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The secular equations for the vibrations of ethylene, propylene, cis-2-butene, {rans-2-

butene, and isobutene have been derived and have been factored to the greatest possible

extent.

for ethylene and deuteroethylene.

A potential expression has been fitted to an assignment of vibrational frequencies

Some of the constants so determined have.been used

in deriving approximate potential expressions for propylene, cis-2-butene, trans-2-butene,

and isobutene.

With the vibrational frequencies calculated from these potential expressions

as a guide, frequency assignments have been made for propylene, cis-2-butene, trans-2-

butene, and isobutene.

I. Introduction

This investigation was undertaken to obtain a
reasonably complete understanding of the forces
operating around an olefinic double bond, so that
reliable statistical thermodynamic calculations
could be made. The wvarious force constants
obtained will, of course, be of interest in other
connections.

The number of internal degrees of freedom in
the molecules of propylene, cis-2-butene, trans-
2-butene, and isobutene is so large that a complete
vibrational assignment from spectral data alone
would be unreliable. The 1-butene molecule
presents an even more difficult problem because
of the complete lack of symmetry and the presence
of an unbalanced rotation in the molecule.

A satisfactory assignment is available, however,
for ethylene [1].* A potential expression was

1 This investization was performed at the National Bureau of Standards
as part of the work of the American Petreleum Institute Research Project
44 on the “Collection, analysis and calculation of data on the properties of
hydrocarbons.”

2 Research Associate on the American Petroleum Institute Research
Project 44 at the National Bureau of Standards.

3 Associate Supervisor on the American Petroleum Institute Research
Project 44, Professor of Chemistry at the University of California, Berkeley,
Calif.

4 Figures in brackets indicate the literature references at the end of the
paper.
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determined that would reproduce the vibrational
frequencies of C,H, and C,Dy. These constants
were used, either directly or with reasonable
modifications, and with the addition of potential
constants from other molecules, to calculate the
vibrational frequencies of propylene and the three
rigid-frame butenes (cis-, trans-, and iso).

The assignments of many, though of course
not all, of the vibrational frequencies of these
molecules were obvious from spectral data alone.
The uncertain potential constants (involving
structural relations not found in either ethylene
or any of the simple paraffins) were adjusted to
fit the definitely assigned frequencies. This
procedure would not have been satisfactory had
the problem not involved several molecules con-
taining the same type of bonds.

II. Derivation of the Secular Equations

Wilson has devised a very useful system for
setting up the secular equation for the vibrations
of a molecule [2]. This procedure has been used
in the caleulations of this report.

The secular equation is derived from the inverse
of the kinetic-energy matrix (G) and the potential-
energy or force-constant matrix (F). Wilson’s
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method is particularly well adapted to the use of
internal coordinates (bond stretchings and angular
distortions). The physical interpretation of the
potential constants corresponding to these co-
ordinates is simple. Furthermore, potential con-
stants determined for a given structure in one
molecule are found to hold fairly well in other
similar molecules.

For a given internal coordinate R, a vector Sy,
is defined for each atom ¢ of the molecule, so that
for an arbitrary displacement g,

szgsm'pz- (1)

The S;; may be calculated by rules given by
‘Wilson. As the direction of S, is the displace-
ment of atom ¢, which produces the maximum
change in R,, the various S;, can usually be
written down by inspection.

The elements of G, the inverse kinetic-energy
matrix, are given by the expression

Gk};’:;#tskl'sk’l; (2)

where u, is the reciprocal of the mass of the
atom 7.

If the coordinates R; are properly chosen with
respect to the symmetry of the molecule, the
matrix ¢ will be factored into a series of blocks
along its diagonal. The coordinates of each
block will correspond to vibrations of the same
symmetry type. The / matrix will be factored
at least as much as the G matrix. The coordinates
that produce this factorization are always linear
combinations of the individual bond stretchings
and angular distortions, and are designated by
the symbol &,, @ and F in terms of &, are given
the symbols @ and 7.

III. Ethylene

1. The Secular Equation

The ethylene molecule has the symmetry of the
point group V,. This group contains eight ir-
reducible representations, or symmetry types.
Application of standard group theoretical methods
[3, 4] leads to the general conclusions as to the
symmetry and activity of the 12 vibrations sum-
marized in table 1.

192

TaBLE 1.—Symmetry characteristics of ethylene

! Num- >
Vi o PR et e e Aft‘;,‘"

1 I tions

=]
S P e 1 1 i 1 e 3| R(p)
;ST tA 1 | R 1 G TR R 1| -1 ; =il 2 | R(dp)
Byja i =l SR IR R R 1| R(dp)
B [ () il =il = 1 0| R(dp)
Avgoo__ 1 1 1 1]—1| —=1| —=1| —1| 1| ia
T e T T T P S 1| IR(2)
P e s e ST S 2| IR()
T S T s [ B S il S R E —of 2| IR@)

| |

The coordinates chosen to describe the planar
motions of this molecule are the increases in the
lengths of the four C—H bonds (d,, d,, ds, d),
the increases of the four C=C—H angles («,
ay, a3, o) and the two H—C—H angles (8, 8),
and the increase in the length of the C=C bond
(r). The internal coordinates are numbered as
in figure 1,

(4) (1
H H
d

Q.

N

B G

\/ r

B

Q.
o

Q.
n

H H

(3) (2)

Ficure 1.—Nomenclature of the coordinates used in ethylene.

