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Abstract--The i.r. spectra of 1-butene-3-yne and 1-butene-3-yne-4d in the vapour phase and as 
crystalline solids at 90 K were recorded in the region 5000-100 cm -~. Raman spectra, including 
semiquantitative polarization data, of the neat liquid and of the solid were obtained at 90 K. 
Microwave spectra of the compounds were recorded in the region 8-40 GHz at ambient temperature. 
Rotational transitions of the vibrational ground state and of the two lowest vibrational excited states 
vl3(a') and vt8(a") were measured. 

The fundamental frequencies of both compounds were assigned in excellent agreement with the 
results of normal coordinate calculations. Rotational fine structure was observed for several bands and 
interpreted as the Q-sub-branches of the perpendicular bands (in the symmetrical top approximation). 
For six bands the Q-sub-branches were assigned to the proper K-values. The Coriolis coupling 
constant ~3,18 was derived from the i.r. and from the microwave spectra. 

INTRODUCTION 

T h e  v ib ra t iona l  spec t ra  of 1 - b u t e n e - 3 - y n e  (later  to  
b e  cal led vinylacetylene,  V A )  were  s tudied  by sev- 
era l  au thors ,  t he  ear l ie r  work  is r e fe r red  to by 
KOHLRAUSCH [1] and  SHEPPARD [2] w ho  m a d e  
t en ta t ive  ass ignments .  M o r e  recent ly ,  new i.r. and  
R a m a n  spec t ra  [3], pho toe l ec t ron  [4] and  mic-  
rowave  [5-7]  da ta  were  repor ted .  T h e  molecu la r  
s t ruc tu re  in the  v a p o u r  phase  has  b e e n  d e t e r m i n e d  
by e lec t ron  diffraction [8]. Since n o  resul ts  are  
r epo r t ed  for  1 - b u t e n e - 3 - y n e - 4 d  (4-deute rovinyla -  
ce ty lene  V A - d )  we w a n t e d  to m a k e  a t h o r o u g h  
new s tudy of the  v ibra t iona l  spec t ra  of this  
molecule .  W i t h  m o d e r a t e  reso lu t ion  (ca. 0.5 cm -1) 
well  reso lved  ro ta t iona l  fine s t ruc ture  was obse rved  
for  the  pe rpend icu la r  bands ,  mak ing  ass ignments  
according  to the  K q u a n t u m  n u m b e r  feasible.  

Ex tens ive  force field calculat ions  were  m a d e  on  
the  two molecules  combin ing  v ibra t iona l  and  ro ta-  
t iona l  spect roscopic  data .  T h e  der ived  force  field 
se rved  as a basis  for  s imilar  calculat ions  on  di- 
v inylace ty lene  an d  perch lorod iv iny lace ty lene  [9] 
which  will be  r epo r t ed  e lsewhere .  

In o rde r  to  ob ta in  accura te  values  for  the  A 
ro ta t iona l  cons tant ,  new microwave  spec t ra  of the  
p a r e n t  and  the  d e u t e r a t e d  molecule  were  recorded .  
Spec t ra  of the  first exci ted s ta te  of the  two lowest  
f u n d a m e n t a l s  v13 and  v18 were  also recorded,  reve-  
al ing Coriol is  coupling.  

EXPERIMF_2qTAL 

Preparations. The undeuterated vinylacetylene is pre- 
pared by adding 130 ml of 1,4-dichloro-2-butene within 

1 h to a solution of 400 g potassium hydroxide in 500 ml 
glycol and 100ml of n-butyl-cellusolve (glykol-n-butyl 
ether) at 170°C. The enyne is condensed in a trap cooled 
with methanol/dry ice. Further purification is achieved by 
trap-to-trap distillation, and finally 14 ml of pure vin- 
ylacetylene is introduced into a boiling solution of 
0.25 mol of ethylmagnesiumbromide in tetrahydrofuran. 
An efficient reflux condenser is connected to the reaction 
flask and cooled to - 40°C during this grignardisation step 
to prevent the volatile enyne from escaping. After the 
reaction mixture has been cooled to room temperature 
0,25mol of D20  is added dropwise. The crude 4- 
deuterovinylacetylene escapes from the reaction flask and 
is again trapped in a methanol-dry ice trap. Recondensa- 
tion provides about 10ml of pure 4-deuteriovinyl- 
acetylene (purity in excess of 98% as checked by GC- 
analysis on an OPN-column). 

Microwave. The microwave spectra were recorded in 
the region 8-40 GHz at ambient temperature and at 
pressures less than 10txm on a Hewlett-Packard 
8460A MRR spectrometer. Stark voltages up to 
1900 V/era were applied and the measured frequencies 
are believed to be accurate within 0.05 MHz. 

Infrared and Raman. The i.r. spectra were recorded on 
a Perkin-Elmer model 225 spectrometer (5000- 
200 cm -1) and on a Bruker model 114 C fast scan evacu- 
able Fourier transform spectrometer (4000-10cm-1). 
Vapour cells of path lengths 10 and 20 cm with windows 
of CsI and polyethylene, respectively, were employed. 
Cryostats, cooled with liquid nitrogen having windows of 
CsI and polyethylene were used, the samples were shock- 
frozen on the window and the spectra recorded before 
and after annealing. 

