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Infrared Absorption Spectra of Cyclo-Hydrocarbons

By Earle K. Plyler and Nicolo Acquista

The infrared absorption spectra of 19 hydrocarbons have been measured in the 3.4-

micron region, and the location of the two CH, vibrations has been determined.

The vibra-

tions occur at 2,854 and 2,927 em—! for the methyleyclohexane and 2,866 and 2,952 em-! for

the methyleyclopentane.

For cyclohexene the wave numbers of the bands are 2,845 and

2,934 em-1, and for eyclopentene they occur at 2,853 and 2,959 cm-—1.
The region from 2 to 4 microns has been measured for methyleyclohexane, ethyleyclo-
hexane, cis-1,2-dimethyleyclohexane, trans-1,2-dimethyleyclohexane, and the corresponding

cyclopentanes.
from 2 to 4 microns.

Also, the spectra of cyclohexene and cyclopentene have been measured
The near infrared bands of methylcyclohexane, methyleyclopentane,

and ethyleyclopentane have been classified as fundamentals and as combinations of long

wavelength bands.

I. Introduction

The infrared absorption spectra of hydrocarbons
have been measured for the purpose of identifica-
tion by means of characteristic bands.  Also, such
data are useful as a measure of the purity of com-
pounds. There have been some investigations in
narrow regions of the spectrum, for example from
1 to 2 pu, to see if the differences in the spectra of
various types of hydrocarbons were sufficient for
identification. Liddel and Kasper [1] * were able
to show certain changes in the spectra of groups
such as the aromatic and aliphatic compounds in
the regions of 1.1 and 1.7 u. They found that
primary, secondary, and tertiary linkages seemed
to change the position of certain bands. There
was some indication in their studies that the
manner in which the CH, and CH; groups were
arranged could be ascertained from the spectra.
Rose [2] measured the absorption of 19 hydrocar-
bons in the near infrared, 9 of low molecular weight
(Cs to Cyg) and 10 of high molecular weight (C,,
to Cy). It was assumed by Rose that each CH,
CH.,, and CH; group in the molecule would make
a fixed contribution to the absorption in a band.
By measuring the amount of absorption for a

! Figures in brackets indicate the literature references at the end of this
paper.
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given hydrocarbon, the number of groups in each
configuration could be determined. Experimen-
tally he found that isomers did not have the same
amount of absorption in the 1,7-u region and that
the assumption was not valid. Although the
absorption of the 1.7-u band, which is the harmonic
of the CH stretching vibration at 3.4 p, may
roughly be considered independent of the molecule
as a whole, the position and intensity of this band
is somewhat influenced by the structure of the
entire molecule.

Fox and Martin [3] investigated the absorption
of several hydrocarbons in the region of the 3.4 wu.
They were interested in the absorption of the CH,
groups in different types of molecules such as
benzyl alcohol, dioxane, and cyclohexane. The
results showed that the CH, groups usually give
rise to two bands in the 3.4-x region and the CH
groups produce one band. However, in some
molecules, for example dioxane, there was an in-
teraction between groups that gave rise to several
bands. Fox and Martin also studied ethylene and
showed that the CH, groups in that molecule had
absorption bands in the 3.4-p region that were
similar to the bands of the larger molecules con-
taining CH, groups. In molecules that have only
CH, groups, the two bands were produced by the
CH valence vibration with the hydrogens in and
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out of phase. In cyclohexane, which has several
CH, groups, the number of bands observed at
3.4 wmay be greater than two on account of inter-
actions between the groups. The way in which
the CH, group is linked in the molecule may pro-
duce changes in the location of the band. How-
ever, the mass of the other part of the molecule
has small effect on the position of the two bands
of the group. Molecules, which are not hydro-
carbons but contain the CH, group, also have two
bands in 3.4-u region. The formaldehyde mole-
cule has vibrations with smaller wave numbers
than those found for CH; groups in hydrocarbons,
but in fluorene, (Cy;Hy,), the wave numbers for
the CH, groups are larger. This indicates that
the binding forces in neighboring groups of the
molecules have some effect on the vibrations ob-
served in the 3.4-u region.

The results that have just been described do not
take into consideration the contribution of har-
monic and overtone bands in the region of 3.4 .
By measuring the region from 2 to 4.5 p with good
resolution, many bands of low intensity may be
observed. The spectrum in this region may be
sufficient for identification of the hydrocarbon,
because some of the overtone bands will include
the long wavelength bands that are commonly
used for distinguishing one hydrocarbon from
another.

The present investigation is primarily concerned
with the absorption spectra of some cyclopentanes
and cyclohexanes in the 3.4-p region. The spectra
of cyclopentene, cyclohexene, and some benzene
derivatives have been measured for comparison
with the other hydrocarbons. Two isomers, cis-
1,2-dimethylcyclohexane and trans-1,2-dimethyl-
cyclohexane have been studied in the region from
2 to4 u.