In order to utilize fully the symmetry of the
molecule, 11 linear combinations of the internal
coordinates were formed. A fourth-order sym-
metry matrix was applied to the d’s and one of
the sixth order to the a’s and B’s. Two of the
angle combinations are identically zero because of
the geometric relation of the angles around each
carbon atom. There remain nine symmetry
coordinates, which agrees with the fact that there
are nine planar vibrations. The symmetry com-
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binations, each identified with its irreducible
representation, are

Alg Zgl :1} ((11‘%([«_»‘{'([3% ([.1) (33])
B, R, =3(d+d,—ds—d,) (3b)
B, R; =3(d,—d>+dy—d,) (3¢)
By, R, :1((11'(12—(]3+l{4) (Sd)

R, :(5\‘/G(ﬁl'Fa1+az+52+03+0‘4) =0 (3‘3)
R, =1 \/E(Br%‘al—{"az—ﬂz—aa—%) =0 (3f)

Alg R, j};(*2314'011‘}’&2_262‘%‘“3'*‘“4)
=3 (an+ -t as+ay) (3g)
B3u ip\q :'-}-.(—“261‘%’a1+az+2ﬁz—az—"0¢4)
=1+ ao—az—ay) (3h)
Blg ‘!.-p\g o ,‘4 (011 00 R O o) (3i)
Bgu 4:9\10:}(011_012—“3‘1[‘ 014) (3].)
441,4 Zgu:r (31{)

If the two B’s had been ignored and the four o’s
combined with a fourth-order symmetry matrix,
the same symmetry coordinates would have been
obtained. However, a large aj,a; interaction term
would then have been necessary in the potential
expression in order to account for the g bending
energy.

The coordinates chosen to deseribe the out-of-
plane vibiations are the angle of torsion, ¢,
between the two CH, groups and the two angles,
v/ and 4”7, between the C=C bond and the
bisectors of the two CH, groups. The proper
symmetry coordinates are then: R,=¢, A4,,;
R,=+1(y—v"), By, (chair, or trans, bending);
R =1y +~"), By, (boat, or cis, bending).

The symmetry coordinates were used to set up
the inverse kinetic-energy matrices (@) and the
potential-energy matrices (#) for each symmetry
type. The roots \ of each equation

| SH—N\E[=0 4)

yield the several vibrational frequencies by means
of the equation \=47%".

Such determinantal equations can readily be
expanded into the usual secular equations. In
matrix notation, the nature of the kinetic coupling
of the several symmetry coordinates in each irre-
ducible representation can be seen by inspection.
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The elements of the # matrices are the coefficients
of the potential-energy expression as a quadratic
function of the symmetry coordinates. Further-
more, no choice of potential interaction terms need
be made until the final expansion of the matrix
equations to the secular equations.

Gallaway and Barker [1] found the H—C—H
angle of C,;H, and of C,D, to be 119°55" +30’. We
have used the even value of 120°. 1In the follow-
ing equations, uy and uc are the reciprocals of the
masses of the hydrogen and carbon atoms. ¢ and 7
are the reciprocals of the equilibrium C—H and
C=C bond lengths, respectively.

The & and # matrices for the seven symmetry
types of vibration in ethylene are given in table 2.
Each matrix is symmetric about the main diagonal,
so only the upper half is written.

TaBLE 2.—Secular matrices for ethylene

Sym- | Coor-
metry di-
Lypes nates

@ matrices F matrices

Ajg B | [ wntduc }3\/;6#0 —uc " F Ho F
R e(un+3$uc) —\T{-epc H Foy
Riu | L 2uc 1 L ¥

By, R B patYuc — }g\" 3‘6#1‘ 1 [T 3. ¥
Ry L. eur+3 uc) ] }' L ¥

|

By, ® |7 wntduc -3 \Wii_(¢+4r\#c | [~ o5 For |

Ry | eun+b (e+47) uc :| (L ]

Bau Ry [ it pc —{\\riﬁrquc :I I:lhs Fs |
Ry e (un+%pc) Foo_J

A R | [ deun ] [ Fom]
By, Ry | [ 2eunt+4(et+n)uc | [ Fyo—fyy ]
Biu Ry [ 2¢un+4euc | [ Fyotfvy

The symmetry force constants #,; are related
to the individual valence force constants by means
of a congruent transformation with the same matrix
that relates the original internal and the sym-
metry coordinates. As the transformation actu-
ally used—an orthonormal (symmetry) matrix
with two rows altered by the factor 3 —is not
normalized, the following relations must be used:

R=UR (5a)
G=UGU (5b)
#=0TFU, (5¢)
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where U is the matrix of the transformation of eq
3, and {7 is its transpose.

The elements of # for the planar vibrations
(symmetry types Aig, Bs,, Big, Bs,) are

= Ken+ e+ koms+Foms (6a)
#Fy=Kon+keme—kems—kems . (6b)
Foo=Ken—kcome+koms— ke (6¢)
Fy—=Kon—kemn—kems +kems (6d)
Foy= (Ho+2Hs—4heg) + haz+Paiz+ Fas (6e)
W= (H o+ 2Hs—4hog) + hats— otz — Fars (61)
¥ Ho—hap+Paiz—hars (62)
Foo— - Ry R R o (6h)
#Fy=Keo (61)
Ho=lna—2lus (65)
Wos=lga—2lys (6k)
For=1lua (61)
Boy=lura (6m)
#iy=2kuc (6n)
Bos=2(lca—lca) (60)

Typical coordinates involved in each elementary
force constant are ’

K o (do? bz () (@)
Bigdon has () ()
H () hae () ()
H @) b (cn) (B)
() loa  ()(a)
hin o () s ()(B)
RO Lo ) o)
ke @)0) e @)(B)

The most general quadratic potential for the
planar vibrations of ethylene therefore contains
15 constants. All quadratic interactions between
symmetry coordinates in different representations
are identically zero. We have resolved the 15
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constants into linear combinations of 16 ele-
mentary principal and interaction force constants.
Five interactions involving C—H stretching and
angular distortion in different ends of the molecule
have been neglected. They can readily be added
by inspection or by means of a matrix operation
should their consideration ever become necessary.

