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The Vibrational Spectra and Structure of Cyclooctatetraene®
By E. R. LierincotT,? R. C. LorD AND R. S. McDoNALD?

After unsuccessful attempts to prepare cyclodetatetraene-ds by various exchange procedures, of which a brief summary is
given, the compound was made by polymerization of acetylene-d:» over a nickel cyanide catalyst. The infrared absorption
spectra of cyclodetatetraene and the deuterium analog have been measured in both liquid and vapor phases over the spectral
range 240-3500 cin.~!.  Their Raman spectra have been measured in the liquid phase with a plane-grating spectrograph and
green excitation (Hg-5461). Qualitative depolarization factors for the more intense Raman lines were also determined.
Interpretation of the spectra with the help of the product rule leads unequivocally to the crown structure with alternating
single and double bonds (D, symmetry). A second interpretation is made on the basis of the tub structure (Dyq symmetry),
but the serious obstacle is encountered that this structure should have all infrared-active fundamentals present also in the
Raman effect, contrary to the observation of several strong infrared bands with no Raman counterparts. Structures of
either higher or lower symnietry than D, or Dqg are inconsistent with the gross features of the spectra. In particular there
is no spectroscopic indication of the presence of a structure having fused four- and six-membered rings (bicyclo(4.2.0)-octa-

2,4,7-triene).

The discovery in 1940 by Reppe and co-workers*
that acetylene can be polymerized catalytically to
cyclooctatetraene has led to a renewed interest in
both the chemistry and the molecular structure of
this substance. It is now well established® that the
classical cyclodetatetraene synthesis of Willstitter®
gives a product identical with that obtained from
acetylene. Moreover, an alternative synthesis’
that partially overlaps the one of Willstitter leads
to the same product. These syntheses indicate that
the product deserves the name 1,3,5,7-cycloéctatet-
raene, but do not permit conclusions as to the ex-
act geometrical form of the molecule.

Because of the insufficiency of present chemical
evidence, determination of the structure by physi-
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Fig. 1.—Variation with concentration of the 908 cm.~!
infrared band of styrene dissolved in cyclotctatetraene.
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cal methods is desirable. Infrared and Raman
spectra are potentially valuable in this connection
because of the prospective high symmetry of the
molecule and the possibility of extending the spec-
troscopic study to the deuterium derivative. The
purpose of the present paper is to report our spec-
troscopic work on cyclotctatetraene and its deute-
rium derivative, and to draw conclusions concern-
ing the geometrical form of the molecule.

Preparation and Properties of Cyclodctatetraene and
Cyclodctatetraene-ds

1. Cyclobctatetraene.—Inasmuch as the details of the
polymerization of acetylene over a nickel cyanide catalyst
to yield cyclodetatetraene have now been published in widely
available form,%%? we shall not describe our preparative
procedure. About 10 g. of acetylene was polymerized in a
0.2-liter high-pressure reaction bomb, the yield being about
2 g. of benzene, 6 g. of cyclodctatetraene and 1.5 g. of high-
boiling residue. This mixture was fractionally distilled
and then fractionally crystallized to remove possible small
amounts of styrene (b.p. 146°). Examination of the infra-
red spectrum of the unpurified material shows weak bands at
places where styrene has strong absorption, notably at
697, 777, 908 and 991 ecm.”!. The appearance of the 908
cm. ! styrene band for different concentrations of styrene
in cyclodctatetraene is shown in Fig. 1. The marked
difference in the freezing points of these two isomers (—31°
vs. —4.7°) makes possible their separation by fractional
crystallization. The final crystal fraction usually had a
melting point between —6 and —5°, although the purifica-
tion could be continued until the freezing point was as high
as —4.7°. Infrared curves were run on the various frac-
tions obtained, and the progressive diminution of the weak
absorption bands due to impurities was observed. All bands
whose intensity changed with fractionation were weak bands
coincident with the above-mentioned frequencies of the
strong styrene bands. The styrene present in the cyclo-
octatetraene before fractional crystallization ran from 3 to
7% in different polymerizations. It is of interest to note
that about this amount of styrene was also present in the
material prepared by the Willstitter and by the Cope and
Bailey syntheses. The purified samples used in the study
of the infrared and Raman spectra contained less than 19,
of styrene.!0

The physical properties of purified cyclodctatetraene were:
freezing point —4.7, b.p. 140-142°; »%®p 1.5341. These
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by Reppet (¢f. Cope and Hochstein, THIS JoUrNAL, 72, 2515 (1950)).
At the time our work was in progress we were unaware of this possi-
bility.
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values are consistent with those reported by other investi-
gatOrS."a'9'“'l2a"b'°

2. Exchange between Cyclotctatetraene and Deuterium
Compounds.—Although our attempts to make the deu-
terium analog by exchange were not successful, it appears
worthwhile to give a brief summary of the exchange studies.!?
The chemical properties and certain frequencies in the
Raman spectrum indicate that the molecule is olefinic in
nature. However, there is also evidence for high symmetry,
which might imply a resonating system analogous to that in
aromatic hydrocarbons. The spectral data are also incon-
sistent with the presence of functional groups of an aliphatic
or acetylenic nature. For this reason most of the exchange
reactions attempted were similar to, or modifications of,
studies made by investigators of aromatic or olefinic sub-
stances, 14717

Two general precautions were to carry out attempted
exchange in an all-glass system whenever possible and to
work with a catalyst whose activity with respect to exchange
in some other molecule was checked before each experiment.
Two methods—pycnometric and spectroscopic—were used
to determine whether exchange had occurred.

Liquid and vapor phase exchange studies of cyclotctatet-
raene with D,0 and D, were carried out with a variety of
catalysts under a wide range of conditions. The following
catalysts were employed for the vapor phase experiments:
reduced nickel on kieselguhr, reduced nickel on celite, sup-
ported reduced platinum oxide, supported reduced palla-
dium oxide, fresh copper turnings, platinized silica gel,
platinized-platinum foil. In addition, catalysts used for
the liquid phase studies were: Raney nickel, Adams plati-
num-platinum oxide and palladium-palladium oxide. The
pressure in these experiments was varied from one atmo-
sphere to fifteen, the work at higher pressures being per-
formed in thick walled tubing. The temperature of that
part of the exchange system containing the catalyst was
varied in most cases from 50 to 350° for the lower pressures
and 100 to 175° for the higher pressures. In the liquid
phase experiments the liquid media were cyclodctatetraene
itself, ether, dioxane and D,0.

When working with D, we found that cyclodctatetraene
was hydrogenated by those catalysts which would hydrogen-
ate olefinic hydrocarbons such as amyleae under the same
conditions. With the other catalysts no exchange was ob-
served. With all catalysts the compound appeared not to
decompose appreciably except at temperatures greater than
about 250°. None of the catalysts used were found to be
active for exchange with D,0, although a number of them
were active for exchange between D,0 and both benzene
and olefinic hydrocarbons under the same conditions.

Previous investigators!® have found that deuterium de-
rivatives of certaiu aromatic compounds can be made by
exchange between these compounds and D,0 in an acid me-
dium. If hydrogen exchange between D,0O and cyclodcta-
tetraene should proceed through an electrophilic substitution
process it would be possible to prepare the deuterium de-
rivative in the same way. To determine the conditions for
exchange in acid medium, the action of various concentra-
tions of D,SO4 up to 40 mole per cent. was investigated.
In every case no evidence of exchange was found. With
solutions of D;SO, greater than 40 mole per cent. it was ob-
served that cyclodctatetraene underwent reaction and de-
composition.

From the above experiments it was concluded that the ex-
change of hydrogen between cyclodctatetraene and D,0 is
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not effected by catalysts that are active for the analogous
exchange in aromatic and olefinic compounds. The ex-
planation may be that the substance itself or one of its de-
composition products behaves as a poison for the exchange
reactions. The poisoning may be due to such strong ad-
sorption of cyclodctatetraene that water molecules cannot
come into effective contact with the active points of the
catalytic surfaces. We know from various experiments
that cyclodctatetraene is very strongly adsorbed by many
catalytic surfaces. It was concluded further that exchange
with D, appears to proceed at best only simultaneously with
hydrogenation, under the same conditions in which exchange
occurs in benzene without hydrogenation. No exchange
reaction was found to take place between the hydrogen
atoms of cyclodctatetraene and deuterium ion in an acid
medium below acid concentrations at which the molecule
undergoes reaction or decomposition.

3. The Polymerization of Acetylene-d;.—Cyclotctatet-
raene-dg was prepared from acetylene-d, by modification
of the procedure used for the light compound.!* The
changes were necessitated by the limited supply of acety-
lene-ds and of deuterated solvent. The use of a deuterated
solvent was considered worthwhile, for those solvents which
have been found most suitable for the polymerization show
evidence of the introduction of hydrogen into the acetylene-
ds in the presence of the polymerization catalyst. Because
of the apparent difficulty of making tetrahydrofuran-ds,
acetone-dg was used. It was made by base-catalyzed ex-
change with D;0, and had a D-content of 97 atom -per cent.
In view of the observed slowness of exchange between ace-
tone containing no deuterium and C;D; under the conditions
of the polymerization, this was known to be a sufficiently
high D-content.

Dry 99+9, C,D, suitable for polymerization was made
from D;0 and CaC,; freshly roasted at 250°. The C;D; was
collected in a large test-tube containing the dry solvent
(20-25 ce. of acetone-ds) at Dry Ice temperature. The
amount of acetylene-d; generated could be determined by
weighing the test-tube and solvent before and after the
preparation. From 25 g. of D;O 12-13 g. of acetylene-d,
could be prepared.

The acetylene-d; was used immediately by pouring the
solvent and C;Ds rapidly from the test-tube into the reac-
tion bomb precooled to Dry Ice temperature, followed by
the addition of 0.1 g. of catalyst, and rapid closing and
sealing off of the bomb. At no time was the solvent ex-
posed to the air longer than a few seconds. As the bomb
warmed slightly, enough C,D; was released from solution to
allow the bomb to be vented for the purpose of displacing
most of the oxygen. The C,D, lost by this procedure
(about 1 g.) was considered a small price to pay for a success-
ful polymerization. From this point on, the procedure of
preparation was the same as that for the light compound.
To eliminate loss of heavy solvent, the cyclodctatetraene-ds,
acetone-ds and by-products were vacuum distilled from the
bomb and the low-boiling components separated by frac-
tionation. Cyclodctatetraene-ds was purified by fractional
recrystallization in the same manner as the light com-
pound. The material thus prepared contained less than
one atom-per cent., of hydrogen as shown by the infrared
absorption curves and had the following physical properties:
b.p. 140-143°; f.p., —4.5°; »%p 1.522.

The Infrared and Raman Spectra of Cyclodctatetraene and
Cyclotctatetraene-d,

The earliest work on the vibrational spectra of cyclo-
octatetraene was apparently carried out in Germany be-
tween 1941 and 1944 but no account of it was published.
The paper of Reppe, et al.,* gives a schematic diagram of
the Raman spectrum that shows only seven lines, several
of whose wave numbers disagree markedly with all subse-
quent publications. Reppe, et al., also give an infrared
curve (ref. 4, p. 11) on a small scale with no information as
to how it was obtained., This curve, which covers the range
2-11.5 microns, apparently indicates a considerable amount
of styrene because of the intensity of a band at 11 microns
(909 em.!) where cyclodctatetraene shows no absorption
peak (see Fig. 1).

The first published Raman speetrum was that of the

(18) The deuterinem used in this preparation was obinined as DhO
oa allocxtion from the Isotopes Division, U. 8. Atomic Esergy Com.
mission, We are grateful for their codperation.
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authors.® TLater Thompson and co-workers!® and Bas-
tiansen, Hassel and Langseth®® also reported the Raman
spectrum. There is substantial agreement among these
three workers on the prominent Raman lines, but more
lines were reported by Lippincott and Lord than by the
others., With the exception of two weak lines, we have
verified all those previously reported and have found many
additional lines.