II. Experimental Results

A Perkin-Elmer infrared spectrometer with an
LiF prism was used for the resolving instrument.
All the substances measured were standard sam-
ples of the National Bureau of Standards. Two
cells, 0.05 and 0.2 mm in thickness, were used for
measuring the liquids. For the region of 3.4 g,
the hydrocarbons were diluted in CCly so that an
equivalent cell thickness of 0.0017 mm was ob-
tained. Preliminary experiments showed that
this was a suitable thickness of the material for
resolving the main components of the band. It
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was also of importance to check whether any
changes were brought about by the measurement
of the hydrocarbons in solution rather than in the
pure state. In order to make this comparison a
small amount of the liquid was put in a cell, and
then the cell was tipped so that the liquid formed
a film over the inside surfaces of the cell. As the
cell was of the closed type, the film did not evap-
orate rapidly, and the region from 3.3 to 3.6 u
could be measured under fairly constant condi-
tions. The cell was only 0.05 mm in thickness,
and the saturated vapor would contribute very
little to the total absorption.

In figure 1, a is shown the absorption bands of
diluted methylcyclohexane and in figure 1, b the
absorption bands of a film of liquid methyleyclo-
hexane. The comparison of a film of the liquid
with a dilute solution of the same substance was
made for several compounds. It was found that
the wavelengths of the two major compounds
checked in the two cases to better than 0.01 u.

The spectra of methyleyclohexane and ethyl-
cyclohexane are shown in figure 2. The two main
components of the band at 3.415 and 3.508 u check
closely in position for these compounds, but there
is a difference in intensity. The region from 2.5
to 2.85 p is represented by a broken line. On
account of the water vapor in the air path and
an absorption band in the prism at 2.78 u, bands
of low intensity could not be accurately measured
in this region. The presence of the methyl group
in one molecule and the ethyl group in the other
molecule produces changes in the spectra of the
2- to 4-p region. This makes it possible to readily
distinguish these two compounds from each other.
The wavelengths of the observed bands are given
in table 1.

TaBLE 1. Location of infrared absorption bands in the

region from 2.2 to 4.2 microns

Wavelength Wavgexrmm- | Wavelength Wavge?um-
Methyleyclopentane

I cm~1 " cm-1
2. 287 4,373 a 3.387 2, 952
2. 305 4,338 s 3,489 2, 866
2.327 4,297 3.663 2,730
2.416 4,139 3.707 2, 698
2.454 4,075 3.807 2, 627
3. 060 3,268 3.857 2, 593
3. 140 3,185 4.070 2, 457
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TaBLE 1. Location of infrared absorption bands in the TasrLe 1. Location of infrared absorption bands in the