It is necessary to remember that in matrix
notation two interactions, F;; and F,;, are counted
as distinet, though equal in maganitude. The total
iateraction is the sum of the two constants.

If all of the interaction constants are set equal
to zero the above matrix equations can readily be
expanded to the set of secular equations given by
Herzberg [5].

The vibrational assignment of Gallaway and
Barker [1] was adopted for CoHy and C;Dy. These
data are given in table 3. The bond lengths
given by the same authors have been used. They
are equilibrium C=C bond length, 1.353 A, and
equilibrium C—H bond length, 1.071 A.

TABLE 3.—Observed fundamental frequencies and their
symmetry types

CoHy C2Dy
cm—! cm-1
3019. 3 2251
Aot SO SRl oS oy SeUs o S ) 1623.3 1515
1342. 4 981
o [ 2989.4 2200. 2
T T e S A | 1443.9 1077.9
B { 3069 2304
D L R e L R R T e i3 1055 860
P 3105. 5 2345
P SR e o N S | 995. 0 740
b i Sma sl SN L SR BT AP S D LIS a(825) b(585)
B gugsadis Sealll ese DS s o e (el Bt 943 780
& R L e DT o S I T e 949, 2 720.0
|

2 Calculated from its second harmonic, 1654 cm-!
b Caleculated from the corresponding C;H: frequency by means of the
product rule.

A choice of potential constants for the totally
symmetric vibrations (type 4,,) presents the most
difficult problem. It is not possible to find real
and positive values for #,,, #,, and #;; (with the
off-diagonal elements of # set equal to zero),
which will yield either the three frequencies of
C,H, or of C,D,. On the basis of experience and
a few trial calculations, it was decided to set #,,
and #,; equal to zero and to find values of #,;,
0, #y5, and o3 that would most accurately yield
the six observed A,, frequencies of C;H, and CyD,.

No exact solution is possible even with the most
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general potential expression with six constants.
The observed A4, frequencies of the two molecules
fail to satisfy the product rule exactly.

Values of the above four constants that yielded
the three A,, C,H, frequencies exactly and that
gave the closest approach to the corresponding
C,Dy frequencies did so with a total error of 1.5
percent. =

2. Correction for Anharmonicity

As the values of #,, and #;; were quite sensitive
to the value of #,; assumed, it was decided to
attempt to correct the equations for anharmonicity
in order to make a closer approach to the true
potential expression. However, the data on over-
tones and combination tones are far from sufficient
to permit a complete treatment of anharmonicity.
Consequently, the method proposed by Tchang [6]
was used. The masses of the hydrogen and deu-
terium atoms were replaced by effective masses
according to the equations.

M= Mu(1+ CMyg—'7) (7a)
My=Mp(1+CMp'7). (7b)

The product-rule quotient is in every case the
ratio of the determinants of the @ matrices for
the symmetry type in question for the two isotopic
molecules. In the case of A, for C;H, and C,D,
the equation is simply

M2 Mok ,

METAM B
where the umprimed XN's are for C,H; and those
primed for C,D,.

The value of O=-+0.0578 yields values of My
and My, which satisfy the product rule. With
this accomplished, there is a much greater possi-
bility of finding potential constants consistent with
the six observed A;, frequencies of the two
molecules.

This correction has some theoretical basis in
that it is just the form derived from the energy-
level expression for a diatomic anharmonic oscil-
lator when only first-order anharmonicity is con-
sidered. In that case, when the potential is given
by V=1/2ka*+aa®+bx*+ . . . ., we have

et/ 3hb
(€ —54))/h:y:27ri\{1/2 (1 +81rk3/2A[”"> (9)

CO=—(3hb)[(4k*?). (10)

Vibrational Frequencies of Butenes

In a polyatomic molecule the significance of €' is
obscure, but it can be interpreted as a sort of
composite anharmonicity coefficient.

With the hydrogen and deuterium masses cor-
rected in this manner for anharmonicity, the force .
constants should be of the zeroth order, but the
equations should yield the observed frequencies.

3. Working Units for G and F Matrices

Before the final results are presented, a con-
venient numerical transformation will be dis-
cussed. The secular equations are much easier to
handle when all the elements are of the order of
magnitude of unity. To achieve this end, all
masses are expressed in atomic-weight units and
bond lengths in angstrom units. Force constants
(in cgs units) are multiplied by the factors in
table 4.

TasLe 4.—Conversion factors for force constants, cgs unils
to atomic-weight units

‘ Factor a

Type of force constant
|
Brineipaliretahing o e oo i ol s S e e 1052
Principal bending___ e FELAAL TS sl 10+11Z
Stretching-stretching interaction..______ % - | 1057
Stretching-bending interaction A% T [ 10837
Bending-bending interaction. : 2 5w el v Bt ¥ 10+1Z

a Explanation of symbols:

Z=1.69765m= 00,
4722100
Ny=Avogadro’s number.
c=velocity of light.
The roots N of the secular equation are then
related to the frequencies of vibration, in wave
numbers, centimeters™!, through the equation

7 =1000N'72, (11)

The elements of # in cgs units will be designated
by #,, and in the above-mentioned units by, #.

