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ABSTRACT

Raman data are reported for gas, liquid and solid 1,1,4,4-tetrafluorobutadiene,
F,C=CHCH=CF,, and IR data for gas and solid. The molecule has a planar trans con-
formation of C,,, symmetry. With the aid of Raman depolarization ratios and IR band
contours, twenty of the twenty-four spectroscopically-active fundamentals can be
assigned with assurance. Frequencies are suggested for the remaining four modes.

Raman and IR data are reported for the liquid and solid 1,1,4,4-tetrachlorobutadiene.
Mid-IR gas phase data are also reported. Again the data can be satisfactorily explained
under C,;, symmetry. Fourteen fundamentals can be assigned with confidence. Suggestions
have been made for the frequencies of nine other fundamentals.

INTRODUCTION

For many years chemists have been interested in the conformation of the
carbon skeleton in 1,3-butadienes. The three possible conformations include
the two planar forms, s-trans and s-cis, which can be interconnected by a
rotation of 180° about the single bond. Rotation by some angle less than
180° produces the non-planar gauche form. For the planar forms the “s-’
indicates the configuration about the single bond. Since no confusion will
result from dropping the *“‘s-”, it will not be used hereafter. While all three
configurations have beenh experimentally observed in one or another buta-
diene, the trans and gauche conformers are most common.

It has been well established that in butadiene itself the lowest energy form
is the planar trans conformer [1, 2]. Recently Carreira has experimentally
determined that the less stable species is the cis conformer [3]. Unlike the
‘parent compound the most stable conformer for perfluoro- or perchloro-
butadiene is the geuche form [4—6].

Stenc eﬂ’ects have been used to rationalize the observed configurations of

‘The work on the ﬂuoro compound is from a thesis submitted by William Pingitore for
"the degree ot‘ Master of Science at the Umvers:ty of Pittsburgh (1975). That on the chloro
‘eompound is part of ‘the. thesls subtmtted by William F. Elbert for the degree of Doctor of
.Philosophy (1975)
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halogenated butadienes [4]. The trans conformer will be expected unless
there are steric interactions between substituents on carbons 1 and 3 or 2
and 4. If these hindrances are present, the cis form will be favored. The
gauche form will have the lowest.energy only in ‘molecules which have steric-
interactions between substituents on carbons 1 and 3 or 2 and 4 and 1 and
4; as in the perhalogenated derivatives. If this reasoning is correct a 1,1,4,4-
tetrahalobutadiene should have the planar trans conformation.

The vibrational spectrum of tetrafluorobutadiene has previously been
examined by Conrad and Dows {7]. Since we had to prepare this material
en route to perfluorobutatriene we decided to reexamine this compound.
Qur results are more extensive including far-IR data, gas phase and depolariza-
tion Raman data not previously reported.

No vibrational study of the tetrachlorobutadiene has been previously
reported.

1,1,4,4-TETRAFLUOROBUTADIENE
Experimental section

Preparation of the sample
The following reaction sequence used to prepare tetrafluorobutadiene was
described by Coffman et al. [8}

H,C=CHOAc + F,C=CF, %HzC—CFz—CFz—CH—OAc

10 torr
To5°C " ¥, C=CH—CH=CF,

The required high pressure bomb reaction was carried out by Pressure
Chemical Co., Pittsburgh, Pennsylvania. The final product was purified by
repeated trap to trap vacuum transfers until the IR spectrum agreed with
that reported by Conrad and Dows [7]. Tetrafluorobutadiene is a colorless
gas with a boiling point of 269 K and a melting point of 188 K.

Raman spectra

Raman spectra were obtained using a Spex Ramalog instrument which has
been described elsewhere [9]. Excitation was with the 488.0 nm line from
an Ar* laser, using 30—300 mW of power at the sample. Spectra were
measured for the solid at 123 K, the liquid at 298 K and the gas at 298 K
The solid sample was obtained by condensing a jet of the gasona hquxd-
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 liquid phase measurements the sample was
sealed in a thin-walled capillary. Thie gas'was ‘contained in. a cylmdncal Pyrex
cell with optically ﬂat end wmdows It was equlpped ‘with' a sxde arm: whlch
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was cooled to 268 K to keep the sample pressure at approximately one
atmosphere.

