N
"

) 
ob

s.
-c

a1
c.

 

0 
24

48
9.

86
7 

0.
0

15
 

24
48

9
.3

24
 

-0
.0

47
 

24
49

0
.3

18
 

0
.0

01
 

2 
24

48
9

.0
07

 
0.

03
9 

24
48

9.
43

7 
-0

.0
10

 
24

49
0.

78
4 

0
.0

12
 

24
48

7.
85

7 
-0

.0
39

 
24

48
8

.8
55

 
O

.O
ll 

24
48

9
.5

16
 

0.
00

1 
24

49
1.

20
9 

-0
.0

10
 

4 
24

48
7.

33
8 

0.
00

4 
24

48
8.

72
1 

0.
00

9 
24

48
9.

58
5 

0.
0

12
 

2
4

4
9

1
6

3
6

 
-0

.0
20

 

24
48

6.
88

3 
0.

02
1 

24
48

8.
55

6 
-0

.0
12

 

6 
24

48
6.

34
2 

O
.O

ll 
24

48
8.

4
18

 
0.

00
2 

7 8 
2;

 " 
9 



'1
:;

,-
':E

' 
2

4
5

5
0

.6
0

13
(1

9
) 

em
·'

 b
a

n
d 

o
fC

,D
. 

N
" 

P
,(

N
")

 
ob

s.
·c

al
c.

 
P

1(
N

")
+

P
12

(N
")

 
ob

s.
-c

al
c.

 
R

21
(N

")
+

R
,Q

:!
'')

 
ob

s.
-c

a1
c.

 
R

,Q
:!

")
 

ob
s.

-c
a1

c.
 

0 
24

55
0.

76
7 

0.
00

1 

24
55

0.
41

5 
-0

.0
11

 
24

55
0.

92
6 

0.
00

5 

2 
24

54
9.

88
8 

0.
00

7 
24

55
0.

20
6 

-0
.0

35
 

24
55

10
67

 
0.

00
2 

2
4

5
5

1
9

0
4

 
0.

00
5 

24
54

9.
44

2 
-0

.0
04

 
? 

24
55

1.
19

4 
-0

 0
04

 
24

55
2.

27
6 

0.
00

5 

4 
24

54
8.

99
7 

-0
.0

03
 

24
54

9.
84

6 
0.

00
9 

24
55

1.
26

7 
-0

.0
50

 

24
54

8.
53

4 
-0

.0
11

 
24

54
9.

62
1 

0.
00

0 
2

4
5

5
1

4
3

7
 

0.
00

4 
24

55
2.

98
1 

-0
.0

03
 

6 
24

55
1.

53
6 

0.
00

1 
24

55
3.

32
6 

0.
00

1 

7 
24

54
7

.6
03

 
0.

00
2 

24
54

9
.1

51
 

-0
.0

04
 

24
55

1.
62

9 
0.

00
2 

24
54

7.
12

0 
0.

00
5 

24
54

8.
90

4 
-0

0
0

3
 

9 
24

54
6.

6!
3 

-0
.0

04
 

'I
; 1

2
-

2
I
' 

24
58

3.
91

07
(5

5)
 e

m
·' 

ba
nd

 o
fC

4D
. 

N
" 

P,
(N

")
 

ob
s.

-c
a1

c.
 

P
1(

N
")

+
P

12
(N

")
 

ob
s.

-c
al

c.
 

R
21

(N
"

)+
R

2(
N

")
 

ob
s.

-c
a1

c.
 

R
,Q

:!
"

) 
ob

s.
-c

al
c.

 

0 
24

58
4.

02
8 

-0
.0

30
 

24
58

4.
43

! 
-0

.0
25

 

24
58

3.
86

2 
0.

!1
2 

24
58

4.
20

9 
0.

01
8 

24
58

4.
82

5 
-0

.0
3

1 

24
58

3
.1

62
 

-0
.0

11
 

24
58

3.
59

1 
0.

01
7 

24
58

5
.2

52
 

0.
01

1 

24
58

2.
72

2 
0.

00
6 

24
58

3.
36

4 
-0

.0
19

 
24

58
4.

43
1 

0.
01

7 
24

58
5.

62
9 

0.
01

8 

4 
24

58
3.

18
8 

0.
00

9 
24

58
4.

52
1 

0.
01

7 
24

58
5

.9
67

 
-0

.0
00

 

24
58

17
73

 
0.

01
2 

24
58

2.
97

3 
0.

01
3 

24
58

4.
58

0 
0.

00
0 

24
58

6.
32

2 
0.

01
2 

6 
24

58
12

64
 

0.
00

2 
24

58
2

.7
22

 
-0

.0
05

 
24

58
4.

63
0 

-0
.0

11
 

24
58

6.
62

1 
-0

.0
16

 

7 
24

58
0

.7
34

 
-0

.0
15

 
24

58
2.

50
1 

0.
02

1 
24

58
6.

93
0 

-0
.0

21
 

24
58

2.
23

1 
0.

01
2 

...._
 

<::
> "" 



E
•-

E
•

2
4

5
9

1
.7

6
3

(1
1

) 
em

-•
 b

a
n

d
 o

fC
.D

. 

N
" 

PQ
::!

"
) 

ob
s.

-
ca

lc
 

0 

2
4

5
9

1
4

8
4

 
0.

0
16

 

24
59

1.
16

5 
0.

00
4 

24
59

0.
85

9 
0.

02
1 

4 
24

59
0.

58
2 

0.
01

4 

.4
52

 

24
59

0.
17

0 
-0

.0
45

 

.0
49

 

6 
24

58
9.

81
7 

-0
.0

27
 

.7
10

 

7 
24

58
9.

45
4 

-0
.0

21
 

.3
33

 

24
58

9.
26

0 
-0

.0
33

 

8.
92

3 

9 
24

58
8.

65
8 

0.
03

7 

C
en

te
r 

fr
eq

ue
nc

ie
s 

o
f s

pi
n 

sp
li

tt
in

g 
w

er
e 

us
ed

 in
 l

ea
st

 s
qu

ar
e 

fit
. 

R
(N

"
) 

24
59

2.
04

8 

24
59

2.
33

1 

24
59

2.
65

4 

.5
57

 

24
59

2.
82

2 

.7
41

 

24
59

3 
06

4 

2.
96

3 

24
59

3.
28

5 

.1
66

 

24
59

3.
48

5 

.3
52

 

24
59

3.
 6

86
 

ob
s.

-c
al

c.
 

0.
00

4 

0.
02

0 

0
.0

40
 

-0
 0

24
 

-0
.0

18
 

-0
 0

19
 

-0
.0

26
 

0.
05

7 

.....
. 

<::
> 

'0
 



1:
•-
1:

•
2
4
7
0
5
.
8
6
3
~
1
0
)
 e

m
·'

 b
a

n
d

 o
fC

,D
. 

N
" 

P
(N

"
) 

ob
s.

· 
ca

lc
 

R
(N

"
) 

ob
s.

-c
al

c.
 

0 
24

70
6

.1
52

 
0.

01
0 

24
70

5.
55

5 
-0

.0
13

 
24

 7
06

.4
33

 
-0

.0
00

 

.3
80

 

2 
24

70
5

.2
75

 
0.

01
6 

24
70

6.
72

7 
0

.0
27

 

.6
37

 

24
70

4.
97

2 
0.

00
6 

24
70

6.
88

7 
-0

 0
02

 

.9
06

 

4 
24

70
4.

65
6 

0.
01

9 
24

70
7

.0
78

 
-0

.0
29

 

.5
66

 

24
70

4.
22

6 
-0

.0
11

 
24

70
7.

28
3 

-0
.0

27
 

6 
24

70
3.

83
0 

-0
0

3
7

 
24

70
7

.5
33

 
0 

03
5 

7 
24

70
3.

45
0 

-0
.0

30
 

24
70

3.
11

4 
0.

