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ABSTRACT

Raman data are reported for gas, liquid and solid perfluorobutatriene, 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,;, symmetry. With the aid of Raman depolarization ratios and
infrared band contours, 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,;, symmetry is acceptable. About half the
fundamentals can be assigned with confidence.

INTRODUCTION

This paper presents IR and Raman spectra for perfluoro- and perchloro-
butatriene, X,C=C=C=CX,. (They will often be referred to as C,F, and C,Cl,
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.

Qur Iaboratory has had a long-standing interest in molecules with linear
skeletons of conjugated or cumulated multiple bonds such as carbon sub-
oxide, dicyanoacetylene and dicyanodiacetylene. The most recent work was
on perchloro- and periodoallene, X,C=C=CX, [1]. Earlier we studied
butatriene, and showed that it is a planar molecule [2]. As far as we are
aware the only other structure determinations of any butatriene by a physical
method are microwave [3, 4] and electron diffraction [5] studies of
1-chlorobutatriene. Thus this interesting class of compounds is virtually
untouched. Furthermore the three cumulated double bonds constitute a

*The work on the fluoro compound is from a thesis submitted by William Pingitore for
the degree of Master of Science at the University of Pittsburgh (1975). That on the chloro
compound is part of the thesis submitted by William F. Elbert for the degree of Doctor
of Philosophy (1975)
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novel vibrational system. It therefore seemed worthwhile to study these two
perhalogenated butatrienes as additional examples of an interesting type of
molecular structure.

PERFLUOROBUTATRIENE

This compound was first prepared by Martin and Sharkey [6]. They gave
a qualitative IR spectrum in the region 900—2000 ecm™!, but no other spectro-
scopic work has been reported.

Experimental

Preparation of the sample
Perfluorobutatriene was prepared by the following reactions

F,C=CH—CH=CF, -8?-5!';—6» BrF,C—CH=CH—CF,Br %%—,% F,C=C=C=CF,

I I I

Compound I is difficult to obtain; its preparation will be described in a
forthcoming paper [7]. It was brominated as described by Anderson et al.
[8] to give II in 85% yield. The latter is a stable, colorless liquid which
freezes at about —78°C and boils at 107°C. It was purified by fractional
distillation through a short vacuum-jacketed Vigreux column, using both IR
and NMR spectroscopy to monitor the process. Careful purification of 11
greatly facilitated the later purification of I1I. Compound I 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.

Perfluorobutatriene, a colorless gas, melts at —103°C and boils at —5°C.
The gas polymerizes to a dark yellow film on the walls of the container at
pressures greater than 30 torr. It is reported to react violently with oxygen,
and to explode when the liguid is heated to its boiling point [61.

Raman spectra

Raman spectra were obtained with a Spex Ramalog instrument which has
been described elsewhere [9]. Excitation was with the 488.0 nm line from
an Ar" laser, using 25 to 250 mw of power at the sample. Spectra were
measured for the solid at.123 K, the liquid at 210 K-and the gas at 298 K.
The solid sample was obtained by condensing a jet of the gas on a liquid-
nitrogen-cooled stainless steel wedge which was angled 15° relative to the.
incident laser beam. The wedge was suspended in an evacuated cold cell of
conventional design {10]. For the liquid phase measurements the sample was
sealed in a thin-walled capillary which was cooled with a controlied stream.
of cold nitrogen gas [11]. The gas phase sample was contained ih a cvlindrieal
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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

1R 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 [10]. 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

The experimental results are given in Fig. 1 and Table 1. Frequencies are
believed to be accurate to +1 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 (D,, symmetry)

Both simple valence theory and analogy with butatriene [2] indicate that
a planar structure of D,, 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 D,,, model are
summarized in Table 2. The z axis is taken along the C=C line and the x axis
perpendicular to the molecular plane as recommended by the Joint Commis-
sion for Spectroscopy [12]. The conventions of Herzberg are foliowed
throughout [13]. 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 C;H,. 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 D,,, 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 symmeétry 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 — +5 cm™ is estimated — because they
are taken from a survey spectrum. It seems that mutual exclusion holds for
the gas, however. :
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TABLE 2

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

Assignments (cm™")