4. Potential Constants for Ethylene

A preliminary calculation determined that
e, ~1.0. A series of values in thiz neighborhood
were chosen for #,;, and then by means of succes-
sive approximations the unique values of #),
e#,,, and #;, that would yield the three A,
frequencies of C,H, were found. The three corres-
ponding C;D, frequencies were then calculated and
compared with the observed values. The error in
each of the three calculated frequencies was
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plotted against #,;. The three curves intersected
very nearly at a single point, which lies very
nearly on the zero error axis. The data are pre-
sented in table 5.

TaBrLe 5.—Calculation of force constants for the symmetry
type Ay, of ethylene

! Calculated X's of C:Dy
¥, 5, | ¥, |

| M A2 A3
(8)RT108aE S 9.139 2. 0032 16. 74 5. 07234 2. 31406 0. 95350
(b) 1.05 9. 141 2. 0254 16. 50 5. 06778 2. 30076 . 95988
() 1.00._ > 9. 143 2. 0523 | 16. 23 5. 06223 2. 28485 . 96760
(d) 090 ______ 9.151 2.1558 ‘ 15.35 5. 04149 2. 22065 . 99970
(e)H0ISDAESENE SR oS [ TR LA £ 20 S SRR
(=100 55 . 9. 142 2.0351 | 16.40 5. 06586 2. 29488 . 96270
Obsarved:NSof CeDaly T fey w iy e 5. 06700 2. 29523 . 96236
Calculatedinof:Coldius e i e 2250. 7 1514.9 981. 2
Observed vofi Gy s turme ¥ EE L et i 2251 1515 981

& No solution.

If the validity of the anharmonicity correction
is granted, the essentially perfect agreement of
the six calculated and six observed frequencies
justifies the use of only four symmetry potential
constants.

For the symmetry types B, Bi,, and B, the
off-diagonal symmetry potential constants were
neglected as they are of the type found negligible
in A, In these cases it was possible to solve
directly for the two constants in each case that
would yield the C,H, frequencies exactly. The
corresponding C,D, frequencies were then cal-
culated. The agreement with the observed C,Dy
frequencies is fair. When the anharmonicity
correction from A, is included the agreement is
not essentially changed.

The lack of perfect agreement may be due to
several causes. The assignments of these 12
frequencies is not as certain as is the case in A4,,.
The off-diagonal potential constants may be too
important to neglect. The anharmonicity cor-
rection probably has a different value in each case,
although it certainly has the same sign as in A4,,.
In all three symmetry types the agreement with
the product rule was improved by the inclusion
of the anharmonicity correction with the value
of C found in A,,.

Probably a more elaborate treatment of an-
harmonicity is needed, involving different ap-
parent masses for the motion of hydrogen atoms
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in the three different directions (parallel to the
CH bond, perpendicular to the bond in the plane
of the molecule and perpendicular to plane of
the molecule). However, in order to evaluate
all of these constants, good assignments for the
mixed deuteroethylenes would probably be neces-
sary. It was not thought that the problem was of
sufficient interest to warrant further attention
at the present time.

In table 6 are presented the elements of
and F’ determined without correction for an-
harmonicity, together with a comparison of the
calculated and observed frequencies of C,Dy,
As has been previously stated, these constants
give the observed frequencies of C,H; exactly.
The same information, but with the correction
for anharmonicity, is given in table 7. No
attempt was made to correct the three out-of-
plane vibrations for anharmonicity.

TABLE 6.—Force constants calculated from the frequencies of
ethylene without consideration of anharmonicity

[Comparison of calculated with observed frequencies for deuteroethylene]

C3Dy C2Dy
Force constants » Calculated Observed
frequency frequency
cm~! cm~!
A 8.678 2249.1 2251
2.2853  0.924 1503.0 1515
0.924  15.667 974.4 981
Bs. 8.634 2160.9 2200. 2
2.1536 1068.8 1077.9
Big 8.376 2306. 4 2304
0.7866 848.7 860
By, 8.629 2317.3 2345
1.1041 713.4 740 (?)
Ara [0.590] 584 heirta tn S s
By, [0.339] 781 780
Biu [0.446] 718 720.0
Kcu=8.580 Ho+Hpg—hap=1.5824
kn12=0.077 Hoa—2hap+ha12=0.6371
kup=—.053 he1z=—.0465
kn14=0.077 ha14=0.1123
if hap=ha12=0,
Kcc=15.667 Hy=0.9453

loa—lcg=0.462 Hp=0.6371
Fgno=9.590
Fr0=0.393
Fryy=0.054

2 These force constants are expressed in angstrom—atomic weight units,
as previously described.
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TaBLE 7.—Force constants calculated from the frequencies of
ethylene with approximate correction for anharmonicity

[Comparison of calculated with observed frequencies for deuteroethylene]

CaDy CyDy
Force constants Calculated | Observed
| frequency | frequency
cm~t cm=t
Arg 9. 142 2250.7 2251
2.3343  1.104 1514.9 1515
1.104 16.40 981.2 981
By 9. 108 2167. 6 2200. 2
2. 2645 1066. 9 1077.9
By, 8. 796 2296. 7 2304
0. 8161 860. 9 860
By r‘.). 068 2308. 5 2345
L 1.1656 717.0 740(?)
Kcu= 9.029 Heo+Hpg—hap= 1. 6451
k= 0.097 Ha—hap+thaz= 0.6543
kr=—.079 ha1z=—. 0699
knis= 0.077 ha1s= 0. 1048
if hap=ha12=0
Kcc=16.40 Ha= 0.9909

lca—lcp= 0.552

Hp= 0. 6543

Anharmonicity constant: C'=0.0578.