Raman spectra were obtained on a Cary 81 spectrome- 
ter, modified for 90 ° illumination, excited by a CRL 52G 
argon ion laser. Spectra of the liquids at ambient temper- 
ature in sealed ampoules under pressure were recorded 
and semiquantitative polarization data obtained. The 
samples were deposited on a cooled copper block and the 
spectra recorded before and after annealing. 
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RESULTS 

Microwave spectra 

The  microwave spectrum of V A  has previously 
been investigated by several authors [5-7]. The  
dipole moments  have been de termined  [5] to be: 
/xa = 0.2, t~b ~ 0.02 D. 

The  repor ted  frequencies  were ei ther  insufficient 
or  too inaccurately measured  to allow determina-  
tion of the A rotat ional  constant and the cen- 
trifugal distortion constants. In this investigation, 
only the J=3----~4 transitions for the parent  
molecule  were  measured  while the whole spectrum 
was remeasured for the 4d species. Transitions 
corresponding to the two lowest  vibrational excited 
states, Pl3(a') and v~8(a") were also measured.* 

In Table  1 the der ived rotat ional  parameters  are 
given. As  seen, there are large changes in the 
rotat ional  constants for the v13= 1 and v~s = 1 
states due  to Coriolis coupling of a -  and b-type. 
However ,  the energy difference between the coupl- 
ing states ( v l 3 = 2 1 7 c m  -t ,  v ~ 8 = 3 0 5 c m  I for the 
parent  molecule) is sufficiently large compared  with 
A,  so that no deviation f rom the semi-rigid rotor  
pat tern was observed.  The  derivation of the 
Coriolis coupling constants will be discussed later in 
this paper.  

Vibrational spectra 

The  i.r. spectra of V A  and V A - d  in the vapour  
phase are shown in Figs. 1 and 2, respectively, 
Raman spectra of the liquids are given in Fig. 3 
(VA) and Fig. 4 (VA-d)  whereas  the solid state 
Raman  spectrum of V A  is shown in Fig. 5. The  
wave  numbers  of the observed i.r. and Raman 
bands are collected in Tables 2 (VA) and 3 (VA-d) ,  
The  asssigned fundamentals  for both molecules are 

* The microwave spectra of the two molecules are avail- 
able from the authors upon request, or from the Mic- 
rowave Data Center, Molecular Spectroscopy Section, 
National Bureau of Standards, Washington, DC 20234, 
U.S.A., where they have been deposited. 

listed in Table  8 together  with the corresponding 
calculated frequencies. 

F rom Table  1 it is seen that V A  and V A - d  are 
nearly symmetrical  prolate  rotors. With Cs sym- 
metry,  the 13 a '  fundamentals  will have A/B  hyb- 
rid vapour  contours, while the a" modes  can be 
distinguished by their C- type  contours with promi- 
nent  Q-branches.  The  PR separations for V A  are 
ca. 18, 15 and 27 cm -1 for the A, B and C bands, 
respectively [10]. The  well resolved (1) i.r. vapour  
contours,  (2) Raman polarization measurements ,  
(3) the additional spectra of VA-d  and finally (4) 
the force constant calculations, make  the assign- 
ments for V A  and VA-d  quite unambiguous.  

Thus, in V A  the i.r. vapour  bands at 974, 927, 
676, 618 and 305 cm -t with sharp O-branches,  all 
of which except the 618 cm ~ band had depolarized 
Raman  counterparts,  are obviously the five a" 
modes  //'14-/Jis. A m o n g  the four C - - H  stretches 
(vl - v4), the assignments are definite except  for v3. 
W e  have assigned this mode  to the weak vapour 
band at 3 0 6 8 c m  -1, of which only the high fre- 
quency branch at 3075 cm -t is visible, appearing 
around 3 0 5 0 c m  -l  in the liquid and crystalline 
states. 

The  remaining a '  fundamentals  were  assigned to 
strong or  medium intense (although the 1096 cm -~ 
band was only weak) polarized Raman bands. The  
i.r. counterparts  varied from very weak (us and us) 
to very strong (v~). In every case the band con- 
tours appeared as pure B or as A/B  hybrids with 
P R  separations close to the predicted values. 

The  i.r. and Raman spectra of V A - d  were  practi- 
cally identical to those of V A  concerning band 
intensities and contours. Except  the ~ C - - H  
stretching and bending modes  which obviously are 
highly displaced on deuterat ion and some skeletal 
modes  like vs,/JlO, v13 and v18 which are displaced 
less than 20 cm -1, the bands of V A  and VA-d  are 
coinciding. 

The  a"  modes  v~4-vl8 of VA-d  are easily as- 
signed to the appropriate  C- type  i.r. vapour  bands. 
Here ,  the in-plane and out-of-plane C ~ C - - D  

Table l. Rotational constants for the ground, the v13 = 1 and the v18= 1 states of 1-butene-3-yne and 1- 
butene-3-yne-4d. Rotational constants (A, B, C) and S.D. of fit (cr) in MHz. Distortion constants (Dj , / ) j r )  in 

kHz. Inertial defect (ID) in uA z. Numbers in parantheses represent 1 S.D. 

l-butene-3-yne l-butene-3-yne-4d 

ground state Vl3 = l Vl8 = I ground state Vl3 = l Vl8 = I 

A 50308. (55) 49274. (59) 51676. (53) 49393. (34) 48337. (36) 50866. (49) 

B 4744.9317 (77) 4763.276 (11) 4747,7146 (81) 4403.9538 (40) 4420.6331 (43) 4406.]168 (51) 

C 4329.7899 (77) 4337.5385 (99) 4338,6433 (83) 4037.8007 (40) 4044.8607 (43) 4045.6294 (51) 

Dd 1.93 (22) 2.17 (28) 1.86 (21) 1.56 ( l l )  1.60 (12) 1.60 (]4) 

DjK -83.22 (67) -70.90 (86) -93.19 (64) -77.35 (34) -66.43 (46) -88.66 (44) 

ID 0.167 ( l l )  0.]57 (12) 0.257 (10) 0.1744 (72) 0.1653 (77) 0.2848 (96) 

0.0419 0.0495 0.0365 0.0214 0.0235 0.0274 
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Fig. 1. Infrared vapour spectrum of 1-butene-3-yne (VA). 