regron from 2.2 to 4.2 microns—Continued region from 2.2 to 4.2 microns—Continued
Wavelength Wav&;ﬁlum- Wavelength W avle)eerrlum- ‘Wavelength Wavgexrlum- Wavelength Wav&‘;\um-
Ethyleyclopentane Ethyleyclohexane
m em~1 m em~! ® cm~t n em~t
2.292 4,363 2 3.383 2, 956 2.300 4,348 2 3. 420 2, 924
2.331 4,290 a 3.489 2, 866 2.341 4,272 a 3.482 2, 872
2.422 4,129 3. 655 2,736 2.39%4 4,177 a 3. 509 2, 850
2. 456 4,072 3.778 2,647 2.426 4,122 3. 668 2, 726
3.000 3,333 3. 816 2, 621 2.443 4,093 3. 746 2, 670
3.158 3, 167 4.038 2,476 2. 486 4,023 3. 839 2, 605
2. 895 3,454 3. 880 2, 577
: : 2.949 3,391 3. 940 2, 538
cis-1,2-Dimethyleyclopentane 2,979 3,357 4,029 2, 482
a 3.170 3,155 4. 126 2,424
2.268 4,409 a 3. 487 2,868 a 3. 575 2, 667 4.174 2, 396
2.297 4,354 3.655 2,736 *3.377 2961 | e | e
2.317 4,316 3. 678 2,719 Cyclohexene
2.397 4,172 3.725 2, 685 I
2.451 4, 080 3.768 2, 654
3031 3 209 3 814 2,622 2,300 4,348 2 3. 500 2, 857
3.143 3,182 3.853 2,595 2517 4,316 o010 £A8t5
23,382 2,957 4.032 2,480 2.334 4,284 3.595 2,782
__________________ 4132 2 420 2.381 4,199 3.635 2, 751
2. 422 4,128 3. 657 2,734
2. 486 4,023 3. 680 2, 717
Cyclopentene 2.527 3,957 3.720 2, 688
e 2.952 3, 388 3.751 2, 665
; 3.021 3,310 3.778 2, 647
2 4 380. b 2 90:; 3.109 3,216 3.819 2, 619
| 2.322 4, 306 a 3. 505 2,853 3,958 3069 3.873 2, 581
3.031 3, 299 3.615 2, 766 a 3,205 3' 035 3946 2’ 534
3090 g 3.069 3= *3.408 2, 034 3.978 2, 514
LR b SRl 2 2 3.452 2’ 897 4. 034 2’ 478
= 3. 380 2, 959 3. 895 2, 567 ! ’
*3.415 2028 Il aeoeoon el ¢is-1,2-Dimethyleyclohexane
trans-1,2-Dimethyleyclopentane 2. 268 4,409 3. 639 2, 748
CICNE 2.298 4,352 3. 667 2, 727
2.336 4, 281 3.714 2, 693
| 2.268 4,409 a3.145 3,180 2,390 4,184 3753 2, 665
‘ 2.303 4,342 a 3. 387 2,952 9. 445 4,090 3. 839 2, 605
2.326 4,299 3. 489 2, 866 2. 480 4,032 3, 845 2, 601
‘ 2.346 4, 263 3.617 2,765 | 3.034 3,296 3.907 2, 560
2.397 4,172 3. 664 2,729 3.083 3,244 3. 944 2, 535
2.454 4,075 3. 704 2,700 »3.380 2,959 3.995 2, 503
2. 486 4,023 3. 805 2, 628 | 2 3.418 2,926 4. 048 2, 470
3.006 3,327 3. 873 2, 582 | 2 3. 485 2, 869 4.107 2, 435
3.039 3,201 4.078 2,452 | » 3. 504 2858 || o |
__________________ 4. 156 2,406 |
| trans-1,2-Dimethyleyclohexane
|
1 Methyleyclohexane |
e | 2. 294 4,359 3. 632 2,753
| 2.337 4,279 3. 649 2, 740
2.300 4,348 = 3. 504 2,854 2.387 4,189 3. 663 2, 730
2.337 4,279 3.579 2,794 2.406 4,156 3. 684 2, 14
1 2.390 4,184 3. 669 2,726 ) 2.429 4,117 3.702 2, 701
2.422 4,129 3. 696 2,706 2.453 4,077 3.738 2, 675
2.454 4,075 3.751 2,667 2.477 4,037 3.803 2, 630
2.483 4,027 3.778 2, 647 2. 874 3,479 3, 839 2, 605
2.887 3,464 3,839 2,605 2.963 3,375 3.851 2, 597
2. 987 3,348 3. 889 2,571 3.075 3, 252 3. 907 2, 560
3.057 3,271 3. 920 2, 551 3.160 3.165 3. 957 2, 527
3.078 3, 249 3,986 2,509 3.203 3,122 3.977 2, 514
3.162 3,163 4.027 2,483 2 3,387 2,952 4.062 2, 462
3.240 3,085 4.054 2,468 »3.422 2,922 4.138 2,417
s 3.416 2,927 4.122 2, 426 2 3.486 2,869 4.170 2, 398
.................. 4. 170 2, 398 3. 506 2.852 S e
# Values determined from observation in CCls.
Absorption Spectra of Hydrocarbons 39

830743—40—4



In figure 3 the spectra of two isomers, cis-
1,2-dimethylcyclohexane and trans-1,2-dimethyl-
cyclohexane are shown. The spectral region
from 3.0 to 4.2 u is sufficient to show differences
in the combination bands of these materials.
However, the spectra from 3.35 to 3.55 u, curve
a, are almost alike. These compounds have been
measured [4] with a rock-salt prism from 2 to 15 g,
and several of the bands in the 7- to 15-u region
may be used for identification. With the lower
resolution of the rock-salt prism in the 3-u region,
many of the low intensity bands are not observed.
The results obtained with an LiF prism are more
accurate in near infrared region.

In figure 4 the comparison of the spectra of
methyleyclopentane and  ethyleyclopentane s
shown. The two CH, vibrations are well defined
at 3.38 and 3.49 g, and the vibration with greater
wave number has a greater intensity. The two
insert curves, a, from the two compounds are
similar. The CH, vibrations in the cyclopentanes
are located at shorter wavelengths than are
observed in the cyclohexanes. The change in
wavelength, about 0.03 u, is sufficient to dis-
tinguish between these groups of compounds.
The general pattern of the spectra from 2 to 4.2
w is the same for methyleyclopentane and ethyl-
cyclopentane, but a difference in the position of
the small bands can be observed. The list of the
bands observed for these two compounds is given
in table 1.

The spectra of ¢is-1,2-dimethyleyclopentane and
trans-1,2-dimethyleyclopentane are shown in fig-
ure 5. The spectra of the two dimethyleyclo-
pentanes are different from each other and from
the methylcyclopentane. The two CH, bands in
the region of 3.4 u overlap the two stretching
vibrations of the methyl groups, and these bands
cannot be resolved as was done in the spectra
of the methylcyclohexanes. The two CH, vibra-
tions have wave numbers of 2,957 and 2,868
cm™~! for the ¢is compound, and 2,952 and 2,866
cm™! for the trans compound. The locations
of the bands in the 2- to 4-u region are listed in
table 1.