Some interesting conclusions can be drawn
from the values of these force constants. The 13
interactions, both for C—H stretching and for
bending, are negative but are about the same
absolute magnitude as the corresponding 14 (and
in the case of C—H stretching) and 12 interactions.

IV. Propylene, cis-2-Butene, frans-2-
Butene, and Isobutene

1. Normal Equations for cis-2-Butene, trans-2-
Butene, and Isobutene

As the first step in the formulation of the com-
plete equations for these molecules, the equations
for the skeletal models, including the pair of
olefinic hydrogens, were set up. The methyl
groups were considered as point masses.

The numbering of the various coordinates is
similar to that used for ethylene and is presented
in figure 2.

The symmetry classifications and the selection
rules of the three rigid frame butenes are given in
table 11. The two symmetry types that are
symmetrical with respect to the plane of the
carbon skeleton are 4, and B, for symmetry C,,
and A4, and B, for symmetry (,,. Linear com-
binations of elementary stretchings of bonds and
expansions of angles having these symmetries
were formed for use as symmetry coordinates.

The coordinates that were used are the two
C—H stretchings, the two C—C stretchings, the
two C=C—H bendings, the two C=C—C bend-
ings, and the C=C stretching.

The proper symmetry combinations are the
symmetric and antisymmetric combinations of
like pairs of coordinates, written in the numerical
order of their index numbers.

It was assumed that, as in ethylene, the skeletal
angles are all 120°.  The reciprocals of the C=C,
C—H, and C—C equilibrium bond lengths have
been designated by 7, e and 4, respectively. The
reciprocals of the masses of hydrogen, carbon of a
methyl group, and carbon from the olefinic group
are denoted by pum, wc, and ucr, respectively.
In the case of isobutene, the reciprocal mass of
the carbon of the CH, is denoted by wc» and that
of the other olefinic carbon by uc.

The vibrations unsymmetrical to the skeletal
plane of the molecule are A, and B, for O, and
A, and B, for (,,. The coordinates used to
describe these motions are analogous to those used

for ethylene. In the case of cis- and trans-
butene, symmetric and antisymmetric combina-
CH;

. . / .
tions of the two y bendings (:C\H against the

@) [4b)] (4) ) 4 n
H H C H C H
\ / \ / \ /
© C G2 (i =0
/ \ / \ / \
C C H C C H
(3) (2) (3) (2) (3) (2)

cis-2-butene trans - 2-butene isobutene
C 2v C'Zh GZV

Ficure 2.—Numbering of the coordinates for the three butenes.

Vibrational Frequencies of Butenes
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olefinic C=C group) were used. In isobutene the

two angles were used separately.

In the early stages of this work, it was hoped
that a satisfactory analysis could be completed
without a detailed treatment of the methyl groups.
[t soon became apparent, however, that the
kinetic coupling between the rocking or wagging
motions of the methyl groups and the remainder
of the molecule was great enough that this co-
ordinate, at least, must be included in the normal
coordinate analysis.

The & matrix of the skeleton of a molecule is a
submatrix of the % matrix for the whole molecule.
It is not necessary to orient the methyl groups
that replace single particles so that the symmetry
of the molecule is unchanged, although such
might seem to be the case at first sight.

The additional elements of @ from each methyl
group are of two kinds (1) those from the eight
degrees of freedom of each methyl group, and (2)
those arising from the coupling of methyl and skele-
tal motions.

The elements of @ arising purely from each
methyl are the same as those first calculated by
Wilson for CH3;X. The symmetry classification
of the vibrations may be changed, however. For
example, the doubly degenerate (/) vibrations
usually will separate into different symmetry
classes.

Of the eight modes of vibration of a methyl
group, two are parallel to the methyl axis. These
are (1) symmetric C—H stretching, (2) symmetric
CH; deformation. The six remaining modes are
-perpendicular to the methyl axis. These are a
mutually perpendicular pair each of (3) unsym-
metric C—H stretching, (4) unsymmetric CH,
deformation, and (5) methyl wagging.

Let a;; be the change in an H'CH? angle, 8, the
change in an XCH® angle, and d; the change in a
CH® bond. X is the atom to which the methyl
group is attached. Eight appropriate coordinates

are then:
(1) (1/43)(di+do+ds)
B parallel to CH; axis.
@) (1/3)(a+rtas)
198

(4)
(5)

3)  (1/6)(2d\—d>—dy)

@) (1/6)(2as—ay—a)

(3)  (1/V6) (28— B:— ) perpendicular to CHj
(3) (1/2)(dy—dy) i

@) (1/42)(—ay)

()" (A/V2)(B:—Bs)

The elements of G from each methyl group are
parallel vibrations:

(1) @)

(.1> [#H‘J’]a.“c —3 \‘EPIJ(: 1
(2) p* (st E'uc)_l
perpendicular vibrations:
(3) 4) (5)
(3) run%+uc $/2ppc —v2(8+3p) ke
[ P%%#H“‘%#c) 27102}111_29(5‘|"}3P) M
p*un+30+30) e+ 378%ux

where p is the reciprocal C—H bond length and 6 is
the reciprocal C—X bond length. The factor v
is unity when only one methyl group is attached to
the atom X. When this is not the case, as in iso-
butene, the symmetry S vector for the atom X
may have a different length than it does in the
above simple case. The factor v is proportional to
the number of methyl groups attached to atom X
and to the square of the relative change in S from
its usual value for a single methyl group.