03
6 

~
 

c 



.E
·-

1:
· 

2
4

7
9

9
.9

6
2

0
(1

5
) 

em
·'

 b
a

n
d

 o
f 

C
4
D

. 

N
" 

P
(N

"
) 

ob
s.

-
ca

lc
 

R
(N

"
) 

ob
s.

-c
al

c.
 

0 
24

80
0

.2
35

 
-0

.0
09

 

24
79

9.
65

8 
-0

.0
09

 
24

80
0.

50
7 

-0
.0

07
 

24
79

9
.3

52
 

-0
.0

08
 

24
80

0
.7

83
 

-0
.0

04
 

.7
51

 

24
79

9
.0

54
 

-0
.0

02
 

24
80

1.
03

9 
0.

00
6 

.0
24

 
.0

04
 

24
79

8.
72

7 
-0

 0
04

 
24

80
1.

28
1 

0.
03

2 

.6
82

 

24
79

8.
38

7 
0.

00
4 

24
80

1.
44

9 
-0

.0
19

 

.3
49

 

24
79

8 
04

9 
0.

04
1 

24
80

1.
87

8 
0.

00
8 

7 
24

79
7

.6
53

 
-0

 0
15

 
24

80
2 

04
0 

-0
.0

13
 

35
92

 

24
79

6
.8

70
 

0.
00

9 

9 
24

79
6.

44
5 

-0
.0

10
 

- -



':
E

;, 
-'

::;
;-

2
4

9
6

2
.9

9
2

8
(4

5
) 

em
'' 

b
a

n
d

 o
f 
c.

n
. 

N
" 

P,
(N

''
) 

ob
s.

-c
al

c.
 

P
1(

N
"

)+
P

12
(N

"
) 

ob
s.

-c
al

c.
 

R
,

(N
"

)+
R

2
Q:

:!"
) 

ob
s.

-c
al

c.
 

R
,(

N
"

) 
ob

s.
-c

al
c.

 
0 

24
96

3
.1

62
 

0.
02

5 
24

96
3

.5
32

 
-0

.0
35

 
??

 
24

96
3.

28
4 

0.
01

0 
24

96
4

.0
03

 
0.

01
0 

24
96

2.
25

6 
0.

00
4 

24
96

2
.6

67
 

-0
 0

02
 

24
96

3
.4

04
 

0.
00

0 
24

96
4.

40
3 

-0
 0

07
 

24
96

18
03

 
0.

00
4 

24
96

2.
53

2 
0.

01
2 

24
96

3.
53

2 
0

.0
05

 
24

96
4

.8
16

 
-0

.0
06

 
4 

24
96

1.
33

7 
-0

.0
04

 
24

96
2.

34
5 

-0
.0

04
 

24
96

3.
62

9 
-0

.0
15

 
24

96
5

.2
40

 
0.

01
4 

24
96

0.
87

5 
0.

00
1 

24
96

2.
16

9 
-0

 0
02

 
24

96
5

.6
19

 
-0

 0
05

 
6 

24
96

19
98

 
0.

01
1 

24
96

6
.0

13
 

-0
.0

01
 

7 

E
+-

E
+

2
4

9
9

2
.3

8
6

0
{3

8
) 

em
·' 

ba
nd

 o
fC

,D
. 

N
" 

P
(N

")
 

ob
s.

-
ca

lc
 

R
Q

::!
")

 
ob

s.
-c

al
c.

 
0 

24
99

2.
67

2 
0.

00
4 

24
99

2.
08

3 
-0

.0
10

 
24

99
2.

94
5 

0.
00

7 
24

99
17

89
 

0.
00

5 
24

99
3.

20
1 

0.
00

5 
24

99
14

62
 

-0
.0

03
 

24
99

3.
44

9 
0.

00
9 

4 
24

99
11

23
 

-0
.0

11
 

24
99

0.
77

9 
-0

.0
10

 
24

99
3.

9
11

 
0.

01
7 

6 
24

99
4.

10
9 

0.
00

8 
24

99
0 

05
2 

-0
.0

11
 

24
99

4.
30

4 
0.

00
8 

24
98

9.
66

9 
-0

.0
13

 

- "' 
9 

24
98

9.
28

1 
-0

.0
06

 



Chapte•· 3 

~2 

Dispet·sed Fluorescence Spectra of C4H and C4D from B IT; 

Abstract 

Dispersed nuorescence (DF) spectra of C4H and C4D from jJ2 n, to the ground 

state X2 :E + or low lying ;;p n, were measured in order to clarify vibronic structures of 

low energy regions of C4H and C4D . We have measured DF spectra from several 

vibronic states of l:Pn, with relatively strong intensities . Based on dependence of the 

signal intensities in the DF spectra on vibrational modes of the excited state, we have 

assigned two bending vibrational modes, which belong to different electronic states. 

One is a progression of the lowest bending mode, 2v7 and 4v7 (CCC bending) of X2 :E + 

with frequency of w7= 118 em·' and 114 em·' for C4H and C4D respectively . The other is 

the second lowest bending mode (CCC bending), v6 and 3v6 of ;Pn; with frequency of 

206 em·' and 205 em·' for C,H and C,D, respectively. From the observed vibroni c 

states we have also estimated the term va lue of the ;:p n; strate as 230 cnf 1 for C4H and 

217 cnf 1 for C.1D The term value of C4H /f2n; is in good agreement with that 

determined from photoelectron spectroscopy of C4H' , 226 cnf1 (T. Taylor and D.M. 

Neumark, private communication), while is slight ly larger compared with the most recent 

ab initio pred ict ion, I 00 ± 50 em·' (J. Chem. Phys. 103, 7820 ( 1995)). 
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3.1 Introduction 

C4 H has the low lying first excited state ;;p n, about 0-1000 em·' above the 

ground sta te X2 2: + The term energy of ;;p n, state has not been determined 

experimentally until now because it has never been observed directly. Such situation of 

electronic structure like C4 H is quite limited . For linear unstable molecules including 

five atoms, spectroscopic studies in electronic excited state is few. As discussed in 

section 2. 7.4, a strong vibronic interaction between X2 2: + and 1f2 n, is expected. 

Thus the effect of the vibronic interaction to the energy structures of X2 2:+ and /P n, 
are of great interest from a spectroscopic point of view. It is also considered that ;p n 1 

contributes to unique behaviors of C.H in astronomical chemistry, in which C.H is 

exceptionally vibrationally excited in a carbon star envelope[!] . Thus where the ;;Pn, 
state lies is also of great interest from the spectroscopic point of view. 

Experimental investigations of vibronic states of X2 2: + are quite limited. In 

1987, Yamamato et a/. observed rotational spectra of vibrationally excited state of 

X2 2: +, v7(TI) and 2v7 (2:,1'.), and suggested that the large spin splitting constant 

(A- -3cm-1
) in the v7(0) state is caused by a large vibronic interaction between X2 2:+ 

and ;;F n, [I] . In 1990 Graham's group reported IR absorption spectra in Ar matrix, 

and determined vibrational frequencies as w1=3 307.4 em·', w2=2083.9 em·' and 

w,=2060.6 cm- 1[2]. But results other than mentioned above in the gas phase experiment 

has never been published until now. 

