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THE INFRA-RED AND ULTRAVIOLET SPECTRA 

Ll e, OF PROPYNAL 
"! 

1 



CRA 1 . 

l ITRO'DUCTlON 

Xn th"' quant\U11 m chanical picture , the Hamiltonian operator 

H corresponding to the internal energy of a molecule has eigen~ 

v· lues E, ·-nd eig nfunctions f that satisfy the -.·; v equation 

H ~ = E ~ (1.1) 

The , rn- Oppenheimer approximation states that the total 

energy E can r~ decomposed into separ te contributions due to the 

lectronic and nuclear motions; and to a first approximation , the 

nuclear energy can be tak n as the sum of separately qu ntised 

components due to vibrational and rot tional motion . So the total 

energy (ap rt from that ascribed to electron and nuclear spin) can 

be written 

(1. 2) 

and corr ~spondingly , the tot~l ~ vefunction .ay be factored into 

a product o£ associated wavefunctions 

with 

(1.3) 


(1.4) 


There follows f ro this approxi tion the useful result that 

the quantum mechanical description for each of the vibr<tional , 

1. 
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ot.at' ona.l ~nd • ot nio tnot1ons or the ol.ocu1 . y 

'V 't v = 'V f. v (1.5b) 

(l.Se)·r 't t- =: f r 
I 

at ~ or a lecule to 
,, 

o.ll consist of «~ fi~etral lin of -.:1 v th t"EISlltin 

rn.tm~ (em-1) 

(1.6)v = 

a ~other 'f rith · 

W' l'O 1 nd ; 1 A'l~ th 

l nck • ooru t nt nd e th v ~loeity )r 11 ht . 

I.. prob bility of c a tl"ans t1on ccun-in 

a pro:d tion b the squ t•e of t 

'x = J'f~x f" d (1 . 7a) 

(l . ?b)= Jfy t'' Jy 

~ ~ J~~ \f''\ -Jz (1 . 7c) 

nd 

,~ or the eoroporwnts of the! 1 etric dipol .nt.fJ--x• 
lonz th reutu"' ly p 1 pencUculf r ax x , y , ·· od z . For a 

flnit t • nsit on prob· bility . t l~Ast o of th aornpon"'·nt of 

th tr n i.:ioo 5 hgv a non-z ro value. Jroup th or t cal 

ap lied to be t .otor5 n th intogr nds in 
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lf one of the integrals hc.s a non- ero V ' lue , the transition 

mom nt will be finite ' nd the transition is allowed as an ~lectric 

dipole transition. If all components of the transition moment are 

equal to z ro the transition i forbidden • 

._e cause of the relatively sm 11 en~rgy separ ation between 

rotation 1 energy levels ~r • trans1tions which only involve a 

change in th rot.ti onal quantum number produce spectra in the 

rdcrowave region (0 .1 - 10 om-1) . Changes in vibrational energy 

give bands in the infr - r d region (200- 4000 c -1) . Each of 

these bands consist of rotational fine structure due to trans :itjons 

b t~een th rot tional en rgy l evels accompanying e-ch vibr·tional 

level . The el ctronic band spectr of a molecule , which correspond 

to tran itions between one electronic state and nether are 

gon rally observed in the visible and ultra-violet reg:tons , 

{10 ,000 - 100 ,000 cm-1) . Each electronic spectrum consists of a 

s ries of bands, du to transitions between vibr tional energy lev ls , 

in the combining electronic states , and ach band in turn displays 

a rotational fine structure . An analysis of an el ctronic band 

~pectrurn provides details of the geometric nd elastic properties 

of th t wo combining el ctronic st&tes . 

Duri ~ r cent ye ars , oonsid rable a fort h· s be n devoted 

to the d tailed stuqy of electronic band p ctra of simple poly

atomic olecules . The rapid developm.....nt of this subject can be seen 

rom the follo •ing chronological lint of molecult,s , ions and free 

radicals for which rotational analysis have brJen carr ied out . 



4. 

ri.or to 1940 HzCO , C02 

1940 - 1950 cs2 • co~ . so
2

, o2 , Cl02 

1950 - 1960 C2H2 , tiCN, cs2, H2co, (HC0) 2 

~:oc :t. (' r:r+, ~2 . -cr_, CHJ, 
t:. 2 2 

1960 .. 1961 

Ther e is, th ~refore , avail;•ble at the present time f irly detailed 

knowledge of thes apecies in th ir ground and excited electronic 

states . 

Pefore such an nalysis can be mad on a poly tomic 

molecule , number of defin te requirements must be s tisfied . 

(a) The main require ent is , of course , t hat 


th molecule must absorb or emit in an exp ri 

mentally accessible region . For sttdies in the 


visi le or near ultra-violet , the molecule must 


contain ultiple bonds , or it must h~ve non-


boning orbital adjt cent to multiple bonds . 


(b) The band spectrum of the molecule must h·ve 


a discrete vi r ational and rotational structure . 


This critori~nis difficult t~ pr diet in ·dvance 


since the bands may be diffuse because of the 


occurrence of dissociation or predissociation in 


the electronically excited stat • 


(c) The moments of inertj_a of the molecule must 

be suffic ently small to en~ble the rotational 

structure of the bands to be resolved experi

mentally with the spectroscopic pparBtus available .• 



·or leeul a ~ th ei .tts 1n t.h~ r e 

¥:~ ... 100 an inst~ ntal · solvin · po• •:t• of .ct 

lec3t l~a .ooo 1~ usually ce . Y• If two of the 

t .. A!) oqu l , he 

rot 1 :~:t etur of ...he 1 .. il lifi d. 

() .ol ul ...hou 

e(jnt. n rel ti ely • ~: ~tom to nsure that th 

or a h &h s n try to limit th nurn ., r of 

.re oM.v 

( ) botopic·lly 

su'mtit 

s1nc sotopic 

ana.ly es • nd 

Propyn ·rr: ( t•·ro , ' 1ch 1 
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vit>ronio t, t~ or tho e<tura ly '-'<bu ant 1solT:or nd conol ed that 

sinceblt\ to "lef1 t . molecular ~t"try only -.npro 

o ~lY t a eresitions nd b princ1p 1 ax s 

rot' ti n l analv is o£ t.t: rr.ie flVe s~>ectr of 15 isoto .ic p oie • 

Th ultr -viol. t rbaol"P't 4 on oeotrurn was x«.w.1 .. d under 

•di t• oluUon by l'o Hll r:oldstein' . r.~.. idos o 
0 

t sorp ~on 1n h 20eo A 1 cion, the ound tb~t t ~ 

erv.._nz dtf u 

n J000- 4000 
0 

Fr , a rtiel v1 br·· irmal n lysi. of th rand , they con urled 
0 

th t the or1 ·in ot tM system was «1-t ) 2C Elnd a trans1 t~on to the 

lo t oingl re:Jponsi l$ , in 

wt- eh an lectron 1a pro .ot d !'rot! ncn-bo~!in. orbit&l on he o~~en 

to into Gn ;mti... ond .n!> or i ~' 1 in .,he cH~r onyl roup. 



I . :rn or<Lr to analyGe th nu 1. i.!r otions 

pbc() ~nts or +he t ms wh~n th flt01 ;cule i in mot.1on , h~se ao ld ba , 

the ~.tom l1l. cons r ined to P.lOV& () th.,.t tbet·: is no · etSW.tt.nt l:lne- r 

or &n:tul t• the ri".OLOU ·-s ~,·ho e , th<>t is , i~.. e. o'U't&s 

vjt::r .. tion :0 rot•t onal or t.r nsl tion l • oHons , then siX of 

th 9~ coo ar redundant , a non-B. ·r ol~c-le 1 v1n'~ only 

3 ''... v:5 br tio®l deer es of fN do ·• 

Th potent3 ~ 1 energy V of the syste.l mt.y e t"'tlpr~sentad hy a 

i plt'o~mont.s o, re .., .all 

J' ., 
~~- ( ~-~. ) oiqj . ••• (7. . 1) 

. ... l ~q1 ~ qj 

V0 is the po nt 1 1 en~rcy o:t ti':! nu 1 1n t oit- e uH!briu: ootl!igu

is '<1 o ero , s1nee V is a r.~inimum for · equilibr1 co , ' i r,urrtion. 

7. 
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(2 ..2) 


whore f •re ccns r.nt for ;a ven n10lecule . The kin tie n•r~
ij 

of t. syst :- ~s 

(2 . ) 


of an ort ocor.al ... · na ox t on ut.--on t h c ne.• 11. ·eel co

~ L. . (2 .4) rt 
1 ij 1j"'~:1 

it is po ofb to . ·ns ~1"' to a c or..an te yst . <; • • • :3 • in 

t · potenti 1 n~T':;y 1'\M h• simpl forrr' 

(2 •.5) 


Tl-1e ~~ c&lled the no al coo in t s of .ie , ysto • nd ith t. ·eir
1 

us th r1u· t1ons of motion er r due d to t l ir s le, t form . l'hus 

wh n '1' 

vibr ti.onal · ev e . uRtio • t h tter can reduc d to 

J . 
z: ~ 2 t 

.3 
+- 8 11 2 (~ - L. .f' .-2) 'f-' = 0

11:;;1 v 5.:=10 ,..2 ... i 
i 

h7'" 
?pi 

W" 1oh.upo p ' f•t5 f' 0 t o v·1• a lo u' titut:.r '' 

(2 .8) 


re olves 1.nto 3r e•~uations . · ch of fo 

2d'Z t i ( ~"1) ... 8 _ 
II '~i-r1~i> ~1c~ · = 0 

d '~2 ?P!ii 



where 

E= ~ E (2 .10 
i i 

~~ch of th .quations (2 .9) has the form of a wave equation 

for a simpl harroonic oscill<tor , and has igenv lues 

•here vi is vibrational quantum number and V 0
i is the classical 

fr<'quency of vibr' tion . (Six of the quations , however , correspond to 

the three rotational and thr e translational degrees of fre ~dom for 

the non-lin ar molecule , which h ve zero frequ ncy; the remaining 

.3 l- 6 equ tions r pres nt genuine vibrnt ens) . In terms of normal 

coordinates , therefore , th vibr· tional motion of the molecule can 

be analysed into .3~-6 indep ndent vibr'tional modes , each of these 

being directed along a nor'!l'lfll coordiiW 

II . SY''i>"ETRY: Solution of the vibr tional wave quation to obtain 

the eigenv~lues and eigenfunctions for a polyatomic molecule 

re r esents a tedious c lculation , although electronic computers are 

widely used nowadays to acceler<:.te the process . ¥any properties of 

the normal vibrations , and also the s ection rules for spectroscopic 

transitjon , may be d termined ithout detailed calculation hen use 

is made of the sym etry prop~rties of mol cules . 

The nuclear frame ork of a mol cule in its equilibr~um con

fi :ruration possesses c:trtain symmetry elem~nts . These corr spond to 

symmetry op~rations which interchenge identical nuclei in the . olecule ~ 

For e mple , th planar propynal olecule may be subject d to the 

symmetry oper Btions 0" h , refl ction in the molecul r pl ana , and lso 

http:acceler<:.te
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f'or. 1ly, 

orrt eym,..etry sp eies'J labelled ;., • l nd ' . 'N ith r of .he l~er rosen.. 

t tion are rene1.'< t • and t eir chLrl cter ystems unc e he group 

displ~c~. ont vector !or the olecul leo generate repr•sent ·tions of 

n · x ~nd y coord n(~tes .'iit> , bken to l i e in th& oleculi:r plane und 

the ~ a::d. 1s p rpendieular o thi • '!'~ble 2 shows dirl!lct pro ucts 

for the C8 potn. group; th a ar obt 1nod by !l:ultiplic.lltion of eot•res

pondintr eh, r4l.ct.ers bello if'l{1 to t~ two irreducible t>epres ntations in 

'flil le 1 . 8 • g • r(A.') r(J If) '1.:: \< 'I ) e 

b fox- of a colu.mn vector , applic t.ion o.~ the gr oup sym etcy 

di~pl ce., rnt eoordinnt 

hioh thera ~·~ t1 tot 1 of )N = 18 or propyn .1. Th~ :identHy oper tion 

is unitary .nd of di ns1on lB. th~rofo the eh r~eter~{E) =18. 

n1.el'. ho <T h Op-t7re.t,ion , the x find y disphcement. coordinntos in he 

mol aulat" plan. r main 'Ul'lobarl iXi . an constitute • 12 to X:(C1 h) ; but 

t. z coord~ nates .t"$ ch ed in sien 4l!nd cont.rlbut6 - 6 to the 
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similarity t:rans!om tir,~n tbnt trl;lnsf'oN:s the C" rtasi n coordinates 

(xi . Yi, t:'i) i ntc thtl 3N nol"'l%:nl coordinates r 1" 1h~rr•fore "' com

position ot' rD into its il•reducible 'l'"GY,f'(MS~mtntions yi ldfi the 

nurd ~r nd ~Yl'l'etries of thQ normal mo.1es of motion of the moleoul • 

ooordinatll:l;S include thra t.h.roe translfltional and thre$ rot. tional 

.E CY 
h 

r (T) J 1 

f(n) ) - 1 

J< rl~> 6 0 

'.he-n these ar~ aubtrr•cted t~m r . thet•e r sult t.he cb a:r.~&ct6l"' &y<.Jt. m nrv ""' {12 . 6) for tbe purely vil"r.;tional modes . Thi.s em be decomposed 

into its 1:rreduc1'tl e eompontr.tnts l'lith the aid of c:~hle 1 to ~ive 

(2 .12) 


Therefore out of the twelve totnl nor-rr:;al es or v~.br<!tion of the 

directed out of the pla.n8 snd b long to the J...t1 represent · tion. 
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III . 

of a transition between two vibrational states '/' 'v and 'f 1 v in a 

111olecule is proportional to the squ~re of the vibrational transition 

moment R • whe e v 

Rv = J~ ' vJ..t ~ "v d't (2 .13) 

where ).J.. is the dipole om nt of the molecule with component ./-'- x , ..M y 

and ~ along th Cart sian axis syst m attached to the molecule . 
z 

Rv can be resolved into components 

(2 .14)<Rv>x = J'f 'v .,Llx 'f "v d't 

1 (2 .15)(Rv)y = J'/J v ,u y 'f"v d't 

(2 .16)(R,) Z =f '/! 1
V j.J. Z '1-' 11 

V d 1' 

end at l east on of these components must differ from zero for 

vibrational tr~nsition t o be s~) o•ed . The sel ction rules can be 

r e dily det rmined by group theoretical methods , using the f , ct that 

the integr ands in equations (2 .14} , (2.15) and (2 .16) can only differ 

from zero if they belong to totall y symmetric group representations . 

So the dir :.ct product r(f ' v) r('f nv) must belong to the same 

repre-.entation as · t least one of the components fJ. , p or ....u. for 
X y Z 

t is to occur . The direct products for the two vibrational wavefunctions 

can be obtained from able 2. 

The components of th dipole moment are 

= .2_ z (2 .17) 0 

i '"'i i 

where i i s the effective chs.nge on the ith atom . .. ince this remains 
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constant , the dipole moment components transfer under the group 

operations in the same manner as the transl 'tio al displacements 

Tx ' T or T along the same spatial direction . Therefore ,y z 


r ( l1.1 I ) r(tf" ) must belOn!:! tO the sama representation ]l.tl aS

T v v 

for a transition pol<Jrised along the z axis to occur , and to theT21 

same representation A1 as Tx and Ty for an in- plane transition to be 

allowed . It therefore follows th t transitions in absorption from 

the vibrationless ground state 1 symmetry to vibratjonal st tes of 

A1' symmetry in propynal ar out- of- plane polarised, and transitions 

to tates of A' symmetry are in- plane polfrised. In other words , 

the nine fundamental vibrations of A1 symmetry yield infra- red b·nds 

that are in-plane polarised , whereas the three fundamental vibrations 

of " symrretry give bands that are out - of - pl ane polarised. 