Infrared spectra

Infrared spectra were measured from 833—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 windows were polyethylene for the region 33—350 cm™!, and KBr for
350—4000 cm™'. Gas phase data were obtained above 200 cm™ using a 10 cm
gas cell having Csl windows. Sample pressures between 5 and 50 torr were
adequate. The gas phase spectrum between 50 and 250 cm™! was also
examined using a Digilab FTS-14 Fourier transform interferometer.

Results

The results for 1,1,4,4-tetraflucrobutadiene are given in Table 1 and Fig. 1.
The frequencies are believed to be accurate to £1 em™ for the IR and +2
~! for the Raman, unless a band is marked broad, shoulder or approximate.

Assignments

Effective symmetry

The three most probable structures of 1,1,4,4-tetrafluorobutadiene are
the trans planar form (C,;, ), the gauche conformation (C,) or the planar cis
conformation (C,,). The former has a center of symmetry, so there should
be no coincidences between IR and Raman bands except accidental ones.
The latter two permit coincidences for many modes, so it should be easy to
decide whether the sample is all trans or includes gauche or cis. The earlier
vibrational and microwave work indicated only the trans form.

We believe that our Raman frequencies are accurate to +2 cm™ and IR
frequencies to *1 em™!. Therefore any pair of bands within 4 cm™ of one
another will be considered as potential coincidences. Examination of the gas
phase data in Table 1 shows the following five coincident Raman—IR pairs:
~690—696, 940—940, ~1170—1173, ~1390—1386 and ~2960—2964. In
every case at least one member of the pair is weak, and all the values can be
explained under C;;, symmetry except the 690 cm™! Raman band. There are
not enough coincidences to mdlcate the presence of any significant amount
of gauche conformer.

In the solid phase there are 10——12 additional pairs of coincidences, but
again nearly all have at least one nember which is weak. In some cases a
strong band in one spectrum appears very weakly in the solid phase of the
other spectrum, as though the selection rules had been relaxed by solid state
effects. In other cases a comc1dent pair appears only in the solid phase in
each spectrum. ‘

Certa.mly Con symmetry controls thé main features of the spectra, and
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Fig. 1. IR and Raman spectra of 1,1,4,4-tetraﬂuorobutadiene.

most of the coincidences can be reasonably explained as accidental. Under
C>n symmetry the twenty-four fundamentals of 1,1,4,4-tetrafluorobutadien
divide into the following symmetry species: 9a + 4a, + 3b_ + 8b,. They
are summarized in Table 2. The descriptive names of the wbratlons are used
for convenience and may not be accurate descriptions of the actual modes.
Some useful molecules for comparison are F,C=CF, [11], F20=CH2 [12]
and F,C=CD, and F,C=CDH [13].

Raman-active fundamentals

" a, species. All nine fundamental frequencies belonging to this species
were identified from their polanzatxons and intensities. The two candidates
for the symmetric C—H stretch (v,)-are 2912 and 3091 cm‘l This mode is .
expected to occur above 3000 cm™!. On this basis and its greater mtensxty
the 3091 cm™ is chosén as v;. The strongest Raman band, at 1766 cm™5is
assigned to the symmetnc C—C stretch (¥3).

" TheC—C stretch, symmetnc C—H: m-plane bend and’ the out-of-phase C—
stretch are expected to havesimilar. ftequencles. ‘The band at 1265 cm™is"
attributed to the C—H bend since: thls mode is: expected to be the hlghest
frequency of the three [13] LBy comparison with thehydrogen [1} and.
chlorine (Table 2) ana]ogs of1,1:4, 4-tetraﬂuorobumdbene; Va5, the.GfC
stretch is ass:gned to 1150 ) cm L ’l‘hm-leaves the band at’ 940 cih"' to'the:




TABLE 2
Fundamental vibrations of X,C=CH—CH=CX,(X =F Cl)