A number of theoretical studies have been performed, particularly on the 

excitation energy of the .:P n, state. In 1994 Kolbuszewski[3] calculated the term 

value of ;;p n, as 0.0 I eV (81 cm- 1
) There were four publications in 1995, with higher 

calculation levels, where term value of A2 TI1 was predicted to 565 em·' by Sobolowski 

and Adamowicz (CASPT2/DZVP)[4], 70 en,-' by Woon (RCCSD(T)/cc-pVQZ, est 

CBS limit) [5] and 100 ±50 en,-' by McCarhty et a/.(RSCCSD(T)/cc-pVQZ)[6], 

however Natterer and Koch[7] were confident that the ground state is not 22:+ but also 2n, 

where the energy gap between 20 and 22: ' is calculated to 244-1154 em·' by 

ACPF/[432/321]ANO to CCSDT(T)/[432/321]ANO. Although the order of 2TI and 22:' 
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is very close and seems to be sensi ti ve, we believe that the ground state is 2I ' because the 

lowest vibroni c state is 2I ' 

In thi s chapter we present the first direct observation of vibronic structures of 

the ground state X2 I+ and the first excited state iP n, of C4H and C4D by OF spectra 

from severa l vibronic states of B2 TI 1 . Vibrational assignment was made for the lower 

excitati on region from the X2I+ v=O. We estimated the origin of /Fn, to be about 

230 em·', which was comparable with that obtained from photoelectron spectroscopy of 

C.H-, 226 en,-' (private communucation from T.Taylor and D .M . Neumark) . 
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3.2 Experimental 

As for production of C4H and C4D, and the excitation laser system are the same 

as those of chapter 2, experimental procedures for the DF spectra is described here. 

Dispersed fluorescence spectra were measured using a 50 em monochromater 

(SPEX500M, 500nm Braze, 1200 Grooves/mm) and photomultiplier (Hamamatsu R928). 

The monochromater scanning was synchronized with laser pulses and was typically 

operated with a 0.04 nm /step. The spectral resolution was about 20 cm-1 at 400 nm, 

and the accuracy of relative frequency was estimated to be< 3cm·1 by referring to the Hg 

atomic lines . In order to get a good signal to noise ratio it was necessary to accumulate 

50-80 shots of laser pulses at a point, since the fluorescence signal ofC4H is not so strong 

and has a short life time, I 0-20 ns. When an excitation line overlaps with other species 

such as C,, the signal were integrated with a dual gate set up, where one gate is set at 0-

40 ns and the other at 50-90 ns, and peaks which have long lifetime, > 50 ns were 

excluded in the analysis. 
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3.3 Results and Discussions 

3.3.1 Obser-ved OF spectra 

We measured OF spectra from several typical vibronic states of Jj2 0 ;, one is 

3v5(L:•) (CCH bending) which is affected by a large Renner-Teller effect, and the others 

are v6 (L:(±l) and an unassigned other L:< ' l vibronic states with weak Renner-Teller effects. 

The characteri stic feature common to all of the DF spectra is that the sharp signals were 

observed in the lower energy region < 1000 em·'. On the other hand, above 1000 em·' 

continuous fluorescence was observed, and it is impossible to distinguish each bands. 

For example, Fig.3.1 (a) and (b) show OF spectra from lP n; v.e L:\;]) and v.eL:\!] ) 

of C4H in a wide relative energy region from the vibronic ground state X2L: • ( v = 0), 0-

3500 em·' Thi s drasti c change from sparse (< 1000 cm-1
) to complicated (> 1000 cm-1

) 

structure is due to the unique structure of the quantum states in the vicinity of the low 

energy region of C.H, that is there are "three" bending vibrati onal modes of which "two" 

closely lying electronic states. Therefore we will concentrate to the region of 0-1000 

em·' for vibrational analysis. 

3.3.2 Vibronic assignments of DF spectra and vibronic structure of the X2 L:+ 

and ;:p n, states 

3.3.2(a) Assignment to vibrational states of vl(CCC) bending mode of X2 L:+ 

Fig.3.2 compares the OF spectra from several vibronic states ofC4H in lPn; · 

Cal 3v5CL:·l. Cbl v. eL:\!h eel v. eL:\;il. and Cdl an unassigned band at 24567.683 

cnf 1 e L:\;]) in the relative energy of 0 - 2000 em· ' . In Fig.3.2(a) a progression 

starting from the vibronic ground state was clearly observed, that is 0, 234, 474 em·' with 

the intervals of234 em·' and 240 em·' We assigned this progression to that ofv7 CCC 

bending mode of the ground state, 2v,e L:+) and 4v, ( 2 L:• ). The vibrational frequency 

was estimated to be w7= 118 em·'. Similarly, for C.D the OF spectra from jj2 n; were 

shown in Fig.3.3, (a) 3v5e L:• ), (b) v. C L:\iil. and (c) an unassigned band at 24550.601 
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em· ' e I\;J ). Peaks appeared at 229 and 454 em·' are also assigned to 2v, e I+) and 

4v7e I•) with the vibrational frequency of w,= I 14 em·'. The frequencies of C,H and 

C40 are almost the same, which indicate that v, mode is actuall y the CCC bending mode, 

and is not so affected by isotope substitut ion. Yamamoto e/ a/. [I) predicted the 

vibrational frequency of v7 in j» I + to about 13 I em·' from the data on the /-type 

doubling q constant of the 2v7e I+) state, which is slightly larger than our result . 

Since the present OF spectra show 1Frr,-> X2 I+ or l f2rr, transitions, parallel 

transition moment is predominant due to strong vibronic mixing between X2 I • and 

A' IT, as discussed in Chapter 2 . Therefore the observed vibronic states should belong 

to I ' vibronic symmetry, whi ch is consistent with the present results that 2v7e I+) and 

4 v,e I • ) were observed . 

J.J.J(h) Assignment to vibrational states of v6(CCC) bending mode of A2 IT , 

By comparing the OF spectra from B2 IT, 3v5 in Fig.3.2(a) and others 111 

Fig.3 .2(b)-(d) of C..H, several bands, for example, at 377, 495, 628, 662, 8 14 and 886 

cnf 1 were newly observed in Fig.3.2(b)-(d), which were not observed in Fig.3.2(a). 

They have much stronger intensities compared with 2v7 and 4v7 in X2 I • . We assigned 

some of these new bands to the v6(CCC bending) progression of the A2 IT , state: peaks 

at 377 and 495 cnf' to v6 (
2 I-) and v6('I•), and at 814 cnf 1 and 886 em·' to 3v6ei-) 

and 3v6e I+) 

Although both 2 I+ and 2 I- vibron ic states of A2 IT, v6 and A' II, 3v6 were 

observed in the OF spectra from s' rr, v6 ( 2 I\;i) and B2 IT, V G e I\ii ), it is notable that 

relative intensities of 2 I+ and 2 I- alternate in Fig.3.2(b) and (c). Namely, 2 I+ 

vibronic states at 495 and 886 cnf ' are more intense in the OF spectrum from B' IT , v6 

(
2 I\;iJ, whi le 2 I- vibronic states at 377 and 814 em·' are stronger from B'II, v6 

('I\ !i ), as found in comparison of Fig.3.2(b) and (c) . In addition to thi s, in the OF 

spectrum from an unassigned vibronic state of lFrr, in Fig.3.2(d), whose symmetry of 

the excited state is 2 I\;i, this tendency of intensity alternation is still seen, and the 

intensity pattern is the same as that from B2 IT , v6 (
2 I\;iJ in Fig.3.2(b). 
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The 2 I \71 and 2 I \~1 states are produced from linear combinations of 2 I + and 

I ~(] - 0.829I • +0.5592:.­

I ~;] - o.s5n • - o.82n-

as have been given in Chapter 2. Therefore, it was reasonable that in the case of where 

the excited state is lFrr, 2 I\71, the fluorescence to ;Frr, 2 I+ is stronger than 2 I- , and 

weaker in the case where the excited state is 2 I.\ ~1 2 I.+ and 2 I.- vibronic states in 

;Frr, were separated largely by 118 and 72 em·' for v6 and 3v6, respectively, due to the 

Renner-Teller effect and the Herzberg-Teller effect. Similarly, for C4D, we assigned 

peaks at 363 and 479 en,-' to v6er.•) and v6Cr.-), and 793 and 869 em·' to 3v6ei•) 

and 3v6C I-) of ;;Prr, in Fig.3.3 (b) and (c), in which intensity alternations were 

observ ed between the DF spectra from IFrr, 2 I\71 and 2 I\!1 
The energy diagram of the assigned vibronic states is shown in Fig.3.4. From 

this diagram, we have reconstructed the vibronic structu re of the v6 vibrational states in 

;Frr, as shown in Fig.3.4 by dotted lines, and determined vibrational frequencies of the 

v6 mode as w6=206 ern·' for C.H, and 205 ern·' for C4D. 