Propyn 1 ·as prep t~ed y the m9thod 
... 

of " illie nnd 3affer • the procedure follm 1 the method giv n in 

0rp;£mic s;rnthesis 
s

• his eon isted of the o idat on of 2- propyn. -ol 

with chro. c acid . To a agi ated d ure o£ 360 mls . of the 

a · cohol in 135 • of su.. phuric aci.d nd 200 ml.s . of ?r-" t e r, was 

dded dro'(Mil'le a solution of 210 rms . o.f ehro i un trioxid.e, dissolved 

:in 1.35 :l s of sulphuric c t.d and 400 mls . of ?.~~j,· .r . 

v sel ·a. surrounded wJ..th a Bth e.t 0°C • d was m intain d at 

p essure of 15 mm Hg by evacuation \<'ith wat .r aspir tor . J 

stream o · ni rog n · bled nto the r· act on mixture arrl exp lled 

th prop nal befor it could oxidise to the correspon~ i ·cid. 

~e v~la ile products ~ ~e pa d through three trape in suo e sian. 

he f ret being .a ntained ~t - 1 ° to r move water vapour . arrl the 

r ma:lning t·;o t dry lee tC'rr.per ·tur e to collect t.he propyn~l. 

Th propyn t•n·l th, nter which st1.l l r .mnin din he sample 

w r s arat d into t •o phases by s t urating the resul ti product 

·ith an ce s of potassiu . chloride . The organic phase v d c nted, 

dri d tdth anhydrous sodiu sulphate . nd d:l till ,d th:rough 10" 

o bie nirk column th t heoreticul pl ate 'f'he c ntr f r · ct.ion 

propynal ~- · s not distilled through the column ut purifi d by 
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oroduet ... 1ch h.d --n infr' 

den ic 1 ~n · y to t:ne- e ref ll purifi ~ 

, 
roc dur of Co. in and 'orton • a u ...ed to pr pa 

th~ d- cet, 1 nic propynal ·r ;; '"f" r: . r, rurified p pyn('l dded 

.ixture by volu. was ob in·d . This as 

~ ., al lin y h . lropwi ad tior1 o~ a dilute solut on of 

sodi m d uteror.~ e. rial stlrt 0 

creoipi h th kno m to 

b eonpl·te . Th >ie ly plun:·e into 1 quid 

nitro n to rwev n :further polyreer!... ion, then ttacho!d to 

v· ouu,. li , r.d h• vol $.le 'is ill"' off tmd col cted 

in r~ ·qu ou nd ore ic 

em .pon s w r .., . . .,..~t c _n o t o , as s, • out. with .C . 

di t llat. o ev· ,"f1 t . • Th exc •. r r;e procar ure ras r ·pet ted four 

ti s until he 1 oto 'li p rity ~· d to be better th n 9.5 ' 

• va u t d by coRp rin. th absorbanc of hft 

'b .nds a.t :?125 CU"...l t· ' ?110 c - 1 in the infr - red ·p~Jctr wh1 · 

re ascri~ t > h (C::<::) mode v J in .~"=C tiO sho n 

in Chid') r 4 . 

- ald hycl c ropyna ·• i "::" ~ wA.., p p '>$d th l"'erck 

d to us by 

"'ii" . C. C. Cot.. · n of "'he ·· tional es rch Co nc:ll . 



•JaC. tit.nd " · r op icc sp tively . ::;1:\t, 11t1dt hs va.rLd' f rom 15 mim-on·~ 

at 4CCO cm-1 ·to 0 cr ons t, 6C'O ere· l . :av~'~'-l~£<ng;th e ali br$.ti,on 

m nt of •.J:t O'"nd origins is esti'?\Glt""d to be ,! JJ) cm- 1 ctt. 4000 

~;r numh~rs and .:!: J c - 1 at 600 om- 1 . "fh~ ~t.s call u.,-;ed to contat 

th4t propyral. had r. p:1th 1 th of lO e • nd a diao; tt:-r or 3 c ,, 

v."ithin th t> ce 1 up to 1G4 (tha saturat i ')n 

of l iquid propyot;tl "¥r&s 

o'bta ned •·ith a t :vo- .pr:l.sm liilger ~015 r'Ulv:an spect rogr ph . t 

verti a1 '3 tcount."!d spir l ':'oronto typ... , 1~ pr •• :.sw:·e n.erc ry r c 

http:t:vo-.pr:l.sm
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minut .s a d J hours ·ere required hen Yodak lOJa-0 and J!a-0 pl£tes 

wer used . ~t oom temp r tur , propyn 1 lowly polymerise into 

a r~ddi h- bro polymeric at rial , which comp etely absor the 

0 
4)58 J. e citi a line , a proc ss which is ar edly nhanc d y the 

action of the exciting light.. A jacket d •taman cell wa s constructed , 

(illustr:ted in Fi ure l) that wa de i ned to op~r~ a between 

-20° and 25° • The nner ell (a cont ained 15 ml . liqu d propynal . 

Thi~ 1a surrounded y a jacket b) , through which cool~n flo ed. 

An a nular p ce (c) oTQS f lled ·ith y nitrog n and provid d 

insulation b .twe the filt r jacket (d) , cont.?ining saturated sodium 

nitrite solution , d the cooling jacl< t ( ) • t O pr vent the 

formation of ice cry..,t ls on the c 11 windo1 , a secon vrindow was 

att ached , wh: ch wa oparated fro1n the col inner c 11 by an insulating 

air sp· ce (f • 

t e R 1an plat were microphotometered \·ith a Leeds and 

~rthrup travelling ·crophotometer . To ott2in the waven ers of 

the " m n lin s a dispel"sion curve vlh constructed to the same scale 

as the microphoto -ter trace from suit<bl iron and Hg arc reference 

ll.n s . The Raman ines i n the microdensitom·t .r record were 

cali r ated by interpolBtion from t h dispersion curve . 

Dopolerisation studies · re m d using the method suggest .d 

by Edsel and 1 iilson Polaroid cylinders (e) ere slipped into ' 
the nnular vpace (c) t tween the i nner and out r jacket to pol rise 

the light fro th ~ig ·arc p · rall 1 &nd perpendicular to t:te optic 

ruds of the spectrograph . ;'xposur s ith p• rallel , rrl perpendicular 
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FIG. I THE RAMAN CELL 
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. ol&ri d 1 ht ' , a sp c OD opie pl t 

. h in~ li ~ c~ ?ar d vi u lly• 



1. INTRODUCTION : The infra- r d s _ectra. of gaseous HC: CCHO , HC; CCDO 

and DC: CCHO are shown in Figures 2 and J , and the microdensitometer 

trac of the Raman sp ctrum of liquid HC: Cc"HO in Figure 4 . The 

wavenUinbers of he centres of the infr·-red bands and of the Raman 

lines are co lected in Tables 3 and 4 . 

he infra-red spectrophotometer •as unable to resolve the 

rotational tructure of the bends , but two types of vibr~tional 

b~nds ere appar nt in the spectra , n~mely , those which exhibited 

well defined symmetrical doublew ith maxima separated by 15 cm-1 , 

nd tho e hich extended over several hundred vr venumbers d 

pos s ed we·k ub-strueture wit h maxima separated by 10 cm-1 . 

In the aman spectr\llll ach vi r ti.onal band appeared as a 

single peak projecting out of a continuous background • .This b ck-
o 0 

ground Wh S we k at 4000 A and reached maximum intensity at 6000 A. 

ln Chapter 7, it is shown that this continuum may be attri ut d to 

the emisoion spectrum of propynal which has n electronic origin at 
0 0 

4144 A. !n the Raman spectrum,the Ilg :x:citi line at 43.58 A vias 

surrounded by a r gion of continuouc emission (presumably due to the 

unr solved rotational Reman spectrum) hich xtended over a range 

of several hundr d wavenumbers . This made accur te easurements of 

the wavenumbe ·s of the two ar an 1in s that occurred at displace ents 

21. 
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• C! C'":.. ..:c, -no ,,c ~cc 

A ign nt 
cm-1 r c -1 l c -1 I nd yrnmetey 

JJ ( , sh) 

3440 (m) 

.JJJ5 (vs) .JJOO (v ) 1)1 (a ' ) 


J080 ( w) JlOO (vw) 


2869 (e) (28?0)*(vw} 2880 (s) v (a •) 

2 

2780 ( ) 780 {m) 2 X )).5( ' ) 

2 .20 ( ) v1 ( a 4 ) 

2300 (vw) 2132 ( ) 

21.30 (m,ah) Vi a' ) 

2125 (vs} 2110 (v ) 1990 (v ) '\)J(a •) 

1925 ( ) 190 (u) 2 x V. (a •) 
10 

1700 (w, sb) 

1692 {vs) 1670 (v ) 1682 (v ) ))4( • ) 

l398 (ms) 1379 ( ) "\).5 ( •) 

1.380 (w) 2 X \.! ( 1 )10 
1)!40 ( ) 1:320 (m) 2 x V 7( ' ) 

1275 (m) 1 75 (m) 2 x \)ll(a ' ) 

1076 (v ) v
5
( ' ) 
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t:r 	 =ccE H-;: cCDO nc; cc·:to 
Ass1 gn.111cnt ...cm-1 I cm-1 ! om-·1 	 and syn .etry.1. 

990 (m, sh) 	 980 ( ) 1J (a")10 


950 (vs) 871 (vs) 92) (vs) 1.) (a ' ) 

6 

815 (h~) 871 (w, sh) 815 (w) va + liz< t) 

691 (s , sh) 681 (s , sh) ( 680) *{w) V7( I ) 

669 (s) 659 (s) 	 v l1< rt) 

615 (w) ~15 (y) 615 (w) v ( •·)
8 

542 ( ~ . sh) V (a ' ) 
7

519 (s) 1)11 (-- ") 

tt rands ascribed to impurities 

s = strong , = medium , w = ·e k , v =ver y , 

h = shoulder , p =pol~rised , dp = depol~rised 




HC CCHO 

IC: CCH.O 

.AssignrL nt 


cm·1 I c: nd symm try 


3381 (w,p) 	 V (a ' ) 1 

28.56 (w.p) V
2

(a ' ) 


2080 (m,p) lJ3(a ' ) 


16.58 {a .•p ) 	 1J4(a ' ) 

1392 	 < ~ , p) v 
5
(~ ' ) 

988 (w, dp) v lo(att) 

947 (vw ,p) lJ6(a ' ) 

'710 (vw , d ) V (a ' ) · nd tJ (a")
7 11 

620 (e ,p) V8(a • ) 

261 (m, p) lJ 9(a ' ) 

:?2 (s , dp) l)lz(a") 

* 	Pands ~scribed to impurities . 

s = strong , m = medium , w =wo ~ . v =V"r y •. sh = shoulder , 
p = polar sed , dp =depol aris d . 
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of 226 ·nd 261 c.-1 r th e.xc!- t~ lin dif toult to o t&1n. 

has b"'f!n aho¥m in Ch:..p+ ~ 2 . of the 12 nor1Jt~l mod of 

vi ration , 9 l1 ln th pl· n o the 1 cul a.nd · lon·¥ t 

totally s .• trio A' rep~esent~vjon f th C po1 t u up, w~il 

the 'r~Jnaining J ar• d r ~eted ou of the pl ·.ne lind belong to he 

,I' 

Ci nc•" the e ometry of propynal is such th.rst the mdl.cule 

is lino.,t a sy· ~- tric top in U ·rout · el ctronie 'tate , t e 

vi r ·· iona.l, u ts in G i .rat npr:rroximation c alas: ifi d in 

s per•p ndicula 1· or 

p llel according to · hethor ·h: t.r n:JJt~.on O'~ .nt i$ Jirectod 

p rpend:icul t"' or p ' r<•ll 1 to th S!f1ll"~etric top rud"' \.rh:ich has l 'tt:,at, 

culation of +he band contau "S. using 

h s ~t i c t p c.tp oxi.r", ion nd h!t censjon o · int"!d for the 

round st.· a of propynal by r.~i l"''H<:.v~ st.udi s (with ;'; :: (P )/l) 

"'ho··od th~t a p r·allol type and , in ··hloh an in- l n fi ' vibr t on 

i ex i cd, should e_ h- it ~ ntenae ? an ""' br..noh s ~-.nose maxj ,n 

Qt"O sep r t .d by 5 c ..-1 at room t~ . r .t.ura • and th-.t a p rpen

1" 'J'ibr ::tion 1s xcit d , should h ve 

an extend· d rot.., -ional stroc ure t.h num·~rou.s · ak '\ sul?-:t-.w.nd~ on 

ith ide of thtl ha. d oriQ:':in. · t ~ abl d the polhrisr t.ion of 

the o e Vl!.'d bnn~ · to bo d r:l'imd . 

The contour o! th vibr· tionttl banJ!! in th nman ctru 

of li u1d "\'0 ynal ~ould not be 

to their asei.gnm nt . novev .:- • d poleri et.1on ..cr.sUl·er.m:mts o . the 

·~ an ~P etr en;t . d .... 

http:sul?-:t-.w.nd
http:n:JJt~.on


or der?<>l:•. ised r s~ tively. '!'he ol se ed depolaris<t1ons a: 

The vibr<tionsl assienm~nts for t~ round -lectr nie tate ~ere 

the depol~ rieation of t he i#l!'1.an linea -'lnd the ch e in frequency 

of the vibr·~tional mo·: s on :l$otopic substitution . The ground eti te 

fund m~nt. 1 frlquenci.es of propyn~l ~n:t their aseic:;nment "'~·e 

• stretohine Vihr~ti ns flr e known to fall in tho 2700 

3400 cn'- 1 re,:lon ~nd , as 4i sult , th t•s i<.Jn. .ent of the vi. r< t' onal 

" 1<>d ,s v 1 "nd 1J2 w s quite straiehtforwt!rd for pr~.>pyool . S 11tn the 

1nt nse 'band which • p ""<·r·ed at ):335 c -1 in th0 ->pectrlllll of normal 

propynal as hi ft!·d to JJCO cm-1 in d- ldehydie . ropym.l «nd dropped 

to 2620 e -1 i.n ' - ....e ·ty1enie pro:pynal , i.t 'I.·M a ... ttiened to the in

plt,.ne v:;;l nee vibrl"-<tlon lJ • The ra.c.son tor the e/&kness of' th1 

2620 cm-1 band in nc: rc ;o was r.ot obvious . ~ s e:xpeotad, there wa 

11ttle H'ference bet : ""n tho -..:uvenun;. ~rs of lJ • th o.ldt<thyd1c:
2 

hydrogen at re Chin~ ,oae in rJC : ;'(' 0 <. n..i ~,;:: : '(.t1( l> i 'Oh re at 2869 

~nd 2880 c - 1 r .spe tively • wh~l· .as in :1C: f"'.tX", the wavnnu.!'lt, r 

The w¢'11 num~r;:; o!' the (:: C) ond (C~ ,."~) modt: s 1J J and 'V 
4 

, r not e p atecl "o display lar~ shift on d uter tiort . The v 
3 

vi Ntion i('J loe""t~, , ~nl.,v in th.e ( e: c) group but ~1so involve 

http:frlquenci.es
http:i#l!'1.an
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rnrr - r d (v pour) it· ' n (Hq . ) 

nc~rc...o v! C X E' C~lO ·:c. cc s ignt nt 

33.35 JJCO 2£.2 JJ 1 '\} l GC t . m r tch 

2869 Zl)O 28 28.56 " 2 ald . C tr tch 

212.5 2110 19?0 ,080 " ~ c: c stret.oh 

1692 1670 1682 11:.5 " 4 c-:. c tretc 

13 1076 1:3?9 392 " .5 :co rd. 