In figure 6 the spectra are shown of cyclohexene
and cyclopentene. The absorption bands are
listed in table 1. These molecules have one CC
double bond and two CH groups. The CH vibra-
tions produce the strong band at 3.26 x in the
spectrum of cyclopentene. In figure 7 the 3.4-u
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region is shown in greater detail, and the CH
vibration for cyclohexene falls at 3.30 u. The
CH, vibrations of cyclohexene occur at longer
wavelengths than the vibrations of cyclopentene.
Cyclohexene vapor shows intense bands at 3.42
and 3.52 u. These values correspond closely
with the wavelengths observed for the solution.
Almost all of the bands observed in the vapor
have P, @, and R branches, and with low resolu-
tion it is difficult to determine the center of the
band.

In figure 8 a comparison is made of the absorp-
tion spectra of methyleyclopentane, trans-1,2-
dimethyleyclopentane, and ecis, cis, trans-1,24-
trimethylcyclopentane. The two main bands at
3.385 and 3.49 w occur nearly in the same position
for the three compounds, but the small bands
between these two become more pronounced as
the number of methyl groups increases.

In figure 9 the observations for the 3.4-u region
are represented for eight hydrocarbons. The
spectrum of isopropyleyclopentane does not show
the small bands that are present in isopropylcy-
clohexane. This is caused by the overlapping
of the CH, bands, which occur at shorter wave-
lengths in cyclopentanes. The other six hydro-
carbons show the contrast between benzene

TaBLe 2. Location of infrared absorption bands in the
region from 3.2 to 3.6 microns
(Values determined from observations in CCly)
Wave- Wave Wave- Wave Wave- Wave
length number length number length number

Isopropyleyclopentane n-Butyleyclohexane ter-Butylbenzene

" cm-t " cm-t m cm=t
3. 387 2, 952 3. 384 2, 955 3. 265 3,063
3.490 2, 865 3.423 2,921 3.303 3,028
3.488 2, 867 3.374 2, 964
|| 3.509 2, 850 3.411 2,932
Isopropyleyclohexane 3 495 2 861
sec-Butylbenzene ([———
3.384 2,955 ter-Butyleyclohexane
3. 422 2,922 T S
3. 456 2, 894 3.302 3,028
3. 510 2, 849 3.376 2, 962 3.412 2,931
3.418 2, 926 3. 510 2, 849
|| 3.484 2, 870

| n-Butylbenzene

cis-cis-trans-1,2,4-

sec-Butyleyclohexane Trimethyleyclo-

3. 242 3, 084 pentane

3. 264 3, 064

3.304 3,027 3.378 2, 960 {

3.382 2, 957 3.419 2,925 3.386 | 2,953

3.416 2,927 3. 484 2, 870 3.418 ’ 2,926

3.488 2, 868 3. 508 2, 851 3,450 2,809
| 3.503 2,855 3.489 ‘ 2,866
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derivatives and cyclohexane derivatives. The
three cyclohexanes, n-butyl, sec-butyl, and tert-
butyl are much alike in their spectra. The
three butyl benzenes show marked contrasts in
their spectra. The benzenes are less absorbing
in this region than the cyclohexanes, and it is
possible to see the effect of the butyl compounds
more readily. The band at 3.30 u is characteristic
of the CH vibration and does not appear in the
cyclohexane derivatives. The positions of these
bands are listed in table 2.

III. Discussion of Results

The experimental results that have been ob-
tained show that the wavelengths of the two CH,
stretching vibrations are influenced by the type
of the molecule in which they are included. For
example, in methyleyclohexane the two bands are
located with wave numbers 2,854 and 2,927
em™!, whereas the corresponding bands for methyl-
cyclopentane have values 2,866 and 2,952 em™'.

These changes in the positions of the bands in
the cyclopentanes and cyclohexanes are produced
by differences in the skeletal structure. Kight
cyclohexanes have been measured in the 3,200-
em™! region, and the positions of the two bands
vary about 4 ecm™! or less from each other. This
is almost within experimental error, which is about
2 em~t With higher resolution, no doubt, changes
in their positions could be detected, but with a
prism instrument it would not be feasible to use
these bands as a method of distinguishing one
cyclohexane from another.