It is reasonable that the fluorescence from the v6 vibronic states of lFrr, to the 

v6 or 3v6 states of ;;Frr, is observed with strong intensity, because this type of transitions 

satisfies two conditions : I) they have a parallel transition dipole moment (1Frr, ( vi)­

;;Frr, {"I)) which is predominant in the present case, and 2) they have large Franck­

Condon factors, as they are 13./=0 transitions, that is /6=± I to /6=± I. 

The 2 I+- 2 I- splitting of the v6 vibrational mode of IFrr, is inconsistent with 

the theory of Renner-Teller effect(8] , where 2 I+- 2 I- splitting increases as vibrationa l 

level increases. This is explained by considering that a Herzberg-Teller vibronic mixing 

between X2 I. + v=O e I+ )I A - 0,1 - o) and IFrr, Y6 ( 2 I+ )I A - ±1,/6 - +1)' which 

shifts up the v6 (I+) vibronic state of IFrr, considerably. Therefore X2 I+ v=O 

<I A - 0,1 - o)) has larger character of /Frr, Y6 <I A - ± 1,/6 - +I) ), leading to 

observation ofv6progression in LIF spectra ofthe B2 IT, <- X2I+ v=O system. 
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Energies of the observed vibronic states, assignments and vibrational frequencies 

of X2 2: + and A2 IT, are summarized in Tables 3.1 and 3.2. 
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3.3.3 Term Ener·gy of the ifl fl , state. 

All assigned vibro nic states of C4H and C,D are shown in the energy diagram of 

Fig.3 .4 . Undetected states can also be predicted from these states as shown by dotted 

lines. The most noticeable state here is the origin, !Pn, v=O ('n), band. We 

estimated term values of iF n, to 230 and 217 em·' for C4H and C4D, respectively, from 

extrapolations of the v6 progression. Therefore it can be said that the origin of iF n; 

state is very close to 2v 7 of X2 2: +. 

The only experimental approach to the ;;p fl , state besides our study is carried 

out by Taylor el a/. (Neumark's group of U.C. Berkeley)[9] by using photoelectoron 

spectroscopy, now in progress. They are measuring kinetic energy of photoelectoro ns 

from C.H-, and estimated the term value of iF n, to 226 em·'. Although the 

resolution of photoelectron spectroscopy is expected to be ~ I 00 em·', their estimation 

is in good agreement with our work. Table 3.3 compares our results and theoretical 

studies. 

Yamamoto et a/. [I] have observed vibrationally excited states, v 7(f1) and 

2v7(t.,2:) of X2 2: + in laboratory microwave spectroscopy. At the same time, based on 

this laboratory detection, they assigned some unidentified lines in IRC+ I 0216 to 

rotational transiti o ns in v, and 2v7. According to our energy diagram in Fig.3 .4, 

excitation energies of v, and 2v, are 118 and 234 em·' respectively, indicating the 

populations of these states are large enough to detect by microwave absorption 

spectroscopy. On the other hand origin, the origin of iF fl,, v=O(fl), state lies at 230 

em·', which is almost the same energy as 2v7 of X2 2: +, 234 em·'. Therefore, there is a 

hope that microwave spectrum of A2 n, v=O can be observed under the same condition of 

Ref. I In the astronomical observation, vibrationally excited states of X2 2: •, v7 and 

2v, were observed in the c ircumsteller envelope of IRC + I 0216. A pumping mechanism 

is considered that C4H absorbs IRradiations with its peak at I 0 ~m, which is described in 

section 1.2, and is "electronically" excited to A2 f1; (v), and after the excitation they 

radiate to v 7, 2v7 of X2 2: • also "electronically" . Because electronic transition moment 

is larger than that of vibrational transitions, this pumping process X2 2: • (v=O) ----. A2 fl ; 
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_, X' I+ (v7, 2v7) is fast , while relaxation from v7, 2v7 to lower states is slow. I think 

that our results of excitation energy of the vibrational states of ;;p n, is very suitable for 

IR absoption. 

Thus X2 I • (v7, 2v7) states are much populated . According to this mechanism, 

A2 n, v=O is not so populated in circumsteller envelopes, because transitions from 

initially excited A2 0 , (v) to ii'n, v=O are "vibrational" transitions, being much weaker 

than electronic transitions generally by a factor of I o·•, and moreover since direct 

pumping process ii'n, (v=O)-+ X'I• is fast, the relaxation process A2 0 , (v=O) _, 

X2 I • is also expected to be fast. 
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Table 3 2 Vibratiobnal f-requency of X 2 L + and 7\ 2 n I 

all in unit ofcm- 1 

X22:' v7 (CCC bending) 

118 

114 

J\ 
20; v, (CCC bending) 

206 

205 

- 129-
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Chapter 4 

Laser Induced Fluorescence SpectJ·oscopy of the C3N radical 

Abstract 

Laser induced fluorescence spectrum of the C, radical , whi ch IS an 

isoelectronic molecule ofC.H, have been observed in a super sonic free expansion. C3N 

was generated by a discharge of a mi xture of 0.2% I-!C3N/HC1N diluted in Ar by using a 

pulsed discharge nozzle. One 2IJ-22: and five 22: -22: vibronic bands were observed in the 

region of 28600-29200 cn,- 1
, and the electroni c excited state was determined to E'rr, 

from rotationa l analyses of these bands. The origin of B2IJ, was tentatively determined 

to 28799.6380( 14) cm· 1 Fluorescence decay curves from single rotationa l levels in 

most of the bands consisted of short and long time decay components, where quantum 

beats were recognized on the latter, leading to a conclusion that two relaxation processes, 

fluorescence and internal conversion to X2 2:+ and A2 IJ1 , occur competit ively. 

Dispersed fluorescence spectra from several vibronic states in B2 IT, were also measured . 

We ass igned weak band structu res, starting from the excitation laser wavelength, to the 

flu orescence to the gro und state X2 2: +, and strong band structures, suddenly appeared 

above 1800 cm·1
, to the fluorescence to the low lying first excited state, A'IT, The 

origi n of the A2 IJ , sta te was est imated to be 1846 ± 5 cn,-1 
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4.1 Introduction 

The C3N radical is one of the CnX (X= H, N, 0, S) carbon chain series, which are 

well known as interstellar molecules. The C3N radical were fou nd at first in an 

interstellar medium, fRC + 10216, in 1977 by a radio telescope[ I] , together with C,H[ I ,2] . 

At the same time, theoretical study of C3N was performed to confirm astronomical 

identification, and the ground state was determined to X2I+ [3] . This astronomical 

observation of C3 and C,H was the earliest discovery of CnX (n ;;::; 3) carbon chain 

molecules in the gas phase, which suggests C3N and C.H are abundant in interstellar 

media and very important species for interstel lar chemistry. Laboratory detection of 

C3N was first carried out by Gottlieb el a/. [ 4] by millimeter-wave absorpt ion in a 

discharge now of HC3N and N2. In 1989, the vibrationall y excited state, v5 err), was 

observed in laboratory by millimeter wave absorption by Yamamoto eta/. [5] , which is the 

only report for C3N other than the vibronic ground state reported until now. 