950 871 9"' 947 v t c-c str tch 

691 681 .542 (71 •) ')!7 I c:: c 0 

1.5 61.5 15 (20 1) e ceo 'b nd 

2 l v 9 ..;": nd 

990 (,,50 980 .,88 v lC ~co nd 

6 9 659 519 7 o• " 1 !Jt"'=. c r. n 

2? V 12 CCC nd 

• rery diffuse 
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s U. notions of th 'cr tylenic hydrog n. 'fh fr~quency of -v 
3 

should the for 1eor se light ly upon c tylenic , but not 

aldehy io uter" ion. .on '-'l"l!ely. the :fr nuency of the c c~c~) v ... 

lC>de houl i en itive o e tyl nic dautert:·tion nd deer • s 

s lightly on aldehy ic deu er~tion . The f r equency of the bands 

as igm to the l!'Odes in Bble 5 in th manner r dieted . 

Th in- plan bending otion of the ldehydic hydro en 

;<to hi1s n fre.,u nc of 3?8 em-1 n f ~amid; ~nd 1371 e - 1 :i.n 

'\) ode in "lropynal. d
5 

to t.hi.:> mod • Th rpparen y hi ·h int n :i.t.y of this b nd is due 

to another underlyin"" b nd of •hich r•- c~s can e seen. 

h '\J vi rr on , es:ton ia y e r. c stretchint; mo e, ·as
6 

assigned to 'nds at 9.50 cm-1 and. 923 cm- 1 in t! '!C i 0 and DC:. c·1o 

rsspect""v ly . There ~re t t ronr; bt..nds in ttc: crno at 1 7 cm-1 

and 871 cro-1 rnd since the hi gher of hese As cl to the 

(C 1:"1 ) r.ode V , the 87 . cm-1. band wa ass •ned o v 6 • 'l'he
5

~eparation o~ thes t o bands ,a• be incr ased y a Fermi resonance . 

In the 5 0 - 700 Cfl'-1 · _.. on . c' pectrum hows a trong 

b .... of co pl struct r th t. i s 1-most ident ...c:Jl in :1 = ~cH:a 

· nd ~ Ci~ r.o . but is s 1ifted t o o~~~ar fr q "!ncy snd 1\Uer d in 

he rom nont reetur !:or a s:i.n le n .,nse 

e k belon~ing to a rpondicul t ·pe b n··. •· h a hybrid t :;,. 

b ..nd. ho· ' ng r r.nd '; •t1ings s pt:.tt'' ted by 1 am-1, on 
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~ 2 hi h :, cy }oul.i.., . vi. of b.. n ...u w· s~g :J'' to 

..h 'U 11 out :t- p1 .n~ nd \)7 "n- . la."'l tiC ylonie 

otione , ~h~ oh ar e:· •f:'Ct dt djf!'er s~i ....htl 

2yqui .d Pot. .eney t • n , li bl 

Th~ 1) vi r. ion a~ ..·ed cl <c rly only :tn OC: \.'Ch 10 

~~l p~k·t .. SCc jacent .a ructu:re nro i ll'"' t o hat 

p e a.ct ed .or CA ul l' type \:: ·nd . ..r· t on 1 nt 

em.. !!oO trl.L• "'.e :en cm- orm~·t· ,,,'· -.- "r-. 1_.r.ol \}.-1"'~o; 1"'.r.n .., , · d 10_;~:;.-:. .., 11n , n~... 1: r ..,. • 1"" t.~ 

th nd on t h h ' ·1u ncy h uld t• of the otro .. lJ 6 
bux•i .d bene... th t •:: co pl "' t. 65.. e~-1 . 

r. n: .. ·- .. ) 

pointl r~ to tte s ~ em nt. 0 f 11 k · ..;;nds ! n T le 

3. but o e ttn etiv coc-rel ion~ ., 

o .l.ch other in sh· pa :md int Hy in th. infrc· - red ..peetl:"a 

nd r-c: CT ; if t.h se re 2 ac~ th corre in '/"! CCDO w:i.ll 

b be. · · th thst ot 2110 c - 1 an han · he uno .s rv d . .~nds identi.. 

v aible in 11 r ,e ctr • - f h• ::> • lJ 
7 

nd 2 ,1J1 re~"u"" wert':! co~ 1·•·ctl i d, r ifi#>d n ~rr: c.~·ro 'nd ·-r: cr.~ , 

h n they ,.·i 1 , hidde be . . .h he a ' Ol" tion :i U e 900 - 100 eiJ: -· · 
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r g5.on in 'D :. Ci . • 1 .-: cc-10 an~ rc~ cr:tro sh si 11 r p rpendicul r 

ty e bands ~ t 815 em- as ri ed to v8 and v 12 ; the se ow frequency 

~nds canno invo v hydrogenic vi· r r · ons c .: in d w th other 

vibrations, ;:~nd o the analogou~ b nd in ·rc=ccDO •:ould b at s:imil~r 

fre .uency but su merg d ben th a str. g_r bsorpt on . 

..ast y , the ... s a dj stinct we.-;;.k nnd in c=.... m at J440 c r l • 

'I'hls could not e i den ifi d but ay we 1 involve motion of the 

acetyl n1c d uter'um · o, is count rpa:-t in :.:c~ cr;oo nr t.:c= c~IJ 

he:tn- shift d to hibh r fr quencies beyc.nd the rerr on of ob ervotion. 
' 

Th vibrat .: onal s signtuent 

of the 1. es in the .an sp tru of liquid · : eel. confirm the 

analys a of thi:l infra- r ..d s ectrum of ga saous prop.)'llal . The 

r e1·.tiv intensiti(}S of he ends i n th- '":am~n spect r um dii'fer f rom 

th inte siti s of th corresponding infr a- r d b~ nds . J- .. a result 

of a stronc intermolec 1lt~r association bet reen pr opynal JI'Oh cul es i n 

th ljquid , th.. fr- que e co res.ondin~ b nds in h~ infr~-

r d and a ~n spect rum are not expec d t<:~ be the ame . A s r ong 

hydro ond re e n the non- bonding el_ tro· s of the p orbit 1 of 

th ~ oxyg n eto <nd the ac .tyl nic hydrogen e:tom , ( c -;, .• • o :::: C ) , 

lV . 

re c hi · o je s 

bend ng modes \1 • v and V 

f th ( ~ en and (c -r ~o) 

:ffer nee n wavenumbers 
,· ? 8 ll 

t"'1een th i ni'r ti'.- d ~ ' ~am n cor pondi ,.. to V , V and 
J.j. 

vn ar in the i eot n predi tad . . o-.,re •:>r , v;, is nom.alous in 
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id ._t t • 

1'ho .frrquenci -s o t e v:i br ti nal o..:l & lJ 2 , lJ S <m. lJ , w icb 

th t the f' uoncy i lo r in t 

r· . n~t i f't:. dnvolv rr:ot io 

p .. ·ci bly 

n . t >1 v .ly _ oci :t d in thft 

liquid p e . 

T 1. b:o , tr bands loc ted a 2.26 cm-l nd 2~1 c.. -1 • · 

a sit;. d to the r~ ~ in!n • s \e t•l :le V Q and 'U . • 
. 12 

·owe nd 

Col e"" 1 o t :n~d rou:l' • va ~ o lS 15 "'m-1 2~ C _ l c .....1 

- · 

pectrum ·:i h ...- r)ling t . r~ t • · v1 1 co r~ son of th 

the ·... . e. 

th s-, ctr.... r·•p .• in ic t: • th ·t \-h ised 

unr r 

• n-.; eon uo mis · · on m: de h 

a.. sigm o t 261 cm-1 band nd th 

od • In order o naly e tho 

ibr ti~ a nth band t w nee to 

o th 8 t ;o lo f ·ueney !tOri a· sho in 

C apt .. r 7• 

On thi.> ' $ • • t 'V 

d t,o the 1J 12 

t.he 



for t h~ lect ronie 

can be xc1ted 1."1 sp:. etroaoopio tr naitions of lo energy , occupy 

two .rl!.n type of ··ol cul r orbU~tl - 1)1f - t orbit ls ·' .lch 

c oontr e 1n the molecule . <)n:l which are ub

1 1d c into n' or 1{ 

nti 10ndinr• rop rti ) D • t_~ orbit ·. i ch re prt .rily 

loa 11 ' on ons · tomi.c centre, hich i the oxy:•m fl om in the caee 

of i ropynal . 

bso t!on ct of r~p l s ri ~ ro the excit tion or 

el ctron localised in the carbony roup . .bso~i n in thin sp c ral 

r rion wtth 1 .... 1 y w ak int.ar..s ty 1 charaoteri.otic or th.e 

hi t . 'n 

th othe h nd , the 1{ ~ tr n itio s tht t ro ohliir4tcteristic o:f 

com ounds ont~1nine c ~enic group~ lie u 'tlly in ,h 2000-25~ 

Our discus .on 1»10\-J or th 1nt n tty ard polarisation o the 

inglet-tri l > ct m of propynal is , ther fo , pr1tmlrily in 

not t~on"• oll ·~nz "~....o.n 
l;t.

• ... soh matioally repr sent t or ~ 1ng 

0 
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of the s o th local m~lecul r orb .t--ls ,;s in ure 5· 

o e t rg; 6 orbital rmd 1t" ntt..bond in counterpart. tS • 

1f nd 7f obit l ere !'o d 

the in-ph~ P- snd out-of- ph ov r-1 p r .e p 

th t rr c· 

belo t h .ol-:..culvr plan 

2 orbi . on t~ oxyt;en at t t 

nd:i.cula o t . "';;,;1 nd. 

lr.Jotronie 

" es ()f .ole ul m~nt . 

equ t1on (1 . •?). ·. 

the protr.o ion ot• sin le lect n fr o nol ular orbit to 

ooth r. e.nd ·rl the tra sit.lon ,o... nt ..or o n lf trr.n iti n 

·S 

h -· f n(i) .M (i) 7f (i)d"t (5 .1) 

wh .~e n{i) • nd 1T (i) r the singl ctron v.... · ··fu ctions for 

ih . romo ~d th e e .... r n . 'I'h prol'lOti n of a 1 le 1 etron fra 

th9 n or h6l .n h .;r und st;; t to he lf orbital in t ex itcd 

stat 1$ illustr t d ln Figure 5. The int mLty of .n tr n ition 

t ne;th t . tr sition ow nt by 


r =(1.085 x lo-:)v 2 ( .2) 


q ntity is te r.e y y integr t1on of the 


1 oul r extinction co~ rn.oier.t 


(4- .39 ;x. 10- .JE: cJt.J (5 .)) 
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In the ingl lectr n ~pproximation of qu.tion (5 .1) . the 1nte

grand at e. ch point 1n configuration s ee is s . all if there is 

little overlap bet een the nd ~ • orbi als. The tr· ition 

probability R is. therei'ore . small when th n orbital is the 

ure p orbital on the oxygen tom. nd i ortho ·onal to the out

of- plane Pz or ital on the e rbon nd oyx n to s ¥Jhich combine 

to form the 1{ * ro.oleculE>r orbital. These n --+lf • tran ition.s 
0 

are ry eak in carbony1-cont 1ning co pounds. r.1th 0 cill:.torr 

streneths of f ""lo- 4 ; they r , in effect, forb~.dden by the local 

1
S;y11".metry of th o rbonyl gr up orbit.al nd ar c~.Jll d 1u~ A 

in Pl tt ' a notation . The lo ~Yest singlet- si ~'~'l· t transition in 

propynal is undoubtedly of this type . 

II . Th ;;tymm try of 

the vibron1e wavefunet on ~ e "'v for a molecule is giv·n by the 

dir ..ct product r ( t ) rc t yl of th represent <: tions of the 

oleeul; r point group to ich 'f' e d 'f' v t-elo~ . Tb transition 

mOl'l'iAnt i nte . r 1 

(5 . )t 'ev..uf vd 't 

for electric dipole-allo~ed transitions betwe n differ nt vibron1c 

st ~t s must tran £o like . or haven compon ·nt which transforms 

like the otally ymm tr1cal r prese t~tion of the point gr oup , 

which is the A • repr ,aentrtion for the C point g up o hioh 

ropynal elongs under the ·roup syrametry o erat ions . This me~ ns that 

the dir~Ct prodUCt r ( t I V)r ( t 1 V) UlU t tranSfOl"\'n lik he dipole 

o. nt o .,ratoro .JJ. , or , more gen r lly, ilk one of its art sian 

http:orbit.al


co ponents. ese transfo~ like translations along t he corr .sponding 

axes. As shown in Figur 6, the .2. axis is p rpend1 eular to t,he 

molecular plane , and the x and y rutes are any two axes at rlght angles 

to e· ch oth r in the molecular pl ne . Theref'ore , accordi.ng to 

Tables 1 and: 2 

must transform 11k tb A' repr'?sen
tut'on for a transition pol rised in 
the moleculHr pl.nne 

must transform like the An represen
tation for a transit on polarised 
perpendicular to tha molecule plane. 

't.'ll'hen no vibrations are excited in an electronic state f r v 

1 .... totally sy .etrie . The ground electronic t ate o£ propynal also 

belongs to the totally sytrJTJetrie A • repres nt ation . So 'f "ev is 

totally symmetric :lnd the (0- 0) band f - r the electron~.c transition 

to an A• electronically xcited tate will be in-plune pol~rised , 

whereas if the excited sta e is A11 , it will bEt out• of' ...plane pola.·ised. 

For example , the lowest singlet excited st·.te of propynal ha A" 

electronic symmetry, Qnd the (0- 0) b nd does in eed 1?$S(tmble a 

perpendicular- type band f ··r the symm:etrie top to .m:ch propynal 

closely approxiro tes , and the transitions from the ground vibronic 

st tes to the excited 1 etronic $~-~ te, here in-pl ne {! •) vibrations 

arc excited also ha.v , pcrp<·mdicular- type contours . •.e show below how 

the contours are different for cor responding b9nds in the sinslat

triplet transition. 

::o far , we h ve only d termined the direction of the transition 

moments . In the absence of spin-orbit interaction terms in the 

I 
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• milton1 n oper.; r for e olecule • the ingl t-tri 1 t tran ition 

have ~ero intens'it • ', ben th se int r r ction t r s are included , 

0th z roth-order ·av functions ( '/' t., c n ix ·ith 2ch oth r if 

hey h-ve the satr.e s etry, 1 • • th· ~a efu ctio for - ch st~t • 

bs:tcoma lin ar combin tion of all st s •ith the s m symmetr.y 

If ( llJ '!' lh'f)l t thT L repre t'!ln s first order w v function for the 
e 

lowest t i let stat hen si let tate ( c/; f 9 ) ~ of the 

syn:u,etry are mix • th it , th n the e nsion , ap t fr m normali-

G tion f actors , h s the fo 

(5 . 5) 

Th inten" ity of the transition bett\Te n the unpert.urb9d ground state 

('Pe f
r 

s )~ nd t he triplet st te is ,o rned by the trnnsiti n 

moment integral 

(5 . 6) 


hich on substituti ~ fro equ•tion (5 .5) rives 


(5 .7) fi- < +~+~ )~H<¥/t ~l >~ dt 

(5 . 8) 

•qu t1on (5 .7) sho~s th t th larisation of th tripl t-sin~let 

trn it1 n is the s e a that of the singlet- sinNl t tran ition 

t 1e n sta+ s of th am total symrtl try . The co onents of th 

tripl t sta e~ w th symm .tri s A • ''nd n mix ~ith sinel t 

sta es of the same ey . tr,y nd the tripl.t-sin 1 t trans tion thus 

'cquires finite inten ity. 

s nc 
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nr. no~ introduce a avefun tion 

~s for the total el otron spin of the ol~oule , so that th vibronio 

w v fun tion eome '/-' 'f 'JI • e h 1 , ho•;ever , i_nore the 
v 

vibra.t. on l w~v function f in the discusdon belo , nd all 
v 

th eompl te electronic w vefunct1on . One the sym.Toetry ropertiea 

of this function, nd he el tronie pol~r s tio of th in l t -

triplet transition, have been determined, we can hen det r ine th 

polaris tion of transitions twe n vibronic t~te in the ann r 

d eribed in th previous ection. 

spin fUnction ~ for a sin~l t lect onie state long 

to the tot l.ly sym trical repr . nt tio o th leaule int 
l3 

group, and , th refore, ha 11 1 s .etry for propyn 1 . The thr e spin 

funetiono 'f.J for th com n nts of a tri 1 t at t belon('!' to o 

diree siena rotationa r pres nt t ons ; in oth r words , they belong 

to the arne rep ese tntions as the rot tions Rx ' Y and ·z • so 

th t for propyn t o spin unctions hav fH , nr~ one spin function 

has A• sym etry . 

ln th "'ingl t und state • both f ,nd f , bolo ~ to 
e 

the A1 r present·tion. In th lo~ est t ripl t stat , t h " e 

symr~etry , 'W'hich when eo hined '~,lith the syrnmet.rie of the spin functions 

~ • shows that he s etry or the complet vefunction '/J '/-'
e s 

is A1 for tllo co ponents ani A' f'or one component . 