,~o 

i 
so 

i 
~000 

IOC 

I 
3000 

f 

, , : , , , , 
2000 1 OO 1 O0 6OO 

! 
I I 

400 
FREQUENCY (Ck~) 

Fig. 2. Infrared vapour spectrum of 1-butene-3-yne-4d (VA-d). 
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Fig. 3. Raman spectrum of liquid 1-butene-3-yne (VA) 
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Fig. 4. Raman spectrum of liquid 1-butene-3-yne-4d (VA-d) 
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Fig. 5. Raman spectrum of 1-butene-3-yne (VA) as a crystalline solid at c a .  90 K. 

Table 2. Infrared and Raman spectral data* for 1-butene-3-yne (vinylacetylene) 

! 

Infrared 

Vapour 

Raman 

Cryst (-180°c) Liquid Cryst(-180°C) 

Interpretation 

3342 vs i 

3330 vs 

3347 v 

3126 it 
3114 A/B 

3105 

3075 w 
B? 

J 

3046 i} 
3030 A/B 

3023 

2990 ~}B? 
2985 

2740 v~l B? 

2720 v 

2704 ~V~t B? 
2698 

2656 ~} B? 

2636 

2305 ~} 

2292 C? 

2277 

2117 ~}A/B? 

2105 

1975 vw, B? 

3287 vs 3300 m,P 3287 m 

3106 m 3105 m, P 

3050 vw 3048 vw, D?, sh 

3015 m 3015 s, P 

2973 VW 2974 W, P 

2958 VW 

2919 Vw 

2875 VW 2876 VW, P 

2755 vw 

2640 VW 

2685 VW, P? 

2471 VW, P 

2291 W, P 

3105 s 

3052 ~} 
3037 

3015 VS 

2974 

2875 vw 

2688 vw 

2677 vw 

2469 vw 

2293 vw 

2280 vw 2282 W, P 2279 w 

2203 vw 

2193 vw 

2187 W, P 2177 w 

2162 w 

2142 w 

2101 w 2102 vs, P 2099 vs 

2078 w 

2056 m, D? 2052 w 

1954 m 1969 w, P 

V 1 s. t 

92 a' 

~3 at 

94 a' 

96 + 97 = 3014 A' 

~5 + 915 = 3037 A" 

95 + 910 = 2984 A' 

96 + 98 = 2910 A t 

~5 + 916 = 2786 A" 

~6 + v9 = 2695 

= 2650 A' 
95 + 912 

~7 + ~9 = 2511 A' 

95 + 913 = 2325 A' 

~7 ÷ 910 = 2289 A' 

= 2238 A" 
"8 ÷ ~15 
~6 + 9]7 = 2217 A" 

~6 + ~ii = 2229 A' 

2~9 = 2192 A' 

= 
"08 + ~10 2185 A' 

~5 a' 

97 + 916 = 2091 A" 

~9 + ')14 = 2070 A" 

99 + ~10 = 1970 A' 
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Infrared 

Vapour Cryst{-180°C) 

Raman 

Liquid Cryst(-180°C) 

Interpretation 

1943 ~IB? 
1927 

1868 il 
1856 A/B 

1848 

1757 ~} B? 

1743 

1660 it 
1652 A/B 

1643 

1626 !t 
1616 A/B 

1609 

1609 il 
1599 A/B 

1591 

1420 ~} B 

1403 

1370 vw, 

13 20vw 

1305 vw] 

1300vw~ 

1282vwj 

1252 A/B 

1244 

1244 mS] B? 
1230 

1106 } 
1096 A/B 

1088 

1065 vw 

974 vs, C 

927 vs, C 

874 m, A/B 

801  
794 A/B? 

787 

760 ~1 B 742 
676 w, C 

1923 ~v~} 

1918 

1918 vw 

1889 s 

1665 m 

1632 vw 

1599 vs 

1576 vw 

1421 m 

1419 m 

1408 s 

1405 m, sh 

1370 m, br 

1293 m 

1319 m 

1266 m, sh 1 

1260 s 

1251 s 

1240 ~t 
1227 

1218 VW 

1094 ~} 

1082 

1075 vw, sh 

980 vs 

943 vs hl 

934 s, s 

888 v w  

876 s 

868 v w  

784 vw 

769 ~t 757 
693 ~} 

665 

661 

1937 v w ,  P? 

1870 Vw, D? 

1827 vw, P? 

1610 m, P? 

1599 vs, P 

1579 w, sh, P 

1416 w, D? 