The rock-salt infrared spectrum was first reported in
numerical form by Thompson and co-workers,!! and later
by ourselves?! with the addition of the potassium bromide
region. The spectrum has also been reported in curve form
in the American Petroleum Institute series.?? The agree-
ment among the various investigators is again quite good,
there being minor differences attributable mainly to vari-
able small amounts of styrene. In the present paper the
infrared spectrum is reported to 240 em. ™! (42 microns).

No spectra have been reported for cyclodctatraene-ds ex-
cept those in our note.?!

Infrared Techniques.—The infrared spectra were ob-
tained with a modified Perkiu-Elmer Model 12B single-
beam infrared spectrometer equipped with a d.c. vacuum
thermocouple. The thermocouple output was amplified
by a General Motors breaker-type d.c. amplifier aud re-
corded on a Brown Instrument Co. ‘‘Electronik’’ recorder.
The modification of the spectrometer consisted of a rear-
rangement of the external optical system to permit the
ready introduction of a multiple-path vapor cell of consid-
erable size. Prisms of various materials were used over the
appropriate spectral ranges as follows: fluorite, 1200-3800
cm. 7!, rock salt, 650-1200 em.”!; potassium bromide,
400-650 cm."!; and thallium bromoiodide, 240-400 cm, 1,
Windows in the spectrometer system including the optical
path from the source to the slit, were of potassium bromide
except for the spectral region 240-400 em.™!, where films
of polyethylene (0.025 mm. thick) were employed. The
amplifier gain was such that 0.5 microvolt gave full-scale de-
flection inn the 400-3800 cm. ™! region, and 0.2 microvolt in
the 240-400 cm.™! region. The signal-to-noise ratios
realized in these two regions were respectively better thau
100-to-1 and approximately 50-to-1.

Scattered light was minimized in the low-frequency re-
gions by means of selective reflection filters of the type de-
scribed by White.?? These consisted of a plane echelette
gratiug of 3600 lines per inch placed after the exit slit during
study of the region from 240 to 900 cm. ! and an additional
grating of 1000 lines per inch placed in the external optical
system from 240 to 400 em.~!. Shutters of lithium fluoride
and rock salt were used over the ranges 350-900 cm. ! and
240-350 cm. ™!, respectively. The excellence of the optics
of the spectrometer, coupled with these measures, kept the
residual stray radiation below 5% at all wave numbers,
though of course it was far below 5% at niost places. At-
mospheric absorption due to water vapor was greatly re-
duced and that due to carbon dioxide eliminated by causing
dry nitrogen at atmospheric pressure to stream through the
entire optical path except the interior of the absorption cell.
By this means it is relatively easy to reduce the absorption
at the strong peaks of the 6 u water band as resolved by the
Sfluorite prism to less than 59%.

The wave number calibration of the instrument was car-
ried out with the help of published frequency values for the
vapors of H,O, D,0, HCl, DCl, HBr, NH; and CH;0H.
all of which have been studied with grating spectrometers.
Absorption peaks are accurate to 2 cm. ™! or better in the
region 240-1700 cm. ™! and 5 em. ™! or better from 1700 to
3800 cm.~!. Overlapping of bands can interfere with the
accuracy with which individual band frequencies are deter-
mined.

Absorption Measurements.—Spectra were obtained for
both the liquid and the vapor state. The liquid absorption
cells were of standard design,?* using spacers of amalga-

(20) (a) Lippincott and Lord, Te1s JournaL, 68, 1868 (1046);
(b) Bastiansen, Hassel and Langseth, Nafure, 160, 128 (1947).

(21) Lippincott, Lord and McDonald, J. Ckem. Phys., 16, 548 (1948).

(22) Curves No. 595 and 739 in American Petroleum Institute Cata-
log of Infrared Spectral Data, issued by Research Project 44 at U, S.
National Bureau of Standards. See also ref, 12c.

(23) White, J. Opt. Soc. Am., 87, 713 (1947),

(24) (u) See, for example, Harrison, Lord and Loofbourow, " Practical
Spectroscopy,” Prentice~Hall, New York, N. Y., 1948, pp. 486488
and Fig, 17.5.
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mated lead foil. The vapor cell possessed an internal opti-
cal system?®® by means of which the effective path length
could be varied in steps of 0.8 meter from 0.8 to 4 meters.
Long optical paths through the vapor were necessary because
of the low vapor pressure of cyclodctatetraene (5-6 mm. in
the neighborhood of room temperature). When first used
with cycloéictatetraene, the vapor cell gave rise to a little
trouble because of its large internal surface area. The
compound is strongly adsorbed on metal and glass surfaces,
a property which makes difficult the complete removal of the
vapor sample by pumping. In order toavoid contamination
of the cell, lead gaskets were used in place of rubber ones,
and after each run, the stop-cock grease was changed and the
cell was dismantled and aired out. With these precautions,
uo further trouble was experienced.

Inasmuch as the Model 12B spectrometer does not record
per cent. transmission directly, per cent, transmission versus
wave number curves were obtained as follows: the spectrum
was recorded from high to low wave numbers in a series of
steps. At the outset of each step the slit width was set to
give full-scale deflection with the blank cell in the path, and
the spectrum was scanned until the deflection had fallen to
about half of full scale with the blank cell. The slit was
then opened to give full scale and the scanning continued.
A single KBr plate was used as a blank liquid cell for the
region 400-3800 em.~!. The evacuated vapor cell was used
throughout as the blank for the vapor spectra. Per cent.
transmission values were calculated from the ratio of the de-
flections measured on the sample cell to the corresponding
deflections for the blank cell. The per cent. transmission
curves determined in this way are shown for the liquid and
vapor states of cyclodctatetraene and cyclodctatetraene-ds
in Fig. 2. Tables I to IV list, respectively, the frequencies
of bands considered strong enough in the vapor to be as-
signed as active fundamentals and frequencies of bands
assigned as overtones or otherwise for the two compounds.
The basis for the allocation of the bands to these categories
is discussed later.

Raman Techniques.—The Raman spectra were studied
with the plane grating spectrograph in the Department of
Chemistry at the Johns Hopkins University. This type of
instrument, of which detailed descriptions have been given
elsewhere,? is particularly suited to the study of Raman
spectra excited by Hg-5461 radiation because of its excellent
dispersion at the longer wave lengths. Green excitation
must be employed with cyclodctatetraene because of the
compound’s absorption in the blue region. The camera
with which most of the spectra were photographed con-
tained a Petzval lens of 685 mm. focal length (f/5.4) and
produced a linear dispersion of about 0.040 mm. to the
&ngstrom. Resolution of sharp atomic lines 2 cm.~! apart
is achievable without difficulty with the photographic emul-
sions used, although of course the limit of resolution of
Raman lines is larger than this and highly dependent on
the line shape.

Six General Electric AH-2 mercury arcs with elliptical
reflectors served as a source of radiation. Between the arcs
and the Raman tube were placed concentric cylindrical filter
cells containing aqueous solutions of various inorganic
salts. A 10 mm. thickness of 0.3 molar sodium chromate
removes the short wave length region without noticeably
reducing the intensity of Hg-5461. Five mm. of saturated
neodymium chloride solution greatly reduces the continuous
background in the source spectrum from 5600 to 6000 A.,
and in addition almost completely eliminates the strong
yellow lines Hg-5770 and Hg-5790. With these filters
Raman lines must fall within 10 em. ™! of the yellow lines,
whose separations from Hg-5461 are 980 and 1042 em.™!,
respectively, to be obscured. For reduction of the contin-
uum in the region 6000-6600 A., a saturated cupric chloride
solution of 5 mm. thickness is useful. Its cut-off is not
sharp, however, and it has an appreciable effect on the in-
tensity of the exciting line.

‘When the saturated neodymium chloride filter was used,
two lines were found in cyclodctatetraene that are on the
borderline of detectability (967 and 994 cm.~l, respec-
tively). It seemed desirable to verify these, and to look for
others possibly concealed by Hg-5770 and Hg-5790. Ac-
cordingly, several spectra were taken with the yellow lines
for excitation. A dilute aqueous solution of a cyanosine

(24) (b) White, J. Opt. Soc. Am., 82, 285 (1942).
(25) Reference 24, pp. 515-517 and Fig. 18.4,
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Fig. 2.—Infrared absorption of liquid and gaseous cyclodctatetraene and cyclodctatetraene-ds.

TABLE 1

INFRARED ABSORPTION SPECTRUM OF CYCLOSCTATETRAENE:
PRINCIPAL ABSORPTION BANDS

Liquid spectrum Vapor spectrum

Frequency Relative Frequency Relative
in cm. ~! intensity in cm, 7! intensity

290 m 285 (broad) ‘m
366 m 365 (broad) m
628 vs 625 (broad) s
J 661-P s

667 vs 669-Q vs
678-R s
792-P s

800 vs 800-Q s
808-R s

( 937-P m

942 s i 945-Q m

(955)-R (m)

{ 955-P m

966 m 967-Q w
976-R w

j 1194-P w

1202 s 1204-Q n

| (1219)-R ()

1214-P m

1221 s 1223-Q m
1231-R m

1399 m 1400 vvw

1609 n 1608 w
1635 s 1640 s
1725 w 1718 n
1745 m

1750 { 1752 m
2830 w 2830 m
2955 m 2965 s

3004 vs 3015 vs

dye served to remove wave lengths below the yellow, and
satisfactory spectra were obtained.

The Raman tube, of conventional design, had an effective
length of 10 em. and a volume of 3—4 cc. although smaller
volumes (down to 1 cc.) were occasionally used. An image
of the tube was thrown on the spectrograph slit by a con-
densing lens of appropriate focal length and aperture.

TaBLE 11

INFRARED ABSORPTION SPECTRUM OF CYCLOOCTATETRAENE-
ds: PRINCIPAL ABSORPTION BANDS

Liquid spectrum Vapor spectrum

Frequency Relative Frequency Relative
in cm. intensity in em, =1 intensity
265 n 265 w
313 m 308 w

518-P vs
527 vs 527-Q vs
537-R vs
551 m 551 w
712-P s
720 s 720-Q s
727-R s
816-P m
822 m 823-Q m
831-R m
870-P m
879 s 879-Q m
(888)-R (m)
[ 888-P m
899 s 898-Q m
905-R m
920-P \J
926 m { 927-Q w
{ 934-R w
1286 m 1282 m
1614 1619 S
2220 s
2936 vs 2240 Vs
2252 vs 2270 (broad) vs

The spectra were photographed ou Eastman spectro-
scopic plates of emulsion type 103a-E. This emulsion is
sensitized in the yellow and red, and enables the photog-
raphy of Raman lines of absolute wave length as high as
6600 Exposure times of one-half to two hours were
used, the longer of these times being required to bring out
the weaker lines. Eastman D-19 developer and F-5 fixer
were used. The plates were enlarged twelve times and
printed on du Pont Defender Velour Black B.T. 3 paper.
It was usually found necessary in printing to expose for the
weak lines separately from the stronger lines. The Raman
lines, together with reference iron and mercury lines, were



3374

TaBLE III
INFRARED ABSORPTION SPECTRUM OF CYCLOOCTATETRAENE:
WEAK ABSORPTION BANDS

Liquid spectrum Vapor spectrum

Frequency Relative Frequency Relative
iz cm. <! intensity in cm. ~! intensity
582 w 590 vw
873 w .. ..
890 w 895 VW
. .. 980 w
993 w - 991 w
1036 w ;1028 v
1036 ww | 1039 v
1427 vVvWw
1573 w 1572 w
1781 w 1777 (broad) w
1842 w 1842 (broad) w
1865 vYw ..
1922 w 1922 (broad) w
2007 w 2004 w
2308 vw 2315 w
2425 w 2430 w
2450 vw ..
2745 w 2750 w
2784 W 2788 w
3270 w
TaBLE IV

INFRARED ABSORPTION SPECTRUM OF CYCLOGCTATETRAENE-
dg: WEAK ABSORPTION BANDS

Liquid spectrum Vapor spectrum

Frequency Relatiye Frequency Relatiye
inem, ! intensiy in em. ~! intensity

592 w 502 vV

711 W

730 W

747 w

759 w

813 W

838 w

889 w
1379 W ‘
1438 (broad: w 1400 VW
1483 VW .
1564 W LAR7 w
1582 W 1575 W
1658 w
1680 w
1824 LNy
1889 vw .. .
2141 vw 2140 vw

.. . 2190 w
2940 W 2930 vw
2965 w 2965 w
3025 W 3030 W
3135 A\ 3140 vw

measured from these prints with an X-ray film recorder.
Many plates were measured by two additional means:
by a microcomparator and by a Leeds and Northrup re-
cording microdensitometer. Intensities of Raman lines
were estimated by eye on an arbitrary scale from 1 to 10.