D:n
Species  Activity No. Schematic description C,H, [2] C.F.2 Cc.Cip
ag R(p),— 1 Chain stretch 2079 2140 2071
2 Chain stretch 878 = 983? 1112
] CX, sym. stretch 2995 681 416
4 CX, scissor 1430 353 194
a, - 5 Torsion 7367 ? ?
b —IR 6  Chain stretch 1608 1738 1612
(Type A) 7 CX, sym. stretch 2994 "943 870
8 CX, scissor 1370 539 294
b, R(dp),— 9 CX, wag 544 476 321
10 Skeletal bend A, O.P. 234 185 138
b —IR 11 CX, antisym. stretch ~3080 1278 890
(Type B) 12 CX, rock ~1060 978? 6107
13 Skeletal bend B, LP. 215 569 (341)
by R(dp),— 14 CX, antisym. stretch 3059 ~1255 881
15 CX, rock 663 613? 517
16 Skeletal bend A, LP. 330 ~5752 482
[+ 3 —IR 17 CX, wag 854 494 434
(TypeC) 18 Skeletal bend B, O.P. ? 129%? ?
Skeletal bend A: ?—é Skeletal bend B: g=C=C=C.
2Raman: liquid phase gas phase.
bSolid phase.

O.P. = out-of-plane. L.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 modes, 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 different states are reasonably
useable. )

Some useful molecules for comparison are F,C=CF, [14], F,C=CCl, [15],
F,C=CD, [16] and F,C=C=CF, [17].

Raman-active fundamentals

a, species. These four modes consist of two stretches of the.C=C chain, a
CFz symmetric stretch and ‘a CF, scissors. The hxgher chain stretch is easily
assigned to the strong, polarized band at 2140 cm™': The second chain mode
is a problem. Polarized bands which are possibxhtxes are 681(250), 724(40),
949(17), 983(10) and 1373(10) cm™!. (The numbers i in parentheses are
intensities in the liquid.) This mode is undoubtedly at! :878 cm™!-in C;H, and
at 1112 em™! in C,Cl, (’I‘able 2). One would therefore expecﬁ It somewhere
between these values in C,F,. Unfort.unately both-the indicated valies, 949
and 983, are rather weak, and both can be explained as overtones: 2 X 476 = 952
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and-2 X : 494 = 988. Because 4786 is the strongest Raman band in the spectrum
whereas 494 is a weak infrared band, we have a slight preference for assigning
949 as the overtone of 476 and taking 983 as v,. The other three bands

(681, 724 and 1373) are too far outside the expected range to be acceptable,

and the first two can be explained well in other ways.

"The 681 cm™ band, the third strongest in the spectrum, is assigned to v;,
the CF, symmetric stretch. The two polarized bands at 353 and 375 cm™
probably involve Fermi resonance between the CF, scissors and 2 X 185 =
370 ¢m™'. We therefore assign the fundamental to ~353 cm™', which is much
the more intense of the two.

b.e and b, species. 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 ;o or v,¢. On the assumption
that an out-of-plane mode will be lower than the corresponding in-plane one,
we assign 185 cm™! to v,,. It seems reasonable to describe this as a skeletal
bend. The highest of the five fundamentals will be the b;; CF, antisymmetric
stretch » 4. The only possibilities for it are the weak bands at ~1200 and
~1255 em™!. 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 + 476 = 1200 (B;;).

"A sum tone argument is also used to assign the Raman bands at ~575 and
613 cm™! to b, as follows. The IR bands at 2317 and 2351 cm™' can be
explained as the combinations (1738 + ~575 = 2313, b,, X b;; = B,,) and
(1738 + 613 = 2351, b,, X bsz = B,,) respectively. Because of their contours,
both sum tones belong to species B,, (see later). Since 1738 ecm™' is un-
questionably a b, fundamental, the two Raman values must belong to b,
in order for the sum to be B,,. Therefore, 613 and ~575 cm™ ! are assigned
tovs and v ¢ 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 v, to be assigned, and only 476 and 787 cm™ as candidates.
The choice 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
one.) We have no explanation for the weak band at 787 cm™'.

IR-active fundamentals

‘Band contours. As an aid in attributing the IR bands to their proper
symmetry species, the expected band contours were estimated. The moments
of inertia were calculated after assuming the central C=C distance = 1.28 A,
outer C=C distance=1.32 A, C—F = 1.32 A and F—C—F angle = 110°. These
dimensjons were chosen by analogy with butatnene [18] and 1,1-difluoro-
alléixe [19] They gaveI = 88.8, I = 663 and’ I =752 amu A2 From these
values the P-to-R- separatlons were calculated [20] and the intensity patterns
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estimated [21].The calculated and observed P-to-R separations were as follows

Species by O, biu
Band Type A ‘B C

A 5(P—R )calculated (cm™") 7.6  6.3. 11.3
ar(P—R) observed.(cm"’) ) 78 4-—9 ) 14

The band types are mcluded in Table 1.