Coupling terms between two modes of vibration
can arise only through an atom, ¢, which has S,
vectors that are nonperpendicular. Consequently,
the methyl group can couple with the skeletal
motions only through the methyl carbon or the
atom to which the methyl group is attached.
Vector S;, for the methyl carbon is nonzero for all
eight methyl motions and is parallel or perpendicu-
lar to the methyl axis, according to the type of
vibration. For the atom to which the methyl
group is attached, S, is zero except for the rocking
motion of the methyl group.

The complete matrix equations for these three
butenes are given in tables 8, 9, and 10.
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TaBLE 8.—® maltrices for propylene out-of-plane, cis- and trans-2- butene in-plane vibrations

PROPYLENE, A”

sausing jo serousnbarj [PUOIIRIIA

661

Unsym.me.v.__.______ [ untduc %\/ "2 puc —\/ 26+ouc I: 0 —%v/-?Téuc Fouc
Unsym. me.s_.__._____ p*(Funt5uc)  Hpun—2p(3+%p)uc ; 0 —3v/6 pouc 3/ 2 pduc
Me.rocking....____._.. tun+ 5 (544 p) e+ 3 6%ucy % —3+/35mmc %x/gﬂ(5+%p)uc+%\/€5(s+5+r3nc' —8(5+%p)uctdenc
CHarocking______._____ gl 2e2un+(2e+7) e +rucr —7(2e+7)pcr —1(e4-d+7)ucr —%\/ET(e—BMC'
CH(CH3) rocking. ... __ E e2un+o2uc+(e+é+7) uc +riuc %\/-li_(eMH—tS’uci-(s—B)(e+6+r)uc')
i
C=C twisting____._____ L i eun+§otuc+1 (e—6)uc -
Cis-?-BUTENE’, Ay; trans-2-BUTENE, B,, TO VERTICAL LINE
\
Sym.me.v.________ ____ r pH+Fpc —%V/Epuc 0 0 0 é 0 — %\/’;m‘ 0 0 0 7
Sym.me.s . Puntlotuc 0 0 0 ' 0 %V6puc 0 0 0
Unsym.me. V... __ prtkduc 4V 2puc — 2 6+Lp)uc g 0 0 0 —3+/35uc 0
Unsym. me. =222 "0 Spunt+3puc Fpun—20(5+%p)nc i 0 0 0 —%\/Eﬁpﬂc (1]
Me. rocking . ... __ plun+3(6+%p) tuc+36%uc g 4V 26uc 0 IV 6 educ %‘/.6_6(26_*_%‘7)% —&éuc
CHV..ooimen oeen prtucr  —huce 0 3V 3 0uc -3V 2ucr
(600 SN uetuce v’z\/?epc 0 —%\/ 2 ucr
H wagging_ ______ ___.____ e(untucr) Seduce —%‘/ Toore
Skeletal 6. ... #(uctuc) —1+/ 6 spcr
C=Cv___ e __ L 2ucr _J
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TaBLE 8.—@ malrices for propylene out-of-plane, cis- and trans-2- butene in-plane vibrations—Continued

trans-2-BUTENE, Ag; cis-2-BUTENE, By, TO VERTICAL LINE

Symme.v.__ .. [ pat+luc —3V 2euc 0 0 0 0 —3V3ue 0 0 U B
Sym.me. s . __________ ptuatEptuc 0 0 0 0 3V6puc 0 0 0
Unsym. me. vo.._...___ prtduc $ 2ouc —V 2 (6+3p)uc 0 0 0 ~3v 6 ouc 0
Unsym.me.é.__._....__ Sotunt+3ptuc Lotun—2p(5+%e)uc 0 0 0 —%V/EBP#C 0

Me. rocking_____________ ot 0+30)uctH3otuer | 44/ 20uc 0 —1+/68(2r—uc: 1V 6 66+ 3 puc+o(r+o)uc) —Souc

CHv. . ... untucr  —fucr —/ 3 7uce 3V 3 64+20mer

CCV. o g potuc 3V'3 (et 2n)ucr —\/—3—7#0'

H wagging ____________ elutit(e42er4-47r)pucr % (ed—2er—267—872) uc:

Skeletal 6. 82uc+ (8242874477 pc-

é=C R R ()
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TaBLE 9.—® matrices for isobutene in-plane vibrations