The self-consistency of the wave numbers for lines meas-
ured on several plates by the three methods indicates that
lines of intensity 2 or greater are in general reliable to 2
cm.”! or better, whereas the very weak lines may be in
error by as much as 5 cm.”!. Lines of intensity 1 were
verified on at least two plates.

Semi-quantitative depolarization factors were deter-
wined by 2 method similar to that of Cleveland and Mur
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ray.?® 1In this method the Raman tube is illuminated sue-
cessively from two mutually perpeudicular directions, and
the light entering the spectrograph is analyzed by means
of a Polaroid film at the slit. Because the relative inten-
sities of the two polarized components were measured with-
out preliminary calibration of the emulsion, our depolarization
factors are only approximate, except for lines whose depolari-
zation factors are close to6/7. For these latter, the depolari-
zation factors should be accurate to 10-15%,. This means
that 2 Ramau line with a depolarization factor 15%, or more
helow 6/7 should definitely be detected as polarized. The
depolarization factors of the polarized lines may be in error
by 15%, or even more for the strongly polarized lines. The
intensities of the two components were measured both as
integrated intensities from a Leeds and Northrup micro-
densitometer record and as peak intensities with a Hilger
model H451 non-recording microdensitometer. The two
procedures gave depolarization factors which agreed well
within the above limits of error.

Three determinations of the depolarization factors for the
stronger lines of cyclodctatetraene and two for those of
cyclodetatetraene-dg were carried out. Exposure times of
24 hours for each component i the light compound and 40
hours in the deuterium derivative were required. For cer-
tain of the lines in both compounds, the overlapping of
polarized and depolarized lines renders measurement of de-
polarization factors very difficult. The strong line at 3013
em. ! in cyclodetatetraene is certainly highly polarized, as
is shown by the reproduction of the microdensitometer rec-
ords in Fig. 3, but the closeness of the depolarized line at
3003 cm.~! prevents quantitative measurement of the de-
polarization factor. A similar situation exists in the heavy
compound for the lines at 2250 and 2255 cm. 71,

Tables V to VIII list the frequencies, estimated intensi-
ties and depolarization factors (when measured) of lines

TaBLE V
RaMan SpECTRUM OF CYCLOOCTATETRAENE IN LIQUID
STATE: PRINCIPAL LINES
Fre- Rela- Rela-
quency  tive  Depolariza- Fre- tive Depolariza-
n inten- tion quency inten- tion
cm. ! sity factor in em. ! sity factor
194 10 1/2 1202 9 6/7
249 9 6/7 1221 4
292 9 6/7 1399 2 ...
366 10 6/7 1439 9 6/7
655 5 1601 7 6/7 ?
758 2 - 1681 8 6/7 2
73 10 1/10 1651 10 1/5
908 3 . 1743 i <67
948 9 6/7 2054 9 6/7
967 7 3003 10 6/7
976 4 . 3013 10 <6/7
994 6 <6/7 3048 4 o
TasLE VI

RaMaN SpECTRUM OF CYCLOOGCTATETRAENE-dg IN LIQUID
STATE: PRINCIPAL LINES

Fre- Rela- De-
quency tive polariza- Fre- Depolariza-
in inten- tion quency Relative tion
cm, ~! sity factor in cm. 7! intensity factor
172 10 1/2 890 2 broad
238 8 6/7 ? 930 2
265 9 6/7 > 1287 2 ..
312 10 6/7 1297 8 6/7
576 8 C 1579 6
591 3 . 1615 6 .
761 8 6/7 1636 9 1/6
812 4 1/3 1653 10 1/10
822 10 1/6 2225 9 6/7
838 3 6/7 2250 10 <6/7
872 4 6/7 2256 8 broad
881 8 8/7

(26) Cleveland uad Muwrray, / Chewn Phys | T, 896 (1939
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TaBLE VII

RAMAN SPECTRUM OF CvVYCLOOCTATETRAENE IN LIQUID
STATE: WEAK LINES

Rela- Rela- Rela-
tive tive tive
Frequency inten- Frequency inten- Frequency inten-
in cm. ! sity in cm. "1 sity in cm, =1 sity
380 1 1890 1 2576 1
488 1 1916 2 2598 1
497 1 1929 1 2610 1
513 2 1940 2 2627 1
728 1 1970 1 2681 1
1461 1 1999 1 2692 1
1528 1 2026 1 2708 1
1548 1 2190 1 2726 1
1570 1 2201 1 2746 1
1677 1 2302 1 2793 2
1769 1 2339 1 2832 2
1800 1 2472 1 2853 2
1820 1 2489 1 2872 2
1836 2 2524 1
1857 1 2551 1

TaBLE VIII

RAMAN SPECTRUM OF CYCLOOCTATETRAENE-dg IN LIQUID
STATE: WEAK LINES

Frequency Relative Frequency Relative

in cm, ! intensity in cm. ! intensity
327 1 1355°? 2
565 1 1542 2
745 1 1554 1
791 1 1597 1
1675 1

assigned as fundamentals and as overtones (or otherwise) for
the two compounds. The basis for the distribution of the
various frequencies among these tables is discussed below.

Comments on Experimental Results

The spectra listed in Tables I-VIII have been
divided for convenience of discussion into stronger
and weaker bands and lines. The infrared spectra
have been assigned qualitative intensities according
to the convention: very strong, less than 5%, trans-
mission; strong, 5-209,; medium, 20-50%,; weak,
50-909%,; very weak, greater than 909, transmis-
sion.”” Bands of medium and higher intensity in
the liquid are included in Table I for cyclodctatet-
raene and in Table II for cyclodctatetraene-ds, and
the remaining bands in Tables III and IV. Two
weak bands on the borderline between weak and
medium have been included in Table I because these
bands (overtones at 1725 and 2830 cm.—!) show
medium intensity in the vapor.

The division of the Raman lines has been made at
the intensity level 2, those of higher intensity than
this being included in Table V for the hydrogen
compound and in Table VI for the deuterium deriv-
ative, and the remainder being placed in Tables VII
and VIII, respectively. Two lines (758 and 1399)
of borderline intensity are included in Table V and
three (890, 930, and 1287) in Table VI. Because of
the well-known fact that in the Raman effect com-
bination tones of various kinds are of a different
order of intensity from that of allowed fundamen-
tals, the division of the observed Raman lines on an
intensity basis may be regarded as a preliminary

(27) These percentages apply to a thickness of 0.1 mm. in the liguid
and 4 m. in the vapor at a pressure of 4 mm. (see Fig. 2).
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Fig. 3.—Smoothed microdensitometer tracings of per-
pendicular (lower curve) and parallel (upper curve) polarized
components of the Raman lines in the C~H stretching region
of cyclotctatetraene.

separation of fundamentals from overtones. Un-
fortunately, the same kind of division for the infra-
red bands is much less certain in this respect.
However, those bands of medium intensity or higher
in the vapor spectrum can usually be taken asfunda-
mentals in the absence of definite evidence to the
contrary.

A remarkable feature of the cyclodctatetraene
spectra is the considerable number of frequencies
that coincide with those of styrene, which shows
strong Raman lines at 999, 1204, 1601 and 1632
cm. ! and intense infrared absorption at 991, 1203
and 1633 cm.~!. The reality of these frequencies
in cyclodctatetraene cannot be doubted, however,
because of the circumstance that their intensity
does not alter upon purification of the material to
such an extent that the very strong styrene infrared
band at 908 cm. ! disappears completely. In the
deuterium derivative, one must be prepared for a
corresponding set of close coincidences with the
frequencies of styrene-ds. Our procedure in this
case was to purify the cyclodctatetraene-ds samples
by distillation and by fractional crystallization
until the infrared spectra showed no further change.
While the limited amount of the crude material was
something of a handicap in obtaining sufficient very
pure compound for spectroscopic study, we esti-
mate from the infrared spectra that the cyclodcta-
tetraene-ds with which most of the spectra were ob-
tained was 99+ mole per cent. pure with respect to
all impurities except cyclodctatetraene-ds.

The deuterium oxide from which the deuteriumi
derivative was made was stated by the supplier
(U. S. Atomic Energy Commission, Stuart Oxygen
Company, Agent) to be 99.87 atom per cent. deu-
terium. If no hydrogen was introduced during the
synthesis, this percentage corresponds to 1 mole per
cent. of cyclobctatetraene-d; in the final product.
It is difficult to estimate from the spectra whether
the figure is actually larger than this. No C-H
stretching frequencies were observed in the Raman
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effect, but the weak infrared bands at 2965 and 3025
are very possibly due to the ds-compound. The
great sensitivity of the infrared to small amounts of
liydrogen in deuterium compounds makes the ob-
served intensities of these bands compatible with
two mole per cent. or less of cyclodctatetraenc-ds.
Another characteristic of the spectra is the
marked intensity change that occurs on passing
from the light to the heavy compound. This
change was encountered in both the infrared and
the Ramau effect. It was apparent iu the greatly
lengthened exposure times required to get usable
polarization spectra for the heavy compound, and
in the much smaller nuuber of overtones observed.
The same exposure tinies which produced the large
number of overtones listed in Table VII for the
light compound yielded the very small number
given in Table VIII for the deuterium derivative.
In order to produce a comparable number of over-
tones, lengthened exposures could have been used.
This procedure was not followed because the inter-
pretation of extremely faint lines would be difficult
and of doubtful value in view of the presence of
small amounts of extraneous compounds such as the
dr-derivative. The smaller number of overtones
in the heavy compound is entirely compatible with
the smaller anharmonicity of deuterium vibrations
and with the drop in frequency. The latter
change not only reduces the intensity in both types
of spectra but also moves the overtones irom be-
tween 2000 and 3000 cm. ! to much lower values.
In Table IX are listed the observed coincidences.
The precision of the infrared and Raman frequencies
imposes the requirement that an infrared frequency
measured in the liquid must fall within 4 cm.~! that
of a Raman line below 1700 cm.™! and 7 cm.™?

TaBLE IX
SuMMARY OF COINCIDENCE FREQUENCIES
Infrared Raman Infrared CDs Raman
cm. 71 em. ~! I cm, "1 I cm, "1
A Major coincidences

290 m 292 9 265 m 265 9

366 m 366 10 313 m 312 10

966 m 967 7 592 w 591 3
993 w 994 6 822 m 822 10
1202 s 1202 9 879 s 881 8
1221 s 1221 4 926 m 930 2
1399 m 1399 2 1286 m 1287 2
1439 w 1439 0 1582 w 1579 6
1635 s 1631 8 1614 s 1615 6
2055 m 2054 9 2220 s 2225 9
3004 s 3003 10 2252 vs 2254 8

B Coincidences between lines weak in liquid or absent in
vapor

873 s 873 10 747w 745 1
1573 w 1570 1 759°  w 761 8
1842 w 1836 2 813* w 812 4
1865 vw 1857 1 838° w 838 3
1922 w 1916 2 889° w 890 2
2308 vw 2302 1 1658° w 1653 10
2745 w 2746 1 1680  ww 1675 1
2784 w 2793 2
2830 W 2832 2

e Not observed in vapor spectruin.
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above 1700 cm. ~1in order to be called a coincidence.
In actuality the observed coincidences agree more
closely than this. Only one of eleven major coinci-
dences in cyclotctatetraene and three of eleven in
the deuterium compound disagree by more than 2
cm.