1407 s, P 

1361 VW, P 

1289 s,p 

1316 vw, P 

1240 VW, P? 

1096 W, P 

1077 VW, D? 

968 VW, sh, D 

931 w, D 

879 m, P 

675 VW, sh, D 

1630 w 

1602 vS 

1578 w 

1419 m 

1408 s 

1373 vw 

1286 s 

1254 

1093 m 

979 w 

942 m 

874 m 

684 

658 

2v14 = 1948 A' 

v 7 + 912 = 1955 A' 

v 6 + 918 = 1904 A" 

2915 = 1854 A' 

2910 = 1748 A' 

99 + 911 = 1726 A' 

914 + Vl6 = 1650 A' FR 

9 6 a' 

914 + 917 = 1592 A' 

912 + 915 = 1467 A" 

v7 a' 

v10 + 912 = 1414 A' 

v 8 a' 

99 + v12 = 1311 A' 

2911 = 1260 A' 

2917 = 1236 A" 

911 + 917 = 1248 A" 

u 9 a' 

910 + 913 = 1089 A' 

v14 a" 

915 a" 

v17 + v18 = 923 A' 

Vl0 a' 

Vl I + v13 = 862 A" 

912 + v18 = 843 A" 

912 + v13 = 755 A' 

916 a" 
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Table 2. (contd.) 

Infrared Raman 

Vapour Cryst(-180°C) Liquid Cryst(-180°C) 

Interpretation 

634 
vs] B? 636 m, sh 634 m, br, P? 634 m 

625 vs 911 a' 

618 vs, C 628 vs 621 s V17 a" 

B 540 m, P 543 m 
525 534 V12 a' 

443 vw, P? 2913 = 448 A' 

305 m, C 309 w, D 314 m 
311 ~18 a" 

226 m] 228 m 

J B 229 s 224 m, P 
208 w 221 m ~13 a' 

i15 lattice modes 

89 

* Bands above 3400 cm -1 and weak bands outside the fundamental regions have been 
omitted. 

t Abbreviations: s, strong; m, medium; w, weak; v, very; br, broad; sh, shoulder; P, 
polarized; D, depolarized; A, B and C denote band contours. 

Table 3. Infrared and Raman spectral data for 1-butene-3-yne-4d (vinylacetylene- 
4d) 

Infrared Raman 

Vapour Cryst Liquid 

(-180°C) 

Interpretation 

3340 wW ~ 
3329 A/B 

3319 

3123 it 
3114 A/B 

3106 

3075 m I B 

302230313038 !t,A/B 
2972 

2863 A/B 

2853 

2616 vs 1 

2605 vs A/B 

2598 vsj 

3286 m Parent 

3105 m 3099 m, P 

3070 w 

3054 w 

3054 w 
3048 vw, s h3 

3014 m 3019 vs, P 

2972 2978 m, P 

2955 vw, br 2948 m, P 

2922 vw, br 2929 w, D 

2871 vw 2881 w, D 

2842 w 2856 vw, D 

2818 w, P 

2691 vw, p 

2577 vs 1 

2570 m, sh 2591 s, P 

2566 w 

~i a' 

v 4 + V17 = 3095 A" 

~2 a' 

~3 a' 

V7 + '06 = 3010 A' 

95 + v14 = 2968 A" 

"05 + "°14 = 2968 A" 

"06 + "08 = 2902 A' 

v4 + V18 = 2896 A" 

297 = 2830 A' 

"°6 + 99 = 2692 A' 

94 a' 
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Table 3. (contd.) 

Infrared 

Vapour tryst 

(-180°C) 

Raman 

Liquid 
Interpretation 

2002 m 

1995 m 1978 vs, sh 

1993 m 1977 vs 

1984 m 

1948 VW} B 

1930 vW 

1863 ~} 

1855 m A/B 

1845 m 

1657 wl 

1649 A/B 

1619ii 
1613 A/B 

1604 160, } 
1596 A/B 

1588 

1426 ~I B 

1399 

1364 vvw] B 

1338 vvw 

1314 i ] 
1306 A/B 

1296 

1298 vw, C 

1103 m" / 
Ii00 m 

A/B 
1095 m 

1089 m. 

1089 m} B 

1075 m 

974 vs, C 

927 vs, C 

858865:} A/B 

1969 vw 

1960 ~I 

1953 

1891 m, sh 

1887 s 

1880 m, sh 

1664 m 1 
1662 m 

1652 vw, sh 

1630 w 

1597 s 

1575 w 

1413 s hl 

1410 m, s 

1404 s 

1365 m 

1291 w 

1096 m 

1083 m 

1054 m 

1015 m 

992 w, sh 1 

981 vs 

943 ~s t 934 
865 m 

1984 vs, P 

'1964 m, P 

U 5 a' 

u8 + u16 = 1982 A" 

2u14 = 1948 A" 

u14 ÷ u15 = 1901 A" 

1839 vw, D 2~15 1854 A" 

1657 VW, sh, D 

1613 m, P 

1600 vs, P 

1580 m, P 

1414 vs, P 

1360 w, P 

1291 vs, P 

1097 m, P 

1087 m, P 

979 w, D 

935 m, D 

869 s, P 

u14 + u16 = 1650 A" 

u9 + Ull = 1639 A' 

u6 a' 

u 9 + u12 = 1586 A' 

u 7 a' 

2v16 = 1352 A" 

~8 a' 

u9 a' 

2Vll 1086 A' 

u13 + Ul0 = 1070 A' 

~ii + u12 = 1033 A' 

u14 a" 

~15 a" 

ulO a' 
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Table 3. (contd.) 