ISOBUTENE, 4,

H wagging_ .. _

Skeletald._ .--..--

Sym.me.voo—- - [ wnt+iuc —§\/_2.pyc 0 0 0 i 0 ~-};\r/3uc 0 ] 0
Sym. me. 5. ._ .. punt§otuc 0 0 0 Pooo 2v6mc 0 0 0
Unsym. me, V... pa+3pc é’\/ 2 ppc —vV 2(+3p)uc i 0 0 0 —2+/35uc 0

i -
Unsym. me. §.. .. 'gp’uu-{— §p’;4c 'gp"MH—Zp(tH‘&p)uC ! 0 0 0 —%\/ 6 dpuc 0

i -

i r = .
Me. rocking_-.-.- prun+3 (0+§p) uo+§ o%ucr | 0 4V 2éucr 0 3V 6 GG+hpuctiome) —jouc

| = =
C—Hivoitostoi s i uatSucr 0 3V 3euc 0 —712\/ 2pucr

| _ h
C—C Voo i uct+Suce 0 3/ 36uce -3V 2uc

i

]

| —
H wagging_______ i e(un+3ucr) 0 —3V 6 euc

: _
Skeletal 5. . g 8 (uc+3uc) —3+/ 6 ducr
G =ClvinNrsasas L ‘: per+pc _J

ISOBUTENE, B:
Sym. me, V... ™ uatduc —2v 2puc 0 0 0 : 0 -3V 3uc 0 0
Sym. me. ... ptun+§piuc 0 0 0 : 0 2+ 6 ouc 0 0
= = : =

Unsym. me. V... pat2uc 4V 2puc -V 2 (+%p)uc ! 0 0 0 —3+/38uc

'
Unsym. me. 3. Sotun+5puc  Lplun—2p(3+%p)uc : 0 0 0 —2+/68puc

; . : - — .

Me. rocking______ pun+3 (645 p) tuc+5 d%uc : 0 —4V 28uc: 3 6 bruc E\/G (6(6+%p) pot8(+27) uee
C—HV.oooo. | untuce 0 —3V 3 (e+27)pcr —\/3mcf

|

. Pe = . . iRy
C—Cvo.. E pctjucr  —vy 3ruc —%vV 3 (6+20)ucr

1

eun -+ (e+27) ucr +27uc

7(e+2r)uc +7(6427) pcr

82uc+% (54-27) 2ucr+2r2uc
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TaBLE 10.— matrices for cis-2-bulene, trans-2-butene, and isobutene and out—of—plang vibrations

ISOBUTENE, B;

Unsym. me. v.___
Unsym. me. s -

Me. rocking ..

CHsrocking .

Skeletal 6.~

[ wntiuc $V 20uc —V 26+ ke : 0 2+/6 uc
.
H —
pX(Bunt§uc) Spun—20(6+%p)uc i 0 ENEY
]
punt+3 (6+3o) mo+3suc: | — Béruce v 36(5+3pucty 35(264r)uc
i 2e2up+(2e+7)2uc+7uc:  —7(2e+7)pcr —7(264+7)pucr
28tuc-+(25-+7) e -+ rtucr 4
]

ISOBUTENE, A

Unsym. me. v____
Unsym. me. §...

Me. rocking......

C=C twisting____

prtduc 3V 2ouc —V26+ioue | 3V Zeuc
P(GGuntiuc  fpun—20(+%eluc | dpduc
a3 G+Epme | —o(G+1ipuc

4 (etun+otuc

cis-2-BUTENE, Aj; trans-2-BUTENE, B, TO VERTICAL LINE

Unsym. me. v__ _
Unsym. me.§ ..

Me. rocking ..

Chairé. ... ______

C=C twisting____

—
uat4uc %N/ 2 puc

!

—V 2 (6+3p)uc —3v/30uc 3V 2ouc

31V 656+ puct+3V 6 6(ets4+20ucr | —8(6-FEp)ucto(e—d)ucs

3
N
p(SuntEuc) Goun—2p(6+5p)uc i —3v 6 pouc 4pduc
oun+4 (3+3p) mc+38mcr |

|
eunibuc-t (420 Juc | V6 (=) +36 (=) (eo-+20)ucr

3 (eun+82uc) +3 (e—8)2uc

-

trans-2-BUTENE, A,; cis-2-BUTENE, Bi, TO VERTICAL LINE

Unsym. me. v___.
Unsym. me. é..-.

Me. rocking__ .. __

Boaté ...

C=C twisting_.__

_ —
urt+duc -‘%\/ 2 puc

—V2G+oduc —3+v/35uc i 2/ 26uc

/S
p2(Funtiuc) Spun—2p(+3p)uc —3+ 6 pduc +péuc

P+ G+t et 3otuc: | 3V 656+ouctEy 68(etduc | —s(6-+hpucts(e—sucr

etun+82uct(e+3)uc 1V 6 (un—ot0) +3v 6 (e~ uc:

3 (eun+8%c) +3 (e—8)fucr =




2. Normal Equations for Nonplanar Vibrations of
Propylene

Propylene has only one element of symmetry,
the plane through the three carbon atoms. The
vibrations therefore fall into only two classes.
No attempt was made in this research to treat the
planar vibrations by means of normal coordinate
analysis. The high order of the matrix involved
would be prohibitively laborious to handle. A
reasonably certain assignment of these frequencies
can be made from the spectral data alone.

The nonplanar frequencies present a somewhat
more difficult problem in assignment. Because
they are not so numerous as the planar frequencies
the normal equations were set up.

The coordinates used are the same as for the
butenes. It was not necessary (or desirable) to
take some of the symmetry combinations used
in the butenes and in ethylene in this case,
however. ‘

The nonplanar propylene @ matrix (symmetry
type A’’) is given in table 8.