In spite ofthe early detection ofC3N in 1977, the electro ni c excited state of this 

molecu le have not been observed. Kolos et a/.[8] tried to observe aUF spectrum of 

C3N generated by 193 nm photolysis of C41-!2, but they did not succeeded in detecting any 

spectrum in the regions of 3 77-408 nm and 480-580 nm. C3N has been considered to 

have a similar electronic configuration with C, H, si nce C4H and C3N are isoelectronic 

molecules with each other. Their ground state is 2I•, with electronic co nfi gurati on 

of . (I n)
4
(2n)

4
(na) 1

. A low lyi ng first excited electroni c state i f2 rr, is predicted with 

it s configuration ... (I n)4(2n)3(na)2
, where the splitting between X2 I+ and iFrr, of C3N 

is considered to be larger than C,H. Acco rding to a recent ab inio calcu lation by 

Botschwina and co-workers[6] at RCCSD(T)/cc-pVTZ level , the exciteation energy of 

if2 rr, <- X2I+ is predicted to be 2400 ± 50 en,-' . Sadlej and Roos[9] calculated three 

vertical excitation energies of low lying electro nic excited states including if2rr, at 

CASSCF-MRCVANO level, and predicted that transition energies were 0.5eV(4033 em· 

1
) for .:Prr,-X 2I+ , 3.93eY(31670 cm-1

) for lPrr,-X 2I+ and 5.7 1 eY(46057 cm-1
) for 

C2I +- X2 I+ We also made a preliminary calculation of the excit ation energy of 

1J2rr, <- X2I+ transition by CASSCF/6-311G** level , in which we obtained the 
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transition energy ratio of C,N to C4H is I 185 . 
-2 -2 + 

Thus, we estimated B IT, <--X I 

transition energy to be 28480 en,-' from the calculated ratio and 24033 em·', which is the 

exact lP rr, <-- X2I+ transition energy ofC.H determined in Chapter 2. 

In this work, we present the first observation of electronic transition of C3N in 

the UV region, around 29000cn,- 1(343-347 nm), by laser induced fluorescence 

spectroscopy. The relaxation processes of IJ2rr, is also discussed based on the 

fluorescence time profiles. This discovery of the radiative electronic excited state was 

allowed us to carry out dispersed fluorescence spectroscopy in order to observe the 

vibronic structure of the ground state, X2I+, and the low lying first excited electronic 

state, /f2 rr,. Most of the results obtained cou ld be compared with those of the 

isoelectronic molecule, C,H. 
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4.2 Experimental 

4.2.1. Production of C,N. 

The C3N radicals were produced in a supersonic jet condition by using pulsed 

discharge nozzle (PDN) same as that mentioned in Chapter 2. The precursor we used 

was a gas mixture of 0.2-0 5 % of cyanoacetylene (HC3N) and cynodiacetylene (HC5N) 

diluted in Ar . The stagnation pressure was kept at 3 atm and the typical background 

pressure in the vacuum chamber was about 3-4x 10"5 Torr. These conditions were the 

same as C.H. HC3N and HC5N were synthesized by following two methods. The first 

method is a DC discharge of (CN)2/C2Hi Ar mixture in a flow cell by monitoring the 

microwave absorption of HC5N( I 0] . The second method is dehydration of plopiolic 

amide (CH = CCONHz) by diphosphorus pentaoxide (P20 5)(10]. We also tried a 

discharge of other two gas mixtures, 0.5% of aclyironitoiyl (CH2=CHCN) or acetonitryl 

(CH3CN) diluted in Ar. The signal intensities of C3N is about 1/6 in a discharge of 

CII2=CHCN/Ar and < Ill 0 in a discharge ofCH3CN/Ar, compared with that ofHC3N and 

HC5N mixture. Therefore, we used mainly HC3N/HC5N/Ar mixture throughout the 

present study. 

4.2.2. Laser Jnduced Fluorescence Spectr·a. 

The LIF system is almost the same as those mentioned in C4 1-l. The excitation 

beam was obtained by a frequency doubling of the output of a pulsed dye laser( Lambda 

Physik Scanmate) pumped by the 2nd harmonics of a Q-switched Nd3
' :Y AG laser 

(Quanta-Ray GCR-3, lOHz) by a KDP crystal. The resulting resolution was about 0.03 

cm·1 The laser dye used was Pyridine I . 

Laser-induced fluorescence was collected at right angle of the laser propagation 

by two planoconvex lenses ( f=90 and f= 120) focused onto an iris put on a quartz 

window, and detected by a photomultiplier (PMT, Hamamatsu R928) through a low-pass 

glass filter(HOY A UV -36). The PMT signal was then preamplified ( X 25), fed to a 

digital osci ll oscope (Lecroy 9350A) at a sampling rate of I GHz, and finally converted to 

digital signals (I pt./ns), that was transferred to a personal computer with a repetition rate 
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of I OHz. We summed up the time profile over a region of 0- 150 ns, and stored in PC. 

In the measurement of fluorescence time profiles for the discussion of relaxation 

processes, full digital signals were accumulated for 500 shots, where we used a fast 

preamplifier (X I 0, 250MHz). 

Calibration of the laser wavenumber was made by measuring an LTF spectrum of 

!2 (B-X transition) vapor (200 oC) using the fundamental dye laser output. The relative 

uncertainty of the frequency measurement was less than 0.006 cm- 1 Etalon fringes 

(FSR= I . I cm-1
) were also monitored simultaneously to ensure of the frequency scan 

linearit y. 

4.2.3 Dispersed Fluorescence Spectr·a. 

Dispersed fluorescence spectra were measured using a 50 em monochromater 

(SPEXSOOM, 500nm Blaze, 1200 Grooves/mm) and a photomultiplier (Hamamatsu 

R928) . The monochromater scanning was synchronized to laser pulses, and was 

typically operated at a 0.04 nm step. Signals for 40-50 pulses were accumulated at each 

point. The spectral resolution was about 20 em·' at 400 nm, and an accuracy of relative 

frequency was est imated to be < 3 em·' by referring to the Hg atomic lines. 
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4.3 Laser Induced Fluot·escence Spectt·oscopy 

4.3.1 Analysis of the LlF spectr·a of C3 N. 

Figure.4 . I shows the low resolution LIF spectra obtained in a HC., N/HC 5N/ Ar 

di scharge in the region of 28600-29200 cm·1 Strong CN B-X bands were observed at 

289 10 and 29 180 em· ' with lifetimes of 50-I 00 ns, and CCN C- X system[ 1 I] have also 

observed very weakly with a lifetime of ~250 ns . In the same region, we found a new 

band series with a lifetime about 100-120 ns, wh ich was not detected in the C2H2/Ar 

di scharge. We have determined these bands to the lF rr, - X 2L• system of the linear 

ca rbon cha in C3N(CCCN) radical , based on rotational analyses of the observed vibronic 

bands. Seven vibroni c bands of C3N were observed in this region until now as indicated 

in Fig.4 . Two vibronic bands at 28788 and 2881 1 em·' were assigned to a pair of a 

2IT-2I+ band, each corresponding to P(=A+I+f)=3/2 and P = l/2 components, respect ively. 

Other five vibronic bands belong to two types of I-I bands: 2 I\;] - 2 I • or 2 I • - 2 I •, 

which suggests existence of two bending modes with different vibro nic interact ions 

including the Renner-Teller effect, like v5 and v6 vibronic states ofC4H in lP rr,. 

4.3.2 2IT-2I band. 

Figures 4 .2(a) and (b) show high resolution LIF spectra of the 2IT-2I ' bands 

correspondi ng to P=3(2 and P= I /2 components. One more vibronic band observed at a 

little above 2IT3n is a 2 I \;] - 2 I • band . Although 2IT 112 band were pa1ily overl apped 

with CN B-X tra nsition at P1(5 .5)+Q 12(4 .5) and R1(5 .5), most of the lines in the branches 

were assigned as single rotational lines . Molecular constants were determined by a least 

square fitting as Tv=28799.6380( 14) em·', B,g=O. 155219(32) em· ', and A,g=-

23 . 7772(20) em·' , where molecular constants of the grou nd state X2I • were fixed to 

those determ ined by microwave spectroscopy[ 4] , B"=O. 165035 11 em· ' . p' constant 

associated with the A-type doubling and the centrifugal distortion constant could not be 

det erm ined in the fitting, and so neglected . A,JJ is an effective spin-orbit coupling 

constant modified by the vibronic interaction expressed in equation (2 . 14) if this IT 
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vibronic band is the v=O state. We have tried to find other IT vibronic bands in lower 

energy regions, 25800-27300 and 28300-28600 em·', but we could not detect any bands 

which could be attributed to C3N. Thus, we tentatively assigned the IT bands to the 

origin of the 2IT electronic state, namely v=O state. 