Infrared Raman 

Vapour Cryst 

(-180°C) 

Liquid 

Interpretation 

749 A/B 761 m "°12 + v18 = 781 A" 

745 v17 + .018 ffi 781 A' 

739 w 

~12 + 913 ffi 695 A' 689 S 

V13 + .017 = 695 A" 682 m 

676 m, C 661 m 682 s, D .016 a" 

632 w il 645 vw" I 
624 630 m Parent 

618 612 VW 

552:} B534 545m 544VS .011 a' 

lw 
490 506 499 vs, D vs .012 a ' ,  .017 a"  

482 vs 
496 v 

369 vw 

325 m, sh 1 
291 s, C 316 vs 295 vw .018 a" 

300 s 

215 ~ t  a '  B 220 S 217 s, P v13 
195 

* Bands above 3400 cm -~ and weak bands outside the fundamental regions have been 
omitted. 

? Abbreviations: s, strong; m, medium; w, weak; v, very; br, broad; sh, shoulder; P, 
polarized; D, depolarized; A, B and C denote band contours. 

b e n d i n g  appa ren t ly  coincide a r o u n d  490  c m  -1 while  
for  V A  they a p p e a r e d  as bare ly  sepa ra t ed  b a n d s  at  
625. (a ' )  and  618  cm -~ (a"). 

T h e  t h r ee  vinylic C - - H  s t re tch ing  modes  in V A -  
d fall a t  t he  same  wave  n u m b e r s  as in V A ,  whereas  
t he  acetylenic  C - - D  is s i tua ted  at  2605 cm -1. T h e  
a '  f u n d a m e n t a l s  us,/26, 1,'7, 119 and  v~0 all had  the  ex- 
p e c t e d  f requency  shift  f r om V A  to V A - d  and  were  

ass igned wi th  cer tainty.  In V A - d  v8 appea red  as a 
well  reso lved  v a p o u r  b a n d  wi th  A / B  hybr id  con-  
tou r  at  I 3 0 6 c m  -1, hav ing  a very s t rong R a m a n  
c o u n t e r p a r t  at  1291 c m  -1 .  T he  spec t ra  of V A  are 
m o r e  complex  in this  reg ion  s ince var ious  combina -  
t ion  bands  involving v~l and  v17 ( C ~ C - - H  defor-  
ma t ion )  appea r  in this  region.  Tenta t ive ly ,  the  A [ B  
hybr id  con tou r  wi th  cen t re  at  1 3 1 2 c m  -~ corres-  
p o n d i n g  to the  R a m a n  b a n d  at 1 2 8 9 c m  -1 was 
a t t r i bu ted  as v8 in V A .  T h e  bands  a r o u n d  
1291 cm -~ in the  v a p o u r  apparen t ly  co r re spond  to 
1319 in the  crystal  spec t rum and  were  ass igned as 
Vg+ v~3 (A ' )  s ince the  vapour -c rys ta l  shift  for  v~3 is 
significant. 

In  V A - d  v12 (over lapping  /217 ) appears  with  h igh 
intensi ty  at  490  cm -~ .and pushes  vii  to  543 cm -1 at 
slightly h igher  wave n u m b e r  than  the  va lue  at 
540 cm -1 in VA.  Finally, t he  lowest  a '  m o d e  v[3 
appears  as a B - b a n d  at 205 cm -1 with a strong, 
polar ized coun te rpa r t  in R a m a n  at 217  cm ~. 

T h e  b a n d s  not  cons ide red  as f undamen ta l s  can all 
b e  well  exp la ined  as ove r tones  or  combina t ion  
bands .  In the  spect ra  of V A - d  a very  small  impur -  
ity of the  p a r e n t  molecule  appea red  as weak  bands  
at  3330,  625 and  618 cm - t .  

R O T A T I O N A L  F I N E  S T R U C T U R E  A N D  C O R I O L I S  
C O U P L I N G  

T h e  i.r. v a p o u r  bands  showed  well resolved  ro ta-  
t ional  fine s t ruc ture  for  the  pe rpend icu la r  type  
b a n d s  where  the  Q - b r a n c h  spli t t ing is ca. 3 cm -1. 
T h e  spli t t ing of the  P -  and  R - b r a n c h e s  in the  
paral le l  type  bands ,  calculated to be  ca. 0.3 cm -~, 
could not  b e  resolved  with our  p resen t  i n s t rumen-  
tat ion.  
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Various perpendicular  type fundamentals  (in the 
symmetric  top approximation) had resolved rota-  
t ional band structure which could be assigned to 
t h e - p r o p e r  K-values .  In V A  v2, v12 and v,3 of 
species a '  and Vl6 and u,s of species a "  were 
employed  for these calculations, the best resolution 
was provided by v12 with a centre at 540 cm -1. The  
fact that the ~ C - - H  bending modes  were  shifted 
f rom ca .  625 cm -1 in V A  to 490 cm -1 in V A - d  led 
to partly overlap with the 543 cm -1 band. Instead, 
v,6 at 676 cm -1 was bet ter  resolved in V A - d  and so 
was 1/'7 at 1414 cm -1. 