Because the changes in frequency observed in
passing from liquid to vapor spectra in the infrared
are often larger than our coincidence criterion, co-
incidenices must be determined from the liquid
spectra. This raises the difficulty that an exces-
sive number of coincidences may be found becaunse
bands often appear in the infrared spectra of liquids
in contravention of selection rules. The difficulty
is avoided by removing from the list of coincidences
those infrared bands that are abseut from the vapor
spectrum. On this basis the observed coincidences
have been divided in Table IX into “‘major coinci-
dences” and secondary coiucidences that either
disappear in the vapor or correspond to obvious
overtones.

A number of coincidences in cyclobctatetraene-
ds that disappear in the vapor occur in the range
740-900 cm.™!, which is the range of the C-D
bending frequencies. One or two of these may be
genuine despite our failure to observe the band in
the vapor, because of the notably weak wvapor
spectrum of the deuterium compound. The re-
mainder, however, are surely spurious. The lack
of similar coincidences in the light compound ap-
pears to be due to the concentration of the C-H
bending frequencies in the narrow range 1200-
1225 cm. !, As a result, genuine and spurious co-
incidences overlap and cannot be disentangled by
study of the vapor spectrum.

The principal features of the vibrational spectra
on which structural conclusions will be based are
summarized in Table X. This table is so drawn as
to enable a general comparison between the ob-
served spectra on the one hand and the spectra
predicted on the basis of various structures on the
other. Because a rigorous interpretation of the
spectroscopic data necessitates a much more de-
tailed consideration, the purpose of Table X is sim-
ply to enable the elimination of structures whose
vibrational selection rules conflict with the main
outlines of the observed spectra and which can
therefore scarcely be expected to explain the spec-
tra in detail. :

TABLE X
SUMMARY OF SPECTROSCOPIC DATA
Cyclo-
Cyclo- octa-
octa- tetraene-

Number of: tetraene ds
Principal Raman lines 24 23
Polarized Raman lines 6 6
Principal infrared bands 17 14
Major coincidences 11 11
Principal lines in Raman effect only 13 12
Principal bands in infrared only 7 5

It must be pointed out that the figures in Table X
are arbitrary to some extent. The number of
principal Raman lines and inirared bands would
change somewhat if the minimum inteusity level for
such bands were raised or lowered. The number
of major coincidences would decrease slightly if
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these were limited to coincidences between principal
Raman lines and infrared bands. Actually Table
IX lists one major coincidence for cyclodctatetraene
(1439 cm. ') and two for cyclodctatetraene-ds (592
and 1582) between weak infrared bands and princi-
pal Raman lines. In all these cases, however, the
weak infrared band is readily found in the vapor,
and the intensity of the Raman line is larger than is
expected for an overtone. The number of polar-
ized lines represents a lower limit, inasmuch as any
of those lines too weak to measure might be polat-
ized. The fact that the sum of the number of
priucipal bands in the infrared only and the number
of major coincidences does not equal the total num-
ber of principal infrared bands is due to the above-
mentioned inclusion of one or two weak bands
among the major coincidences.

Within the latitude allowed by these considera-
tions, however, the selection rules for any structure
must predict the numbers given in Table X. For
example, a highly-symmetrical structure which pre-
dicts only two polarized lines is irreconcilable with
the six observed. A structure that has a center of
symmetry would permit no coincidences, which
again is incompatible with the eleven observed.
In this way one can eliminate many structures with-
out attempting to make a detailed interpretation of
the observed spectra. In the following section our
first step will be a consideration of various plausible
structures for cyclodctatetraene, and the conse-
quent elimination of most of them with the help of
Table X.

Interpretation of the Spectra and Structural Con-
clusions Therefrom

Since the cyclodctatetraene molecule had been
suggested to have various structures, among them a
cubic cage, a fused benzene and cyclobutene ring
system and a cyclohexadiene ring with two fused
cyclopropane rings, one of the first objectives of the
spectroscopic investigation was to decide whether
the structure is 1,3,5,7-cyclotctatetraene or not.

Either the Raman spectrum or the infrared alone is es-
sentially adequate for this purpose. The absence from
either spectrum of certain benzene frequencies fairly well
rules out those structures involving a fused benzene ring.
The lack of frequencies characteristic of ~-CH,- groups elim-
inates certain others and the presence of a typical olefinic
double-bond frequency is incompatible with a polycyclic
saturated liydrocarbon structure. Negative evidence of
this sort coupled with the relative simplicity of both spectra
for so large a molecule favors a true cyclodctatetraene stritc-
ture of comparatively high symmetry. In addition, the
simplicity of the spectra rules out the existence of structural
isomers in equilibrium unless one isomer is present in very
small amount or both have exceedingly high symmetry.
The latter possibility is in conflict with the experimentally
indicated absence of a symmetry center, since the highly
symmetrical forms On (cubic cage), Dsn and Dy all have
symmetry centers, and the form D4, although it does not
possess a center, acts spectroscopically as though it does.

In the following interpretation of the spectra, no initial
assumptions about the structure of the molecule are made
beyond the empirical formula CsHs and the usual restric-
tions of quadrivalent carbon and univalent hydrogen. In
Table XI are summarized the selection rules for the infrared
and Raman spectra of the molecular configurations com-
patible with these assumptions.® For most of these struc-

(28) The details of the methods for working out these rules may be
found in the monographs on the subject of infrared and Raman spec-
tra, e.g. Herzberg, “Infrared and Raman Spectra,” Van Nostrand and
Co., New York, N. Y., 1945,
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tures the geometrical form of the molecule is fairly well de-
termined by the symmetry properties of the point group
and by valence requirements. For some of the groups of
lower symmetry, however, several structures of the same
symmetry are possible. In these cases the selection rules
will sometimes give slightly different numbers in certain
of the columns of Table XI for the different structures.
These differences are never large and are not of importance
for the following discussion.

A comparison of Tables X and X1 shows immediately that
the observed spectra are incompatible with a structure of
very high symmetry. The large number of observed po-
larized lines, the total number of observed frequencies, and
especially the number of coincidences between infrared and
Raman frequencies rule out any structure belonging to the
eight groups of highest symmetry in Table XI. It is con-
ceivable, of course, that we may be dealing with a super-
position of the spectra of two isomers of very high sym-
metry. Detailed examination of the various combinations
of selection rules for the above eight groups shows, however,
that these combinations do not fit the observed spectra
much better than any one of the groups alone. Moreover,
the frequencies of corresponding modes of vibration in two
isomers tend to occur at about the same place in the spec-
trum, and as a result lines from these vibrations show
a doublet character in the spectrum of a mixture of two iso-
mers. The observed spectra of cyclodctatetraene and
cyclodctatetraene-ds do not exhibit this feature, especially
in the polarized lines, and therefore it is highly implausible
to interpret the spectra in terms of two structures.

TaBLE X1

SUMMARY OF THE SPECTROSCOPIC ACTIVITY OF THE VIBRA-
TIONAL FREQUENCIES IN DIFFERENT STRUCTURES OF

CYCLOOCTATETRAENE
Total Infra-
dis- Raman red Silent
tinct activity activ- Coincidences fre-
Point fre- Polar- ity Polar- quen-

group  quencies Total ized total Total ized cies
On 18 8 2 3 0 0 7
Ta 18 15 4 7 7 0 3
Dsn 26 7 2 4 0 0 15
Csn 26 8 3 4 0 0 14
Cov 26 13 3 7 7 3 13
Cs 26 14 4 8 8 4 12
Ss 26 16 5 10 0 0 0
Dy 26 15 4 8 0 0 3
D 32 15 4 8 0 0 9
D, 32 28 6 14 10 0 0
Cu 32 18 7 10 0 0 4
Cw 32 27 5 15 15 5 5
Csy 32 32 12 20 20 10 0
S 32 32 11 21 21 11 0
Dya=Va 32 27 6 15 15 0 5
Dsn 28 20 6 12 7 0 3
D, 28 22 8 20 14 0 0
Csn 28 21 7 14 7 0 0
Civ 28 25 11 25 25 11 3
Cs 28 28 14 28 28 14 0
Dypn=Vyr 42 21 6 15 0 0 6
D=V 42 42 12 30 30 0 0
Caov 42 42 11 31 31 11 0
Can 42 21 11 21 0 0 0
Ce 42 42 22 42 42 22 0
Cy 42 21 21 21 0 0 0
Cs 42 42 21 42 42 21 0

On the other hand, structures of low symmetry are in even
greater conflict with the observed spectra. Too many ac-
tive frequencies and too many coincidences are permitted
for all structures lacking a threefold or fourfold axis except
for those with a center of symmetry. Theselatter, however,
exclude comcidences altogether, which is in contradiction
with observation. It is thus possible to eliminate the last
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Fig. 4 —Cyclodctatetraene structures that fit the observed spectra most closely.

seven structures in Table X1, that is, all structures belonging
to point groups with no axes of threefold or higher.

Of the remaining structures, those belonging to point
groups Dy, and Cyp are ruled out by the observed coinci-
dences, while those of point groups Cs, Cq, Sy, Csv and C;
are eliminated by the absence of coincidences between po-
larized Raman lines and infrared bands. Structures of
symmetry C;;, and D; cannot be rejected on qualitative
grounds, but the number of polarized Raman lines, infrared-
active fundamentals and coincidences called for by these
structures disagrees sufficiently with the experimental sum-
mary of Table X that we feel justified in eliminating them
also. In addition both C;n and Dj structures are derived
from the Dsp structure, which is eliminated by detailed ar-
guments given below. These arguments can also be applied
to C;n and Dj, and accordingly we will give no further con-
sideration to these two structures.

We are therefore left with the struetures Dy, Dyg and Dan,
which are shown in Fig. 4. It will be seen on comparison
of Tables X and XI that each of these fits the observed
spectra fairly well, having about the right number of total
lines, polarized lines and coincidences. A decision among
them must therefore be made by examination of the details
of the spectra.

Although the Dy structure has not been proposed to our
knowledge, its plausibility from a valence-bond standpoint
makes it a worthwhile structure to consider.? We believe
it can be ruled out on spectroscopic grounds for the following
reasons, among others. Thetwo C-H bondsalong the three-
fold axis should be aliphatic rather than olefinic in character
and should therefore exhibit frequencies in the neighborhood
of 2900 em.™ !, No fundamental freguencies of this value
occur in the spectrum. If one ascribes the frequency at
2454 cm. 7! to such bonds, one encounters the difficulty that
the line should be polarized, which is not the case. The six
polarized frequencies, in fact, should all occur above 800

(29) The Dy structure is unlikely. in view of the methad of syathesis
of cycigdstatatcaens® and of the reactiens of the compound. It is not
cyulogotatedeaene, of course, but rather bicycln[2.2.2.]osta-2,5,7-
triege. Iy vipew-of the varions salsnce-bond angies allowed by such a
styyohise, i wight: wall o seable, and its svnthesis renreasnts an igter-
eeting wHrolteim in ergasic chemistry.

cm.”! (one C-C stretching frequency at about 800-1000
cm. "1, one ““cage breathing”’ frequency in the same region,
one C-H bending frequency at about 1200-1400 cm.™!, one
C==C stretching frequency at about 1650 cm.™!, two C-H
stretching frequencies at 2000 and 3000 cm.™!), and cer-
tainly none should be as low as the observed polarized line
at 194 cm.”!. This line of reasoning, along with other ar-
guments such as the small number of expected coincidences
(seven uvs. eleven observed), is sufficient to enable the rejec-
tion of the D;p model.