Six cyclopentanes have been measured, and the
values for the two CH, vibrations fall at about
2,866 and 2,952 em~'. There is little variation
from these values by any of the compounds.
Because of the presence of CH; groups, there are
other bands in the 3.4-p region. In some cases the
CH; bands may fall on the side of the CH, bands
and cause a slight change in their position. The
CH, vibrations in the eyclohexanes occur at longer
wavelengths than in the cyclopentanes. The CH;
bands are not entirely overlapped in methylcyclo-
hexane and can be observed at 2,952 and 2,872
em™L

In addition to CH, CH,, and CH; stretching
vibrations, which occur in the 3.4-u region, there
are combination bands that are located in this
region. Twenty-seven bands have been observed
in the spectrum of methyleyclohexane in the region
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from 2.25 to 4.50 p. In the region of 3.4 p the
intense bands probably mask low intensity bands.
The classification of the bands in this region has
been made by the use of the observed wavelengths
of the methylcyclohexane spectrum [4]. The re-
sults are tabulated in table 3. Several strong

TaBLeE 3. Combination bands in the near infrared of

methylecyclohexane
=
! Wave number Wave
Term = ——————| length
i(‘ulcu]utod Observed observed
1 cm-1 cm-1 u
v1 442 22. 60
v2 547 18. 29
v3 -5 = 607 16. 48
g 843 11. 86
v e 872 11.47
v Smeey 910 10. 99
v7 S 967 10. 34
g | R e 1,093 9.15
vi+vs 1,049 1,033 9. 68
T [ 1,167 8. 57
0l e 1,248 8.01
vi+vy 1, 285 1, 263 7.92
m+vs 1,314 1,305 7. 66
vi+ve 1, 352 1, 346 7.43
vatuy } 1, 390 1, 364 7.33
8 ]| ascomes 1,376 7.27
R e 1,458 6. 86
2v4 1, 820 1,799 5. 56
vt 1,818 | oo | aeeee-
v2trn 1,923 1, 901 5. 26
vi+vstvs 1, 921 SN (PR
vs+vy 2,039 2,016 4. 96
vi+ve 2,134 2,123 4.71
vi+vatve 2,195 2,174 4. 60
vetrin 2, 286 2, 268 4.41
vitvstvr 2 2R [ N | S
vit+r2 2,425 2,398 4.170
vitvar 2 D
vi+vetrs 2, 445 2,426 4.122
2v10 2, 496 2,483 4.027
vtz 2, 625 2, 605 3. 839
v+ 2628 | occaoon P Seea=ai
vitvstvr 2, 682 2, 667 3. 751
vitvet7 2, 720 2, 706 3. 696
211 2, 752 2,726 3. 669
vi+vetr2 2, 810 2, 794 3. 579
Z18 [ | e 2, 854 3. 504
V14 e 2, 927 3. 416
vi+2m 3,194 3, 163 3.162
i+ns 3, 206 3, 271 3. 067
ve+2vm1 B, 200/ | s oo ete
vi+ria 3, 369 3, 348 2. 987
vatria 3,474 3,464 2. 887
vtvstvitm 4,058 4,029 2.483
vot+vi4 4, 094 4,075 2.454
2vn+ri2 4,210 4,184 2. 390
[ vitris 4,303 4,279 2.337
| matviy 4,385 4,348 2.300
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fundamental bands of methyleyclohexane, such as
vs, v1, vg, and »y; were found to give combination
wave numbers that agreed well with observed
bands. In each case the experimental value was
about 25 em™! less than the calculated value.
Because of higher order terms, the combination
bands occur at longer wavelengths than would be
expected by considering the position of the band to
be the sum of the wave numbers of two funda-
mental bands. By the use of several of the more
intense bands, it was found that the calculated
values would be in error by about 25 cm™ because
of neglecting the anharmonicity of the combination
bands. In assigning the weaker bands the agree-
ment was considered good when the calculated
values were greater than the observed values by
15 toi35 cmst:

The spectra of methyleyclopentane and ethyl-
cyclopentane contain a number of bands in the
2- to 4-u region, but the number is not as great
as found for methyleyclohexane. Some of these
bands have been classified, and the results are
tabulated in tables 4 and 5. The wave numbers
of the fundamental bands are taken from previous
measurements (4, 5].  The long wavelength funda-
mental bands are not known, but they are usually
of low intensity and do not produce strong bands
in combination.

Two compounds, cyclohexene and cyclopentene,
contain CH, groups and have a skeletal structure
similar to that of the cyclohexanes and cyclo-