A calculation of the band shape and fine struc- 
ture [11] revealed that the major  contribution to 
the  O-branches  in the perpendicular  bands arise 
f rom transitions with J quan tum number  in the 
range 20-50  and that for IKI > 4  the deviation f rom 
the symmetr ic  rotor  pat tern is negligible. Hence ,  
these sub-branches may within a good approxima-  
tion be fitted to the expression: 

vK,,or<, = v0 + ( A " - / 3 " )  • K 'a - ( A ' - / ~ ' )  

,2 K,,4 + K , 4  • K - D K  D ~ "  

where  /~ equals ½ (B + C). 
The  observed fine structure for all the fundamen-  

tals ment ioned  above were  fitted simultaneously to 
this expression and the various parameters  (Vo, A - 
/3 and D r )  resulting f rom this procedure  are col- 
lected in Table  4. For  comparison,  the values of 
A - / ~  f rom the microwave investigation are also 
included in Table  4. As  seen, the results f rom i.r. 

and microwave analyses agree within the experi-  
mental  uncertainties.  

As  an example  the absorption spectra f rom 180 
to 370 c m - '  of VA,  recorded at ca .  0.5 cm -* resol- 
utilon are given in Fig. 6. The  lowest modes  of each 
species vt3(a ')  and V , s ( a " )  a r e  situated in this 
region. The  observed wave  numbers  for each sub 
branch in V A  and V A - d  are listed in Table  5. 

F rom the values of A - / ~  in Table  4 it is seen 
that the v13 = 1 and vls = 1 states are strongly per-  
turbed, obviously these states are coupled by a 
Coriolis interaction. Following the me thod  outl ined 
by MILLS [12], the Coriolis coupling constant ~3.1s 
was found from the rotat ional  fine structure of the 
v~3 and v,8 bands. For  VA,  (~3.18 was found to be 
0.58 + 0.05 while the corresponding value for V A - d  
was 0.61 ±0 .05 .  

As ment ioned  before,  the /213 = l and v18 = 1 
states are coupled by both a -  and b- type Coriolis 
interactions. Since we have accurate values for all 
rotat ional  constants for these states f rom the mic- 
rowave  investigation it is possible to de termine  
both (~3.x8 and (~3.18. Neglecting interactions f rom 
all o ther  vibrational  states, the contribution to the 
effective rotat ional  constants f rom the Coriolis in- 
teraction is given by 

o~ (A C ) ~  2 2 - G . G b  
s 

e (cOr) = 
h,, h~ A ~ ( A - B ) '  

s = 
2 B(cor) A,, A,~ A , , ( A - B )  

Table 4. Calculated band centres (%)*, rotational constants (A - /~)  
and centrifugal distortion constants (D•) obtained from i.r. and 

microwave spectra 

"o  A - ~i.r. A - B DK 

H2C=CH-C~CH 

ground state 1.5249 [16) 1.5268 (18) 

v 2 = 1 3116.39(11) 1.5138 (23) 

v12 = i 539.21(3) 1.5189 (17) 

v13 = 1 217.21(13) 1.487 (4) 1.4918 (20) 

Vl6 = 1 677.40(23) 1.557 (6) 

v18 = 1 303.56( 7} 1.5742 (21) 1.5722 (18} 

8.3 (6) 

4.9 (ii) 

8.3 (7) 

5.2 (22) 

13. (3) 

11.6 (8) 

ground state 

v I = 1 

v 7 = 1 

v13 = 1 

v15 = 1 

Vl6 = 1 

v18 = 1 

H2C=CH-CHCD 

1.4975 (21) 

3114.22{ 9) 1.5003 (29) 

1415.28(10) 1.495 3) 

205.10(19) 1.463 5) 

926.49(9) 1.483 3) 

675.99(9) 1.5114 (25) 

289.91(9) 1.5501 (27) 

1.5068 (ii) 

1.4712 (12) 

1.5558 (16) 

6.7 (7) 

9.7 (ii) 

2.0 (14) 

3.0 (28) 

4.5 (i0) 

8.1 (8) 

11.3 (I0} 

*v  o a n d A - B  incm - 1 , D  K in 10 -5 cm -1. 

S A ( A )  36/'11 - D 
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Fig. 6. Infrared spectrum of the vIS and Y,~ bands in l-butene-3-yne (VA) at ca. 0.5 cm-’ resolution. 

Table 5. The “1X and u18 bands (cm-‘) of 1-butene-3-yne and 1-butene-3-yne-4d 

X-values 

in 

RP, ‘Q, 

CH2=CHSH CH2=CH=CO 

"18 "13 U18 *13 

Obs. Ohs.-talc. Obs. Ohs.-talc. Ohs. Ohs.-talc. Obs. Ohs.-talc. 

