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ABSTRACT 

Raman data are reported for gas, liquid and solid perfiuorobutatriene, F,C=C=C=CF,, 
and infrared data for gas and solid. They show clearly that the molecule has the expected 

planar structure of D,h symmetry. With the aid of Raman depolarization ratios and 
infrared band contoura, twelve of the seventeen spectroscopically-active fundamentals can 
be assigned with assurance. Frequencies are suggested for the remaining five modes. 

Data for perchlorobutatriene are limited to the solid state except for some depolariza- 
tion measurements in solution. Again only D zh symmetry is acceptable. About haff the 
fundamentals can be assigned with confidence_ 

This paper presents IR and Raman spectra for perfluoro- and perchloro- 
butatriene, X2C=C=C=CX2: (They wiIl often be referred to as C&F, and C&l, 
in the following discussion.) Some mid-IR data for both compounds have 
been reported previously, but complete vibrational spectra are given here 
for the first time. 

Our Iaboratory.has had a Iong&anding interest in mofecuks with linear 
skeletons of .cOqjugated or cumuIated multiple bonds such as carbon sub- 
oxide, dicyanoacetylene and dicyanodiacetylene. The most recent work was 
on p&rchloro- and periodoallene, X2C=C=CX2 [ 11. Earlier we studied 
butatriene, and showed that it is a pIanar molecule [2]. A.s far as we are 
aware the only other structure determinations of any butatriene by a physical 
method are microwave 13; 4) and electron diffraction [5] studies of 
l-ehlorobutatri~ne. Thus thisinteresting class of compounds is virtualIy 
untouched~ Furthermore the three cumuIated double bonds constitute a 

*The work on the fluon, compound is from a thesis submitted by William Ping&ore for 
the degree of M&et of Science at the Univerility of Pittsburgh (1975). That on the cbloro 
compound IS part of the thesis submitted by William F. Elbert for the degree of Doctor 
of Philosophy (1975) 
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novel vib~ti~n~ system. It therefore seemed worthwhile ta study these two 
perhalogenated butatrienes as additional examples of an interesting type of 
molecular structure. 

This compound was first prepared by Martin and Sharkey [6f + They gave 
a qualitative IR spectrum in the region 905-2500 cm”, but no other spectro- 
scopic work has been reported. 

PerfIuorobutatriene was prepared by the following reactions 

F&=CH--CXi=CF~ 86% = BrF&--CH-CH--CF2Br 5 F&=C=C=CF2 

I EE IL1 

Compound I is difficult to abtsin; its preparation will be described in a 
forthcoming paper 1’71. It was brominated as described by Anderson et al. 
[SJ to give Ii in 85% yield. The latter is a stable, colorless liquid which 
freezes at about -73’C and boils at 157°C. It was purified by fractional 
distillation through a short vacuum-jacketed Vigrew column, using both IR 
and NMR spectroscopy to monitor the process. Careful p~icatio~ of IX 
greatly facilitated the later purification of III. Compound II was dehydro- 
halogenated as described by Martin and Sharkey [6] to give perfluorobut- 
atriene (III) in 30% yield. The latter was purified by repeated trap-to-trap 
vacuum transfer, using changes in the IR spectrum as a guide. The final 
spectrum agreed well with that published by Martin and Sharkey. 

Perfluorobutatiene, a colorless gas, melts at -103°Cand boilsat -5"CL 
The gas polymerizes to a dark yellow film on the walls of the container at 
pressures greater than 30 tom It is reported to react violently with oxygen, 
and to explode when the iiquid is heated to its boiling point l6l_ 

Raman spectra 
Rsman spectra were obtained with a Spex Ramalog instrument which has 

been described elsewhere [9J. Excitation was.with the 488.0 nm line from 
an Ar’ laser, using 25 to 255 mw of power at the sample. Spectra were 
measured for the solid at.123 K, the liquid at 215 K-and the gas at 298 K, 
The solid sample was obtained.by condensing a.jet of tbe gas on a liquid- 
~t~gen-c~o~~ stainless steel wedge which was angled 15” rela$ive to the. 
incident laser beam. The wedge was suspended in an evacuated cold-ceil of 
conventional design [lo]. For the &quid phase rn~~rnen~ the sample was 
sealed in a thinwaNd capillary which was coolted with a controlled strhm 
of cold nitrogen gas [llf . The gas phase sample was contained & a evliridricnt 
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Pyrex cell with optically flat end windows. It was fitted with a side arm 
which was cooled to 250 K to keep the sample pressure at approximately 
100 torr. A survey spectrum was obtained, but accurate band frequencies 
could not be measured because the sample polymerized too rapidly. 