b, species. The three b fundamentals are a C=C cham stretch, a CF;
symmetric stretch and a CFz scissors. The chain mode is assigned to the very
strong band at 1738 em™ Although its contour is not classifiable, there is
no doubt that this must be ve.-Bands at 943 and 539 cm™ have type A con-
tours and are ‘assigned to v, and v Their numerical values aré reasoriablé
[14—17]. '

b2, species. There are three fundamentals in this species, described as a
CF, antlsymmetnc stretch, a CF; rock and an in-plane skeletal bend. Type B
contours are expected. ‘We find just three possible candrdates 1278 (vs), 978
(vs) and 569 (w). The other observed type B bands are too h]gh to be funda-
mentals. The 1278 bandisa good choice forv ;. The very strong 978 band i 1s a
serious problem because it seems to be too high'to be one’ of the other Ba, -
fundamentals, it iSnot explamable as abmary combmatxon and its mtensrty
demands respect. One might think that it is involved in Ferm1 resonance with’
the other nearby very strong band at 943, but this cannot be' so because .
their band contours indicate dlfferent specles ‘'We see no alternative but to
assign 978 tov,,, but this is done w1th misgiving. That leaves 569 for v,
which is also too high by companson with C.H,.

b, species. This contains a CF; wag and a skeletal out-of-plane bend We
expect the latter to be the lowest of all the allowed fuindamentals, IR or
Raman. The only observed C-type bands are 494 and 2084 cm™. The former
is assigned to the CF, wag (v 17)s and the latter to'a temary sum tone:

In the gas phase data, which were obtained down to  only 200 cni" ‘there
is no acceptable candidate for the skeletal bend (V]g) Thls is not’ surpnsmg,
for we now know that there is 2 Raman fundamental at 185 cm"‘ and v, is
expected to be still- ‘lower. In the'solid phase IR spectrum whlch was
recorded down to 33 cmi’ -t ,-there are very, very weak bands at 95’ and 129 cm
We tentatively propose the band at 129 cm ™ for v s. but it is questionable.

Remaining bands
All the remaining IR bands, and most of the Raman bands,. have been
accounted for as the combmatron tones shown in’ Table 1 There are no

......

Summar:y for D;, assignments

Values have been’ suggosteﬂ for all 17 of tiie’ ¢ spectroscopically-active funda-
meéntals. Five of these arg. questionable; the Gthars seem to.be correct: The
data fit D,,, symmetrywell*
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Consideration of other symmetries

If one CF, were twisted 90° with respect to the other the symmetry would
be D,4. Expectations for this model are 4a, (R) + 1b, (R) + 3b, (R,IR) +
5e (R,IR). Thus eight fundamentals are allowed to be both Raman and IR
active. Nothing remotely close to this is observed. The only other possible
symmetry, D,, fits the observations even less well. It can be concluded with
assurance that this molecule is planar and D,,, 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

Preparation of the sample
Perchlorobutatriene was prepared by the following reactions as described
by Heinrich and Roedig [22]

CCL |, HO Cl,C=CH—CHO
Benzoyl

peroxide

LiCCl,

H,C=CHOC,H, Cl,C=CH—CHOH—CCl;

PCLs (01,c—~CH=CH—CCI, (+CL,C=CH—CHCI—CCl,)

- CLC=C=C=CCl,

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.

KOC(CHj;);

Spectroscopic procedures

The instrumentation and procedures were the same as those described for
C.F,. Infrared 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
solution, the sample was sealed in a capillary. Even though the solid was
cooled to —150°C, 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 for C,Cl, are given in Table 3 and Fig. 2.
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TABLE 3

Raman and IR spectra of perchlorobutatriene

Raman (solid 123 K) IR (solid 77 K) Assigmhent
cem™! Int.® P cem™' -Int.
70 243 lattice mode
138 390 0.74° Yio
194 586 ~0.37P v,y
294 m v,
321 19 V.
416 212 0.10° v,
434 w vy
482 142 0.75°¢ ’ v,
517 13 - Vs
810 s vy,
~643 6 2 X 321 =642
758 w 416 + (341) = 757
857 vw 517 + (341) = 858
~864 1 2 X 434 = 868
869 m
872 m Ya
881 12 Ve
890 Vs . vy
902 sh ?
~966 9 2 x 482 = 964
1029 31 2 x 517 = 1034
~1070 4 881 + 194 = 10756
1096 9 ?
1112 690 0.34% v,
~1205 2 881 + 321 = 1202
1596 w. ?
1612 vs v,
1634 w ?
1716 w 1112 + 610 = 1722
~1778 w,b 890 + 881 =1771
~1993 3 1112 + 881 =.1993
2043 36 1612 + 434 = 2046
2071 1000 0.34° v, o
2218 12 2x 1112=2224
~2298 g 2.
2495 11 1612 -+ 890 = 2502
~2720 vw,b 1612 + 1112 =2794

w,m,s = weak, medium, strong. v = very: b = broad. ~ = approximate. sh = shoulder.