We are therefore left with the Dy and Dsy struc-
tures. The selection rules for these two structures
are remarkably similar, and both fit the observed
spectra about equally well with one important ex-
ception. The Dyq structure requires that all infra-
red-active frequencies also occur in the Raman ef-
fect, whereas four infrared bands are excluded from
the Raman effect in the D, structure. The strong-
est bands in the infrared spectra of both cycloocta-
tetraene and cyclotctatetraene-ds have no counter-
parts in the Raman spectrum, and on this basis we
reject the Dyg model in favor of the Dy, and proceed
to interpret the spectra in terms of the latter. Be-
cause X-ray®? and electron-diffraction®® evidence
has been put forward on behalf of the Daqg structure
however, we shalt also consider the observed spec-
tra in terms of the D4 structure, and shall see that,
apart from the above-mentioned feature of the ab-
sence of strong infrared frequencies from the Raman
effect, the Dyq structure serves nearly as well as the
D, for interpretation of the spectra.

(30) (a) Kaufman, Fankuchen and Mark, Nafure, 161, 165 (1947);
J. Chewm. Phys., 18, 414 (1947); (b) Hedbergand Schomaker, Abstracts,
Sag Francisco Meeting, Americam Chemical Society, March, 1949.

It is to be goted that the.elgctrog-diffraction data have also been inter-
preted as consistemt with the D structure (see ref. 41).
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Assignment of Frequencies on the Basis of the D, Structure

The distribution of the various frequencies of cyclodcta~
tetraene among the different vibrational species of the point
group D, is given in Table XII. The species are defined
in terms of the behavior of the normal vibrations with re-
spect to the symmetry elements of the D4 group, namely the
fourfold axis C, (taken as the z-axis) and two pairs of twofold
axes. One of these pairs (C;*¥), passing through the cen-
ters of the double bonds (Fig. 4) consists of the x- and y-
axes, and the other pair (C,%8), pagsing through the cetnters
of the single bonds, lies in the xy-plane at an angle of 45° to
the x- and y-axes. The symbols in the columns headed
““‘Symmetry of Species’’ show the behavior of vibrations
of the different species of vibrations with respect to the three
axes C¢f, Cp*v and Cpis, A plus-sign means that the vi-
brational displacements are unchanged by rotation about the
axis through the appropriate angle (90° for C,%, 180° for the
others), a minus-sign that rotation changes the sign but not
the magnitude of the displacements, the symbol e® that the
displacements of the degenerate (E species) vibrations are
changed in a more complex fashjon?! and the double symbol
= that the two independent sets of displacements for a
doubly-degenerate vibration can be so chosen that one set
does not change and the other changes into its negative when
the indicated rotation is carried out.

TABLE XII
DISTRIBUTION OF VIBRATIONS AMONG SPECIES AND THE

SELECTION RULES FOR D; STRUCTURE OF CyCLOOCTA-
TETRAENE
Selection rules

Vibrl. Symmetry of species No, of vibrations Infra-
species Cq¢ CfY Cf®  C  H Total Raman red

A + + 4+ 3 3 6 Polar. f

Ay + - - 1 3 4 f My

B, — + - 3 3 6 Depol. f

B, — - + 3 3 6 Depol. f

E e = & 4 6 10 Depol. Mg

The vibrations of the molecule can be fairly well divided
into ‘‘carbon-atom’’—or ring—vibrations and ‘‘hydrogen-
atom’’ vibrations. The number of each kind is indicated in
the columns marked *“C’’ and ‘‘H,’’ respectively, in Table
XII. The spectroscopic activity of these is shown in the
column ‘‘selection rules.”” Here we see that there are six
totally-symmetrical vibrations (species A;), three hydrogen
and threering, that these appear polarized in the Raman effect
and that they are forbidden (f) in the infrared. The species
A, has four vibrations, all forbidden in the Raman effect,
but allowed in the infrared, the vibrating electric moment,
M, being parallel to the z-axis. There are six vibrations
each in species B, and B., all of which appear depolarized
in the Raman effect and absent from the infrared. The
doubly-degenerate species E contains ten frequencies, to
each of which correspond two vibrations, so that this species
accounts for twenty of the forty-two vibrational degrees of
freedom. Each of these ten frequencies shows up in both
the Raman effect and the infrared, the Raman lines appear-
ing depolarized and the electric moment, M , being perpen-
dicular to the z-axis. It can be readily verified that these
figures add up to those listed for the point group Dy in Table
XI

Totally-symmetrical Species,—The assignment of the
observed frequencies to the different species is best com-
menced with the six A, vibrations, Sinceall these vibrations
should give rise to polarized Raman lines, most of them are
easy to find. The three ring vibrations correspond roughly
to a ring puckering, a C-C single-bond stretching and a C-C
double-bond stretching, and we assign to them the polarized
lines in cyclodctatetraene at 194, 873 and 1651 cm. ™!, re-
spectively. Two of these frequencies shift as expected in
cyclodctatetraene-dg to 172 and 822 ¢m. 1., but there is an
unexpected increase in the double-bond frequency in the
heavy compound to 1853. Such an increase can only result
from anharmonicity®® and we therefore look for the origin
of this. It is found in the Fermi resonance® between the
fundamental double-bond frequency and the first overtone

(81) Compare, for exasple, Hersberg, ref. 28, pp. 98~00.
(32) Halverson, Rev. Mod. Phys., 19, 87 (1947).
(33) Compare Herziseeg, rof. 28, p. 215,
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of the totally symmettical ring frequency at 822 em.-!.
The coincidence of these two frequencies before Fermi in-
teraction must be very nearly exact because of the closely
similar intensities of the two lines (1636 and 16533) after
interaction. The unperturbed double-bond frequency
should therefore have a value of about 1644 cm.”!. The
shift from 1651 in the light compound to 1644 is surprisingly
small, but is of course in the proper direction. It may be
mentioned that the first overtone of the corresponding ring
frequency at 873 in the light compound also interacts with
the double-bond frequenecy, but because of the large fre-
quency separation in this case, the inteéraction is small.
The overtorie oecurs, with relatively high intensity for an
overtone, at 1743 cm. ™! and is definitely polarized.

The location of the three A hydregen frequencies is less
straightforward. To facilitate the frequency assignment,
the motion of the hydrogen atoms can be considered in terms
of a hypothetical plane drawn through the C-H bond line
paralle] to the z-axis. In one type of hydrogen motion
(called ““parallel C-H bending’’ hereafter), the atom moves
within this plane and in a direction normal to the C-H bond
line. In the second type (to be called ‘‘perpendicular C-H
bending’’), the motion takes place perpendicular both to
the bond line and to the plane. In the third (C-H stretch-
ing), the hydrogen atom vibrates within the plane and along
the bond line. In species A; there is one vibration of each
type. It is easy to assign the C-H and C-D stretching fre-
quencies, for the Raman lines at 3013 and 2250 cm. !, re-
spectively, are polarized, and in fact are separable on polari-
zation plates from nearby depolarized lines on this account
(see Fig. 3). The bending frequencies, however, can only
be located with the help of the spectrum of the heavy com-
pound. In this compound a polarized line appears at 812
cm. "} which is presumed to arise from a paralle] C-D bend-
ing vibration., If this assignment is correct, the correspond-
ing vibration in the light compound should have a frequency
in the range 1000~1150 cm.~!. The only line near this
range occurs at 994 em. 7!, and, because of its proximity to
the yellow mercury line at §770 A., is difficult to measure for
polarization characteristics when excited by Hg-5461. We
have found it polarized, although quantitative measurement
of the depolarization factor was unreliable. This line has
also been verified by excitation with the yellow lines Hg-
5770 and -5790.

The remaining C-H frequency by analogy with other
olefinic and arematic hydrocarbons should occur in the
range 1000-1500 cm.!. While there should be six such
frequencies of various species in this range, only four are
observed and of these, two must be regarded with suspicion
because of the small shift they display on passing from cyclo-
octatetraene to cyclolctatetraene-ds, We are forced by
the barrenness of the region to the conclusion that some of
the C-H perpendicular bending vibrations have very nearly
the same frequency, just as do the C~H stretching vibrations,
and accordingly “pile up’’ iu the spectrum in a similar way.
This may result from the possibility that the potential energy
function for hydrogen vibrations approximates a Dyg sym-
metry. The Dy symmetry differs from the D, in the pres-
ence of planes of symmetry through the fourfold axis and
the carbon and hydrogen atoms, these planes being elimi-
nated in Dy by the difference between the alternate C-C
bonds. However, the alternate C—C bond distances are
not greatly different (0.1 A. or less according to electron dif-
fraction evidence®) and therefore the symmetry of the po-
tential function for the various C~H vibrations may ap-
proximate Dy,

In the Dy structure for cyclodctatetraene, there are no
Raman-active perpendicular C~H bending frequencies ex-
cept in the degenerate species. The totally-symmetrical
D, frequency of this type, however, is derived from a non-
degenerate Dy frequency and should therefore be expected
to be weak in the Raman effect compared to the other totally-
symmetrical lines and to have a high depolarization factor.
This expectation, coupled with the observation that in both
the infrared and Raman spectra the region 1000-1500 cm. ¢
contains remarkably few bands, gives us a basis for inter-
preting the depolarizéd Raman line at 1202 ecm."! as a
superposition of a weak, slightly polarized line from a totally-
symmetrikal C~H perpendicular vibration and a strong de-
polarized live from a non«totally symmetrical vibration,

Fortunately this situation is altered in the heavy com-
pound, probably because the frequencies of the C~D bend-
mg vibrations coincide with ring fregquencies of eppropriate
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symmetry species. The resulting interactions vary from
species to species and hence the C-D bending frequencies
differ from one another. The region 800-900 cm. ! is rich
i infrared bands.and Raman lines, at least two of the latter
being polarized. These two, at 812 and 822 cm. !, corre-
spond to the 994 and 873 cm. ! lines in the light compound.
There are three other Raman lines, at 838, 872 and 890
em. 1, which do not appear in the infrared vapor spectrum
and which therefore belong to one of the three infrared-
silent species. It is not a matter of critical importance
which of the three is assigned to class A;. The 872 line is
selected because it fits the product rule best (see below),
but it is depolarized, as are the other two. Possibly the
high depolarization factor arises from the quasi-D sym-
metry for the hydrogen potential function, as postulated
above for the corresponding Raman line in the light com-
pound.
The foregoing assignments are listed in Table XIV.

Degenerate Species

The infrared- and Raman-active doubly-degenerate
species E is conveniently considered next. Bauds and lines
of this species should be easily located because only this
species is active in both spectra. Ten such frequencies are
expected and in Table IX eleven major coincidences are
listed both for cyclodctatetraene and for cyclodctatetraene-
ds. For the former the coiucidences at 994 and 1439 are
rejected. The 993 band in the infrared coincides with a
polarized Raman line, which renders the coincidence in the
liquid suspect, and the weak vapor band can be well ex-
plained as an overtone (194 (A;) + 800 (Az) = 994 (A,)).
The line at 1439 is extremely weak in the vapor and shows
a large liquid-to-vapor shift of 12 em. !, as though the liquid
coincidence were a real one resulting from violation of the
infrared selection rules, and the vapor phase infrared band
were a weak overtone which accidentally comes within 12
cm. ! of the Raman line.

In cyclodetatetraene-ds, the coincidences at 592 and 1582
are rejected as spurious, the former because of the vanish-
ingly small intensity of the vapor band at that point. The
1582 coincidence is ruled out because only one fundamental
of the E species is to be expected in the neighborhood of
1600 cm. ™!, and this is observed as an intense band at 1619
cm. ! in the infrared vapor spectrum and at 1615 em. ™! in
the Raman effect. The 1582 coincidence is explained as the
accidental coincidence of an infrared overtone {761 (E) +
822 (A) or E) = 1583 (E) is one of several possibilities] with
a Raman fundamental. The Raman line is too intense for
an overtone unless Fermi resonance is involved. Fermi
resonance with the fundamental at 1615 cm. ™! is of course
possible, but the large separation of 30 cm.™! or more be-
tween this line and the umperturbed overtone makes it
doubtful that the intensity of the Raman line at 1579 cm. ™!
can be accounted for on such grounds.