Infrared spectra 
kR spectra were measured from 33-4000 cm-’ with Beckman IR-11 and 

IR-12 spectrophotometers. The solid was examined as a deposit on a liquid- 
nitrogen-cooled plate in a conventional cold cell [lo]. The cooled plate and 
the windows were polyethylene for the region 33-350 cm-‘, and KBr for 
350-4000 cm”. Gas phase data were obtained only above 200 cm-’ using a 
10 cm gas cell having CsI windows. Pressures between 1 and 20 torr were adequate. 

Results 

Tho experimental results are given in Fig. 1 and Table 1. Frequencies are 
believed to be accurate to +I cm” in the infrared and +2 cm-’ in the Raman 
spectrum unless a band is marked as broad, shoulder or approximate. 

Assignments for a planar structure (DZb symmetry) 

Both simple valence theory and analogy with butatriene [2] indicate that 
a planar structure of D Zh symmetry is most probable. It will therefore be 
assumed initially, and will be found to be completely satisfactory. Later 
other possibilities will be mentioned briefly. 

The symmetry and selection rules for vibrations of the Dzh model are 
summarized in Table 2. The z axis is taken along the C=C line and the x axis 
perpendicuIar to the molecular plane as recommended by the Joint Commis- 
sion for Spectroscopy [ 12]_ The conventions of Henberg are folIowed 
throughout 1133. Table 2 contains the assignments for butatriene and the 
two perhalogen-derivatives. The order in which the vibrations are numbered 
is chosen for the halogenated compounds; it is not correct for C4H4. The 
usual disclaimer is made concerning the names for the vibrations; they are 
useful for purposes of bookkeeping and discussion, but may be poor descrip- 
tions for some of the actual modes. 

Since Dzh contains a center of symmetry, the rule of mutual exclusion 
applies. Close examination of the data in Table 1 shows that there are a 
number of IR-Raman coincidences in the solid phase. In every case at least 
one of the two bands is weak..We believe that the coincidences are due to a 
lowering of the symmetry in the solid, or in a few cases are just accidental. 
In the gas phase, where the symmetry is that of the isolated molecule, there 
are no coincidences closer than 9 cm-‘. Unfortunately, the Raman values for 
the gas are less accurate than usual 7 +5 cm-’ is estimated - because they 
are taken from a survey spectrum. It seems that mutual exclusion holds for 
the g&, however. 
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TABLE 2 

Fundamental vibrations of X$=C==C=CX,. (X=H,F,Ci) 

D 
Assignments (cm-‘) 

lh 
Species Activity No. Schematic description W-I. 121 C,P.a C.lxb 

“Ii! R(p),- 

%I 
-- 

b 111 -:IR 
(Type A) 

b ze 

b 2” 

Wdph- 

-JR 
(5pe B) 

b 3fi R(dp),- 

b 3” -JR 
(Type C) 

1 Chain stretch 
2 Chain stretch 
3 CX, sym. stretch 
4 CX, scissor 
5 Torsion 
6 Chain stretch 
7 CX, sym. stretch 
8 cx, scissor 
9 CX, wag 

10 Skeletal bend A, 0-P. 
11 CX, antisym. stretch 
12 CX, rock 
13 Skeletal bend B. LP. 
14 CX, antisym. stretch 
15 CX, rock 
16 Skeletal bend A, LP. 
17 CX, wag 
18 Skeletal bend B, 0-P. 

2079 2140 2071 
878 983? 1112 
2995 681 416 
1430 353 194 
736? ? ? 

1608 1738 1612 
2994 .943 8iO 
1370 539 294 
544 476 321 
234 185 138 

-3080 1278 890 
-1060 978? 610? 