’ Spét_:ies a Actmty No. Description CH,F, C,H.Cl,
e - R(p),— -1 C—H sym. stretch 3091 3051
| S 2 C=C sym. stretch 1765 1609
3 C—H LP. bend 1265 1292
4 C—C stretch 1150 1152
5 CX, -antisym. stretch 940 855 or 955
6 CX, sym. stretch 609 691
7 CX, sym. scissor 592 185
8 CX, rock 386 374
9 CCC deformation 234 462
a, —IR(C) 10 C—H O.P. bend 827 889
11 CX, wag 583 320
12 CX, twist 121 96
13 C—C torsion 69 -
b, R(dp),— 14 C—H O.P. bend 812 933 or 855
- 15 CX., wag 580 477
16 CX, twist 188 239
b, — IR(AB) 17 C—H antisym. stretch 3121 3061
18 C=C antisym. stretch 1717 1550
19 C—H 1P. bend 1322 1242
20 CX, antisym. stretch 1173 ~ 8662
21 CX, sym. stretch 923 609
22 CX, scissor 550 306
23 CX, rock 490 197

24 CCC deformation 240 220

LP. = in-plane; O.P. = out-of-plane.
8Fermi Resonance.

out-of-phase C—F stretch (vs). The four remaining strong polarized bands in
the Raman spectrum are 609, 592, 386 and 234 cm™. We have chosen
609 cm™' as the symmetric C—F stretch because it is slightly more intense
than the band at 592 cm™. This band is then assigned to the CF, scissor (v,).
' These two assignments could easily be reversed. The remaining two bands
386 and 234 cm“l areasslgned to the CF, rock and C—C—C deformation
respectively.: -
' b, 'species. The three vibratlonal fundamentals that belong to the b, sym-
metry species are the out-of-plane C—H bend, the CF, wag and the CF, twist.
Four depolarized bands of moderate intensities are observed at 812, 580,
188 and 128 cm™!. The 812 and 580 cm™ bands are-assigned to the C—H
'out-of-plane bend (u 7a)-and CF;- wag (vs) respectively. Because the intensity
- of the188 em™" does not fluctuate as much as that of the 128 cm™! band we
favorthé 188" em™~ " baridas v - We then assigh 128 cm™ to the overtone of -
the: torsion.”
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Infrared—actwe fundamentals band contours

As an aid in assigning the IR fundamentals the expected band contours
were estimated. The moments of inertia were calculated after assuming a
geometry by analogy with similar compounds. The assumed parameters were:
F—C bond 1.32 4; C=C bond 1.35 A; C—C bond 1.47 &; C—H bond 1.06 &;
F—C—F angle 110° C=C—C angle 124°, C=C—H angle 122° The following
moments of mertla were calculated: I, = 140 amu A2, I, = 562 amu A? and
I, =702 amu A% From these values. the P—R separatlons were calculated
[14] and the intensity pattern estimated [15] . The calculated and observed
P—R separation and band type are as follows

Species ' b, , b, a,

Band type _ A B C

A (P — R) calculated 8.0 cm™! 6.7 cm™ 12.0 cm™
A5(P — R) observed 10—17 em™ 6—8 cm™! 23 cm™!

b, species. In view of the expected contours, the following strong bands
were chosen as candidates for b, fundamentals: 1717, 1322, 1173 and
923 cm™'. The band at 1717 is readily assigned to the C=C antisymmetric
stretch (v5). By analogy with fluorinated ethylenes and the Raman-active
fundamentals the C—H in-plane bend is expected at a higher frequency than
the C—F stretches [13]. Therefore, v,, is assigned to 1322 em™. The C—F
out-of-phase stretch and the C—F in-phase stretch are at 1173 and 923 cm™!
respectively.

Two additional bands of moderate intensity which belong to this sym-
metry species are 550 and 869 cm‘l The former is chosen for the anti-
symmetric scissors (vzz) while the latter is a combination band ( 490 + 386 =
876).