Tasre 4. Combination bands in the mnear infrared of
methyleyclopentane
Wave Wave
number | Wave- number Wave-
___| length length
Term ob- Term ob-
Cal- | Ob- | serv- Cal- | Ob- | serv-
culat- | serv- ed culat- | serv- ed
ed ed ed ed
P {—
eml | em™! " cem-1 | em! n
v1 s 431 | 23.22 2v5 2,702 | 2,698 3. 707
2v 862 842 | 11.87 2v8 | 2,754 | 2,730 3. 663
vy Lol 902 | 11.09 vitvr 2,753 UGS A
v3 ==k 1,139 8.78 vs 2,866 | 3.489
vy W 1, 295 7.72 vy A 2,952 | 3.387
v R 1, 351 7.40 vi+vs | 3,297 | 3,268 3. 060
v o 1,377 7.26 vit+re | 3,383 | 3,356 2.979
vr s 1, 458 6. 86 v3t+ry 4,001 | 4,075 2.454 |
vy 2,197 | 2,179 4.59 |
vitvs | 4,161 | 4,139 | 2.416 |
vi+vs 4,324 | 4,297 2.327 |
vtws | 2,490 | 2,457 4.070 vetry | 4,329 Far OO
vtvs | 2,646 | 2,627 | 3.807 || ... ; - KL
I
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TaBLE 5. Combination bands in the near infrared of

ethyleyclopentane
Wave Wave }
number Wiate- number | Wave-
Term length i A length
Cal: | Ob- | 9F Cal- | Ob- | 0P
| culat- | sery- | S€I¥- culat- | serv- | Ser¥-
| ed ed ed ed ed ed
________ | RN FEESSTEE LS SN, et et S et e et — | e——
cem™! | em! m | em~t | em! m
v i 768 | 13.02 vitvr | 2,667 | 2,647 | 3.778 |
Ve e 931 | 10.74 2 | 2,666 | ___ =
vs | - | 1,020 | 9.80 vstve | 2,750 | 2,736 | 3.655
w | .- [1,131| 8.8 s | 2,754 | ___ .
| vs - 1,200 | 7.75 vio | - 2,866 | 3.489
\
w | ... [1,313| 7.61 Vit 2,956 | 3.383
vi | oo [ 1,333 | 7.50 || wtwn | 4,087 | 4,072 | 2.456
vs e 1,377 7.26 || vs+vio | 4,156 | 4,129 | 2.422
vo | .. | 1,460 | 6.85 || wetwio | 4.326 | 4,200 | 2.331
vitvs \‘ 2,081 | 2,066 | 4.8¢ | . __
|
| vt | 2,244 | 2,227 | 449 || (e
| wtw | 2,480 | 2,476 | 4.038 ||
1 25 | 2,626 | 2,621 | 3.816 || "
‘ Y ‘
pentanes respectively. The observed spectra

show three strong bands with several weaker
bands for each substance. In the spectrum of
cyclohexene the band at 3,035 em™ arises from
the CH vibration, and the corresponding vibration
in cyclopentene is at 3,067 em~'. The CH,
vibrations are somewhat modified by the CC
double bond. The two bands are observed at
2,845 and 2,934 ecm™! in cyclohexene and 2,853
and 2,959 em™! in cyclopentene. The two com-
ponents of the CH, vibrations of cyclohexene are
separated by 89 em™!, and the separation is
73 em™! for the two bands in the cyclohexanes.
The separation for the corresponding bands in
cyclopentene and the cyclopentanes is 107 and
87 em™!, respectively.

The position of the CH; vibrations is dependent
on the skeletal structure of the molecule. This
can be seen more readily by comparing CH, bands
in other compounds that have different molecular
structures. The compounds included in addition
to those reported in this paper are formaldehyde
[6] ketene [7, 8], cyclohexane [6], cyclopropane [6],
and propylene [6]. The antisymmetrical vibra-
tion of the CH, group, occurring when the two
hydrogens are out of phase, has a larger wave
number for all these compounds. In table 6 is
given the value for the two CH, bands of these
substances and the difference in wave numbers
between the two modes of vibration of each sub-
stance. From this table it is seen that the vibra-
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tions of the CH, groups are not fixed values but
vary with the type of the molecule.

In n-butylbenzene the three CH, groups have
bands at 3.42 x and 3.50 u, which are close to the
positions for the bands in n-butylcyclohexane.
These two bands become of low intensity in the
spectrum of sec-butylbenzene. The band at 3.30
@ 1s produced by the CH vibration of the benzene
ring. This band checks closely in position with
the CH band in cyclohexene.

Tasre 6. Location of CH, vibrational bands for different

types of molecules

i
CH;
bands in
infrared

Differ- |

Compound ence

cm~!

2,874
2,780
3,162
3, 066
3,103
3,024
3, 081

2,972

|
[
[
[
|
[
[
| 2
|
|
f
(
[
|
[
l

Formaldehyde 94

Ketene____ 96

Cyclopropane . 79

109

2,927
2, 851
2, 927
2, 854
2, 952
2, 866
2,934
2, 845
2, 959
2, 853

76

Propylene S - ST ‘
Cyclohexane __ _ _________ |
|
|

Cyclohexane (derivativesof)_ ..