215 569 (341) 
3059 -1255 881 
663 613? 517 
330 -575? 482 
854 494. 434 
? 129b? ? 

Skeletal bend A: $= 
F- 

-6; Skeietai bend B: Q&=&q. 
aRaman: liquid phase. R: gas phase. 
bSolid phase. 
O.P. = out-of-plane. I.P. = in-plane. ( ) Postulated from sum tones, so speculative. 

Our assignments are included in Table 1, and are summarized in Table 2. 
Gas-phase frequencies are used for the IR-active mod& but the Raman- 
active ones are liquid values because these were measured more accurately. 
Fortunately there is little change of frequency with physical state, so sum 
tones calculated by combining values from differentstates are reasonably 
useable. 

Some useful molecules for comparison are FZC%Fi 1141, ,F&=CClr [15], 
FK=CD2 [16] and F&=C=CFz [17]. 

Raman-active fundamentals 
a, species. These four modes consist of two stretches of the.C=C chain, a 

CF2 symmetric stretch and’a CF, scissors. The higher chain stretch is easily 
assigned to the strong, polarized band at 2140 ~rn?‘;~.The second chain mode 
is a problem. Polarized bands which are possibilities:ark 681(250), .724(40), 
949(17), 983(10) and 1373(10) cm:!. (The.nn&% in &&theses are 
intensities in the liquid.) The mode is uridoub&k&y ‘k678’cm~~~in C.&and 
at 1112 cm-’ in C&l, (Tabl&.2), One’kould the~fo~~~~ipd~F.itrsoinewh~~” 
between these values in C4Fii Ur;fortunaters.b~~~~~~~~~~di~~~-~~~; 949 
and 983, are rather weak, and both can be &pl&&&‘&&&& 2 X -476 L 952 



and-2-X: 494 = 988. Because 476 is the strongest Reman band in the spectrum 
whereas 494 is a weak infrared baud, we have a slight preference for assigning 
949 as the overtone of 476 and taking 983 as v2. The other three bands 
(681,724 z&d 1373) are too far outside the expected range to be acceptable, 
and the fiirst two can be explained we! in other ways. 

The 681 cm-’ band, the third strongest in the spectrum, is assigned to v3, 
the CF, sym&et& stretch. The two polarized bands at 353 and 375 cm-’ 
probably involve Fermi resonance between the CF2 scissors and 2 X 185 = 
370 cm-‘. We therefore assign the fundamental to -353 cm-‘, which is much 
the mikint&e of the two. 

b,, and b,, specks. Because there is no experimental way to distinguish 
between these species, they will be discussed together. Candidates for the 
five fundamentals are 185,476, -575,613,787, -1200 and -1255 cm-‘. 
The lowest of these fundamentals will be either v ,,-, or v 16. On the assumption 
that an out-of-plane mode will be lower than the corresponding in-plane one, 
we assign 185 cm-’ to vIo. It seems reasonable to describe this as a skeletal 
b&d. The highest of the five fundamentals will be the bs, CF2 antisymmetric 
stretch v id. The only possibilities for it are the weak bands at - 1200 and 
-1255 cm-’ . . The latter is chosen on the basis of its slightly greater intensity 
and its usefulness in explaining the IR sum tones at 1835 and 2205 cm-‘. The 
band at -1200 cm-’ may be the combination 724 f 476 = 1200 (B3,). 

A sum tone argument is also used to assign the Raman bands at -575 and 
613 cm-’ to b 3g, as follows. The IR bands at 2317 and 2351 cm-’ can be 
explained asthe combinations (1738 + -575 = 2313, b ,” X b3p = B2,J and 
(1738 + 613 = 2351, b,, X b3, = &,) respectively. Because of their contours, 
both sum tones belong to species Bzu (see la&). Since 1738 cm-’ is un- 
questionably a b 1u fundamental, the two Raman values must belong to b N 
in order for the sum to be Bzu. Therefore, 613 and -575 cm-’ are assigned 
to ti is’ and v 16 respectively. Unfortunately both these bands are weak, so 
these assignments are questionable. With some hesitation we call 613 the 
CF; rock and -575 the in-plane skeletal bend, but they are probably mixed. 