» = depolarization ratio. For depolarized lines 2 = 0.75 = 0.05.

3Peak intensity on scale of 1—1000, uncorrected for instrument response
b5 measured in CCl, solution.
€p measured in THF solution.
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Fig. 2. IR and Raman spectra of perchlorobutatriene.
Assignments

The data are consistent with D,;,, 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
assignments are included in Tables 2 and 3. Comparison with C;F,, as well as
with C1,C=CCl, [23], C1,C=CF, {15], C1,C=H, [24] and C],C=C=CCl, [1]
is helpful

Raman-active fundamentals
a, species. The four a, fundamentals are easily identified as the polarized
bands at 2071, 1112, 416 and 194 cm™'. The first two are C=C chain
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stretches, 416 is the CClz symmetric stretch, and 194 is the CC]l, scissors.

b2, and bay: Thereé is no. expenrqental criterion for dlstmgu!shmg between
these species. The hlghest frequency depolanzed funddmental'is the CClg
antisymmetric stretch (v 4, ‘b3g). We assign the' moderately strong band at
881 cm™! to this because of its usefulness in explaining several’ combmatlon
tones. The lowest frequency Rama.n fundamental is expected to be the out-
of-plane mode v (b3;), s0 188 cm™! is assigned to it. The: remammg assignments

are made somewhat arbitrarily: 321 cm™! to vy, 482 t0 b, and 517-t0'i2;s.

IR-active fundamentals (species by, by, and by, )

Because there is no experimental method for dlfferenhatmg between these
species, they too will be discussed. together The very strong band’ at 1612 cm™
is clearly v¢, the b3, chain stretch. The very strong band at 890cm™"is
assigned -to the CCl, ant:symmetnc stretch (v,;, b..), while the. CClz sym-
metric stretch (v4, b,,) can be either 870 or 610 cm™. There is amiple pre-
cedence for having the antisymmetric stretch higher than the symmetric one
— for example, the Raman-active modes of C,CL; and the assignments for -
C;Fs4. The two choices for v, present a problem. We: expected this frequency
to occur around 600 cm™, s0 610 cm™ is a reasonable choice. However, this
‘then leaves 870 cm™ to be disposed of. It has no reasonable,combmatmn
tone explanation. If it is a fundamental, the only possibility is»,. The
problem with this is that 870, then a CCl; symmetric. stretch is nearly as high
as the two antlsymmetnc stretches (890 and 881 cm™). In its favor is the.
fact that the correspondmg CClz symmetric stretch in: 0120—0012 oceurs at
the high value of 777 cmi ', which is far above 610 cm™ [23]. The 610 band
then has only one poss,lblhty as a fundamental, V12, DY companson w1th ’
CsF;. We are disturbed by assigning a CX; rock to values as high as 978 i m
C4F4 and 610 in C,Cl,. However the high mtensxtles of these two bands
almost require that they be fundamentals. We assume that the schematic
name is misleading.

There are only two more observed IR bands with appreciable intensity,
294 and 434 cm™, but four unassigned fundamentals.(vg, v 13s Z17, Vis). All
four are expected to be below 500 ¢cm™. We arbitrarily assign 294 cm™ to v,
(CCl, scissors) and 434 to v, (skeletal bend). The two frequencies are
probably fundamentals, but these may not be the correct modes. No other .
IR bands were observed below 500 cm?*, even with very thick sampl&s.;

There are two weak, unassigned IR bands at 758 and:857 cm™'. There are.
also two Raman-active fundamentals at 416 and 517 .cm™". Is the:100 cm™!
separation between the bands.in-each pair accidental? Or are the: Raman.
bands combining with' an- unobsezved u-type fundamental near 341 cm;’ to
give the IR bands as sum tones? The 341 valiie could ‘be. V3. Smce we-have
found o other explanatlon for the IR bands at 758 and 857 cm™!, we
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 assignments for about half the fundamentals of C,ClL, seem firm
(numbers 1—4, 6, 10, 11, 14). The remainder are not reliable.

COMMENT ON THE CHAIN STRETCHES

Table 4 summarizes the three chain stretching modes. In the earlier paper
on butatriene [2] these were discussed as examples of the classical resonance
interaction. We point cut here that /, increases steadily through the series
C;H,, C;F,; and C,Cl;. 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 C,H, C/,F, C,Cl,
form

’ — > - >

a, v, Raman X,C=C=G=CX, 2079 2140 2071

bru v, IR X,6=6=G=CX, 1608 1738 1612

ag v, Raman X,C=C=C=CX, 878 983 1112
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