15 359.90 -0.12 

14 356.04 -0.12 

13 352.18 -0.11 

12 348.32 -0.08 

11 344.59 0.06 

10 340.73 0.06 

9 336.75 -0.09 

8 333.02 -0.03 

7 329.28 -0.03 

6 325.54 -0.08 

5 322.05 0.04 

4 318.43 -0.03 

3 315.06 0.06 

2 311.56 -0.06 

3 295.89 -0.25 

4 293.36 0.02 

5 290.71 0.07 

6 288.06 0.01 

7 285.65 0.09 

8 283.24 0.08 

9 280.83 -0.02 

10 278.78 0.14 

11 276.61 0.10 

12 274.56 0.10 

13 272.51 0.03 

14 270.58 0.01 

15 268.65 -0.07 

16 266.97 0.06 

17 265.16 0.01 

18 263.47 0.06 

19 261.78 0.09 

249.12 

246.84 

244.67 

242.38 

239.97 

237.68 

236.15 

232.62 

229.96 

227.31 

224.42 

345.31 

341.57 

337.96 

0.04 334.22 

-0.06 330.49 

0.01 326.63 

0.00 322.89 

-0.06 319.16 

0.06 315.42 

0.01 311.80 

0.03 308.19 

-0.01 304.69 

0.04 301.32 

-0.07 

279.86 

277.33 

274.80 

272.27 

269.86 

267.57 

265.64 

263.47 

261.42 

259.49 

257.69 

255.64 

253.95 

-0.10 

-0.17 

-0.04 

-0.01 237.20 

0.05 234.79 

-0.02 232.50 

0.02 230.09 

0.04 227.80 

0.01 225.38 

0.05 222.97 

0.03 220.44 

0.05 

0.11 

-0.05 

0.05 

0.04 

-0.07 

-0.15 

-0.20 

0.04 

-0.04 

-0.06 

0.00 

0.15 

0.02 

0.25 

0.07 

-0.05 

-0.03 

-0.09 

0.01 

0.02 

0.10 

0.13 
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whe re  A~, is the  ene rgy  dif ference be t w een  the  Table 6. Internal valence symmetry coordinates for 1- 
coupl ing s ta tes  s and  r. G~ and  Gb are given by butane- 3-yne with reference to Fig. 7 

G .  = A,~',[(t,./v~)½ + (vJv,)~], 

Since /213 cor responds  to an in -p lane  mode ,  the  
effective ro ta t iona l  cons tan ts  for  this s ta te  fu r the r  
have  a ha rmon ic  as well  as an  a n h a r m o n i c  con-  
t r ibut ion  of u n k n o w n  magni tude .  This  is no t  the  
case for  the  v~8 = 1 s ta te  (ou t -o f -p lane  mode) .  
Hence ,  we have  not  used the  ro ta t iona l  cons tan t s  
for  the  vl3 = 1 s ta te  in de t e r m i n i ng  the  Coriol is  
coupl ing constants .  For  V A  the  der ived  cons tan t s  
were:  ~ 3 . ] ~ = 0 . 5 8 + 0 . 0 5  and  ~3A8=0.28+0.05. 
T h e  cor respond ing  values for  V A - d  were:  ~'~3j8 = 
0.61 + 0 . 0 5  and  ~:~3.~8 = 0 . 2 6 + 0 . 0 5 .  

F O R C E  C O N S T A N T  C A L C U L A T I O N S  

A n o n - r e d u n d a n t  set  of symmet ry  coordina tes ,  
based  on  the  va lence  coord ina tes  indica ted  on  Fig. 
7 is given in Tab le  6. T h e  molecu la r  geomet ry  was 
t a k e n  as the  r°-s t ructure  [8] with  a l inear  acetylene  
chain.  

A n  initial va lence  force field was cons t ruc ted  on  
the  basis  of spectroscopic  da ta  on  e thy lene  [14], 
m o n o h a l o  e thy lenes  [15] and  v inyl idene  hal ides  
[16]. Force  cons t an t  calculat ions  on  the  out -of-  
p l ane  modes  for  the  m o n o h a l o  e thylenes  indicate  
r e m a r k a b l y  cons tan t  values for  the  in te rac t ion  con-  
stants.  Hence ,  we have  t r ans fe r red  these  in te rac t ion  
cons tan t s  to  VA.  W e  have  fu r the r  t r ans fe r r ed  the  
values for the  cis and  trans C ~ - C - - H  bend ing  
in terac t ion  cons tan t s  found  for  e thylene .  

T h e  force  field was then  ref ined by the  least  
squares  m e t h o d  using the  obse rved  v ibra t iona l  fre-  
quencies ,  t he  Coriol is  coupl ing cons tan ts  and  the  
cent r i fugal  d is tor t ion  constants .  T h e  weights  as- 
s igned to each  va lue  was t aken  as l/or 2, whe re  (r~ 
was e s t ima ted  as 1% of the  v ibra t iona l  f requencies  
and  5% or  1 S.D., wh ichever  is the  largest,  for  the  
d is tor t ion  constants .  For  the  Coriol is  coupl ing con-  

s tants ,  (r~ was t aken  as two t imes  the  S.D. to  allow 
for  anha rmon ic i ty  effects. 

(~2)'~-(~) ,(o~tL~) x 

Fig. 7. Valence coordinates for 1-butene-3-yne. ~r~ and 
~r 2 denote out-of-plane bending coordinates involving 
atoms 4, 2, 3, 6 and 8, 7, 4, 3 while ~- denotes torsion 

around the C ~ C  bond. 

Sl(a') = T 

S2(a') ffi D 

S3(a') = S 

S4(a') ffi t 

S5(a' ) ffi 2-%(d 7 + d 6) 

S6(a' ) = 2-%(d 7 - d8) 

S7(a') s 

S8(a') exy 

S9(a') 6-%( 2~ - 86 - 7) 

Slo(a') 2-~(86 - 7) 

Sll(a') 6-%(2a - 87 - 88) 

Sl2(a') 2-%(87 - 88) 

Sl3(a') ~xy 

SI4(a") ~Z 

Sl5(a") 8 z 

SI6(a") %(~8436 + r8432 + T7432 + x7436)* 

Sl7(a") ~87%5 (~2) 

Sl8(a") "4236 (~l) 

* ~'ijkl and ~r~ik~ denote torsion and out-of-plane bending 
coordinates involving atoms i, j, k and l as defined in Ref. 
[13]. 