This leaves only vq to be assigned, and only 476 and 787 cm-’ as candidates. 
-’ The chqjrze is easy; the 476. cm band is the most intense Raman band in the 

spectrum and must be due to a fundamental. (It is noteworthy that the most 
intense. band is depolarized. Usually this distinction belongs to a polarized 
on& j’We have no explanation for the weak band at 787 cm-‘. 

I&active fun&me~ tals 
Band contours. A& aq aid in attributing the IR bands to their proper 

symmetry species,, the ex&@ed b&d contours wem estimated. The moments 
of inertiawere calculated after assuming the central C=C distance = 1.28 A, 
outer C=C distance = 1.32 A, C-F = 1.32 A arid??----F_ angle = 110”. These 
dimens@swere,~o~~n by analogy ,with bu?triene 1181 ‘and l,ldifluoro- 
&L&e: [19] r _Th. - : 

ey gav,e.&*’ ,+ 88.8,. 1, = 663 arid.‘io.‘+ 752 amu A*. From these 
v&&s tbeP_t&R ~-p~tio~we~calcitlated'[20],~d ihe intensity patim 



estimated [Zl] ;The calculated and observed P-to-R separations were asfollows 

Species b I” lT I” b 3u 

Band Type 
A G(P-R)cJculated (cm-‘) 

ariP--RI observed.(cm-‘I 

.A .B C 
7;6 6.3~ 11.3 

7-8 43 -.14 

The band types are included. in Table 1. 
b I” speci+. The. three @ lU funda&nta& are a-C+ ehAin stmtch; a CF; 

symmetric stretch and ti CF2 &k&s. The’chain niode’is assigned to thevery 
strong band-at 1738 qnT’. &,hough its contour is ‘not claGf+bIe;.there is 
no doubt that;:t&is ,+I& d-6 Y,...Bti_ds at 943’and 539 cni-’ have typ,&& -c@n- 
tours and~amassigned to v,‘.and ti~:~Their’numeric~~values @ r&onabIe~’ 
[14-171. 

b,, spt+es. There are three fundamentals in this species, ‘described as a 
CF2 antisymmetric stretch, a’CFi’rock -&d an in~plane.skel&al bend. Type’ B 
contours at+ expected; We firid just three po+le ca+idat&:~~J.278 (Js), 978 
(vs) and 569 (up). The tither obs&ed type B ban‘as ti too high’to be f&da- 
mentals. The 1278 band is a good choice for Y, 1;.The,ver$ strong 976 b_an&s’a 
serious problem because itseetisto be too high-to be. one-of the other’& ’ ~. 
fundamentals, ,it $not Yexplai&le as a binary combina&$_&d ‘its intensity 
demands respedt. One might think that it& invc&d inF&i r&&a&e with’ 
the other nea.rby.very strong bar&‘&t 943;but this~c&nnot be’so’because ‘. 
their band contours indicate diffen$rt’s@&es.~We~see no a.ltem&e but-tb 
assign 978, to v ,2, but this is done with-tigiving. That l&v& 5’69 -for v,, 
which is also too high by coniparison with C,h. 

b 3u species. Th& ~oi&ins a dF,.&g.&d.‘ti skele+A out-of-plane ben&‘We 
expect the latter to be’ the'l~w+t.bf all the allow&l’ fundaxnent&, &~or 
Raman. The only observed C&q&. bands .&e ,494. &id 2684 ‘emi’. -The &r&$ 
is assigned to the CT;, wG(V 17), -&id t@e j&ter to’.&tq&& s&n rton& 
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Cons,idemtion of o ther symmetrks 

If on+ CFz,.were twisted 90” with respect to the other the symmetry would 
be&. Exp&tatidns for this model are 4ul (R) + lb1 (R) + 3b2 (RJR) + 
5e (R,IR). Thui eight fundamentals’ake allowed to be both Raman and IR 
active. Nothing remotely close to this is observed. The only other possible 
symmetry, Dz, fits the observations even less well. It can be concluded with 
~tiurance~tbat this molecule is planar and Dzb like butatriene. 