‘We are therefore left with nine coiucidences believed to be
genuine, whereas the selection rules demaud ten (Table
XII). In cyclodctatetraene the tenth coincidence is
thought to lie at 942 em.~!, There is a strong infrared
band at this point, and a strong Raman line at 948 cm. ™
The discrepancy of 6 cm.™! is beyoud experimental error,
and repeated measurenients in both spectra have confirmed
this. However, the Raman line seems slightly asymmetri-
cal in shape, with evidence of a shoulder on the low fre-
quency side. It is therefore our assumption that the Raman
line is an unresolved doublet, one component of which coin-
cides with the infrared band.

In the heavy compound there are several coincidences in
the range 700-900 cm.~! between infrared bands of the
liquid and Raman lines.
ever, none of these persists in the infrared of the vapor.
The product rule for class E points to either the 745 or 761
Raman lime as the appropriate one, and the latter is selected
on intensity grounds. No explanation is offered for the
failure to observe this band in the infrared vapor spectrum.

It should be remarked that the coincidence with the
polarized line at 822 em. ™! is certainly accidental. A real
coincidence here is not only incompatible with the D,
structure but is also inconsistent with the remainder of the
spectrum, since coincidences are not observed for numerous
other polarized lines in the spectra of both the light and heavy
compounds. We presume that a Raman line of species E i3
superimposed on the 822 totally-symmetrical line of higher

E. R. Lrierincort, R. C. Lorp AND R. S. McDoONALD
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intensity, because the infrared baud must be either A; or E,
the former being ruled out by later discussion.

The assignments to the E species are summarized in Table
XIv.

Infrared-active Species A,

The existence of several strong infrared bands in the
spectra of both cyclodetatetraene and cyclodctatetraene-dg
that have no Raman counterparts is the strongest spectro-
scopic evidence for the Dy structure. As we have pointed
out earlier,?! careful search of the Raman spectrum for lines
coiiciding with these strong bands has produced only nega-
tive results. The search has been aided by the fact that the
Raiman spectrum is quite open in the light compound for the
bands at 630, 667 and 800 cm.™! and in the deuterium comni-
pound at 527 and 720 em.~!. Moreover, the presence of
impurities is not a consideration, since small amounts of
iinpurities would merely add weak lines and could not cause
genuine lines to disappear.

The previously-mentioned congestion of perpendicular
C-H bending frequencies affects the A, species, since it con-
tains one such vibration. In the deuterium compound,
however, there is a clear-cut strong C-D bending band at
899 cm.™! that has no Ramau counterpart within a factor
of two of the experimental error allowed for coincidences.
It is therefore straightforward to select four strong bands
from the spectrum of cyclodctatetraene-ds at 527, 720, 899
and 2236 cm. ™!, The four corresponding frequencies in the
light compound occur at 648, 800, 1221 and 3004 cm.™ L.
The third of these is located with the help of the product
rule, while the first is determined from the doublet 630-669
in the following way.

In cyclodctatetraene there are two very intense bands
at 630 and 669 cm.”!, while in the heavy compound only
otle intense band is found below 700 em.™!. This could be
explained as a drastic intensity change on the part of one
band, as a superposition of two intense bands (of different
vibrational species) in the heavy compound or as a doubling
in the light compound because of Fermi resonance. The
first explanation is unlikely in view of the intensity changes
usually produced by deuterium3##¢and the second is incon-
sistent with the failure to observe a Raman line coincident
with the single intense band in cyclodctatetraene-ds. We
therefore ascribe the doublet in the light compound to Fermi
resonarnce between an A, fundamental at about 648 cm."!
and the overtone 292 (E) 4+ 366 (E). The 10 ecm.™! de-
viation of the sum of these two frequencies from 648 is
ascribed to anharmonicity.

Tlhe two bands at 630 and 669 definitely have different
rotational structures in the vapor phase. We believe the
explanation of this is given by the possibility of another A,
overtone at 629 (380 (B)) + 249 (B;)) and that the overlap
of the two overtone bands washes out their rotational struc-
tures. In the heavy compound the single intense band has
a clear-cut rotational structure analogous to that of the
669 band. The overtones responsible for the Fermi reso-
nauce have shifted to 565 (B, 4 B;) and 577 em. ™! (E + E),
respectively, in cyclodctatetraene-ds. These are 38 and
50 cm. ! removed from the fundamental at 527 em. ™!, and
lLietice little Fermi resouance is to be expected. At 551
cm.”! on the shoulder of the mtense 527 band, there is a
band that can be assigned to the B, 4+ B; combination on
the assumption that the 14 cm. ™! discrepancy arises from
anharmonicity and from inaccuracy in the 551 value. This
latter is certainly lower than the actual position of the band
because of the influence of the 527 band, but the exteut of
the shift is hard to estimate. It isnot likely that the error is
larger than 5 cm.”!. From 551 to 592 no additional bands
are resolvable.

The Raman-active Species B; and B,.—The remaining
unassigned Raman lines should be either fundamentals of
these two species or overtones. The B; and B; species are
closely analogous, the former being symmetric to the twofold
axes through the midpoints of the C-C double bonds and the
latter to the twofold axes through the midpoints of the C-C
single bonds. This definition of the species is arbitrary, of
course, and could just as well be reversed.

The principal Raman lines not hitherto assigned are listed
in Table XIII. There are eight for cyclodctatetraene and
seven for the deuterium derivative, to which must be added
with certainty two C-H stretching frequencies, one each

(34) Lord and Teller, J. Chem. Soc., 1728 (1937).
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for species B and B,, and with high probability an additional
low ring-puckering frequency. The C-H stretching fre-
quencies both occur in the neighborhood of 3013 cm.™!
{2250 cm. ! in the deuterium compound) and from Tables
VII and VIII we select 380 and 327 as the respective values
of the puckering frequency. After these additions there
remain to be located one frequency for the light compound
and two for the heavy. In the table of weak Raman lines
for cyclodctatetraene (Table VII) there is only one addi-
tional line—that at 728 em.~!—which is reasonably eligible
for the B; and B, classes. The others are all too high or,
with the exception of the above-mentioned 380 line, too
low. In Table VIII for the deuterium compound, the lines
at 565, 745 and 791 cm. ! are candidates for the two missing
frequencies.

TaBLE XIII
PRINCIPAL RAMAN LINES NOT ASSIGNED TO SPECIES A; OR E

Cyclo&ctatetraene Cyclodctatetraene-ds

249 238
655 576
758 591
908 838

(948) 890
976 1297

1439 1579

1601

We can now assign six frequencies to the B) and six to the
B, species as follows. Each species must have one C-H
stretching and two C-H bending frequencies which can be
recognized by their large shifts in the deuterium derivative.

TaBLe XIV
ASSIGNMENT OF FREQUENCIES FOR Dy STRUCTURE
SpeciesF;eo?‘ Type of vibration C:Hs CsDs ™ T
A; 1 C—H stretching 3013 2250 2.72 2.828
2 C=C stretching 1651 1645°
3 C—H bending (1) 1202 872
4 C—H bending (/1) 994 812
5 C—C stretching 873 822
6 Ring puckering 194 172
A; 7 C—H stretching 3004 2236 2.49 2.533
8 C—H bending (1) 1221 899
9 Ring distortion 800 720
10 C—H bending (/1) 648° 527
B; 11 C—H stretching 3013 2250 2.77 2.828
12 C=C stretching 1601 1579
13 C—H bending (1) 948 791
14 C—H bending (}}) 728 565
15 Ring distortion 655 576
16 Ring puckering 380 327
B, 17 C—H stretching 3013 2250 2.83 2.828
18 Ring distortion 1439 1297
19 C—H bending (1) 976 745
20 C—C stretching 908 838
21 C—H bending (}}) 758 591
22 Ring puckering 249 238
E 23 C—H stretching 3003 2254 6.56 7.11
24 C—H stretching 2954 2225
25 C==C stretching 1635 1615
26 Ring distortion 1399 1287
27 C—H bending (1) 1221 930
28 C—H bending (L) 1202 881
29 C—H bending (/1) 967 761
30 C—C stretching 942 822
31 C—H bending (||) 366 312
32 Ring puckering 292 265

¢ Denotes the estimated unperturbed position of a funda-
mental-that is affected by Fermi resonance.
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The ring puckering frequencies are the very lowest and are
readily assigned. The double-bond frequency must corre-
spond to a mode of vibration that is symmetrical to the
two-fold axis through the double-bond midpoint, and there-
fore can be assigned to species B;. With the help of these
considerations and the product rule, the assignment given
in Table XIV is made. The assignment shown rejects the
890 frequency in favor of 791 in CsDjs in order to obtain
best agreement with the product rule. The 890 frequency
is not significantly more intense than 791 and can readily be
explained as an overtone (e.g., 576 (Bg) + 312 (E) = 888
(E), which can interact with 881 (E)). The B,-B; assign-
ment is not unique, since an interchange of the pair of fre-
quencies 728-565 with 758-591 would not impair the prod-
uct-rule agreement.

Table XIV summarizes the foregoing assign-
ments. The description of the various vibrational
modes given in Column 3 is of course very rough in
many cases and is based on the assumption that the
vibrations follow a valence-force potential system.
It is further assumed that ring vibrations parallel to
the fourfold axis (‘‘ring puckering”’) are distinguish-
able from ring vibrations roughly perpendicular to
the fourfold axis (“‘ring distortion”) as well as from
other ring vibrations associated primarily with com-
pression of the single or double bonds. The col-
umns 7o and 7. give, respectively, the experimental
and theoretical values for the ratios of the products
of the frequencies in cyclodctatetraene to those in
cyclotctatetraene-ds for each species.

The details of the method for obtaining 7. will not
be given here,® except to state that the moments of
inertia used in finding 7. for species A; and E were:
in CgHg Ixy = 303 and I.= 580, and in Cng Ixy =
356 and I, = 672, all X 10~% gram-cm.%. These
values follow from the D4 geometry and the inter-
atomic distances®® C=C = 1.34 A, C-C = 1.45
A., C=C—C angle = 127°, C-H = 1.08 A. and
C-C-H angle = 116.5°. It should be noted that
minor changes in these values will have virtually
no effect on 7. because the percentage changes in
the moments of inertia for the light and heavy
compounds will be nearly the same. The dis-
crepancies between 7y and 7. are those to be ex-
pected from anharmonicity.® The close agree-
ment between the values of 7o and 7. for species
B, is unusual, and is perhaps to be ascribed to
anharmonicities of different sign for the C-H
stretching and C-H bending vibrations.

In view of the large number of vibrational de-
grees of freedom of the cyclotctatetraene molecule
and the attendant complexity of the spectra, it is
too much to expect that all the assignments in
Table XIV are correct. It is more reasonable,
however, to hope that the fundamental frequencies
have been located, and that any error lies in the
assignment of these to the several species. For-
tunately the location of the type E frequencies,
whose assignment is most important for the cal-
culation of thermodynamic functions, is fairly
straightforward, and therefore the assignments of
Table XIV can be used with some confidence in
such calculations. We have calculated the thermo-
dynamic functions for the vapor state and have

"also made a semi-empirical calculation® of the

(385) See Halverson, ref. 32, pp. 9396 or Herzberg, ref. 28, pp. 231~
238.

(36) Halverson, ref. 22, p. 94.