Sine in n lectric di ol tr n ition , th inte~r nd over 

the complet cvefunction for ·h t~~ co b ntn~ str te mu t be 

totally sy trical. f1 d t at for the t l':!si.tion 



round t 	 te ., tld the lo · st tri.pl t ~ t •te, 

the tr n it~on to two component of th~ triplet 
state { 1 ~ ' ) is poluri ed in the molecul r 
1 n 

he transition to one co ponent f th tripl t 
st te ( 1 ~ ' ) is olari ed p rpendicul r to 
th~ mole ul r plan • 

''1'.1 no invAstig.. te in re t r de~.ail which singht tat s 

c" n mix ith the components of the 1 est triplet st te · ith the 

a e symmetry . Th spin-orbit int r ction op-rators l.P mi es . in 

zeroth ord r "pproxi ation, tripl t nd i .,.let lectronic st tes 

T \LV 'J; and 	T e ·ith 

(.5 .9} 


di eu 

Si ce th ~r• c n only inte han .e spin tun tions a..•ong the selves , 

re e n 1 ve th functions out in order to 

H1Sine th Carte ian cotpon .nts ~· Ry lind 1i~ f transform 

und r th~ group " ~etry , oper-tions lll ·, the con- spond1 r·otations 

end the intf} rand j_n (5 .5 must be tot lly s .etric , w. hav 

the po i ili ie , 

J"'T(A) I t! ~ , 3; ~~(A') d( 	 (5 .10) 

5'1-' (. I ) IH;, If: 0 11 
) d '( 

i . e . 	 the spin op r tors H~ nnd f1y en tle the 3 
n triplet st t to 

1 
x l.iitb 	 • in 1 t st t s, end ! ' mix s ) A • th 1A11 st tes . 
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t wav,funetwns in (5 .5) c n oeh be 

0/ ' a prox at on, a sums of one-electron orbit 1 • 

of evaluati rT the oorr ·- spondin tr:ile" elem ~nts ha 
/'f 

n c ns d red n d tail by Sid . n , for the cas of .ixi b tween 

lo e.x i ed in~let :;tes ;;;nd th lowest tripl •t st<•te of formal... 

dehyde. Sidman makes the r ason 1 a umption th t only one- en• re 

not van sh for .m try reasons in th expans on 

have 1 r. rg .•ae;ni ud'-"; t s inte rals u~ t be built from Zp -to ic 

orbit "" of di syrnm try in he fo ald .hyde molecule . He 

assumes that th triplet stute is pertur~d by on sip et state and 

cal ulate..-; the oscillator strength o! ~he tr n::;:} tion t e gr atcst 

-when this t · te has th confi ur tion in hich one o " th el .ctrons 

in the lf orbit 1 in the fl.round stato is promot. d nto th 7r • orhital . 

cited tite of fairly 10" energy {""" 6- 8 V) hould 

exLt for prop n 1 , r.d ...tdm n ' 1 nt can be imll rly appli d 

when only the local SY!'L"''' try of the carbonyl group in propynal i 

con idered. Th :Xl be we_n 3A' and this xcited 1A1 st&te is 

en led by th. in-pla components oi the spin- orbit interaction 

operator, equation (5 .6) . 

T e a conclu ions . :y b ohed from the gen r Used 
13 

symrr.etry · eument · or Krishn -nd Goodman • The pan ion of the 

matrix el ents {5 .5) into 

e1v s terms of the typ 

(5 .12) 



re 1( stand for ither 7{ on an~ or 1{ • "nt1- bondi orbital . 

""h effect ot op~roting upon n orb tel wUh one of h 

Of • '. ~ ~ t 	 equiv&l nt to that ot a rot·.tion of he orbital• • ·z ' 

r.roun he ~ ·is lus ome other r~tion h1 h ro u er-< no 

i'urth r chan -. of a y. · r the Ci el ctron fr e ·ork i~ i nored , 

ton th · th t only th outer v le. ce 

to ~ho pin-orbit interaction, • 

ee th t on y u :rotc.t on of h n or i.tal bout an r.is in th. 

1 cul~ plane ean, in gener, , indue ovJrlap _th the ~ orbital • 

Con...,eque tly , •e expect th t t e component • -nd H' ill indueX y 

1x1n" , and therSore he pert.ur in.. sjng et sat h s ' .,ynml ry . 

only ~ ith th e 	 components 

a/, T J,Ts ;of tripl t ~tate Which have th s e A' syrr.ro try for T r 

1t 1 s been 

the tr·'n ition to th :t1-om th sin"' et [;round st· te 

1 ol 1sed in the rrol~cu . r lan • This is o o ree 

:1th t 1 o serv·t.io s . 

http:serv�t.io
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0 
el ctronic spectrum of propyna1 . from 2000 to 7000 A ~ me e on 

a Perkin- •1 r Jp ctracord F. d 1 1000 . he ultra...violet reg~ on 

0 
6500 - 2500 A w ~ also mapped w th .ausch and Lomb 1.5 t r 

0 

gr ting 	 pectro r ph ~del 11. or the nd s ctr between 39CO 
0 

··nd 3100 t • it s found tha path lengths of 50 em . ~.re aufficient 

to build up uit~ U.e a sorption intensity. wh n the gas pre.:::sures 

v ri d bet en 10 mm. r:· nd 16 • Jg . 

Sin the orpt.ion speot 0 opyn 1 xtre ely ak 

in the 4100 
0 

r gion , long path lengths and high v pour pressu es 

of th absot•bine g s w re :requSr d . ln order to obt 1n lon .• 

ahsorption p th engths of t~- s . tnultiple re.t'lection cell s 
IS 

e loyed . In h multiple p sa tech i qu used in this cell , 

illustr· d in icur... 7 ,. light ente d h orption cell 

r t ect d c und forth · n er of t mes · tween mirrors , ·unt d 

t e ther end , befo p sr:ing into th sp ctrogr ph . s entially. 

the optic 1 arr· em nt within the cell consisted of three concove 

mirrors • h1o of which wet po itioned t the ro.ar of the cell . in 

the m plttne . ·hUe the -re 1ning i rror s mounted at the front 

of th c 11 t th r adius of curv ture of h r ~r mirrors . 

ti t p ed through a notch (a) eut in o come of th front 

!:6 . 




-- .c 

I 
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rror o re r r r ( ) , wh l it s fl ete ek to point 

(e) , on th !'ron l!'.irror . ro , the li"'ht w directed nok 

to h oth r r r :ir or (d) w .r b·ok to 

o nt ( ) on th front ir r ·nd o on. .n thi 11 ht 

1 b orptirn , 11 a axi 

ti ·~in .. tb ond n..tch in h fr-ont r.1·· or 

(f) . 	 e dju ·t, nt of th n r . rrors ( ) nd 

(d) 	the path le~th cmlld . v d. d be ween 61 mgt rs ni 4 ll' tet' • 

. e .flect)on irrors . adius of curvatur 1 • 

, unt d on r~ · $U )ports b)' "'pctn-- 1 ··d d "' C ·s . hich 

a 1 d the o ~ rot· d r.d itio in ll direction • n 

ce · s t.'lns s~ tube 10 c • in di ~nd 2 

on .. 1t wind a :ere f d to he front of 

he •. fl!!!ction c 11 nd r ";ui frequ~n · onil'l€ · resu"t of 

the fo n or pol r1 d pyna1 on t.h ir- ut'f'• ....0s. 'or t' 

on , it n1s th rror surf ce 

r1od1o 1 y . 

The J)flrt re of h ausch nd to ctrogr~ph ·~ ~tch d 

to t ap rture r ot·on c 11 y a f ,d eil e 

1 n of • r 1 ( ) . In o d r o lien he xt rn 1 

optic , a volt p ulh ·•. . roc 1 pl~ 

o.!' th in p1a holder ~P rtux 

co n li..,h ;&5 obs d to s O\rt. sli't (h) . 

Sine t 1 ,one d r~n d t op~ic 1 r ~~ture of 

as tr·c d tbro ·en g) _ o he .ult1p1 

r fl. ctio c Jl he.r 	 11 ~ne b,y djus 1 th 



tnirrors . ~ft r .~rg ng r t'll the cell, tha li&ht W;l.S roeusse by 

concav il'Tor (1) on the high preg~ur "enon r re (j) US6"' to 

gene:r e the .absorption eontin1 11. • • 

,ttached to the ult1ple refl ctlon cell " 5 glas~ vacuum 

d:btill6.t1on~ before -«ch experi.t~nt . in o ~cter to r~duce;o he 

The P U$C ~ nnd !!>r>ectro:'!'r., ph h•.d a pl~ e 
0 (1 

d:i.spe!•sion of 14. 8 '/m ·:nd 7 . 4 / , • in the firnt and o•eond orrJers 

)5 .000 o. nd. 70 . 000. The pltletrocraph AS esi ened to cover ...h "'!;iOn 
f) 

74<: - 3700 fl on n ten inch ·neth of 35 mm . 11m, in he f.irst 
0 

order , or 3700 ... 1830 in .h~ second orcl~r. The o .rl~pping or ers 

filtero, eith~r type 01'10 or ty C: 1. in .f~n. o£ +he spectrogr ph 
0 

sl t . The.e fil ffrs tr ns ttod the eeion 3600 - 25 ,000 A and 
0 

2400 - 4100 A reap ct1v~1y. 

1 solution studi s - ilford V?J, w· and KoAak ..,;p;, ctrum · n ys1s 

, l nd ·2 . With th s 1t w1clt,h' s ~t 10 mierona . expo~u . "'.imos 

varied rom; eeonds t.o JO m1nu es depan·ing upon th number of 

the . hoto~t.raphic r: 1m. Iron arc r f(n•ene . f.l ;Jectra w~.n·e ;1lso 

r.aeoraed on each f lm adjac nt o the l! !forptio spectra . 
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Development was carried out for 4 minutes in Kodak ! .D. l9 

developer , in complete darkness , at a temperature bettveen 17- 20°C • 

.Aftr rinsing in plain water , the films were fixed for 10 minutes 

nd then washed .snd dried in <> dust free pla ce. 

The fil~ was mounted between thin sheets of flat glass 

for support and the prominent features of th .. absor ption npectr um , 

together ·ith suitable iron arc lines were me1,sured using a 

travelling microscope reading to 0 . 001 mm. The iron arc lines 

enabled a dispersi.on curve to be constru ted from .,,hich the wave

leng hs of the ~ sorption b nds were obtained y interpolation. 

Thes wave- lengt hs · re converted into vacuum w. ve- lengths using 

·~ Edlen •s tables • 

!l.icrodonsitometer records of the spectra v:ere made wit h a 

teeds and Northrup microphotometer. The film was scanned at a. 

rate of o. lmm/min . in most runs . 

II. ~ BSOt;PT!ON SPF.:CTRm~ . HJOH RESOLUTION: High resolution spectra 

wer taken in the .first order of a 20 ft .. Ebert gr&ting speotro

graph
17

• 'I'he plate dispe1•s on was 0 . 66 
0
A/mm. in t he first order 

and the theoretical resolving power of the spectrograph was 150 , 000 . 

In the 30 ; 000 om-1 region , therefore , it should have be n possibl& 

to resolve ,the lines with a separation o:f J0 , 000/150 . 000 =0 . 2 cm- 1 . 

In practice, lines separated by a 0 . 22 cm-1 were resolved , so that 

the actual resolving power was "V l40 , 00 . f. ttempts to obtain better 

reso utl.on by working in the second order fail d , becaus this 

http:dispersi.on
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nee ssitated using the gr~ti~ almost <t grazing incidence, and 

th intensity of the i q;;e is very low under these conditions . 

The ultiple r flection cell w align d in front of the 

slit of the Ebert Sp ctrograph by the method described earlier . 

In order to remove stray light , and to nsur that the gr~ting ~s 

evenly illuminated , t lescope ·a~ inserted into the plateholder 

perture nnd focus d on to the grrting imobe reflected by the 

pcctrograph wirror . The xternal op ics ~re then adjusted until 

th grating image -• s unifor y fil ed with light . Stray li ht 

w· s ini sed by insert ng top in the eA~erntl light be~m. 

Propynal w s introduced into the absorption cell t known 

specific pressures fro an auxiliary v~cu~un line . In order to 

eliminat pres ur bro deni ~ . the total pressure within the 

a sorption cell ~ s ro._ int ined rt less than 0.5 Hg . Only the 

more intense bands could be observed at th se pre.,sur s . To 

photogrrph th ~eakcr vibrational nde, v pour pres ures up to 

189 mm H • were required . At these pressures , the rotational 

tructure of the vi~r t1o al bands wa obliterated. Very we k bands 

w re indjs nguishable from th. ~ckground a sorption . 

Observe sharp rotation 1 structure in the (0-0) b~nd was 

measured off the pl te with a travelling microscope . "ave- lengths 

of the iron ·rc calibrotion lin s were taken fro 

and •ere us d to construct the dispers1on curv , th t is , the 

r htionship betw en wave-le -th in ··ir and position on the spectral 

plate . ~he theoretical plate disper ion as calculated from the 
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att~ched to the end f acing with the s rectrograph slit , with picien 

wax . The streaming vapour wBs xci ed v.Tith · t esla coil oper-ting 

at JOO kc/sec . whose robe touched the . utl t sid arm (f!) of' the 

emission cell. ' lit h he probe in this position , the impurity 

spec t r a vhieh •ere invariably present ere mini ised . Af t er passi ng 

from th emission cell , the va our WFS collected in trap (f ) , which 

' as m intained at l i quid nitrogen temper ture , thus protecting the 

fore - pump . 

The spectr w re r ecorded ove a r ange of pressur es and 

flor.v rate s . At lo gas pres"'ur s , the glow was o served to 

comp etely f i ll the d scharg tube vnd o ext nd several feet into 

the auxiliary vacuum line . Uncle these condit ons , the spectrum of 

this lor consisted mainly of the d i atomic species , 0 , c2 and CH . 