PERCHLOROBUTATRIENE 

Perchlorobutatriene was first prepared by Heinrich and Roedig in 1968 
[22]. They reported a few IR frequencies in the mid-IR. There has been no 
further mention of this substance in the literature. 

Experimental 

Preparatron of the sample 
Perchlorobutatriene was prepared by the following reactions as described 

by Heinrich and Roedig [22] 

H2C=CHOC4H9 = 
Benzoyl 

Hx C&=CH-CHC Licc13 - Cl&=CH-CHOH--CCl~ 

peroxide 

3 Cl,C-CH=CH-CCl, (+CI,C=CH-CHCl-CCl,) K°C(CH+ 

It is a colorless solid which melts at 60°C and decomposes when heated 
above this. The sample was handled in a vacuum line and stored in an 
evacuated ampoule at 77 K to conserve the small quantity prepared. 

Specimscopic prrocedures 
The instrumentation and procedures were the same as those described for 

C~,.Inframd and Raman data were obtained only for the cooled solid, 
except for some depolarization ratios measured in solutions. No liquid or 
gas phase results were acquired. To obtain Raman spectra on either solid or 
s&tic&~-the sample was sealed in a capillary. Even though the solid was 
cooled to35OpC, it sublimed out of the path of the laser beam if there 
were more than 60 mW of power .at the sample. 

Results 

The.data fbr:($CL, arci given in Table 3 and Fig. 2. 



TABLE 3 

Rarnan and III spectra of wrchlorobufatriene 

Kaman (solid 123 K) IR (solid 77 K) 

cm-’ Int.= P cm-’ ht. 

Assignment 

70 243 
138 390 
194 586 

lattice mode 

VI0 
vq 
vo 
*lb 
VJ 
VI7 
VV 
VI5 
V&1 
2 x 321= 642 
416 + (341) = 757 
517. +. (341) ” 858 
2 x 434=868 

0.74b 
-0.37n 

294 m 

0,10= 
434 

o-75= 

.610 

W 

s 

758 W 

857 VW 

.869 m 
872 m 

890 
902 

VS- 

Sh 

321 19 
416 212 

482 142 
517 13 

-643 6 

V7 

“I* 
vti 
? 
2 x 482=964 
2 x 517 = 1034 
881 i 194 = 1076 
? 

v1 
881 c 321= 1202 
? 

YE. 
? 
1112 + 610 = 1722 
890 + 881= 1771 
1112 + 881~.1993 
1612’ + 434 =r 2046 
PI 
2 x 1112 *,2224 
t 
.1612 + 890 r: 2502: 
1612 +:1112=2724 

-864 1 

881 12 

-966 9 
1029 31 

- 1070 4 
1096 9 
1112 690 

-1205 2 
0.34b 

1596 W. 

1612 VS 

1634 W 

1716 W 
- 1778 w.b 

-1993 3 
2043 36 
207 1 1000 
2218 12 

-2298 9 
2495 11 

0.34b 

-2720 vw,b 

w,m,s = weau, medium, strong. v = very; b = broad. * = approximate. sb = shoulder. 
p = depolarization ratio. For depolariied&nes p = 0.75 f 0.05. 
*Peak intensity on s&e of l-1000, uncorrected for instrument resnonse 
bp measured in Ccl, solution. 
=p measured in THI? solution. 



2800 2400 2000 1800 1600 CM” 1200 1000 800 600 400 200 0 

Fig. 2. IR and Raman spectra of perchlorobutatriene. 

Assignments 

The data are consistent with Dlh symmetry only. For example there are 
no Raman bands within 9 cm-’ of an IR one with the one trivial exception 
of 864 vs. 869 cm-‘. There is no need to consider any other point group. The 
gsignments ti included in Tables 2 and 3. Comparison with C4F4, as well as 
with CIIC=CCll [23] ; ClIC=CF2 [15], CI&=Hz 1241 and Cl&=C=CCll [l] 
is h&l&. 