The antisymmetric C—H stretch is assigned to a weak band at 3121 cm '.
Of the two candidates (3070 and 3121 cm™!) only the 3121 cm™ band had -
an intense counterpart in the solid phase. The 3070 cm™! band is explained.
as a combination band (1765 + 1822 = 3087 cm™!). The remaining two b
fundamentals the CF; rock and the C—C deformation are assigned to 490 .
and 240 cm™! respectively. -

a, species. There are four vibrational fundamentals which: belong to the
a, symmetry species: the out-of-plane C—H bend, the antlsymmetnc CF;- -
wag, the CF, twist, and the C—C torsion. The three C-type bands observed
are either too high in frequency or too weak to be assigned to ana, .funda--
mental. Of the remaining bands ‘the best candxdates for these: fundamentals
are 827, 583,121 and 69 cm The 827 cm'l Jband masslgned to the out-of-
plane C—H bend (v,,) and the 583 band i is assigned to.the CF, wag.. Since_..
the torsmn 1s expected to be ata lower frequency than the.twist, the band
at 121 (1: lis attn'buted to the CE, thst, ‘while the torsxon is: observed at
692 cm™'.

Remaining bands. Most of the remanung bands are asslgned to combma
tion bands as shown in Table 1
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1, 1,4,4-TETRACHLOROBUTADIENE
Experimental section

Preparation of the sample
The following reaction, first described by Roedig and Kloss [16], was used
to prepare 1,1_,4,4-tetrachlorobutadiene

Cl,HC—CIHC—CHCcl—cHcl, K28 cl,c=cH—cH=ccl,

Our sample was purified via preparative gas chromatography using a
10’ X 1/4" 3% carbowax column operated at 110°C.

Spectroscopic procedure

The instruments and some of the procedures used were described earlier. The
sample was contained in a 1 mm O.D. capillary for the Raman experiments.
The spectrum of the liquid was obtained at room temperature. For the solid
phase data the sample was cooled to 213 K in a conventional variable
temperature cell [17]. The liquid phase infrared spectrum was obtained
from a thin film between KBr plates or using a 1 mm sealed polyethylene
cell. The gas phase was examined using a variable multi-pass cell [10] with a
path length of 8.6m.

Results

The spectral results are listed in Table 3 and shown in Fig. 2.
Assignments_

While several coincidences occur in the solid or liquid phases, only two
pairs of bands are coincident in both phases. The other coincident pairs are
certainly accidental or they would be coincident in both phases. These two
coincidences are far less than should be observed for C,, or C, symmetry.
Clearly the selection rules for C;, symmetry are followed and the molecule
will be assigned under this symmetry. These assignments are summarized in
Table 2. The numbering of the vibrations is for the fluoro compound and is
not correct for the chloro compound.

Raman-dctwé fundamentals

a, species. The a;-bands are easily-identified i m the Raman spectrum by
,then' polarized character. The band at 3051 cm™ must be the C—H sym-
metric:stretch. The symmetnc C=C stretch certamly is the very strong band at
'1609 cm™*.- The lowest a;-vibration; the CCl; scissors, is assigned to the band
"at 185 cm=*. The C—C sttetch is assigned to the band at 1152 cm™. A number
of butadxenes mcludmg' C4Cls and CH have a band between 1150 and
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Fig. 2. IR and Raman spectra of 1,1,4,4-tetrachlorobutadiene.