!.t higher flow r :::• t s end pr s sures , the d .. ch r ge was constri cted 

into a na rrol-T beam in the emis ion cell. nder these condi.tions , 

the p r opynal emission C?ppeared · th high intensity , whil e the impur i t y 

spectra were composed chiefly of c~ and 2 emi ssion b ands , th 

erzberg and .ngstrom systems of CO being extre ely r,;eak . he propynal 

spectrum opp a r d ·ith maximu intensit y v.•hen the s pressur es vmre set 

at the high st o ·si l e values rhich allo ed the glow to m int e>.ined ; 

this r1:a estimat d o be app oxim tely .5 m.m • . g . he emission 

spectra w re photocrar hed in the first order of the Bausch and Lomb 

1. 5 meter gr ating spectrograph . ..:.·lit wi dthG of 60 microns •· re used , 

hile th exposure tim s varied fro 0 minutes o ? hours , using 
0 

llford "PJ film . J.ieht of w~·ve-length 1830 - 3600 A • as eliminated 



55 . 

y 2 mm. thio. r Ch· nee Pros . typ OYlO filt r. .• n iron 

re :ret'et·ence sp ctruro ~ms impo e · 01 ,he film imrredi' tely bafore 

or ~ftetr each expo ur • for caJi r~:tion u :-pos ., . spectrum 

icro hot .met r d • c hr ted c • thodo scri cd 

eli.r i r . 
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! . The vapour 
0 0 

spectrum of propyn 1 from 8000 A to 2000 is presente in Fi u e 9, 

which j_s low resolution scan with the Spectracord. The spectra 

eM be divided ·nto three systems , n nely , a weak absorption between 
0 

3 800 A and 300 1 displayi a complex vibr~ tional structur • a 
0 

vibr tionally discr e absorption in the r~gion 2600 - 2100 h , 
0 

and an intense a orption continuum setting in at 2200 1. an 

extending beyond the low wave- leneth li it of the spectrophotometer . 

On the basis of the n1easured oscillntor slr ngth rd fre uonoy , Rov-Je 
3 0 

and Ooldstein assigned the near ultr -violet .,pectrum at J800 A 

to a 1n0 ~
1 rr * transition in the carbonyl group . lthouch they 

0 
extended t eir me~ "'urem~nts do m to 900 , they .fc.iled to observe , 

however , the 2600 system. 

~en the spectrum was photographed ith a ~usoh and Lomb 

spe.ctrogr""ph at path len ths of 10 met "r or greater . an additional 
0 

absorption wa detected i th 410 reg~ on . Fro the 'eakn ss 

of this absorptio , ~nd th fact thet th contours of thes bands 
0 

are differ nt frotn those in th 3800 A syst , it seems reasonable 

to ass gn t is spectrumto the cort'espondi singlet-triplet 

transition 1n ---+ J ll * . ands in the s ctrum of the intense blue0 

56 . 
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..:r .e • is io r ul in from th r d:i.o fr · .u ey xeit t.ion of 

un · propy...1 es.pou.t" coi .cid ·! th ·11orption l nds in the 
0 0 

4100 . i.on, a s o· n ln F ur to . Th~~J band "'t 1+14'f- • , 

. ich ppea •it hi·h ~.nten '\ty in oth t .e , d. sion .i'i.nd 


orpt.ion p ctra, c<:n t t.'-11& tage be t nt ive y d tificd 


th- {"- ", ori ·i of the singl t-tri_l..,t tr· ns~t on. .his 


ie. ent is c nr· . by th vi r•, ior. 1 nd rol.Qti .al a ly es . 


un~er the ao ution of h pro d 

toberot~t·onll• ruse ;henpotor· hciu.drh 

I + wa not ·urth r . 

0 I I 

t 3800 A7 s igned to t e - ~ tr nsiti n.0 

w~s n oto r~ph din thA .ir tan se on orlo s of 

. lution of JOO , OOO h ot. t!on 1 line 

truo ur. •o.solved , which ....s or a 

~oleeul of t is mo cu1 woi ht . T. (0- ) 

rotutiona1 • tructure - j ch ould be de~ r1 bed tho prol:~ t e 

op ,quat rn ndicul~r typ 

t n u"t!on { .16) r P'·~llel t hand • f 1t is au d th t 

n be di ·ct d 

out. of t .e 101 cu ar plane , li ( ro tt 1 r::rument ,iven in Chapter 

5 , it fo .O'fo."S t.h t the le t:ronio .. try o: th e~ 1ted t~te is 
1 1 

P. nd th tr: n jt5on is fl ~- t . he :enkor .a ... :rpt on with 
' 

I") 

t.h "leetroni ori rin t 4144 r sul~.. fr ~h eorr spondin; pin 
.,.. Ifor 1 en tr n itjon , . ~ lA • • 
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It c~me to ur notice ~t this stage in the invest1eution 

l
that :;... study of the n .._. 19" *' tr<>ns:i tion in propynal v.r s i n 

0 

progress t University Colle- , 'l'he University o£ london , wher3 

Dr . J . H. callomon as e amining th rotat'on 1 structure of th 
0 

( -0} b nd at )820! ·h le ur . J . . D. Brarrl and • r . J . • • • \•at son 

of the Univ·rsity of Glas ow , wer~ ~ssigni g the vibr tional 

struct •e . Since their proarf mme of inv stigation of ~he sinalet 

ingl~t trsn ition h d advanced further than ours , it was greed 

that · c hould shi.ft our int .rest to the singlet - t r ipl. t 
0 

tr~ ns ition which has an ,l,ct ronic origin ·t 4144 ~ . 

II. The 

vibr.tional analysis of he sin~let-triplot ibsorption spect r um is 

c mplic'"'ted by v rs factors . .(o t signific~nt of those is t hat 

the in~ ns · t of the s n-let-tri~lst ,bs rption SI ctrum s very 

rouch '' ker tha the corr ,spondi 7, sir1gl t - singl s ectrum. 

S nee t SE)par tion between t nl ctrontc o:ri gins f th b Jo spectr<-1 

is on y 1700 c - 1 , hot bands i th~ si cl t .. sinr-let bsorption spectrum, 

thc.t is bands es 1lti co fro tra siti n"" froM v br .tionally Jxc i t ed 

1-vel in the ground t~te , overlap d ventually obllt r te the 

~ n s of t e singl .t- tr pl t ab ornt on P short r rav len;r'ths . 

One wethod 'Which ha be n used succes fully in overco ng such inter 

ference is to cool the ebsorbin gas , and depopulate the vibr<-•tional 

1 v ls in the ground t· te , nd er by r duce the · ntensity of' the 

s:lngl .t - in 1 t hot bconds :in the oinf"let- tri let reg'on . t 

te~per~tures sufficie t ly l t o reduce i n rference f rom the s i ngl et 
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singl t hot b. nds , the w:pour pressure of propynal i s so r educed 

th~t the abvor ption bands of the ~ · nglet-triplet spectrum cannot 

be photogr phed even at pet.th leneths up to fO m ters . Consequently , 

interferenc from the "inglet- singlet sy t-m ca ot be e~sily 

eliminated frol.l'l the sin lot-triplet spectrum. 

The emission spectrum is the best pl ce to egin a 

vibr-ational analysis of the singlet -triplet syst e. , since some of 

the observed wove- number intervals should correspond to the 

wavenumbers of the infr·-red and R an b.,nds . The analysis of the 

emission spectrum , aside from enabl:i.ng t he ground state frequencies 

to be deteX'mined with Hccurncy, should also yield t hose e:xc:ited 

state frequencies vih:'..ch occur in fund£-ment 1 , sequencres or 

difference bands in the spectrum. For small changes in geometry 

on excite ion , the emission and absorption spectra should bear a 

mirror image relationship to e&.ch other about the electronic origin , 

which shoul d aid in the assignment of the absorption spectrum. 

(In actual fact , the analysis of the emission and th absorption 

~pectra proceeded simult neously, nd the a signment of excited 

state frequencies presented in this sect1on t;r -es \'1ith the analysis 

of the psorption spectrum given in the following section) . 

The vacuum wave numbers O·f the emission ba.."'lds , which are 

presented in the first column of Table ? , are beli~ved to be 

accurate to ! 2 cm-1 . Th second column gives a rough measure of 

the intensity of ach of the bands., obt ined from a microdensitometer 

tr;,.ce of the pectrum. T 1e last c()lumn gives the assignment of the 

http:enabl:i.ng
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co ANGSTROH SY"Jl~i-1 	 6620 .5610 4-83.5 

6299 5399 4.510 

6079 5198 43 3 

5818 .5016 4123~ 
iJ 

CO H'"'R/\FH;l'\.Q RI!.NIJS 	 5705 4661 3893 

5318 4380 .3680 

4972 4124 

CH !'ANDS 	 4890 4025 4940 

4515 3889 4.384 

4.312 3628 3871 

c 5' ,·AN HANDS 	 4.365 4678 4737 

4371 4684 5097 

l.!-382 4697 5129 

4668 47 5 

DE3T A'•WR~'5 ·ND 4 02 4041 .38522 
D1A?:A1BUKA PH'l'S 

4068 4026 3825 

H t. T"VIC LlN'!'~S 	 6562 4861 4.340 



63 . 


T, ELL 7 

\ravenumber Intensity otHtion J.ssigrnnent 

26 ,3 .2.1 (vvvw) 9' t)o+ u?I 
( S)

0 

26 ,141.6 (vvvw) orig:i.n uo (S) 

25 .9.50 .3 (vvvw) c2 
2.5 ,816 .3 (vvvw) CH 

2.5 ,6(8 . 8 ( Vv-t-1) 

2.5 . 661 (vvvw) CH 

25 .642 .2 (vvvw) H 


25 ,617 .9 {vvv-t-J) Cll 


2.5 .593 . 6 (Vli"'VW) CH 

2.5 .566 .0 (VVV1<i) C:H 

25 . ,:28 .3 (vvvw) CH 


25 , 489 . 7 (vvvv) c r 


25 .446 .5 (vvvw) C!i 

25 .396 . 2 (vvvd CH 

25 .343 · 7 (VVV!t-7) CH 

2.5 . 286.8 {vvv w) CR 

24 . 575 .6 {VVVt-1) c2 

40 II 


24 .477 . 7 (w) 
I 

v 
0 
-u 

.. (S ) 
,,

4 0 24 ,468 .? (row) 
I vo-v.. ( S) 

" 4 024, 4.51. 7 (V'w) I vo-u'* (S) 



·.: . v numr :r Intensity 	 Notation 

0 " (vvvw) 4 , 	 v-v0 .,. 

II I I 

v- v,. •21cr .. u,:l. (::,)24.392 .6 (vvvw ) 
-v" 

fl. 

> 4 .374 . (w) 

(ms) 

24 , 285 - ~ ( e) 
I II 

11
0 

... 3vq -:>. v,24 , 2tSO . l (ms) 
I rt 

4 , 238. 1 (m V0 +'fv't- 3 v, 

(t s ) 

24 ,180 . 8 (m) 	 9 , 
I 

12 
I 
, 

24 ,12? . 8 (vs) 	 origin 

24 ,104. 7 (s) 
It I It 

v 0 - v q + v,l.- v,).24 ,000 .3 (r.:s) 

23 .9?4.) (m) 	 9~ 12~ 

23 .923 . ) ( s} 	 9~ 
I tf 

s) 	 9 ' V0 o~V~-lv'tJ. 
, II 

23 ,874.1 	 Vo+J.1J9- ~vlf 

1 , 85lt . 5 (m . 	 12 ~ V 0 - v,.J," 
ft I 	 f 

lJ-2v +v -lJ?3 . 7 8 .J (vv ) 0 9 ,.. ,~ 

I rr r If 

23 .?? .4 (vvw) ' 12 I1 +V -3u -+v -v93 	 V 0 q 'l fl.. 1).. 

23 .?3 .s (vvm) 	 c 
, 

23 . 718 .8 (vw) 	 9l. 
0 

u0 - .l.v'J 

?3 ,691 .) w) 	 9 ' 
.3 llo ..,. v'jI - 31).,

If 


9~ I "
2) ,6 4 . 2 (v ) 	 ... V 0 + .l v., -4 lJ'f 

(vvw) 



~ :avanuml::er 

23 ,636 .2 

23 ,626 .4 

23 .593 .3 

23 ,564·.2 

23 .530 . '1 

23 ,507 . 7 

23.491.9 

3 ,459 ·3 

23 ,439 -3 

23 ,LJ.z6 .o 

23 ,)90 .8 

23 ,J67 .8 

23 .359 .4 

23 , )1~1.9 

23 .323 .8 

23 ,309 .J 

J3 , 296 . 7 

23 . 291.6 

23 , 286 .1 

23 . ?6 .4 

J , 64.5 

23 , 254 .9 

23 . 45 .J 

.3 , ?35 -7 

Intensity 

(vvvv1) 

(~x) 

(vvV\.1) 

(v;.rvw) 

(w) 

(vw) 

(vw) 

(vvw 

(vvvw 

(vvw) 

(vvvw) 

{vvvw) 

(vw) 

(vvvw) 

(vw) 

(vvv-1) 

(vw) 

(vw) 

(vvw) 

(vvw) 

(vw) 

(vvw 

(vvw) 

(vvvT) 

rot tion Assignment 

CH 

o+ 

C1I 

CH 

' 10 , ( r) 
' " vo + v,o v,o 

8 0 
I 

(i') " 
7Jo- Vg 

CH 

c:.:r 

CH 

CI 

c 

C! 

c · 

CH 

CH 

CH 

C} 

GH 

c~ 

CI 

H 
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!av number Int nsi.ty 	 lot.ation , .ssignrnent 

(vvw) CH 

2.3 ,187 (w, 	 CHo I 

23 ,12) . 7 (vvw) H 

2) ,033 .6 (vv ) 	 •t (atomic) 

23 ,016 .3 (vvvw) H 

22 .,992 -7 (vvvw) 	 Cli 

22 ,978 .6 (vvvw) 	 GH 

22 ,968.6 (vvvw) 	 CE' 

22 ,927 .1 (vvvw) 	 CFI 

22 ,906 . 8 (vvw) 	 c 

22 , 871.1 (VV'tr) 	 Cz 
II I 

1)-1) .,.ll.Jo22 , 7?1.5 . (vvw) 	 4° I 91 

0 'o 	 • 

22 ,776 .1 (vvw) 	 4, 
0 

12 0
I 

,, 
22 ,742 .9 (vvw) 50 

I Vo-V5 

If I II 


22 , 720 .8 (vvw) ~ 	 vo- 2.)~ .,.l)'l- v,5 9: 

9
1 1 ,, ' , " 

22 ,688•. 4 (vvw) 	 4° 12 v 0 - v.,. .., v'l -+ v,~- v,l...
I 0 I 

12
1 II I - I II

22 ,664 .9 (vvw) 4° 9 ~ V0 - v., +2v9 -v,.,. v,~-~a.
I 1 I 

" ,
22 ,61) . 2 (s) vo-'V., +v, 


22 ,587 .4 (s) 4~ 9~ 


22 ,560 .5 (s) 4~ 9~ 

II I "Z.. II22 ,5J6 .J (ms) 	 4° , 9 .. 1J0 v.,. + '+ v., - v'1~ -	 J 

( ) 	 4~ 12 ; 
0 I I

22 ,480 .4 (rns 	 41 91 121 


4 0 
22 ,4)0 .4 (vvs) I 



·;~·v num r Int ns ty Tot tion Assignme-nt 
II I II 

V -Vtt +V'i -v'i
22 , 405·. 7 (vs) 0 

0 0 I 
22 ,308 . 8 (s I 9 , 121 

2 , 283 . (m) 4° 
I 

9
1. 

1 12
1 

I 


22 , 22.5 . 6 (s) 4; 9~ 


4
o I

22 , 200 . 2 (s) 
I 9l. 