4.3.3 2I-2I bands 
Most of the 21:-21: bands have large spin splittings due to the spin-orbit 

interaction which is characteristic of the "vibronic 21: state" in degenerate electronic states 

of linear polyatomic molecules. Rotational assignment of typical spectra of 21:+-21:+ and 

2 L: ~;,J - 21:+ are given in Figs. 4.3 and 4.4. We used Hougen's formula for rotati onal 

analyses as have been performed for C,J-I in Chapter 2, 

F,(L:"", N) - B,;'· N(N + l)+ t r ,;' (N + 1) 

F2 (L:' ''' ,N) - B,;'· N(N + 1)- t r;' N 

where B,g and y,g are defi ned in equations (2.6)-(2.8) . 

(4 . I ) 

Molecular constants determined 

are listed in Table.4.1 Although both 2 I~;,l and 2 L: ~;,l were observed in the case of 

C4 H, whi ch were separated by 2r defined in equation (2.6), only 2 L: ~ ;,l states could be 

detected for C3N. The y,g constants determined from the rotational analyses are small 

compared with those of C,H, which indicate that sp in-orbit couplings between 1:• and 1:· 

ofC3N is smaller than those ofC,H In other words Renner-Teller effects are relatively 

la rge compared with the spin-orbit coupl ing. As a result, 2 L:~;,l bands have less L:+ 

character than those of the observed 2 L: ~;,l vib ro nic states ofC4 H. This is a reason why 

2 L: ~;{ - L: ' transitio ns cou ld not be detected in our experiment. 

A stick diagram of observed vibro nic bands of the B2IT1 state of C3N is shown 

in Fig.4 .5. lt is difficult to make definite assignments of the vibrational stru ctures from 

the data so fa r obta ined . However, since C3N has only two bending modes, v 4 and v5, 

and the six L: states arise from excitatio ns of v, and v5, it can be said that Renner-Teller 

effects of both v4 and v5 modes of C3N B2 IT, are relatively large. In order to assign 

vibrationa l structures, it is necessary to observe more vibronic bands, especially 2 L: ~;,l 
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4.3.4 Determination of electronic excited state to B'D, and the effective spin 

splitting constant. 

The electronic excited stale we observed is certainly the second electronic 

excited state lPn, with the tentative origin of 28799 6380(14) em· ', wh ich was 

confirmed by the negati ve Aeff constant. Prediction of an ab initio study by Sadlej and 

Roos[9] at 31670 em·' is a little larger than our observation by 13.44%. Our pred iction 

by a lower level ab initio calculation, whi ch includes comparison with the exact excitation 

energy of B'n , of C4H, gave a closer value, 28480 em·' This agreement emphasizes 

the similarity of the electron ic structures of isoelectronic C3N and C,H. The mam 

electronic configuration of C3N lPn, is . ( ln)\2n)4(na)2 In CJ calcuration 72% 

of . . (I n)\2n)4(na/ confi guration are included in C3N E'n , [9], and on the other hand 

60% in C, H E'n , [ 12] . 

lf we compare the results with other carbon chain molecules wh ich contain a 

nitrogen atom, the magnitude of the effective spin-orbit coupling constant of C3N, A eff -

23. 77 em·', is si milar to 26.4 1 em· ' of CNC (X2D
8

)[13] whil e is about a half times 

smaller than other CnN molecules, -52 .64 em· ' for CN ( B2D, )[ 15] and 40.37 em·' for 

CCN ( X2D , )[ 14] Since the Renner parameter of these molecu les are not so different, 

£=+0.44 fo r CCN and +0.549 for CNC, the main contributi on of this discrepa ncy is 

difference in distribution probability of unpaired electron on each atom. CCN and CNC 

have resonance structures as, 

·C-C = N : ~ C = C = N· 

·C - N = C ~ :C = N - C· 

where CC has the unpaired electron on the terminal nitrogen. Ohshima and Endo[ 16] 

estimated the spin density of the terminal nitrogen ofCCN in X2D , as about 30%, which 

is a reasonable est imati on because 0 3l;(N :2p3)+ 0.71;(C :2p)=42 em·' is in good 

agreement with A ~ 42 em· ' [ 19, 20] withou t the vibronic interaction, where 

l;(N ·2p3)=73 .3 em·' and l;(C :2p)=29 .0 em·' are the spin-orbit coupling constants of the 

nitrogen and carbon atoms. On the other hand , since CNC does not have the unpaired 

electron density on the center nitrogen atom, CNC has a small A constant, approximately 
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0. 51;(C :2p)+ 0.51;(C :2p)=29.0 cnf 1
, which is similar to the observed value, 26.41 em·' 

In the similar sense, C3N has a resonance electronic structure as, 

-c ~ c - C ~N ~ C = t - c ~N ~ C = C = C = ~ 

Because the third structure has the unpaired electron density on the terminal nitrogen 

atom, A,g constant of C3N is expected to be larger than CNC. However the observed 

A,gconstant was smaller than that ofC C. The reason is that Renner-Teller effects for 

the two bending modes are expected to be larger as mentioned at the end of the previous 

section_ As a result, the A,gconstant ofC3N were reduced further 

4.3.5 Vibronic interactions in the groun d state. 

As shown in Fig.4.5 , the 2rr-22:+ and 22: - 22: bands have almost the same 

intensities. Since the 22:-22: transition is symmetry forbidden for the present B2 I1, ­

X2 2: • electronic transition, the observed 22:-22: bands are considered to be intensity 

borrowing transitions from the low lying iFrr, through the Herzberg-Teller vibronic 

mixing, like the case of C.H. Comparing with the case of C4H, where vibronically 

induced 22:-22: bands were about ten times stronger than all owed 2I1_22: , the decrease in 

intensity of the vibronically induced 22:-22: bands of C3N is caused by the decrease of the 

magnitude of the vibro nic mixing. As shown in section 2.7.4, when eigen wavefunctions 

are expressed as, 

J'I';,,K- o)- J 1 , [Jx,A- O)I v" - O,/ - O)+ejA,A-±1)I v',/ - +1)]. (4.2) 
l+c 

the transition intensities are written by, 

I n-r cc -
1
- f C' 

1 + c ' _ nx Fe 

c' 
I r-r e< -

1
--, f B_. C Fe 
+ C 

(4.3) 

( 4_4) 

The mixing constant c can be rep laced by using the second order perturbation theory as, 

(.4,A- ± I J~e""J X,i\ - o) 
c - ~----~~~----~ 

I:J.E 
(4 .5) 
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where the denominator is a matrix element of the Herzberg-Teller vibronic coupling and 

L'E indicates an energy gap between vibronic states, approximately the if2 rr, -X 2 l:+ 

splitting. As predicted from the ab initio calcu lation, and the results I will present in 

section 4.4 , the energy splitting of jPrr, and .Pl:+ ofC3N is larger than C,H, leading 

to a smaller vibronic mixing for C3N . Consequently, the 22:-22: bands in C3 N were 

relatively weaker. Assuming that the transition moment of B- X is 30 times larger than 

that of B- A, as those predicted for C4 H by ab initio study[21], the X2 l:+ v=O state of 

c ,N has about 15% of the A2IJ, character. 

4.3.6 Fluorescence Lifetim e of i.Prr, 

Fluorescence time profi les of C3N B2 IJ, does not show a single exponential 

decay in most of the bands, but consist of fast and slow decay components. Fo r example, 

time profi les of the rotational levels, N'=0-3 in the 22:-22: band at 29144 em·' are shown in 

Fig.4 .6 . Although features of time profiles vary in individual rotational lines, 

considerable changes depending on the vibronic bands were not recognized . The decay 

time of the fast component was typ ically I 00-150 ns, and the slow was 2-3 i-!S This 

fluorescence time profile indicates a competition between the radiative decay by 

fluorescence and non-radiat ive processes, that is IC, si mil ar to those ofisoelectronic C.l-1. 