1200 cm™. The only vibration common to all these molecules which would
be expected in this region is the C—C stretch. If 1152 em™ is assigned to the
C—C stretch, then the C—H in-plane bend must be at 1292 cm™. The only
remaining ¢, fundamental expected above 750 cm™" is vs, the CCl, anti-
symmetric stretch. This vibration would be expected to occur between 800
and 1000 cm™. The only polarized Raman band in this region is.at 955 cm™".
However, this band is very weak and may arise from the combination - - .-
2 X 477 = 954 cm™. The next highest polarized.band is at 691.cm™..If the _
antisymmetric stretch is-assigned -to this band the CCl, symmetric. stretch .
would have to be assigned to the weak band at 564 em™!. The symmetnc
stretch is expected to be an intense band: Since the antlsymmetnc stretch ,
(vs) would be expected at a much higher. frequency:than.691 cm™}, we-have .
assigned the 691 cm™'-band to the CCl, symmetric stretch. ‘The depolanzed -
band at 855 cm™' is a candidate for the CCl, antisymmetric stretch: The fact
that it is depolarized does not: forbid thls assignment: There are no: defnmte '
arguments for: choosmg -which. band is due;to Py Wehave chosen Vs 88 . : 3
855 cmT! because of its intensity. Its: frequency;is. close.to. thefrequency
observed for-the IR: actlve €Cl;: ant:symmetnc stretch, asexpected 2
The remaining: two a - fundamentals, the skeletal m-plane bend. and the
CCL, rock, -are assxgned 1o :462 and :374-crix:" respectxvely,«they couId well be:
reversed. .




TABLE 3

Raman and IR spectra of 1,1,4,4-tetrachlotobutadiene
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Solid Liquid Gas Assignment
Raman IR Raman IR iR
213 K 77K 296 K 296 K v.p. at
- 296K 8.3
meters
cm™! | Int? cem™! Int. em™! int.2 p em™ Int. em™! Int.
. B 102 m 96 m VY
~100 46 lattice
138 w 462 — 320 = 142
. 185 w . 180 w ?
185 262 185 126 0.35 v,
204 vw 197 vw VUV
220 w 220 w Vi
238 48 239 45 0.77 vy
251 vw 252 vw ?
306 m 306 m Vs
323 12 317 7 220 + 96 = 316
323 m 320 m vy,
330 10
376 165 374 142 0.14 vy
462 10 ~5 v,
464 m . 462 m 464 m 239 + 220 = 459
472 m 474 m 474 m 374 + 96 = 470
482 101 477 58 0.75 Vg
564 5.b 564 6.b ~.6 374 + 185 = 559
614 s 609 s 614 s vy,
~610 1 2 X 306 =612
641 17 642 [ 2 X 320 = 640
695 71 691 60 0.32 Ve
: 784 w 320 + 462 =782
787 w 786 m 773 m 691 + 96 = 787
799 17 800 1 ~.8 ?
860 76 855 65 0.78 Vg
880 m 8656 s 851 m F.R. U, and
905 wvs 898 vs 911 wvs } 691 + 197 = 888
: 897 - vs 889 sh 907 vs v,
931 5 : 933 8 ~=8 U,
943 m 941 w 944 m ?
961 16 - 956 6 ~.2 2X 477 =954
. 985 vw 985 vw 609 + 374 = 983
1124 10 : ?
1165 233 1152 380 0.38 v,
. 1165 wvw 855 + 306 = 1161
1189 vw 1185 vw ?
1245 s 1242 s 1249 m v,
1302 1556 - . 1292 . 333 0.32 vy
T ’ 1300 vw ~1300 vw 691 + 609 = 1300
~1330 - 6,b 1311 17 0.50 ?
~1345 3.b 1356 8 ~.4 ?
~1543 5,b ' 1542 - 10 ~.2 1242 + 306 = 1548
+ 1542 w : 1543 m 856 + 691 = 1547
1562 s 1550 vs 1564 vs Vi
- 1590 ° sh’ '
1694 m : . T - 156892 m 1603 m 898 + 691 <= 1589
: ' :1609 1000 - 0.26 : . v,
’ s o . C 1625 vw ?
~1718 - .2 . : 2 X 856 =1712
St e, -1798: 18 ~3. L 1609 + 185 = 1794
T ~1835 " v T . LT i 1829 vw 1609 + 220 = 1829

S L a~18647. . & . ~.4

1550 + 306 = 1856



TABLE 3 (continued)

Solid -Liquid . S - Gas . Assignment

Raman IR Raman . IR IR
213 K 17K 296 K 296 K v.p. at
. ' - . . 296 K 8.3
meters

em™!  Int.2 em™ - Int. cm™? ‘mmt® p ecm ! Int. cm™ ! Int.