4'0 91.
(s) I 3 

22 ,1 8 . 2 (s) 47 12~ 
0 0 I 

22 , 02 . 2 ( 4 I 91. 12 , 
0 I I 

22 ,077 ·3 (w) 4 I 9 ~ 12 1 

,
22 , 019 . 7 (w) 47 9 ~ v

0 
-v'I -.:lv

Cf 


21 ,995-6 (w) 4° 
I 

95 
1 


4 11:) 9& 
21 ,967 . 8 (vw) 
I .. ,, ,,~, 

21 ,816 . 4 (v...r) 4; a7 ( 7) V..,- V'f - U 8 10 

" " r ''v -v -v ...v -v21 . 795 . 8 (nr) 4~ 8~ 9 : (?) 0 • 8 'l ' 

21 ,495 ·9 (vw) 4~ 6 , 
0 v -v " -v " 

0 If " 

21.473 . 2 (vvvw) 4~ 6 ~ 9: 


21 ,381.8 (\"VVW) 


21 ,J'? .g (vw) 


21 ,3 3 .0 (vvw) 


21 ,342 .5 ( V'"...-) 


21 , 28.3 .J (vw) 

,, 

21 , 2f;l. 2 (vvvw) 
0 

V-V 
1..2 , 0 


2 , 2)7 •.5 (w) 


21 ,106 .0 (vvw) 


I I I II 

V 0 - + v~ - 2 l..l'lv 14 

" 




6 • 

:nt n ity :o ; tio 


( 

If , , 

U - V - V (Y'V ) o 't :, 

(lol 

" f ~ ( s) V - ;;rv'~- _,. Jv9 -v,
0 

" f " v0 - J v.., + 3v9 -;zv'l20 , .J { ) 

(w) 

( s) 

20 , '7J ) • • ( s) 4: 9: 
L: o no 1 ' 

l. 7 1 I 

2.0 . 567. 4 ( ) 

20 , 53 .5 (m) 

0 , ,500 . 1 (w) 4~ 9; 
(w) 4~ 12~ 

20,) ·6 .6 (vw) 4~ 9~ 
I I IIt.o ao (vvvw ""' z · ' vo-Jv., -v'd 

(vv ) ,0 eo 9' 
I 

,, " f 
1. I vo <J. v<~ ~ Vs- +v9 -v.. 

(vvvw) 

19.50J .4 

19,l.,.94 .J 

{m 


(vw) 


(vw) 

http:19,l.,.94


':avenu l er !ntens ty ''ot · t on 

19 . 2') . l 'liH) 	 0 
I40 12

1 	 , ,, 
19.176.? (~.r) 	 I V0 - 3 v., +V,l. -V,13 

40 19.102 .? (s 	 vo-3v~3 ,, , ,, 
19.197·9 { s ) .3 

0 	

V 0 - 3v'# +V?- v., 
Ill , , , , 

19. 201 .5 V'f: 
40 9~ 12 1 

V 0 - 3v., -'V9 +v,z.-v,z.
3 I 

• The 	 symbol (S ) denotes bands assi gned to t he s inglet- singlet 
transition. 
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n r in T· ..l 5, nd i toll ,fed 

o ·ipt . ' , w. i oh id n,: fy he v1 r et lo •. ·'T(C t d in th 

l ,ctronic ·row 1 nd • cit d st: &s "esp t ively. Co ·in· tion 

n. 

or ~iff' . ene& nd ... no 

vitr· )on 1nvol • 

'!<r, ~eulrt ceount for i!r:.p ri ty bands "n the sp · hat ar du to 
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lO 
·nd Cea.ydon , and ;.u· t ~ ulated in 

• Un 1• h eonditio of .u h v .;our pF- asu of oropynal 

i lo r -t tl h t rge tu • it ~ poD ibl t o 
0 

e i in. ~..e 9 .ost co~ let •1 y th :; rzbo. ,m .T'! atro b· n ... of 

e r.xm no-xid*' fro the speet • Cn , th sp ctr 

re$ultinz fro nd c ~ol•culos coul not be i in t d ·.2 
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0 

rn the J 00 - 400 r g on . lie a number of ands whi ch 

c' n be i.dentifiad as arising from diatomic impuriti s . ~leak ba nds 

1<: ppe ~• ring at 26.,3 22 . 26 ,141 fo nd 24 , 468 cm- cBnnot be ascribed to 

impurities , nor can t hey be classifi ed in the vibrctional scheme 

of the singl t-triplet analysis . r end , Callomon and · 1at son "' in 

their analys is of the singlet- singlet absorption spectrum 

have found ends at these • avenumbers hich they were able to assign 

in their vi r ational scheme . Therefore , i t seems re<:~sonable to 

assign the observ ,d weak emi ssi on bands t tha e wavenumbers to the 

singl et syst m. Thes nds are identified as singl et bands on the 

first page of Table 7 • 

As illust ated in Figures 11 , 12 and 13 , the main feature 

of the emission spectrum is an int nse progression which originates 

at 24 .,127 c - 1 and ext ~nds to the r d ith frequency int rvals 

dinunishinz from 1697 cm-1 t o 1654 cm-1 ov r the first three quant • 

The interv 1 is a s~ gned to the c· rbonyl s retching mode ).) L;, , wh ch 

appears at 1692 c, - 1 in the infr~-re ' spectrum. 

set o£ ·e ker ban s appearing at ither side of the origin 

band form a pattern which is r pe~t -d about each memb~r of the 

car ony1 progr ession . · hes ends ar e too nurn rous to be a si cned 

to fundamentals , sequences or overtones of a single m • and are 

ascribed to var ous com inations of the lo~.; frequency mod s \)
9 

and 1712 in th ground and excited st te • 'earl y 11 of the emission 

b nds are accompani ed by ands extending to the red ·ith frequency 

interva s of 25 c. - 1 . hese satell t bands ar ssigned to sequences 

rising from transitions . tween vibr !iltiona1 y excU ed 1 ve1s in the 
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ove m t. r 1nte. v.. la of 

nd UJ-~ e -1 hetw n the .-aleetronic origin d :tnt. m.~e 

vilr ~tional ds w' 1 c '\ 11 to h 

re o.etiv 1 , ar ~ ig ed to th fun. , ntal fre. 1ci·s of th1s 

kel ton l) • 

? 


.~n of' V; to r. Wf emu .t;·er in+.erv l of _Of+ cro- 1 dor- · no Bf:N( 


wi the ~ n n~ y is which ~ . ned be dif use b~nd ·t 261 e. -1 

of t 

,...- 1 to th 

1.nvol\>•ina .x it,).!'t.ion of one <u.o,nt m or thfl'l ~ ? vit-r1·tion in the 
-·t-. 

• , -l'
4:1. .~ t on to h~ 1 r0und st~ .e . r tr r'6 l;;.> fJ i:{a,man att p • .., t;:; th 

.... ':}t:· •nd V 
0 
- V '•

1" 
t- 1 c. - ·,o red oft: or1 ·in . o..nd 

dt~ s ot npp .&! •·ut an ln•...n p~~<k ~s 10(.' t"d [(t 273 Cl -

is l'Aliav .d .o he e··.use-d y h-!'c.d for · 1 n \ir'l thin t~ •·nd ant• the 

,H.-.un fre ·u ncy of 161 c:r:-1 t::~ p · errt~>.d for t. U l mo ~ . The 

s ·n n t 1 .n • v 



od~ ....Y ' • - v r P.ct of' th vi't:>r Uoru;l h1nds in th 
1? 

V ' :-nd V 1 in th 
:;. 1?. 

:·o xci ed s: t. v:t ·r;' .•on:s of 1 r 'l-f'V num ·e s :. re ctive 

in th e 1 ion s ct.rum , ..,- i ch 1nd1c.. tes th ·· t the olecule in the 

d sts te com s ,op,. or l11ss 1 ,to th rro 1 

uilitri.u ..,._th i urr u.nd n $ bef'o::- e ttin::: r&Ji ··tion. Und r 

vi r tion 1 tnOdes , such t. s 1,)9Htd l) i , to b& cti . in th 
2

·sis oh:;" v., o be t.h~ c.sse . 'i'hete s·el. : 1 

a proxi ly the · s · me in oot..h h oin l>!!t and t riplet .xcit~d s .tes ; 

and our v · ue r 1e2 nd '3l; c. - 1 or V • and U ' • r clo to 
11 'j ? 

and , ~"a11o on r nd ·. e>t on ' s eor:r+~spo di n!l alues of 189 cm-1 t. nd 

)' 5 cm- 1 tor th ·inr;lct. 1 '' ·x 1 eel st te . 

t.:y se Q th grountl st to ~ r -u nc ~s of he C. 8 . .c , nd 

th~ i nfr.. - r nd , it 'WS pO !ible to identify tlOS in 

the en?i ion SpE!ctrum resu. lin fro, tr nsit.ions in >.th5cb these 

vi ·r;.tion w ra tiv • :o:-k promin noe appe~. l' <J 't 1)85 ,- 1 to the 

. d or he ot•igin b ·nd , ' d s assi~:~.necl to the G'lO n-plene l •nding 


.o e 1,) " • "nalo OU!i nd.s t.;ith the ~J· llrn in,

5 

r M~.:>oci · J!>,d ~. tl the o h r fl1 mber o" he c~rbonyl pro r~. sioo . 
•t 

Th 1J _l),. l r~ i s ov&rlap1.1ftd ty no omin~ion b!»nd :-..t :CJ .187 em- 1 
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II 

due to t e , r ad:c·· l : hm.;ever , t j_s possible to find the )> 
6 

vibrstton in combi n t · on r-·ith t he second nd third harmonics of the 

y '' mode . A. broa hump appe•. ring · t 62 cm-1 to he r~d of t he 
l.j 

'' e ectronic vrigi n may be t n atively assigned to the V .. v8 band.
0 

Althou h the infra- red and .aman s ectra indicat that the 

''\ IIC 0 mode v has a vibrational frequency of 99 
10 

f<bout 23 ,140 cm-1 in 'i<'hich V 
0 

- )'}' 10 should appear sho;.; s no b. nds 

It 

of any appreciB le in ensity . ,;)ince the V 10 vibration··l 

coordin t.e involves mot on of the carbonyl group i t micht be 

expected to e strongly active in th spectrum. Addit ional ands 

ap ea r at 597 a ~1 to the red of each ~em er of t he carbonyl progression . 

hese are diff icult to fit into any vi br· tional sche"~ e involving 

th ground state fundamentals com ined ith re. sona 1 values for the 

.xcited state fund--men als . Thi s frequency interval possibly 

r -pre sents a seque nce in ~A'hich one quan urr: of \J is active in the10 

~round and xcited s t £tes . Th s a ssignment would require a 1 r e drop 

in frequency for thi.s v brationa l mode from 990 to 393 cm- 1 . on 

excit~t ion i nto t he triple s ~te ; such a drop h~ s een observed for 

th s frequency in th singl -t >xcited st ;.~ e . 

absorption s ectrum of normal pro yna • C: , 0 is r produc d in figure 

10 . ( t he a sorption spe ctra Bpp .a ring a s dark ands on a light back 

ground • The tavenum ers of the o erved ~Bnds are colJected in 

a le 8 , along wlth the intensiti s and the vi r~tion 1 assign ent of 

the bc.nds . J_s hown in Fi f.ure 10 , bands of the emi ss on c.nd 

0 
a sorption spectra coincide in the 4100 A r egion. The ass i gnment of 
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T ~av number 

2) . 9 1.2 

23 ,925.2 

24 , 000 . 9 

24 ,104 .8 

24 ,1 5 . ) 

24,180 .9 

24 , 208 •.5 

24 , 25 . 8 

24 ,)10 .4 

24 ,.389 . 7 

24 ,489 .3 

25 ,187. 9 

2 , 4 . 8 


Intensit y 

(vvvw) 

(vvw) 

(vvvw) 

(ms) 

(vs ) 

(vvvw) 

(vvr) 

(vw) 

( ) 

(m) 

(vvvw 

(vvvw) 

(vw 

(vvr) 

(v ) 


(s 


( ot r;.tion 

9 ' 
I 

origin 

12 ' 
I 

9 ' 
0 

4 ' a 1. 
0 ;I J 

4' 
0 91 t 

4 ' 
0 9, 0 

A s gn ent 

V + 'U~ - lV;'0 

V 0-V~
1 

l) - U II -4- l) I - }.) tl
• 9 11 l:l, 

I II 

Vo ~ l.J,:.. - u,;J. 
I II 

Vo -+ 3 v, - .1 Vq 

f II 

l.Jo. vl4'. J l.J9- 3 uq 
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the absorption band then follo 'S f r om th ~ ssignment of the emission 

b c.nds . At ::;horter wave lengths the spec t rum is overl apped by hot 

1b a. d nrisjng from the n --+ 1rr * trans i t i on . The car bonyl mode 
0 

-y ' ay be distinguish d on the absorptjon continuum as an int nse 

band at 5 , 450 cm- 1 nlon& d th the com irwtion V + V t - U" 
0 4 9 

at 25 , 24) cm- 1 . 



I . The rotational motions of u molecule are 

dynamic lly anced about th e ~ n1utu 1ly pcrpend ·cula.r es , (the 

principal x~s) \hich ss through i s cen re of o$ . These are 

customa.ri~y 1 oolled , b , and c in such a. vJ.ay that th , mo~ ·"'·nts of 

in rtia (the principal ,aments of in tia) , incr se in the order 

mo f;lnt, of in rti.a of · rigid . oleoule <>bo one of 

(8 .1) 


~1h . e r 1 is the 1 -rpendiculm- dis nee fro the ~xis . Dl:i the ss , 

Nnd the sumrn~tion t k n ov r all ruclei . e dj r ,ction of the e 

axes may be o vious in nolecul with high s,ymmetry , since they 

must co:inc'rle with sym: .etry ax s or lie in symr~>et.ry pl~mes , and the 

om nts of inertia in . uch c s s c·m l.'e o t· ined dir ctly fro 

ouat:i.on {8 .1); othen1ise , th y . us be e lculat d by tht- ,ethod of 
• 1 '1.

irschfel er • 

olecules may be grouped into five cat gories ccording to 

the r lations ips b twe n the prindpal m m nts of lnerti • 

I.., = 1" = I sp erical op
"" 'b c 

ii "" lin · r topI c 

prolate symmetric top 

• 


http:ouat:i.on
http:symr~>et.ry


.... . 


· t.op- obl... t 

v • < 

0The tot·l n~a 

t d cl s .. ic lly by a v~ ctor .:..• t1d ·.v:o ecul 

be r olved into 

c mponent of • :W.ar orn ntwn Za, l.b and. 2c along th pr1nc1p 1 

a of the ol cul , such t t 

(0 . 2) 


e e s1e.l energy of rot:t1on is 

2 {8 .)) 

21 T 
e 

princ pal momen of iner 1a. 