Cyclopentane (derivatives of) . . - Sy ‘ 86
|
|

Cyclohexene (derivativesof). ___________________ 13 89

Cyclopentene (derivativesof) .. ____ { 106

Many of these compounds that have been
studied in the 3.4-p region have been measured
previously in the region of 1.15 and 1.7 u by Lidell
and Kasper [1] and by Rose [2].  The fundamental
band and the harmonics should be related by the
equation v,=vwmn(1+4nz), where n is the number
of the harmonic and z is the anharmonic correction
factor. It was found that considerable differences
in the value of », and z, were obtained, depending
on which two of the observed bands were used in
the equation. The discrepancy in the constants
was produced by experimental error in the obser-
vations. For an error of 0.01 x the wave number
error would be 75 em™' at 1.15 u, 35 em™" at 1.70
w,and 9 em~*at 3.40 . Because the uncertainty
of the wave numbers in the 3.4-u region is much
smaller than in the 1.15- and 1.7-x regions, and

Absorption Spectra of Hydrocarbons

with the high resolution of IiF prism, this region
is the best suited for the observation of the CH,
valence vibrations.

Fox and Martin [3] used a grating spectrometer,
with good resolving power, to investigate a group
of hydrocarbons in the 3.4-u region. Cyeclo-
pentene and some of the cyclohexanes were in-
cluded in their work, and the positions of the
bands observed by us check to 0.01 u or better
with their values. The present work includes a
wider region of the spectrum than that used by
previous authors. For ten of the hydrocarbons,
the region from 2 to 4 u has been included in order
to show that many combination bands overlap the
3.4-u region. Consequently, the intensities of
fundamental bands could not be used for quanti-
tative determination of the number of CH, CH,,
and CHj; groups. By reducing the temperature
of the samples, the band widths can be decreased
and the chance of overlapping by combination
bands becomes less likely. The cooling method
offers some promise of providing a new technique
for quantitative analysis in the region of the
fundamental vibration.

In conclusion it should be pointed out that the
region from 7 to 15 p is better suited for infrared
analysis than the detailed study of the 3.4-p
region.  However, the measurement of the CH,
vibrations in different molecules reveals the
presence of different force constants for the
various types of skeletal structures.

IV. References

[1] U. Liddel and C. Kasper, BS J. Research 11, 599

(1933) RP 610.

[2] F. W. Rose, Jr., J. Research NBS 19, 143 (1937)
RP1017.

[3] J. J. Fox and A. E. Martin, Proc. Roy. Soc. (London)
[A] 167, 257 (1938).

[4] E. K. Plyler, R. Stair, and C. J. Humphreys, J. Re-
search NBS 38, 211 (1947).

[5] Infrared Spectrograms, No. 380, API Project, No. 44
(National Bureau of Standards).

[6] G. Herzberg, Infrared and Raman spectra of poly-
atomic molecules (D. Van Nostrand Co., Ine.,
New York, N. Y., 1945).

[7]1 F. Halverson and V. Z. Williams, J. Chem. Phys. 15,
552 (1947).

[8] W. R. Harp, Jr.,, and R. S. Rasmussen, J. Chem.
Phys. 15, 778 (1947).

43



WAVE NUMBERS,cMm ™!

WAVE NUMBERS,cm~—!

3000 2800 3000 2800
100 L L 100 ! 4
’\ N

z 80 80 /

©

1]

N

=

(2]

2

© 60 i 60

-

=

w

o

o

w

o

40 40 U
a METHYLCYCLOHEXANE b METHYLCYCLOHEXANE
20 20
3.20 345 3.70 3.95 3.20 3.45 3.70 3.95

WAVELENGTH , MICRONS

Ficure 1.

WAVELENGTH , MICRONS
Infrared absorption in the 3./-u region

Curve a, Methylcyclohexane diluted in CCIs with an equivalent cell thickness of 0.0017 mm; b, the infrared absorption spectrum of methyleyclohexane for a
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WAVE NUMBERS, cm~!

5000 4000 3500 3000 2500
100 1 n
-
AN
20 —
f AV
€0 i
40 T —
e Ficure 2. Infrared ab-

2 SO RN - B
z sorption spectra of me-
o
@ thylcyclohexane and
= | |
z s 20 25 3.0 =5 e e ethylcyclohexane from 2
z WAVELENGTH, MICRONS to 4.2 p.
x
= WAVE NUMBERS, cm™! i it
g 5000 4000 3500 Gr) SEGE ’I_‘he cell thicknesses for the li
z 100 L L quids were 0.05 and 0.2 mm. In-
w
o AN a sert (a) represents the spectra
§ ~’\ [ ,\\ F\’\-—\ \ ( n/fJ /\/\ when the substance is diluted in

80 \l v'\ (] | CCli. The equivalent cell thick-

/J \ \ \ I /\’\-\ [J V ness was 0.0017 mm.
- \ /\I\J V/\ \ b\ [/I./ | [J
20 i
\\ /// \1 ETHYLCYCLOHEXANE
| I
15 20 25 3.0 3.5 4.0 T
WAVELENGTH, MICRONS