 ~2 1609 + 374 =1

1985 5
. . ~2215 vw } .~ 1609 + 609 = 27
~23056 3,b . 2299 7 ~2 - 1609 + 691 =

~2766 2 - 2759 6 ~5 1609 + 1152 =

2845 wvw 2838 w - 1292 + 156560 =

- 2895 2 - 1609 + 1292 =

3050 66 3051 44 0.09 ) ) v,

3057 m 3061 m 3071 m Ve )

3165 w ) 3167 vw 1609 + 1560 =

~3218 3.b 3212 3 ~.2 2X 1609 =321

w, m, s, = weak, medium, strongr.v very;b = broad;sh = shoﬁlder, ~= approximate;
F.R. = Fermi Resonance p= depolarization ratio. For depolarized lmes we obtain p =
0.75 + 0.05.

apPeak intensity on scale of 1—1000, uncorrected for instrument response.

b, species. The highest frequency b, vibration, the C—H out-of-plane
bend, is assigned to the band at 933 cm‘l It is not surpnsmg that a mode
involving primarily the bending of two C—H bonds is weak in the Raman.
The remaining two b, fundamentals were assigned to bands at least three
times more intense than the sirongest combination band. The CCl, twist
should be the lowest b, fundamental, and is assigned to the band at 239 em™.
The remaining fundamental the C'Clz wag, is assigned to the band at 477 cm™!.

Infrared-active fundamentals

In an attempt to distinguish between the IR-active species, a, and b, a
gas phase spectrum was obtained. Unfortunately the band contours could
not be resolved; therefore we have no experimental method of distinguishing
between the two species, and they will be discussed together.

a, and b species. The C—H antxsymmetnc stretch (b, ) is observed at
3061 cm™'. The very strong band at 1550 cm™ is assigned to the c—dstretch
(b,). The only remaining fundamental expected above 1000 em™ is the C—H
in-plane bend (b,), asmgned to the band at 1242 cm™'. The lowest observed
fundamental, at 96 cm™’, is assigned to the CClz twist. This value 1stoo high
to be reasonably assxgned to.the torsion, which should be the lowest IR- _
active fundamental. The mtensxty of this band also supports this asslgnment
Torsmns are generally weak but this band is the strongest band below
400 cm

Between 850 and 920 cm™ in the IR there are three bands of appreciable
intensity. Two of these are surely due to the CCl-,» antlsymmetnc stretch and
the C—H out-of-plane bend, We assign. the C—H out-of- -plane bend to 889 em™?
We believe the bands at-856 and 898 crh" to be members of a Fenm doublet
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mvolving the CCl, antisymmetric stretch and the combination band 691 +
197 = 88l8 cm™}. The CCl, symmetric stretch is assigned to the band at
609 cm™'.

The band at 306 cm™ is assigned to the CCl, scissors (b,). The combina-
tion band at 1542 cm™' in the Raman spectrum is polarized, implying that
the two bands from which it arises belong to the same species. The only
reasonable explanation for this combination band is 1242 (b,)) + 306 = 1547.
Therefore, the 306 cm™ band must belong to the b, species. The zorres-
ponding CCl, scissors is at 310 cm™' in tetrachloroethylene and at 299 cm™!
in 1,1-dichlorethylene [18].

Excluding the torsion, this leaves three more low frequency fundamentals
to be assigned. The bands observed at 197 and 220 cm™! are useful in
explaining combination bands. They are assigned to the CCl, rock and the
C—C deformation respectively. The remaining fundamental the CCl, wag is
assigned to the band at 320 cm™.

Most of the other bands tabulated in Table 3 are explained as combina-
tion bands. Only binary combinations were tried, since it was felt that due
to the large number of fundamentals almost any number between 400 and
3000 cm™! could be explained by a tertiary combination.

CONCLUSIONS

The vibrational spectra of both 1,1,4,4-tetrafluoro- and tetrachlorobuta-
diene can be satisfactorily explained under C,, symmetry. We saw no
evidence of a second conformer for either compound.
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