'For the prol·te r.r.~ tri op , c se {:Ui) , the »n"~ulw- .om nt 

bout th 'Xis 1 con 'V~ 

fro (lU tions (8. 2) nd ( .J) 

=p2 .. (8.4)-· -~[~ - 2-J 
2)' Ia 2I 

ccord.. n to u nt th ory the rot·.tion.al energy hvels ~ro 

quanti nd ar~ r ,st r ot .d to cfert j n v .. lues . rhe :squlii.l"tl of' the 

J 1 the u nt n er '>nd t 

Si d.l l"ly , h c .pon nt of the t~ , •.!.. , alo the op 

• 'J'h ner€Y or .he pt~l te symmetric top is iv n by 

http:rot�.tion.al


( .5) 

!f th rot~tion 1 c·ns 

(8. 6) 

e mponent or alon the op ~1 ) : c ·nnot b 

r than J nd .• y h~v p v··l.u s 

-= o.1 ••• J 

E oh level 1>tith iv n valu of' t{'> v 1 oubly de net·r-t • 

e en rgy 1 v la for r1t;t~.d oblate op ! I-...v < l e ure 

F(J, HJ{ +1) (8 .8) 

for fix d J ; he nere"S , t ...rc or , incr•.. a s K deer a es , h re s , 

for the prol top th incr as s . 

ln the a.sytn""' .trio top, th two- fol degenerecy of lev 1 

··ith the uarne v·11ue of i.s r rrov d, nd for ..::c va."' ue of J th re 

qu nt numt.: r is not defined , inc the ngular ntu: bout 

th QX1s is not con.... MTi d , but if uppose 1:\ • o be in · s d 

g lua. ly fro !3 = C {prolc.te top) to B tt J.. (oblt.t top). there should 

be a e ntinuous chang of the lev 1 • Th lo; e t level 

tor a iven ~1 in th rol.a e top is th- lo st lev l for t 

etr c top n:i o o • Thu.., , th. lev 1 

J • K =0 of the prol t . t.ric top st eco e th lo r of 

http:prolc.te


nto ~ich th~ J =1 , .-~ 1 1~vel of tho ob te 

JS 
tlym etrie top plit . HPcrzh rg , p~ e 4 , hor:s th corr...,l~tion 

po nt . &c rot t cmal 

lue • 

e li .itin~ cas~s . Thus , 

he level m y he j 

Altht)U h " 1.~ no tr1ctly defined for · n a yrr.:.. tric top , 

for ne> t•- prol ;, c top we ·r;.y .~t U u e .quz;.tion (8 .5) ro idl~ 

th r t·tion 1 cone nt i r "'pl · ced y th e.f"' ctive x·ot t~onal 

sy metry h L = (2.· - - C)/( ....c , 1 hich b~comes - 1 for a prol· te 

sym., tric top ~n:i +1 for t-~n o 1 tEJ ymmetr~ c top · d vad.e bt:t en 

th e t ro vi u fo a y. · etx· c tops . For propynal , Ko = - 0 . 9 9 in 

t, ground st~t nd " :::; -·984 in th tripl t evei d s . ~ . 

s;.•m. etric to .... ~iv ·n 	 y 

- 2 J ' •J J(J'l)••l,..., -r4.. \.' ~ ..... 	 J - .· • f of .. _ .l/ .. . 
~ . . 

r < l'lOl ctue •hich is a sytt. retrlc top in it ! ground and 

e ·ci Ad tt.tes , th!! rot .ionsl :.1 l~ction rules for a t.r n~1ti r 

direct.d or 1 tote a syi. ar 

A ,,y o. . 1 - per ndicu. r rd ...-	 (8 .10) 
A -- :t 1 

and ±le he tr·n ition l!'O. n j direct d !'' .t•' 1 to the to ~. l.8 , 
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6 J =0, :t 1 
... p · t-.aJ.lru. l · nd.s {8.11) 

Ycit d st ~s a 


lJ , v + '": t J ' J ' +l~ -P'*,Jt(J"+l) "" ( A •-n • ) : 2- ("~ u-~q;:2 (8. 12)

0 

<htn·~ t ht') dou le, prlm&tl frt•e u !'3d to denct the ground st..·te and th 

'< • ~nd •:n , aecompani d by the chanzee -1. , + l 1 n th«J tottil 

J• = J - 1 ' J'' :::: J 

(8.13) 

(8.14) 

R br nch 
J" <= J 

equation 

(8 .16) 



8.5 

for a ptr:-all 1 type b n • ~!1 or th p ~rpendicul r band h 

(8 .17) 

.1 approx1 tion is v lid for 1~r e v~lu .., of the qu nt nu r 

r pynal 1.5 · ne ·r prol te s ric top in 1 s 1 etronie 

ground nd excit d nt s hPt. ·e · r eons1e: ring , nd th 

~u~tion dev lop~d abo for tho in fr qu~ncie 

us in th an~ly is of rot~t1 n 1 

Tn th!'Jt ground tote 

o o t non- lin ar P<Jlyatorr.ic tv' cules . h t.e.l r..ngu1 r Ott!!! 

i r.sult of rot · ion 1 tP.Ot .ons of th$ nuclei about the prineip 1 

'xes . The unp· lrin of the spins of -o 1 otrons in the 3 t · te 

of propyn 

t t o th electrons, b si · · the 

an ul .r ..on" nt du~ to l•tcul; r rot ion of the ) clei about the 

pri c p 1 es . £e• cribe the rotational en r level in his 

d,Ut~onal ter s h .v to e intro uc d into th rotor n rgy 

:xpre io to ccou.nt f r th ~ :in ract1on b t n th ..s mo n a . 

he origin <:>f th !. etro ie &n ul r mo •ent • and the spin 

ntum i n • eonsidlll d us1 ·' he v t r •rodel . In a 

• singl.e ct on ro • ti in tn c~ntr 1 force 

an ,ul r ore ·ntum of the el~otron ay 

b pr nt d by th . v tor l • Wh oh) n, gl oti ... the err ,ct of 

fi ld of 

·e 1 d fi.ned constmt o:f th motion . Pe$1 · e t his 
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or jt,al ·o•~ ..m . the i*:l ~ctt·cm ep1n on an 'leis t.hro~h 1t c·trt.r ot 

~as w'th anuul.r.r .lQUI nt Hpr sont d by t.ha v ctor .!· f c••us 

ot .,,h& orbH:. 1 ion of h.e e ·otr n f ch rce e in th rs. al 

l~ctri c ield o£ th nucleus , t h' co 11 be a m f;n tic n ld at 

the )Lct.ron no , l o th !ll n of h r'bit . !n th s r l d , th 

ll"~netie o '<.t'rt. assOei61ted \dth the p4 .nning slactron. lik a 

SlY".all ml.l> ...netie top . unde1•goe$ a ~ i(j,r "or r-ec ssion • ut the n.e-ld 

d1r·"'Cti.on. Tl a r tn tic mom -nt of the l ct ron e.m then H. n 

its -1 ~1 h :t• p :t l el or ' i f ld . 

'.!Ln the ~· n tic tr. . nt iw in the f:i. ld .i <'Ct ion , b 

s in aneul r mo ,nt b d.. "'Ctf.." t- r. 1 el to th~ orbitel 

the .spin an ' 


1 ~ ! ) .:!.• ent 1s opf•O.s d to .h 1 l d. 


t o ~ 1 -nBl"£Y of the yst 1$ 1 Itu• when the tJ 11n -;: ..,n t ic 

.:o •nt :is di..,n d iv th d,... r Cti,on of the f ld , and h c:he. men i t 

is .:>ppose. o tho field i.r tct.ion . U e eff-.,et of' spin n~ul r 

rom~mtw i ... to ,plit the ol ctr on'ie st»te j,nt,o h10 eo~pon r.to , th 

o • r ~*r'CY' 1 vel of he ~oubl " 1 - !. .!.nd the hi h r le ·el , 

_ + !1• '!"h sp11ttj.ng oot1-t&e he t ·o sht s :in t el tr nic doubl t 

itJ unct ion or b~ tr,.ar;nt ·u,'ie o£ pin- orbit cou•.l i ns; . 1h:teh 1"' 

~a ure oi the ~tr nsth o! tho rt;.uc;ne 1c field kt the el .otron. 

ln a •· ly,"1tomic »lccul& , he spherica l .f.IY'Wl""etry of the 

.l;;ctr1.c .iel ·hich e:xi s i .n r n ~tom 1s d ~tro• ...d . ts a 

r sult, th e .otronie .~ul r • ntu . , aro he tbt o 

http:sp11ttj.ng
http:d1r�"'Cti.on


momant n. not cone rved. 1'h • tot• 1 nt:u • r ftl""Utum, exclud.. 

eon .ant of th motion abo t s c fix d axi • 

..nt 1 

t U.on 1 angul~ r 'O. ntm ;y 

'l'h . $Ul tant J! _ ~ l S fel"r d to 

il'lOl!l ntum veot r . The component of .ll lonf'! h t.op a.xi ' , for a 

ym trio top, is r pre nted by thtt otor .:;, . 'l"ne totol angular 

L th n th ve tor uro of nd 1· 'ih n t r 

.or'a than on unpaired el ctron, ...h s in atPular mo r1ta of th 

indivi uol Alectrom~ oouplll toc\tthor ; he !l of th. v ctor 

r pres•ntin tbe in ngul r moe nt:a. s enot~d by . • riJSultant 

pin v otor ..... •oo th orbit ....!t"'Ot ti nal vecto j ca."l only d t 

v th total an l~r o ntu v etor 1n ae o 


pr~sented 'by t.b Vi ctor l • 

with t 

J ecause th energy corz spol .inc to 

.. d 1s SYlit into 2S l coxnpor. n • 

~~ z~
nd Van 1 k 'nd . nderscn h v d r1v 

•~ saion ror this sp11tti ~ of the 

rotor ~olee\ll s h v nr• spin ncul r mo ent • Thio theory h 

a;tio t r uotur of tb s1 1 t - tripl t band in 
~,.27 

o ld hy by obi "lln snd vi 101"; :\o • 1nce fo ~ . d~hy. is voey 

clo 'to er or~ eotion t r. r1 1 from 

e use by thes ~uthors only in th 

prolnt ym, :tr1c l1 t . Th tr at'!l",ent us d by .0 inscn tnd n ·t"1iorg 0 

i 



~8 . 

mr.y he adopted in this investi ticm , sin e nropynal is alao almo t 

a sym:"'~tric top in tho gr und et .. te. and ie not expect d to b~ 

,
!n the .;;/1,. t·te of propynal the m:.lgnitud~ of the total 

spin .e.ngulai~ rnom~ntum ..§ is equnl t.o one (in units o£ h/2 « ) • The 

total ent-<Ul ar '!tomentum _.r e•n hav~ three v~l1.tea , N + 1 , J, and N - l 
'i"' ... - .... 

values , F1 , F'2 and F3 , (th suhserip ·" 1, 2 and J corr~spomH.ng to 

J1 =_ + 1 • .4. ::::: J:1 ~nd ~ = i. - 1 re!'tpeot~vely) for e~'ch of the three 

me.tl\bat•s of th multiplet · re 

r]. ( 'H<}=FN( 1) ~>{ ,· .....,..) r2+ [ " ·.., 
l:·i(t\;t l ) 

P'... (NK}=-~(N+l)+{! ...p)'? ~ ¥2 
.::. 

r;(~+l) 

l'J ( !IK *P'l( N·>l)+(A- ";;) ;? ·~" ~ 2 
1'-;( J+l) 

coupling constnnts . alt hough · hey can be r l&ted to t .he electric dipole 

<1nd pseudo uadropol e eonstmxts y exprec:sion f'1 ven b • rtot:inson and 

Di Ciet:rg:io . 

Th cor rect ' ons du to inte ecti. on 'bet n the mow!:!n:t & are 

st:nall , and can be i nor d to a i":l.rst approximation . 'l'h~ fr quenc1es 

http:corr~spomH.ng


In the gr ound electronic s ·ate of propyn the sp ns of the el e ctrons 

are pai't'ed [nd the spin angular momentum. is equaJ. to 2ero . The 

orbitPl - rot at onal angula r momentum e nd the tot al nrrul ar momentum 

are equiv8lent , and he quantum number J 11 and N" are identi cal . 

isregarding the spin-or i t correct ion terms in quations (8 . 18) , 

( 8 .19) a n (8 . 20 ) , the t erm values :for the ground and excited states 

er given by 

(8 . 21) 

The frequencies of the spect ral lines from the differen::es between 

the term values are , 

J l = N' +l 

(8 . 22) 

~ br<~nch ' = N - 1 , Ill = 

(8 . 23 ) 

N1~ br&nch = N N' = N 

V = U +C •-- 11 )N2+C '-B") + V (8 . 24 ) 
0 k 

J l = N I 

11P2 br anch N' =N ~1 , .. =N 


v =U 
0 

tc(B ' -B") 2- 63 •+~11 ) N +U k (8 . 25) 


Q2 branch N1 == N N ' = 

V : J) +(P '-- ").2+C •--") 'N + l) (8 . 26)

0 k 


R..., branch 1t· = N + l ' "'rn = 

.:.. 

(8 . 27) 
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,]1 = .. • - 1 

18.2 ) 

I ::: •t 

N ' = ~ .,. 1 , ·~~~ -

(8. 29) 

~ t :::: : 2 t ~II ;::- •rnch
3 

(S .J ) 

Th.se .quat ons illustr~te ~~ feet hut in h bs nee of 

th spin c~~c ti n t. rm.• fiv.~ l>r .nch s n e pl"M<'!nt in the 

br ch s :for :e lim j~: c .. .: of 

, ~.~..een t.h nomencl ture and t. <:.t in qu<"ti ns (8. 22) to (8 .JO) i"' 

p = f" 

1 

= 

nd "' ·z .., 

n3 

.hen the pin- orbit co· ··ectjon t !'!':!JJ in "uationa (8 .18 to (8 . 20) 

ar in<.' led in the tri. l t t e , th e v 

coinoid nces are re ovr•rl tt.nd ~.t: (J.f'lner . , t.h. fuJJ njn. br'-'nch c n 

occur tor ~aeh ( ; 1 .,") tr·1 s1tion. 



The upp .r oortion or 1gure 16 reproduc6S the .1 ro ensjtomet r prof le 

of th rot<t on 1 tructur. of the (0- 0 ) and of the J.l , ~ 1~, • 

rf>nsition in prop mtl. 'his ·as photogr9phed in the first order of 

th ~ ·ert Sp .c rograph , usjng ra t l :ngth of 60 met rs . nd a 

pr ssux• · of 5 m • f . .for the absort·ing gas s e:xpl~in d in Ch ptar ,5 . 

A th long '•· ve le gth s i d of the central intensity m~ i m, which 
0 

occurs · t 4144 t , s~ries of hePds ~ elled ~3 • • 4, r5 , ••• 

which extend to the r ed 1.th ine:re sing sapa otion betv:een successive 

h · d . f co .ple . s ructure i th little p rent regul11rity ... pp .. c r s 

b 'C'tween the he<l r:is , and at the short "Wt v len th si e of the \'>and c ntr • 

CTUy an approxim e ~nays scan b given for the rotction 1 .tructure 

in t his ~nd , ince individu r .t-tlr nal in s could ot e co lpl tely 

r . ol .d . 

The · "V nu :r.~ers or the o ntres o the . he ds for '1.1C: CHO 

· nd 'DC:= C , ;o r coll cted in ~ble 10 . rt is possibl to f'it the e 

to t e equ·tion 

"V = V 
0 

+ oonst . x ,. 2 (9 .1) 

for v ues of Y b. wen 3 ~nd 15 . It then ollo , fr m , qu~tion 

G .16) th t th su - b n:is or . rt of .be s ructure ' risi ~ £rot11 a 

91. 
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TAr! r.: 10 

i(U HC: CC'!O DCSCCHO 

:; 24 ,12.3 ·3.5 ZI.J. , l4? .97 

4 24,1.20 .:39 24 ,145 .04 

5 24,116.6? 24 ,141 .)2 

6 24 ,112.10 24 , lJ6 . 8.5 

? 24 , 06 .80 24;. , 1)1.42 

e 24,100. 65 24 ,125 .}5 

9 24 ,093 .56 24,118. 40 

lC l4 ,085 .85 24 ,110 .64 

ll 24 , 0'17 . 19 24 ,102: .12 

12 24, 6? .87 24 ,092.• )11 

13 24,0.57 .?2 24,082. 87 

14 24,0?6 .74 24,, 072 . 10 

15 24,0)4 .98 24 ,060 . 61 
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tranr.:it ion dir A::ted p&.rallel to th axis; the molecul appro i ate 

to a n <· :r- prolat , Syrm"\ ri.c top not only in th ground but lso in 

the -· ei ted . 1 ctronic st.-te . The o "'erved pol ris, tion ccnfirn the 

r·dictions g i .n in Chap ~r .5 that ~ mixin& by s in- orbit 1 int~r

oction of the ') / fl · ith 1A• Vt is rim£Jrily respon, il:'le for the 

trans:it1on . Sine th s p r a tion between the adj acent sub- b ;.; nds 

incre ses ao th, ovenumb r decre~s s , it follow th~t 

(9 .2) 

The mayi a assign d to the suh- ructur r~sult f rom the ~uo r -

position of ' · n • closely 'ced rot tional lin s . and my te either 

unr solv~d ~ hr~nches , or ead in th other br~nch.~ . It h ad 

formation is t sponsi le or these p~aks , their positions vould not be 

e cted t persist •th - uch s all devi ti.nns fro . the va . ue calcu

1 · d by u tion ( . 1) ·hen ex n ed to lo"' velueo of K. ·r nee . 

e•·e 	 .aka '- most ro t1bly unresolv d ,- r anches . 