If the number of non-radiative levels (N) is large, short and long time decays are 

approximately represented by equations (2.29) and (2.31), 

l(t) - / 0 exp{- ( rL +W)'}- (4.6) 

!(t) - _!_exp( - !_) . 
N r, 

(4 7) 

Thus, the short time component is a dephasing time due to IC, whose relaxation rate is 

proportional to W, thus to N, and the long time component shows decay of the eigen 

states, whose intensity is prop01iional to the inverse of N. (See Fig.2 .16) Fig.4 . 7 shows 

a comparison of fluorescence decay curves of C3N and C. H. A noticeable point here is 

that in C3N the short time decay is s lower (I 00- 150 ns) and the long time decay is 



0 2 
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p (1) 

p (2) 

p (3) 

p (4) 

4 

Fig 4 6 Fluorescence time profile of single rotational levels of C3N 29 144 cm- 1 band . 

(Fig 4.4) 
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CCCN 

CCCCH 

0 2 3 4 / 1-1s 

Fig 4. 7 Compa ri son o f typ ica l nuorescence time pro fil es between C3N(N'=2 of 

29 144 em·' band) and C,H(N'= l of 24490 em·' band ). 
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relatively stronger than those of C4H. This results reflect the fact that the density of 

states ( et. N) ofC3N is smaller than C,H, because C3N has less vibration modes than C4H, 

leading to a relatively slow decay in the short time component, and strong intensity in the 

long time component for C3N. 
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4.4 Dispersed Fluot·escence Spectt·a from C3N lF IT ,. 
We measured dispersed fluorescence spect ra from three vibro nic states of jjl n,, 

as shown in Fig.4.8 , 4.9 and 4. I 0 where the excited states are the 2T13n, 2 T1 1n and 2L at 

29144 em·', respectively. The horizontal axis indicates the relative energy to the 

excitation laser in wavenumber unit , which co rresponds to the exci tation energy from 

X2 
L + v=O. The structures of the DF spectra can be divided into two regions : they are 

regions with excitation energy of 0-1800 cnf 1 and > 1800 em·'- In the former region, 

weak band structures of X2 L + were observed, and in the latter strong band features 

including a clear vibrational progression begin at around 1800 em·', which is considered 

to be that of the electronic excited state, A2 n,. It is hard to assign the vibrational 

structures above 1800 cnf
1 

as a vibrational progression of the ground state, because the 

vibratio nal structure is completely different between the two regions, 0-1800 em·' and 

> 1800 em· '. Therefore, we concluded that strong signals started around 1800 ern·' in 

the DF spectra correspond to the fluorescence to the low lying first electronic excited 

state A2
T1 , as described in Fig.5.1 0 The relative intensity of lFrr,--> A2 T1 , is larger in 

comparison with that of lPn, ~ X2 L+, which is reasonable considering the transition 

dipole moment 1-loA>> ~-tox. 

Fig.4 . 11 shows the DF spectra in the lower energy region, 0-1800 em·' , 

corresponding to the vibrational structures of the ground state. Peak positions and 

pa rti al assignments are summari zed in Table 4.2. The progression of the lowest bending 

mode, v,, was observed in Fig.4 . 11 (a)-( c) . Its vibrational frequency estimated from the 

progression is w,= 134 em· ' . The most recent ab initio study reported by McCarthy et 

a!.[ 17] predicted w,= J47.2 em·' whi ch is slightly larger than our result. 

Figs. 4. 12(a)-(c) show the DF spectra in the higher energy region, > 1500 em· ', 

corresponding to the vibrati onal structu res of A2 T1 ,. Here some vibroni c bands in 

X2
L• may be included with small intensi ty. In the DF spectra from the 2T1 3n and 2 T1

1
n 

vibroni c states, the vibrational progression of the v, bending mode of the A2 n, 
electronic state clea rl y appeared with intervals of about 205-235 en,-' . Peak positions of 

thi s progression are summarized in Table.4.3. Since the present A2 T1 , -lPn, electronic 
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transition is induced by the parallel transition moment, parallel type vibronic transitions, 

such as '2:J~: or 2IT-2IT , are dominant. Thus, strong peaks must belong to 
2IT"'-->2

Il312 

and 2I1 112 --> 
2I1 112 vibronic transitions in the DF spectra in Figs.4 .12(a) and (b) 

respectively'> Peak positions of 2IT312 are lower than those of 2IT 112 by the magnitude of 

the effective spin splitting constant 2r2>(see below)' as discussed in Chapter 2. In the 

present case, since X2 2: • li es very close to ;PIT,, the effective spin orbit coupling 

constant decreases to = 1cnf1(refer to equation 2.14) , while it is 23 em·' for B2 IT1, due 

to the strong vibronic interaction. We assigned the lowest peaks of 2IT312 at 1845 em·' 

and 2 I1 112 at 1846 em·' to A2 IT, v=O. Thus the band origin of ;:pIT, was determined to 

be 1845.5 em·'- Next, we assigned first few lines to be 2v5, 4v5, 6v5 ... with the bending 

frequency of about w5= I 17 em·' However the long progression observed in Fig.4.12(a) 

and (b) seems to be attributed to not only the v5 mode, because B- A transition is a 

linear-linear transition without considerable geometry change such as linear-bent 

transitions . In add ition to this, the intensity pattern of Figs.4.12(a) has two maxima at 

23 14 em·' and 3 166 cnf 1
, while in general the Franck-Condon factor for the linear-linear 

transition has one maximum. We tentati vely consider those to be combination bands 

including the v3 mode, C-C st retching. We assigned the 2726 cnf 1 band to be v3= 1 v5=0 

('IT). The 2TI312 -
2IT 112 splitting is almost zero, which is reasonable for the v5=0 state, as 

it is similar to the band origin of A2 IT,. Vibrational frequency of v
3 

is thus 2726-

1846=880 em·' , which is close to an ab initio prediction of w
3 

in the ground state, 885 

em·', by McCarthy eta/. [17]. The electron configuration of A2 TI 1 is such that a 2Jt 

electron is removed to the no orbital in the X2 2: + configuration. Since the 2Jt orbital 

has a node at a C-C bond, the frequency of C-C stretching, w3, is expected to not so 

change between X22:+ and A2 IT 1 

In contrast, in the DF spectrum from the 22: band at 29144 em·' in Fig.4.12( c), v5 

progression was not observed and a large number of irregular peaks appeared . In order 

to analyze this band structure, it is necessary to compare the DF spectrum with those 

from other 22: states, and to clarify the rotational structures by high resolution techniques 

such as SEP spectroscopy. 
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I) There arc two 2n 3,2.1t2 vibronic sta tes by excitat ion of particular bending mode, v ~ 2 . in 2 n electronic 

stotc,l i\- "' I,/- O,>: )andli\- + 1,/- ±2,>:) ,and they can interact by Renner-Teller cfTect. Since the 

excit ed 2n states a rc considered to have a wavcfunction of )A- ±: 1,/ - O,L), only fA - ± I ,I- 0,!) in 

iP n, is observable without ciTcct ivc Renner-Teller cfTcct considering I selection rule. 
2)v5 progression have a regu lar vibrati onal stmcturc, indicating a small Renner-Teller effect. In such a 

case, the magnitude of 2n312 -
2n112 splitting depend on vibrational levels. According to Hougen's 

thcoryl18] , ' n,, -' n,, splitting arc expressed by using r (as shown in chapter.3), 

2r- JA,ff' +l(v+ 1) 2
- K2 1&2 w 2 

In the case of C3N in /Pn, , Arlf is a lmost zero due to vibronic interaction, and 2r increases as 

vibrational qua ntum number v. 
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(a) vs 

(b) 

(c) 

Relative Energy I cnr 1 

Fig.4. II Dispersed fluorescence Spectrum of C3N in the relative energy region 0-

1800 cm- 1
, corresponding to lP n, ~ X2 E+ The excited vibronic states are (a) 

20 312, (b)2f11 n, and (c)2E' 



Table 4.2 Observed vibronic bands in DF spectra in the region of0-1800 en,-'. 