44 Journal of Research



WAVE NUMBERS,cm”'

o 5000 4000 3500 3000 2500
a
s ——ﬁ:}\’\_\d / n n/\A/l\(‘
. | L
» il I \r
AL
W
Ficure 3. Infrared ab- 3 \ /
. 5 o cis-2-DIME THYLGYCLOHEX ANE
sorption spectra of cis- @ ! L
J Z s 2.0 2.5 30 35 40 45
1,2-dunethylcycl¢.zhexane g WAVELENGTH MICRONS
and trans-1,2-dimethyl- & .
(= WAVE NUMBERS,CMm"
cyclohexane. = 100 5000 4000 3500 3000 2500
The cell thicknesses are thesame & e [ a
as those in figure 2. w v \ \/\/\ ( / (\J /\,\N
- Ml [ n [
- Ww W
\\ // 'runl-l.zﬁlMlETHVLCYCLOHEXANE
| 1
1.5 2.0 2.5 30 35 4.0 2.5
WAVELENGTH, MICRONS
WAVE NUMBERS,cm”'
- 5000 4000 3500 3000 2500
Y Y /
o \ P / N A ‘\/
4 V Vi1V
N\ \r\ XT (] /
) \\ ” / [ AU
g 20 U
Frcure 4. Infrared ab- a METHYLCYGLOPENTANE
2 ol I L
sorption specira of me = s 20 25 3.0 35 40 45
thylcyclopentane and z WAVELENGTH , MICRONS
ethylcyclopentane. = WAVE NUMBERS, cm~!
) - 5000 4000 3500 3000 2500
The cell thicknesses are the same z 100 o L
as those in figure 2. e | S— \/\/\ \u {
« =
o z \/\ th \«/ AN
60 \/ /\/A\N/ \/\ \\ /[\U / /\’\//
: \\ U / /v
\T j/ ETHY’LCYCLOPENTANE
15 2.0 25 3.0 35 3.0 ] 35
WAVELENGTH , MICRONS
Absorption Spectra of Hydrocarbons 45



WAVE NUMBERS,cm”'
5000 4000 3500 3000 2500

100
a

ZZ TR
w / AL
i

20

z

o

2 \ cis-1,2-DIMETHYLGCYCLOPENTANE|
| | ]

S o

= 1.5 20 25 3,0 35 4.0 a5

z WAVELENGTH, MICRONS

= WAVE NUMBERS, cm”'

= 5000 4000 3500 3000 00

z 100 L L

w

o

«

w

a

i e /Mrfvf/,a
; - AN/
. /N VI A

\\\/

20

U
trans-1,2DIMETHYLCYCLOPENTANE
| | 1

°
1.5 2.0 2.5 3.0 3.5 4.0 a5
WAVELENGTH, MICRONS

Fi1Gure 5. Infrared absorption spectra of cis- 1,2-dimethylcyclopentane and trans-1,2-dimethylcyclopentane.

The cell thicknesses are the same as those in figure 2,

Journal of Research



WAVE NUMBERS, cm-!

5000 4000 3500 3000 2500 2250
94 1 1 1 1 1
80 a ﬁ /AL 7ay f\\,\ (‘/"\14
/ }\/ ! V

. ﬂf\vl i

40 Y

20
z
o
» CYCLOHEXENE
L. |
Z o 195 220 2.45 2.70 295 3.20 3.45 370 3.95 4.20 4.45 4,70
= WAVELENGTH, MICRONS
[ 4
= WAVE NUMBERS, cm”!
- 5000 4000 3500 3000 2500 2250
Z 100 L h h ! h
S
= _\ [—
w
o ,\/N\/

80 Y/ [v

60 /

20 ]

w CYCLOPENTENE |
| 1
1.70 195 2.20 2.45 270 2.95 3.20 3.45 3.70 3.95 420 4.45 470

WAVELENGTH , MICRONS
Ficure 6. Infrared absorption spectra of cyclohexene and cyclopentene.

The cell thickness is 0.2 mm for c¢yclohexene and 0.05 mm for cyclopentene,

WAVE NUMBERS ,Cm™'

30100 3(200 2800

Ik
4 |
|

20 U
CYCLOHEXENE

0. |
.20 345 3.70 3.20

2800 3000 2800

—]
-—

PERCENT TRANSMISSION

CYCLOHEXENE ( VAROR)

u CYCLOPENTENE
|

! | :
3.45 3.70 3.20 345 3.70

WAVELENGTH,MICRONS

Infrared absorption spectra of cyclohexene, cyclohexene vapor, and
cyclopentene in the region of 3.4 p.

Ficure 7.

The two liquids were diluted in CCli. The equivalent cell thickness was 0.0017 mm.
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All three liquids were diluted in CCly, so that the equivalent cell thickness is 0.0017 mm.
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cy clohexane, and benzene in the 3.4-u region.

All of the liquids were diluted in CCly, so that the equivalent cell thickness is 0.0017 mm.
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