Jf rot~ j.ona.l distor ion is no -lec·te· , the diffe ·ance ln 


• venu. r er etwe en th .. orig n of he K sub- b ncis nd the origin of the 

(¥. 1) su - and 1 

= l(' I ' ) (J.'' - Ul )] (~- ( +1)2) = 

[<A I - n') - ( All - ?u ~ ( r>-·l/2) 

The plot of the se . • ations o ' the origins as .functionAVk 

of ie h re or str i.ght line . If (A'' - 'F") is knolm , then 

( • - ' ) c~n b o t a ined fro the gr adi nt. . Th;:; stra i ght line s ould 

int~reect the K ~ is at K - - /2 . 

Curv tur of the lina may be coused by non- rigidity of the 

otatin lecule . It follws from e .•u ti on (8 . 9) tha.t the cor""~ ct :i on 



0 

K 

FIG.I4 PLOT OF 6\)K vs K 
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th·•t. ,.<ut~t. b add d to -'":u· tion (9 •.3 ) is (;,qual o 

C 4 il ·~ 2(.Jk - .•k) L( 1(4-1} _.,·.r <~k - "t~'; (4K"·~ ., ~-~K+l.) (9 .4) 

.tnd it 4::-.3 ) !. - +Y J.l. th stem du s o 

( D' .. ) ' )x 4 :)
k k 

h plo of he · 

his i 

ro ~- · ion ·1 istortion is n 11 •i'b y st'lall . 'l'evi t -icn of t~ plot 

f' ::> 1 litl a ·ity 1 consider y lr:t3 th n 1 c,-,- 1 at • 1 15 , so h t 

eo or· ing o .u.~:tion ( . 5) , \ .~. _'. - nk f< 8 :K lQ- .5 o. - • 

v:;. ue 1o e: to == - 1-:J· •. ... 


on th lop o ... is plot . or 'H~~ r:c •, oo 


the 

t; ,·, - ~,, ,PC:: ~CH (: I ... . (!.'' ¢: • . 408 cr'l .. (9 . ~)I -
- ...-~ t n·v; ~r· (- f = ·0 . ' 02 em.. ·· 

Thi yie ad th v ues 

·;c;. c::•to '\J ~ C4, 1:? . 86) _ o. 2 ... (o .4C90 ! o . oo17)~:.~ e~~-l {9.7) 

~1t = "'c·-·o IJ = ( 21.; , 151.12 -~<- o.l l.!. .. { .4C39 + o.o ...l.L: r.Z c~l-1 

51 tne V<lu s f t h r"ot· t.ion l con"'·t ot in the .. ound ~t" e 

e kn ~ :n fro th · cited 



96. 


s ·te v<1ues 

".JC: .c- o (A' - ~ :: • 7C4 Ctr'- 1 (9 • '· 

I '7; t ) ::::: .C:i ( - 1 . ?90 cm-1 

l• ccur::J. .e valu .. or ' ar if •'icult to ot-tain , inc th y 

must co ~ fro n analysis of th~ closely- spaced i:{no inco pl'!>tely 

solv d fine structure tha constitutes the ub-b nds . 

Unfortunl'l ely , no theoretic l jnve. ti.gction has ;)'\' t b en made of 

the r lrtive in ens ity .r~ ctors r r the rota tional lines of a. inglet

tri • lct tr•n 5tion in n symmetric to , an so it is not possible 

to pr edict ~ich of the rot11 t"i.on l branches. equations (8 . 22 to 

(8. 30) , a ppe r promin nt1y in he spcctru • How v r, in th ir 

rot~tion 1 • y.is of th . corresp1nding ( - 0) b·nd in th singlet... 

tri.plet syste of .fortllaldehyde , "'hich has the same pol ~ r i s&t:i on as 

the ( - 0) - nd un er inv sti · tion her for ~ ropy al. o nson and 

.21 
' t:iort; 'i.o founJ that. on y the F1 , 1 • P3 aacl s3 hr;t nches Iippe red 

tr ng y . !t is r ~son e to ~surr.e th~ the s br· nche- will 

ocservrble in th . c se of :propynn.l; t e predict ons in Ch ;•pter 5 

1nJi 2te th t o ly tr ns tions to ·o of th!' spin compon~nts of th. 

tripl t st t shou 'Due~ r ro aly , a in 'h case of formaldehyde . 

rn h a t. r mol ecule . he ·1 a 3 brnn hes 

~-typ br<nc , whi h we h e identify 

as respon :for he pe ks that ganer;;.t the • s l"ueture . The ot ler 

pr die d r anches , and ) • shou .d h and ;;1 


espec iv ly. 


http:rot11t"i.on


h th t. spin-

o bit nt 't' sct•. on t 

he conJl· ion for heau tor tion 

t:"ot&t.ional cons .. nt. for the upp r st. te il!l o t~t1n~ s 

(9 -9) 

N.. L the v ...:u. t uey of th o 
u 

int ns'~ty ..tr ·ution 1 ;;Js to t,h e.. ot ~ion ... h t 1f ~~ e b: 

occur ~t 

ct r • , nnd ther for it i po ible 

ro h up r· limit to -~ · . l the value_ ·· l' = t ;snd 

pn.~ .., . 1.55 e - 1 (o .t ined from tha kn wn round et::lte -r 

and .h e~ und s .:1.1!t v&lu~ o 0 .1 55 c - • 

....i \l 15 il ust.r t $ th . :11nn r in ·.IJ! i.ch C.t.O e!'ltlm~t~ 1 

for -·'wa sho,,; po io <• f' ..he rotf ona 1ne 

..,tructure ng 0 1o~.e w. venUfl;ter:: !'r om the ., 10 - r noh 

an ' i;:tt = l ul:- br.nde . Th fine t t•uc u ~ :ts colllplex in 

, p •t'O irt'at y ..-. ~hich 1s t hi. t \-TCuld be exp ct d bet-we n 

succe su1 pt .on t• ' ""T' · • 
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-
wer o&lc lt ted or the range of ~o s ble valu a for:' nd th• 

fa..i.ly o.f curv. s f r 'Ju = 0 - 40 ·e e plotted s shown at the 

0 1 u 15 . l'h e r position 

co ncidecl with the h' r ed,e o one of ·th br:.:neh 

<lt.Utima , in t is Ci:HJ · • r'lV .... ng • " ::: 10; and v~rtiea.l dott a li,n s 

origin -ting upon t. su p cted 0 b neh rota.ti nal liros n re found 

to int rsect the .family of curve3 f :i..rly conJ'3is ntly •.t th8 value 

v~lue th 

so~ confide ce , al houeh it is i mpo,g le to ach1 ve compete 

cert .int y un.:le:r the s etr·l e ol po r ·h oh could be ach:i aved . 

un ~rtainty n h p o9i on of he Sl t ... ··nd orS .. in , would nly 

introduce n rror f r 0 . 00 2 : - 1 in the vr. ue of r '.-
v l ue 

'...~ n the mo. e ts of inertia for a pl;:~nar · sy :txet i .e ~op tnolecul 

.r dAt .:r\ in ,d f o.· t.h!l n:ef! u d .rot ·tion.l comt<mts .1'o 

<: ncl,' th : there · · ys x s 1 n t~ ·1 a ect A in the 

1 tion 

:r - ! == l ).. A (9 .10) 
0 

or alrro!:lt pl anar , in th-- e:xcit d !lte e nd that 



lJO . 

;,.i' 

igoor ,d 1 then t.h\!1 a.sj''JI!)'!Otl"~-0 b;1p rotf:tional Ol'lst.rots j:' ' .;;~nd 

(9 .11) 


( ' ' .I ( • , 2 - " 

W":~CT'O f.!r; :~r c.cl"!O 

t • l . P63 1.825 cm-1 

F' o.t.r;,9 0 .1)25 cm-1 

C' O.l51J f.\ .1408 cm-1 

Th., poiii!it 1one; of t.h 

st:..t~s ,;ere e;;lcula.t<td n ao~rl~)lf!e rie rit.id r tor a:p~ roximation ey 
z& 

the ttethocl of Berm~t t , ~oss rnd \i lls on r., rendix G-1.5~ computer . 

....polar~ sed alone th~ n" mri • tcce:her th the scle<tt~on rule /:) F: =o.: '" ' 
... <f'·,, 

4-)th11t :en.urtlt . a hf c. ;,nd br nch All · 'fhe 0 tmd s hrlmche>$ 'lt."'er' 

prasum d to h.£'ve th same r l,t:tve nt~nsiUo.s a a in fornDldehyde and 

tho intensity o tho lh ~ 1 ~ e br.rneh to :re.:•eh. a .,...~. um at N = 20 
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1nor&·s s a est mated fro th i tP. - i s of the observ d 

r ncb mn::rim • Th resu tant c~l ulat ed spectrum is shown in 

Fi ure 16. 

he assumptions that it as n~cessary o ~ke bout line 

intensiti l"s, in the abC\: 'nee of theor tic·l values , ar f irly crude . 

in aey c , it ic dif icult to valu'" e the int gr~ting 

et.f ct o the fin te sH.t v i dth of the speotr<>graph upon the 

rot t ional lines , and so • close agre ment etween the obsflrved snd 

e~ loulated sp ctr~ caPno be xpected. ~ith these rese v tions, it 

is s n h "" the tt-.'o ~ -, ctra The 

in nsity max:i_ma •:r :p(:) P l" i . approx m:. tely th sa e positions ; at the 

{K" = 0) band origin , a 1 r number o f st ng lines appe"' r in t he 

cclc -ate spectr1 m wh i ch a unN olved in the ..,entr 1 ma imum or 

th o ~rved str ucture . he troog lin - a .;~ rin rrd.dway .ween the 

o ~erved . ,, ::: 6 and ; " = 7 · :d is v,.. y lik y ca-u ed by hsad 

omat5.on :tn a r a eh oriein~ t ng ~ t K" - 1 t . t is see·n to be con

vereing to lower ..,,~v nu b . rs . "" i.nte sity maxima t r cal culated to 

ap.pe<'~ r on h Ul!lber side of t h ntral maxi um, nd none 

re ind ,Pd ~P ar n in the e c rum. 

http:omat5.on


-

-

---==""' 

(/) 

0:: 
:::::> 

~ 
z 
0 
u 

0 
z 
<{ 
CD 

0 
0 I 
w u 
~ u 

Ill 
_J u 
:::::> ::r:u 
_j 

LL<{ 0u 

0 w_... 
>oa::, 
wo 
(/) 
CDW 
o:r: 

t
WLL 

~0 




Cn th~ exper1ment t.i l si<e , the limitin:.;; fnct.or th:lt determined 

he depth of this study s the av <ilability of isotopic for:trs of 

propyn~l in &u ficient quan Uy ·nd purity . sin .e the n'itlt .:rial 

polyme ieed <) t room t.emp':}r~tura ~nd his proc ss was ucc~lerttted t y 

the oct on of v:hible and ultr~vlol ·t l~ght . The inf'r o- red spectrum 

w s d~t.ermintlld for th~ three s ~ei."s tc;ccn ;, o· ==ccuo and HC==- coo , 

ut only the .,.am; n spectru.\'tl o.f liquid :-: ~ :CRO was bt~~ · ned . The 

f' oductton of the si.ngl~t-tr plet emissjon spectru con. W1.":\ld large 

~uanti.ti s of' pro0ynal Fnd v as m~c'*.~"' rily rli.'.ltl·icted to on..ly the: 

Si'>ttCi es tJG:: H • The · ot- !' .solution absorption s ,<ectrum studi~s w re 

lso conf tr~d to th1.e molecule , -h lX:::ccuo samplag; 'being 1•es&rved for 

obts5.ni high re?olut•on a sorp ion sp~etra of the (0- ) origin bend . 

The specie& c.=rcno w: s not avails i suf.. leient quantity to fill 

th multiple reflect. on cell th: t was u.o:;ed t.o det ct tM ·cak singlet

t riplet a sorption ha ds . Synthesis of this s v~cies Wl)HJ not tl.tt.mpted . 

r>ince the c.o• ~\-9reial firxr, f rom ••hom our s ample origln ~- t.~d into :-mad us 

thlit thEt Pt'0fH1l'{·&:tion h< s proved ~ t 1' .mely d1fficult even for th.:;i.r 

ski led organic chemists . 

Th :malysis or the :i.nfr""- red anJ . aman :~p etrfi provided a 

s. ~.s.f-"l. ctocy b Q.sis o~ 8nal sinr- ht~~ eni-s"'ion r ectrum of propynal . 

Comp r1 ...on of thi wi h the ~ bsorption 9 etrum of' the .sir>.ale ...triplet 

lC3 . 

http:obts5.ni
http:uanti.ti
http:exper1mentt.il
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ns 1 d or1.e..:n "2nd •o b d nd re son<> y 

and ha b n c t..•ri~d out . 

s;;.tion of the )an 

r a J ~ ·· .- 1 " • ~1 ~ctr nicd1ot.~d f 

fort 

only t• o o the thr~.e. cotnpon nts of th 

~t ht ve 

l.Livoly ~~ ll in th 

tr~.pL st•. 4., , of pr o ould no be d t ct. . r.. in 

. o1ecule ~'" . ins ne-ar - ..ole. e 

ho n ....-+1{' .., tr n it:lon t'"l • t be l.reely oonf n~d to 

erl .on•l , ¥>ou:~ . · din .. t · pproxl ..l!U .on r~ . y .>.!f'.l.f.' · ~ • t 

only hi g up 'ln' ~eoes ohon.., il'ts in g omotry upon t h eleott"onic 

>l"O ,ot1on . f . t US 'Ot"ept t . V <.: l U1'! of 0 . 1 for tbe incr .. nt j n 
3 

r (C..O). h ch h"' a t • v · ..t.ue 1. 21.5 " in h t:l"'\ll1J ~t t u. n ~,c~tbtion . 

~ ~l ' 
v ~~n$d fro C8. cul ions on he int nsity di~tribution of the v . 

0 
progressj.on . a d is close o ·he extl)nsion of 0 . 092 f aecom 10,7 

Z7 

• 


to c · J cul<:~ e. fro om· rot4 .i , ·n· 1 com .,.nt.s t h::1t tht~; ..CO n :le 

d cre-.c~ ses from the- et• und st t~ v lu- ot· 1?3° by app;·ox1 ·· t. ly 4° in 

http:progressj.on
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the tri l e st of propynal , a um n~· t t t ret!'\aini ~ o; .etry 

of the ol cule is unchan ·ed . H'owev r . 1 is (lllite lil~ ly th .t the 

•.ol eul i.-: , lik forn. 1 hy· e . non- 1 n~ r jn 1h e~ci d t~t 
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