Ranian-actiue fundamentals 
a;s~eS@s. me four’a,‘fundamentals are easily identified as the polarized 

bands at 2071,1112,416 and 194 cm-‘. The first two are C=C chain 



IR-mfiue ~~arne~~~~ fspecies 1, iur bzu gzd’&) 
Because there is no eq&imentaI ,&@hdd for diffemritiatingbetw~en these 

speck, they too will be di&ussedtogetber. The,.verqi So& b.&d:at 1612 cm-! 
is clearly Yg:, the b IU chain stretch. Thevee ,strong band it 890%mY”is 
assigned-to the Cc?; antis+miGe+ic k?$etch~(YiI, Z&U), w:h&‘the.CC& synh-. 
metric stretch (v,, b ,J cti be either 870 or 610 cm-‘. There is &ipIe pre- 
cedence for hiving the titi$mmet&? stretch higher tnti’thti ~$xnm&ric one 
- for example, the Raman-a&ive modes of C&h and the assignments for 
C,F,. The two choices for y7 present a problem.. Weex&&i this fmquency 
to occur around 600 cm-‘, so 610 cm-’ is a reasonable ehoi.&e. However, this 
then leaves 870 Crnmi to be disposed,of. It has no reasonab1.e combmation 
tone explanation. Jf it is a: f&d&en&& &he oniy ‘possibility is+;. The 
problem with this is that 870,’ then, a CClz~symmetric: stretch, is neariy.as high 
as the two antisymmetric stretches (890 and 881 cm-‘):I.ti its favor is the. 
fact that the corresponding CC& symmetric stretch in:CI~C++ b&c&s at 
the high value of 777 cm-‘, which is far above 616 cmY1 123 1. Tne.610. barid 
then has oniy one pOssibihty as i'fundamental,:y ,;,.by ‘compaiiFqn with 
C4F4. We are disturbedby assigning a CX2 rock to values as hi&h as.978 in 
C,Fe and 610 in’C&4. However-$he bigh intensities of the& tie: barids 
almost require that they be ~_n~‘~~n~~~ W&‘assun$ that the &&r@tic 
nqne is misle&iing,~’ 

There are only two more observed Et bands with appreciable intensity,‘,, 
294 and 434 cm-‘, but four unassigned .funda&etitals.(~g, pi3, Ye,; Y&. All 
four are expected to be below 560 Cti- I. We arbitrarily assig’n 294 crnyl to vs 
(CC12 scissors) and 434 to vl, (skeletal bend). The two fre&encies-are 
probably fundamentals, but these may not be the corre&&Aes.-No,other 
IR bands were observesl belooir 5?9 .cm~‘,‘evenl’~t~-veiyj-thick &p&s. i 

There are ?wo weak,-una&gned ZR. bands at:?58.~dr857.~.~~!;.T~e~ a% 
also two. Raman-active fund@&&& at 416 an&517 &n-ll: Is th&~O’&&~i- 
separation between .the. bandsinje&h,pair accidental? 0r are ‘the :Rti~.,~ 
bands combining. with’ an-~,ib_~ed,~~t~typefuiidamental.near.34~.~~~~ t6 
give the-II% bands as suad’tanes? .T~~:54i.v~~e‘collld;be.v,,. &&e .&have 
found LO other expl&&ion for the-D% bands at 758 arid857:cm?;‘v& 
tentatively use this one. 
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Remaining bands 
Explanations for most of the remaining bands as binary sum tones are 

given in Table .3. 

Summary- 
The assignmenti for about half the fundamentals of C&L, seem firm 

(numbers l-4,6, 10, 11, 14). The remainder are not reliable. 

COMMENT ON THE CHAIN STRETCHEIS 

Table 4 summarizes the three chain stretching modes. Ln the earlier paper 
on butatriene [2] these were discussed as examples of the classical resonance 
interaction. We point out here that ti, increases steadily through the series 
C4H4, C4F4 and C&L+ This illustrates that increasing the mass of a substituent 
(by a large factor) does not necessarily lower even a well-isolated frequency. 

TABLE 4 

The three chain stretching modes in butatrienes 

Species No. Activity Schematic 

form 
C,H, CP. C4C4 

t-+4-+ 

% “I 1” “b Ran-la IR 2079 1608 2140 1738 2071 1612 
% “2 RaIXXUl 878 983 1112 
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