(87) Lord, J. Chem. Phys., 9, 693 (1941).
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heat capacity of the crystal. The agreement of
the latter over 4 wide temperature range with the
measured values,?¢ as well as the agreement
between the third-law and spectroscopic entropy
values, indicates that the assignment of funda-
mentals, especially the degenerate oues, is not
seriously in error. These calculations are to be
reported in a succeeding paper.®

Interpretation of the Spectra on the Basis of a Dy¢ Structure

For the reasons mentioned earlier, it is important to ex-
amine in detail the interpretation of the observed spectra
in terms of the Dyq structure. Table XV gives the distribu-
tion of fundamental frequencies among the various vibra-
tional species of this structure, together with the selection
rules. Comparison of Table XV with Table XII for the Dy
structure shows how remarkably similar are the two struc-
tures from a spectroscopic standpoint. This similarity,
and the points at which it no longer holds, will appear in the
following discussion.

Just as for the D, model, interpretation of the spectra on
the Dyq basis is best begun with the totally-symmetrical
species A;. The number of vibrations of this species, their
approximate expected frequencies in both the light and heavy
compounds, and the product-rule ratio are ideritical both
for the Dy and Dys models. The A, discussion for D4 can
thus be carried over more or less unchanged to the Dyq case,
the difficulty with the location of the sixth polarized Raman
line being equally acute for both.® The assignment should

TaBLE XV

DISTRIBUTION OF VIBRATIONS AMONG SPECIES AND THE
SELECTION RULES FOR Djy STRUCTURE oF CvcLOOCTA-

TETRAENE

Prod-

Symmetry No. of Selection rules uct

Vibrl. of species vibrations Infra- rule

species S¢¢ C&¥ oy, C H Total Raman red Te
A+ + + 303 6 Polar. f 2.828
A, + - - 2 3 5 f f 2.624
B - 4+ - 3 3 6 Depol. f 2.828
B, - — + 2 3 5 Depol. M 2.724
E ex = = 4 6 10 Depol. My 7.120

be the same, so that the A, frequencies listed in Table XIV
are logical ones for a D,q structure.

The next assignments to be considered are those to species
B; and E, since these species include the infrared-active
fundamentals, all of which are also Raman-active. There
are five of species B, and ten of species E. There is some
difficulty in deciding to which of the two species a given band
belongs, because the only general difference expected be-
tween the two is a more clearly defined P-Q-R structure for
the non-degenerate species B;. It is certainly true that the
very strong infrared bands at 669 and 800 cm.™! in cyclo-
octatetraene and 527, 720 and 823 cm.™! in the deuterium
compound show a well-defined P-Q-R spacing entirely com-
patible with the moments of inertia of the Dsg structure.
However, many other bands, such as those at 945, 967,
1204 and 1223 cm.™! in the light compound and at 879,
898 and 927 cm. ! in the heavy, give good evidence of struc-
ture but because of overlapping it is difficult to determine
the P-Q-R peaks reliably.

On the other hand, there is no discernible structure in the
two bands at 1608 and 1640 in cyclodctatetraene, one of
which on the Dyq basis must belong to B; and the other to
E. This lack is not due to experimental difficulty, for the
resolution achieved at 1600 em.~! with the fluorite prism is
far better than is needed for this purpose. A decision
might be made on the basis that the E vibration should be
more intense, since in this case the electric moment vibrates
perpendicularly to z-axis, as do the double bonds in this
vibration. In the B, vibration, the electric moment vibrates
parallel to the sz-axis, while the vibration itself should have
little amplitude in the g-direction, and therefore should

(38) Lippincott and Lord, THis JOURNAL, 78, it press (1951).

(39) The explanation of a high depolarization factor for the sixth Ay
line in the D structure no longer holds for a Dag steueture, but this is
hardly a strong argument agaimst the latter.
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produce only a small value of the electric moment. On this
basis the strong band at 1640 is assigned to E and the weak
band at 1608 to B,. The 1640 band has its counterpart in
the Raman effect (1631 vs. 1835 in infrared liquid spectrum)
but the weak band shows an unusually large discrepancy
(1601 in Raman effect 2s. 1609 in infrared liquid spectrum)
that we regard as definitely outside experimental error.
Such a difficulty does not arise in the Dy interpretation, in-
asmuch as the 1601 frequency should not appear in the in-
frared and the 1609 frequency can be interpreted as au
overtone of species E (669 (Az) + 942 (E)), which should be
accompanied by a weaker companion at 1570 (628 (A.) +
942 (E)). A weak overtone is indeed found at 1573 in the
infrared and at 1570 in the Raman effect, which agrees with
the E species assignment. Both these overtoues persist
in the infrared of the vapor. The Raman counterpart of
the 1609 overtone would be concealed by the much stronger
1601 fundamental.

This difficulty with the Dyg structure is relieved in the
heavy compound, for the infrared band which would be
assigned to the B, vibration (1582) no longer disagrees un-
duly with the Raman line (1579). Conversely, with the
D, structure it is necessary to call this coincidence accidental,
and moreover to find a new explanation for the infrared
band, because the fundamentals used in the light compound
have shifted so much in the heavy that the overtone comes
below 1400 cm.™!. On the D, basis the band can be at-
tributed to 822 (A or E) 4+ 761 (E), or to other combina-
tions which fit within the 10 em.™! or so that might rea-
sonably be allowed for anharmonicity.

The remainder of the infrared-active bands can be as-
signed in the following way: The non-degenerate B; species
should have one non-plaunar and one planar C-H bending
vibration,® to which the bands at 669 and 1221 in the light
compound and at 527 and 899 in the heavy can be ascribed.
In addition a ring-distortion vibration must be accounted
for, and the band at 800 in cyclodctatetraene and at 720 in
the deuterium derivative is a reasonable assignment. All
these bands show a well-defined P-Q-R structure, as ex-
pected for B, vibrations, and fit the product rule reasonably
well (see Table XVI). The complication that the 669 band
is double in the light compound and single in the heavy can
be explained as for the Dy structure by Fermi resonance.
The difficulty that the strong bands at 629, 669 and 800 in
cyclodctatetraene and at 527, 720 and 899 in the deuterium
derivative do not appear in the Raman effect will be con-
sidered later.

After making the B, assignment, we put the remainder of
the principal infrared-active frequencies into species E.
This procedure results in a set of E frequencies identical
with those of the E species in the D, structure (Table
X1V), and since the E-species product rules for the two
structures are virtually identical, the product rule is sat-
isfied equally well for both. The only special comment
on this species concerns the double use of the two frequen-
cies at 1202 and 1221 in the light compound. For the Dy
as well as the Dy structure the number of C-H bending fre-
quencies observed in the 1000-1400 em. ™! region is smaller
than expected, and therefore two or more such vibrations
of different species must have about the same frequency.
It should also be remarked that our failure to find precise
coincidence between the Raman line at 948 and the infrared
band at 942 may be interpreted, as in the D, structure, to
imply two superimposed Raman lines of different species,
one E and the other B,.

The last spectroscopically active species (B)) contains
those vibrations that are silent in the infrared and active but
depolarized in the Raman effect. A list of these is given in
Table XIII, with the additional comment, as made for the
D, structure, that the species must contain a C-H stretching
vibration. In view of their intensities and on grounds of
where the frequencies of this species should lie, we select
249, 655, 1439 and 3013 for cyclodctatetraene and 238,
576, 1297 and 2250 for the deuterium compound. This
leaves two frequencies to be found, one for a C-H planar
bending vibration and the other for a C-C stretching vibra-
tion. The best compromise between the anticipated loca-
tions of these frequencies, the product rule and the numbers

(40) In the Dyg structure, any two carbon atoms joined by a double
bond and the four atoms connected to them presumably lie in a plane.
C-H bending vibsations that take place approximately within this
plane are called planar, and those that do not are called non-planar,
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furnished by Tables VIII and XIII is obtained if one sets
the first of these vibrations at frequencies of 976 and 745
in the light and heavy compounds, and the second at 948 and
838 cm.”!, While the agreement with the product rule is
probably within the limits that anharmonicity might im-
pose, it is not very good. In addition, there are left over
several Raman lines that must now be explained as over-
tones, some of which are rather strong for such an explana-
tion. These are 758 and 908 in the light compound and 591
and 890 in the heavy.

The remaining Dyq species (A,) contains five spectroscopi-
cally silent vibrations. In Table XVI the approximate na-
ture of these vibrations and rough estimates of their fre-
quencies in the two compounds are given.

Comparison of the Spectroscopic Evidence for the
D, (Crown) and Dy (Tub) Structures

As is readily apparent from the foregoing dis-
cussion and from a comparison of Tables XIV
and XVI, the close similarity of the selection rules
for the two structures leads to closely parallel
interpretations of the spectra. Among other
results, this similarity makes it virtually impossible
to decide between the two structures on the basis
of heat capacities or other thermodynamic data,
as is discussed in detail in our paper® on the thermo-
dynamic properties of cyclotctatetraene. There-
fore, if a decision is to be made from the vibrational
spectra, it must be made directly from the spectro-
scopic data. Such a decision is particularly im-
portant in view of an unresolved conflict between
the electron-diffraction results of different investi-

TaBLE XVI
D24 STRUCTURE: ASSIGNMENT OF FREQUENCIES
Species
Freq.
no. Type of vibration CsHy CsDy L) T¢
Ay 1 C—H stretching 3013 2250 2.72 2.828
2 C==C stretching 1651 1645°
3 C—H bending (planar?) 1202 872
4 C—H bending (non-planar) 994 812
5 C—C stretching 873 822
6 Ring puckering 104 172
As 7 C—H stretching (3000) (2250) 2.624
8 C—H bending (planar) (1200) (880)
9 C—H bending (non-planar) (1000) (800)
10 Ring distortion (700) (650)
11 Ring puckering (300) (275)
B:1 12 C—H stretching 3013 2250 2.62 2.828
13 Ring distortion 1439 1297
14 C—H bending (planar) 976 745
15 C—C stretching 948 838
16 C—H bending (non-planar) 655 576
17 Ring puckering 249 238
Bi 18 C—H stretching 3003 2250 2.52 2,724
19 C==C stretching 1608 1582
20 C—H bending (planar) 1221 899
21 Ring distortion 800 720
22 C—H bending (non-planar) 648% 527
E 23 C—H stretching 3003 2254 6.56 7.12
24 C—H stretching 2954 2225
25 C==C stretching 1635 1615
26 Ring distortion 1399 1287
27 C—H bending (planar) 1221 930
28 C—H bending (planar) 1202 881

29 C—C stretching 942 822
30 C—H bending (non-planar) 967 761
31 C—H bending (non-planar) 366 312
32 Ring puckering 292 265

¢ Denotes the estimated unperturbed position of a funda-
mental that is affected by Fermi resonance. ?In the Dy
structure, any two carbon atoms joined by a double bond
and the four atoms connected to them presumably lie in a
plane. C-H bending vibrations that take place approxi-
mately within this plane are called planar, and those that
do not are called non-planar.
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gators, one group of workers®® favoring the Diq
structure and another*! the D, model.

If one compares the selection rules of the D,
and D4 structures for cyclobctatetraene, one finds
the following main differences: number of co-
incidences between infrared and Raman funda-
mental frequencies, 10 for Dy vs. 15 for Dyq; number
of Raman-active, infrared-silent, 4 wvs. 0. The
most critical of these differences is the last, for it
means that in the Dyq structure all infrared bands
should have counterparts in the Raman effect.
In the infrared vapor spectra, three intense bands
in cyclotctatetraene (at 628, 667 and 800) and
four in the deuterium derivative (527, 720, 899
and 2236) occur at places in the spectrum where no
Raman lines are found.

Irrespective of the detailed interpretation of these
bands on the assumption of one structure or the
other, they are in direct contradiction to the
selection rules for the Dy structure. Because of
their intensities and spectral locations, it is im-
possible to dismiss them as overtones, nor can they
be attributed to impurities. For most of the bands
the coincidental Raman lines would be easy to
find because of the ‘‘open’ character of the Raman
spectrum in the neighborhood of the expected
lines. The deviations from the selection rules
cannot be ascribed to “liquid forces” because the
infrared bands are observed in the vapor and
“liquid forces” might be postulated to explain the
presence of weak Raman lines but could not account
for the absence of lines that should be there.