Table 7. Derived valence force constants for 1-butene- 
3-yne 

Constant value Constant value 

stretch stretch-stretch 

K T 15.334 (28} + FSD 0.5 - § 

K S 5.252 (27) FST 0.2 

K D 9.146 (28) Fdd 0.039 (22) 

E% 5.976 (26) stretch-bend 

K s 5.111 (25) FD8 
0.336 (15) gd 5.144 (22) FST 

bend F 
D~ 

0.276 (25) H 8 0.5820(73) F 
S~ 

H a 0.3654(90) bend-bend 

trans H¥ 0,572 (16) f~8 

0.067 H~ 0.842 (18) ftrans 
se 

H 8 0.2721(62) /'(~B~ s 
xy -0.034 

S e 0.3041(33) ~cls 
z S~ 

H% 0.2206(32) f6  ~ 0.100 (i0) 
xy xy xy 

H0z 0.2057(38) f8z~ z 0.0735 (89} 

By 0.09744(14) f~ 0.04 
ln2 

0.3823(46) -0.035 
HH 1 fHlX 2 
HH2 0.2383(27) 

* Units for stretching and stretch-stretch interaction 
constants are mdyn/~-1,  for bending constants units are 
mdyn. /~ rad -2, and stretch-bend interaction constants 
have units of mdyn rad -1. 

% Numbers in parentheses represent 1 S.D. 
§ Constrained. 
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Table 8. Observed and calculated spectroscopic data for 1-butene-3-yne and 1-butene-3-yne-4d. Vibra- 
tional frequencies (v i) in cm -1, centrifugal distortion constants (Dj , / ) j r ,  D r )  in kHz and inertial defect 

(IDa,) in u,~ 2 

NO Observed Calculated PED* Observed Calculated PED 

CH2=CH-CECH CH2=CH-C~CD 

a' ~i 3330 3344 96 S 4 3114 3115 

92 3116 3115 98 S 6 3068 3068 

u3 3068 3068 93 S? 3030 3030 

V4 3030 3030 94 S 5 2605 2594 

v 5 2111 2119 84 S I 1994 1985 

~6 1599 1598 86 S 2 1596 1597 

~7 1415 1415 18 $10 + 79 $11 1415 1415 

98 1312 1309 72 $10 1306 1309 

v 9 1096 1097 16 S 5 + 76 $12 1096 1094 

Vl0 874 875 57 S 5 + 24 $12 865 866 

~ii 625 632 Iii $13 543 542 

~12 539 539 21 S 8 + 65 S 8 490 483 

~13 217 215 94 S 8 + 19 S 9 205 206 

a" ~14 974 974 17 $16 + 16 $17 + 89 $28 974 974 

V15 927 927 84 $I? 926 927 

916 677 677 74 $16 676 676 

917 618 619 102 $14 490 489 

V18 304 305 98 $16 290 290 

a 
~13,18 0.58 0.69 0.61 0.69 

~b 
13,18 0.29 0.18 0.27 0.17 

Dj 1.93 1.88 1.56 1.58 

DjK -83.22 -80.76 -77.35 -74.90 

D K 2548. 2796. 2009. § 2892. 

ID § O 0.167 0.163 0.174 0.169 

IDI3§ 0.157 0.118 0.165 0.120 

ID18§ 0.257 0.313 0.285 0.325 

98 S 6 

93 S? 

94 S 8 

28 S I + 70 S 4 

58 S I + 28 S 4 

85 S 8 

18 $10 + 78 $11 

71 $10 

15 S 3 + 78 S12 

56 S 5 + 22 $12 

25 S 8 + 59 S 8 + 19 $15 

97 814 

91 S 8 + 18 S 8 

17 $16 + 16 $17 + 89 $18 

84 S17 

76 S16 

107 $14 

89 Sl~ 

* Potential energy distribution defined by: PEDIi = lO0.F~i.L2/hr Terms less than 15 have been 
omitted. 

§ Not included in least squares fit. 

In o rde r  to  ensu re  conve rgence  dur ing  the  i tera-  
t ions  some of the  cons tan t s  had  to be  cons t ra ined .  
W e  have  cons t r a ined  two pairs  of s t r e t c h - b e n d  
in te rac t ions  to  be  equa l  (Foa = Fs~ and  Fo~ = Fso,). 
Fur the r ,  the  s t r e t ch - s t r e t ch  cons tan t s  Fso and  Fsw 
were  s t rongly  cor re la ted  wi th  the  d iagonal  force 
cons tan t s  and  were  fixed at r ea sonab le  values.  

T h e  final force  field is p r e sen t ed  in Tab le  7 while  
the  obse rved  and  ca lcula ted  values  for  the  experi-  
m e n t a l  da ta  are l isted in Tab le  8. A s  seen,  the  force 
cons tan t s  are all of r easonab le  magn i tudes  and  the  
a g r e e m e n t  b e t w e e n  the  obse rved  and  the  calculated 
da ta  sat isfactory except  for  the  Coriol is  coupl ing  
cons tan t s  and  the  iner t ia l  defects  for  the  I.)13 = ] and  
v18 = 1 states. Calcula t ions  based  upon  a non - l i nea r  
ace ty lene  chain  does  no t  resul t  in any improve-  
men t ,  and  we be l ieve  tha t  the  d iscrepancies  are due  
to large ampl i tude  mot ions .  
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