Transition 

Wavelength/ nm 

347.077 

347.570 

348.700 

*346.336 

352.030 

352.721 

*349.638 

*350.205 

355.610 

357.1 10 

*354.436 

359.027 

360.250 

360.757 

361.895 

363.646 

*361.2 13 

366.425 

*362.530 

*364.329 

369.023 

369.979 

Relative Energy 

I em·' 

0 

4 1 

130 

27 1 

400 

461 

544 

590 

69 1 

8 10 

93 1 

956 

1051 

1092 

1180 

13 10 

1460 

152 1 

1561 

1697 

1713 

1786 

2v5 

Jv, 

Remarks 

v,? 0 

41 

129 

259 

409. 

470 

-159-

a) Transition energies show those of DF spectrum from 20 1n, and marked with 

asterisks are those of 2l:'. 
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(b) 

(c) \ 

00 
0 

4v5(v4+vs?) 

Gv5 

VJ 

vyt-4v5 
v3+2v5 
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- 160-

I I 1 I I I 
I I I I I I 2TIJ /2~ A 2TII· 
I I I I I 
I I 1 I I 

I I I 
I 

3000 

R elative Energy I em- I 

3500 4000 

fig.4 . 12 Dispersed fluorescence Spectrum of C3N in the relative energy region 

IS"00-4000 em·'. corresponding to lJ2n, ~ ;[2n, ·The excited vibron ic states are 

(a) ' n .v2, (b)2fl112, and (c)2L:' 
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Table 4 3 Observed vibronic bands in DF spectra from 2[1 vibroni c slates in the reg ion 

of 1800-3500 em·' 

Transition Relative Energy Remarks 
Wavelength/ nm ·'l I en,- ' •) 

371.148 1845 0 it' n ,v=o' n ,, 

*370.838 *1846 *I ' rr "' 
374.4 17 2080 235 2v, ' n ,, 

*374 .234 *2091 *246 2v, 2
n 1,2 

377 728 23 14 469 4v, zn J,z 

*377 .574 *2327 *482 4v, ' n "' 
380 708 252 1 676 Gv, ' n ,, 

*380.5 18 *2532 *687 Gv, z nl/2 

383 .693 2726 881 8v, z n J/2 

*383 .352 *2726 *881 8v, ' n "' 
387 249 2965 1120 V] ' n v, 

*387 026 *2974 *1129 V] z n l,z 

390.286 3 166 132 1 v3+2v, ' n v, 
*390.049 *3 174 *1329 v1+2v, ' n", 
*392 .686 *3346 *1501 v3+4v, ' n"' 
*395.503 *3528 *1737 v,-l-4v, 2

n1,2 

a) Transition energies show those of Of' spectrum from 2D3,, and marked with 
asterisks arc those of 'n "'· 
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Chapter 5 

Conclusions 

In the present work, electronic spectra of large carbon chain molecu les, C,H 

(CCCCH), C40 (CCCCD) and their isoelectronic molecule, C3N (CCCN), have been 

reported by using laser induced fluorescence (LIF) spectroscopy. I have observed 

LlF spectra and dispersed fluorescence (OF) spectra for these three species. 

(I) C4 H and C,D 

In the LIF spectra, l:Frr, - X2 :E+ systems were observed in the region , 

24000-25000 cm·'c 416.66 - 400 nm) for C,H and C,D Twenty and seventeen 

vibronic bands of C4H and C40 have been observed , and rotational analyses of these 

bands and vibrational analysis were made for the 1Prr, states. The origins of iPrr, 

were determined to be 24033.432(6) for C4H and 24099.19 1(2) em·' for C4D. Two 

types of 2 I - 2 :E bands were observed, 2 :E +- 2 I+ and 2 :Ej~£- 2 :E +, which belong to 

different bending modes with each other. 2 :E + vibronic states were those arise by 

excitation of bending modes with strong Renner-TeJier effects and 2 Ij;'£ were those 

with weak Renner-TeJier effect. Two bending modes were assigned, v6 CCC bending 

modes with the vibrational frequencies of w6=191 em·' for C4H and 184 em·' for C4 D, 

where Renner parameters were very small, £6=-0.0 I 5 and -0.0 I 9, and v, CCH bending 

modes, whose vibrational structures indicate that C,H and C,D have quasi-linearlities 

along v5 modes in the B2 IT
1 

states. The 
2 L- 2 L band, although symmetry forbidden 

for iPrr, - X2 :E ·electronic transition , were vibronic a11owed transition through 

}f2 IT , - X2 I+ vibronic interaction. The strength of 2 I-2 I bands were very strong 

compared with symmetry aJiowed 2 IT- 2 :E bands. This results suggest the 

considerably strong vibronic interaction between the ground state, X2I+, and the fir st 

excited state, /Prr,, which were accidentally very close to X2I+ 

Fluorescence time profiles consisted of two components for most of the 

observed vibronic states of lPrr, the strong short time decay (-r=l 0-20 ns) and the 
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very weak long time decay (-r > 2 f.LS) components, where quantum beats were observed 

on the latter This results indicate that fast internal conversions to highly vibrationally 

excited states of X2 ~· and /Frr, occur in the iPrr, state, rather than dissociations. 

In the OF spectra from the lFrr, state, partial vibrational structure of the 

ground state, X2 ~ •, and the !ow-lying first excited electronic state, /Frr, , have been 

observed. The lowest bending mode v7 (CCC bending) of X2~· were assigned and 

vibrational frequencies were determined to be v 7= 118 em-' for C4I-! and 114 em-' for 

C,D, respectively. v6 progression of the /Frr, were observed and vibrational 

frequencies were determined to 206 and 205 em-', and the origins of /F rr, were 

estimated to be 230 and 21 7 em-' for C.H and C4D, respectively . 

(2) c,N 

L!F spectra ofC,N corresponding to .iPrr,- X2~· transition were observed 

in the region 28600-29200 em-' (349.65-3 42.47 nm) . Six vibronic bands were 

observed and rotational analyses were made for these bands. The origin of the B2 IT, 

state was (tentatively) determined to be 28799.638( 1) cm-1
. 

2 ~- 2 ~ and 2 ~\fi- 2 ~ • 

bands were observed with the same intensities with a 2 IT- 2 ~ band. This result 

indicate that the /F rr, - X2~· vibronic mixing, whi ch cause vibron ic induced 

2 ~ - 2 ~ transition, is relatively weak compared with the case of C4I-! or C40 due to 

larger A2 IT, - X2~· energy gap. 

Fluorescence time profiles of C3N also consisted of two components, due to 

internal conversions to highly vibrationally excited states of X 2 ~· and A2IT,' similar 

to C4H. However the short time decay (-r=l20 ns) component were longer and the 

long time decay (1: > 2 f.LS) component s is much stronger, compared with the case of 

C4H This results can be explained qualitatively that the density of states of highly 

vibrationall y excited states of X2 ~ • and A2 IT, of C3N is small er than those of C4I-! 

OF spectra show clearly distinguishable structure into B2 IT,--> X2~· and 

B' IT,--> A2 IT, transitions. The origin of the A2 IT, state was determined to 1846 

cnf 1 Both B2 IT,--> x'~· and B2 IT ,--> A2 IT, accompanied Vs progressions, and the 
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vibrational frequencies were estimated to 133 em·' for X22:+ and 120 em·' for i f2rr,. 

Comparing the isoelectro ni c species, C4H and C3N, they have quite simil ar 

electronic structu res and configurati ons as shown in Fig.5. I . Especially, both have the 

very low lying first excited electronic states, ;Prr, , which provide these isoelectronic 

molecules the special feature of electronic structure. 
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