There is no way of reconciling this aspect of the
spectra with the Dyg structure short of denying
that the aspect does not exist, that is, saying that
the Raman lines are present but are unobservably
weak. This is of course possible, but should at
least have some rational explanatmn One might
presume that the low intensity results from an
approximation to higher symmetry, in this case
Dyn. Apart from the fact that there is no other
evidence in the spectra for such an approximation,
all but one of the infrared-active B, vibrations in
Dyq are derived from Raman-active vibrations in
Du, while the E vibrations give ample evidence of
Raman activity. Another possible explanation
might be worked out on an ad hoc basis by sup-
posing that in the B, vibrations the polarizability
changes associated with the motion of the carbon
atoms are just cancelled by those of the hydrogen
atoms.*? The difficulty with this kind of proposal
is that adjustment of the parameters to give can-
cellation in cyclodctatetraene cannot simulta-
neously resultin cancellation for all the B, vibrations
in the deuterium derivative. The reason for this
is that several different kinds of vibration corre-
spond to the infrared-active, Raman-silent fre-
quencies (as is shown by the shifts in the deuterium
spectrum). Thus the ratios of carbon atom to
hydrogen atom amplitudes of vibration vary widely
not only from one vibration to another in the same
compound, but especially from a vibration in cyclo-
octatetraene to the analogous vibration in the
deuterium derivative.

(41) Bastiansen and Hassel, Actac Chem. Scand., 8, 209 (1949).
(42) The details of such a possibility are considered for a vibration of
Eg - symmetry in benzene in ref. 34,
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TaBLe XVII
AssroNMENTS OF COMBINATION TONES BELOW 2000 Cu.™!
In Table XVII the columns headed “I” contain the intensities, letter symbols referring to infrared bands and numbers

to Raman lines in accordance with the usage of Tables I-VIII.
only in the liquid phase, in which case it is possible for the band to appear in contravention of the selection rules.

The notation (L) means that an infrared band is observed

numbers in the columns headed ‘‘Assigninent” refer to the fundamental frequencies listed in Table XIV,

Cyclodctatetraene

Fincm. ! I Assignment
488 1 6 + 32
497 1 21’22
513 2 21-22; 5-31; 9-32
582 w Zvgy
728 1 21’31
873 w(L) s
890 w 15 + 22
993 w 64+9
1028 w 14 + 32
1036 w } 15+ 31
21 4+ 32
1427 vvw ?
1439 vw(L) vig
2v
1461 1 9+ 15
22 + 27
5+ 15
1528 1 { 9+ 14
1548 1 9421
1573 land w 15 + 20; 28 + 31°
1677 1 13 4+ 14; 18 +22; 26 + 32
1725 w 21 4+ 29; 18 + 32
1750 m 9+ 30
1769 1 9+ 29; 26 + 31
1781 w 449
1800 1 6 + 12; 18 4+ 31
54+ 13
1820 1 5+ 29
1836 6 + 25
246
1842 w 12 + 22
1857 1 15 + 28

s See also text, p. 3382.

The conflict of the observed spectrum with the
selection rules of the Dyq structure extends beyond
the failure to find all infrared fundamentals in the
Raman effect, but the additional evidence, while
definite, is by no means inescapable. However,
in the event of a close balance of other evidence
between the two structures, it could serve as a
basis for decision. The Diq model requires only
six depolarized Raman lines that are not in co-
incidence with infrared bands, while the number
of unassigned lines of this sort listed in Table XIII
is larger than this, and must be increased by at
least one C-H stretching frequency. To be sure,
one or two of these lines are weak and could possibly
be interpreted as overtones but all of them were
regarded as of sufficient intensity to be placed in
the list of principal lines before the interpretation
was undertaken.

We thus arrive at the conclusions: (1) the vibra-
tional spectra of cyclodctatetraene can be inter-
preted on the basis of the D, structure without
major difficulty and with only one or two minor
ones; (2) the spectra can be interpreted on the basis
of the Dsgq structure apart from the major difficulty
that, contrary to expectation from the D.q selec-

The
CycloSctatetraene-ds
#incm, ! Assignment
551 m 16 + 22
592 w 16 + 32
711 w(L) ?
730 w(L) 6 4 14
813 w(L) Vs
890 2 15 + 31
1355 2 10 4+ 30; 13 + 14; 21 + 29
1379 w(L) 13 + 21
1438 w 14 4+ 28
1483 vw(L) 9 4+ 29
1542 2 9 + 30; 18 4+ 22
1554 1 4 +19; 13 4+ 29; 26 + 32
1564 w 18 4+ 32; 19 + 30
1582 w 29 + 30°
1597 1 44 13; 9 4+ 28; 26 + 31
1658 w(L) 8 +29; 9427, 20+ 30
1675 1 and w(L) 13 4+ 28; 19 + 27; 2vy0
1824 vw(L) 8 4+ 27: 10 + 26
1889 vw(L) 12 + 31; 25 + 32
Cyclodctatetraene, continued
1865 vyw(L) 15 + 27
1890 1 2u13; 2vn0
1916 2 } 25 + 32
1922 w
1929 1 4 + 30; 2vsp
1940 2 24+32;4+ 13
1970 1 44+ 19; 21 + 27
1999 1 34+ 9; 25+ 31
2007 w 2+31

tion rules, certain very strong infrared bands have
no counterpart in the Raman effect, and apart from
certain other less important difficulties; (3) if a de-
cision between these two structures is to be made
on the basis of the spectroscopic data, the evidence
is strongly in favor of the D4 form.

Overtones

The interpretation of those infrared bands and
Raman lines that have not been assigned to funda-
mental frequencies might be expected to assist in
the elucidation of the structure. Unfortunately
the laxity of the combination-tone selection rules
for both D, and Dyq structures, the large number of
fundamental frequencies and the inexact agreement
between calculated and observed frequency values
because of anharmonicity all work together to
make the interpretation of combination tones of
little significance. In Table XVII are given inter-
pretations of all bands listed in Tables I-VIII
below 2000 cm.—! that have not been discussed
previously. The calculated values of the com-
bination tones agree with the observed ones within
the limits of accuracy of measurement of weak
lines (usually 3-4 cim.~!) and of anharmonicity
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(usually less than 10 cm.~!). In several cases
other assignments nearly as good as those in Table
XVII can be made, but we have not listed them for

various reasons, on grounds either of excessive

anharmonicity or of expected low intensity or for
some reason pertinent to the particular assignment.
The bands above 2000 cm.~! must be overtones
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except for the hydrogen and deuterium stretching
vibrations, and thus do not concern us as possible
fundamentals. In view of the fact that most of
them -can be explained in a variety of ways, we
have not bothered to list the explanations in Table
XVII.

CAMBRIDGE, Mass. RECEIVED JuLy 10, 1950
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Spectral Study of Long Chain Quaternary Ammonium Salts in Brom Phenol Blue
Solutions

By EuceENE L. CoLicaMAN?

The absorption spectra of the acidic and basic forms of brom phenol blue have been determined in the visible and also in
the ultraviolet region of the spectra, previously unreported. Changes in these spectra, observed when long chain quaternary
ammonium salts are added to the solutions, permit evaluation of the ‘‘quaternary-dye’’ micellar phenomenon.

The reaction between long chain quaternary am-
monium salts and brom phenol blue has received
considerable attention.?~? The influence of col-
loidal agents on the color of indicators was reported
only qualitatively in the first report.? Empirical
analytical methods®*% for quantitative analyses of
surface active agents then followed based on these
initial observations. The nature of this reaction
has been investigated by conductance® and surface
and interfacial tension methods.” These later re-
sults indicate ion-pair formation in aqueous solu-
tions followed by micellization. Considerably
lower critical micelle concentrations, for the quat-
ernary ammonium salts when in the presence of
either acidic or basic forms of brom phenol blue,
have been indicated, but quantitative proof has
been lacking. The present spectrophotometric in-
vestigation was undertaken with this in mind.

The spectral change method of locating critical
micelle concentrations, proposed by Corrin, Klev-
ens and Harkins®® and later studied in detail by
two of these investigators,®!! is used in the present
study.

Results and Discussion

Spectrophotometric data in the visible and ultra-
violet regions of the spectra were obtained with a
Beckman quartz spectrophotometer, model DU,
using l-cm. quartz cells, Temperature was 30 = 2°
in all measurements. The quaternary ammonium
salts used were described previously.®”!? Brom
phenol blue samples from both National Ani-
line Co. and Eastman Kodak Co. gave similar re-
sults. pH 1.00 solutions were obtained by using
the appropriate dilution of hydrochloric acid. The

(1) Department of Chemistry, University of Portland, Portland,
Oregon.

(2) Hartley, Trans. Foraday Soc., 80, 444 (1934).

(3) Hartley and Runnicles, Proc. Roy. Soc. (London), 1684, 420
(1938).

(4) (a) Auerbach, Anal. Chem., 18, 492 (1943); (b) 18, 739 (1944),

(5) Colichman, sbid., 19, 430 (1947).

(6) Colichman, THIis JoUurRNAL, T2, 1834 (1950).

(7) Colichman, 7bid., 78, 1795 (1951).

(8) Corrin, Klevens and Harkins, J. Chem. Phys., 14, 216 (1948).

(9) Corrin, Klevens and Harkins, ibid., 14, 480 (1946).

(10) Corrin and Harkins, THIS JoURNAL, 69, 679 (1947).

(11) Corrin and Harkins, tbid., 69, 683 (1947),

(12) Colichman, £bid., 72, 4036 (1950).

pH 6.50 solutions were Sorenson’s phosphate buf-
fer.1* The measurements in the visible region were
made according to accepted procedure.

The spectrum of brom phenol blue in the presence
of cetyltrimethylammonium bromide was studied,
also, in the ultraviolet region. The blank solutions,
set automatically at one hundred per cent. trans-
mission, were cetyltrimethylammonium bromide~
buffer solutions. Therefore, the spectrum under
these conditions is that of the brom phenol blue
alone, but influenced by the quaternary ammonium
salt present. The effect of the other quaternary
ammonium salts could not be investigated, similarly,
in this region due to their much higher absorption.

Brode’s work!¥!4 and a later investigation!® prove
that two and only two colored forms can be respon-
sible for the tautomeric equilibrium in the pH range
investigated due to the sharp isosbestic point exhib-

] o _ .+ CHO0H
ited. The yellow or acidic form C5H4(SOS)C< )
CeH, O™

present at pH 1.00 in ordinary aqueous solutions,
gH40_

sH4O_
found at pH 6.50, are symbolized here simply as:
HD-and D=

The spectral change method?~1! of locating criti-
cal micelle concentrations (C.M.C.) in the brom
phenol blue (B.P.B.)-quaternary ammonium salt
systems is illustrated in Fig. 1. The abrupt change
in the spectrum occurs at the C.M.C. The mini-
mum concentration of quaternary ammonium salt
which yields a constant value for the extinction co-
efficient is defined here as the stable micelle point
(S.M.P.). This leveling off point corresponds to
complete extraction of the dye into the micelle.
These results are presented in Table I. Only ce-
tyltrimethylammonium bromide gave clear solu-
tions at concentrations as low as the C.M.C. values.
The C.M.C. values for the other quaternary ammo-
nium salts could not be determined accurately and
are not given.

-4+ C
and the purple or basic form, C6H4(Sos)5<
C

(13) Clark, **The Determination of Hydrogen Ions,” Williams and
Wilkins Co., Baltimore, Md., 1928,

(14) Brode, TsIs JoURNAL, 46, 581 (1924)

(15) Haring and Heller, ¢bid., 63, 1024 (1941)_