3. Reduction of the Order of Matrix Equations

The matrix equations which have been derived
are of an inconveniently high order. Their order
may be reduced by the removal of certain relatively
constant frequencies. Wilson has shown that
the C—H (stretching) frequencies may be re-
moved from the matrix equations by setting their
force constants equal to infinity [2]. The @&
matrix is reduced in order by the number of
frequencies thus removed and the remaining
terms are slightly modified. The modification is
equivalent to that produced by a patrtial tri-
angularization of the original @ matrix about
the diagonal terms corresponding to the fre-
quencies removed. The remaining force con-
stants are not changed. As can be seen from
Rayleigh’s principle [7], the remaining frequencies
are all slightly increased. The increase does not
exceed 2 percent for the frequencies in the range
1000 to 1500 em™ and decreases rapidly for the
lower frequencies. Even this small effect could
be compensated by a slight decrease in the re-
maining force constants.

The above rveduction was applied to all of the
C—H frequencies and to the CH; 6 frequencies.
The reduced equations therefore apply exactly to
a hypothetical molecule which can execute all of

Vibrational Frequencies of Butenes

the usual deformations, with the exceptions (1)
the C—H bonds are rigid for stretching and (2)
the methyl groups are rigid units for internal
deformations. A methyl group may rock, how-
ever, against the connecting C—C bond.

This approximation for the methyl group
probably has a larger effect on the remaining
frequencies than the one for C—H v motions.
It is known, however, that methyl deformation
frequencies are remarkably constant, whatever
the molecule in which they are found. It would
seem that there is a relatively slight coupling
between a methyl group and the rest of the
molecule. In any event, this model is certainly
better than a simple skeletal model.

In this way the four @ matrices for the three
rigid frame butenes are reduced from the orders
10, 9, 5, and 4 to 5, 4, 3, and 2, respectively.
The matrix for A’ (out of plane) for propylene
1s reduced in order from 6 to 4.

4. Direct Assignments From Spectral Data
(a) Propylene

The infrared absorption spectrum data used
in the present assignment are from the Shell
Development Co., Emeryville, Calif. [8] and
from Wilson and Wells [9]. The Raman spectral
data are from Ananthakrishnan [10]. The sym-
metry of propylene is very low, that of the point
group (. Consequently all of its vibrational
frequencies are permitted in both the infrared
and Raman spectra.

The assignment of the directly observed fre-
quencies of propylene of the present work differs
only in minor details from that of Wilson and
Wells [9]. No attempt was made to give detailed
assignments to the C—H stretching vibrations
as there are many modes of almost identical
frequency. The C—H v vibrations were assigned
the conventional values of 3050 em™ for the
three olefinic CH groups and 2950 ecm™ for the
three paraffinic CH groups. Symmetric and
unsymmetric CHy 6 vibrations were assigned the
values 1370 em™! and 1444 cem™', respectively.
Some of the other frequencies differ by a few wave
numbers from the above authors’ assignment,
due to small differences between the two sets of
infrared data used.

In-plane (A”) CH; and CH, wagging, which
Wilson and Wells did not assign, have been
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assigned the frequencies 1172 em™ (/R) and 1042
cm~! (IR).
(b) cis-2-Butene

Gershinowitz and Wilson have reported the
infrared and Raman spectra of c¢is-2-butene
[11] but unfortunately did not determine the state
of polarization of the latter spectrum. The Shell
Development Co., Emeryville, Calif., has con-
tributed an infrared spectrogram for this sub-
stance to the catalogue of infrared spectrograms
of the American Petroleum Institute Research
Project 44 [8]. These spectral data were used in
the preliminary assignment for ¢is-2-butene.

cis-2-Butene, with the symmetry of the point
group C,,, has four symmetry types of vibrations.
The selection rules and the symmetry characteris-
tics of the vibrations are presented in table 11.
The approximate form of the separate vibrations
of each type is given in the complete assignment
of table 18.

TaBLe 11.—Symmetry properties of the vibrations, and the
selection rules for cis-,* trans-,> and isobutene *

Cr | E ¢ o o
i Can I ? ok i
| |

Ar | A, | 1 1 1 1

A | Au 1 =il il

B | B, Lo = = 1

B: | Bu 1 -1 1 =i
| |

Selection rules

(.. Infrared active: A,, By, B;.
Raman active: A, Ay, By, Bo.
(A, polarized; A,, By, and B; depolarized)

Con: Infrared active: A, Bu.
Raman active: A, B,.
(A, polarized, B, depolarized)

s Symmetry type Cz,.
b Symmetry type Ca.

The value 2950 em™' was assigned to the six
methyl C—H v vibrations and 3050 cm™! to the
two olefinic C—H vibrations. The value 1450
em~! was assigned to the four unsymmetrical
methyl 6 vibrations and 1380 em™ to the two
symmetrical methyl § motions. These motions
invariably give rise to frequencies of about these
magnitudes and are too numerous in this case to
separate definitely.
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The strong infrared absorption maximum at
1672 em™! is obviously the C=C v motion. The
three lowest frequencies, 304 em™' (R), 402 em™
(R), and 583 em~! (/R,R) are undoubtedly the
two planar skeletal 6 and the C=C twisting
motions, respectively. Normal coordinate analysis
confirmed this assignment, indicating 304 cm™" for
A;, 402 for Ay, and 583 for B; skeletal deformations,
respectively.

The lines at 876 and 978 em~! are probably A,
and B, C—C v frequencies, respectively. The
CH planar waggings (A4, and B;) should lie in the
neighborhood of 1300 cm™" and the methyl rocking
frequencies about 1000 to 1100 em™'. A definite
assignment of these latter motions and of the
C—H out-of-plane (A, and B;) motions was post-
poned until after the complete normal coordinate
treatment.

(c) trans-2-Butene

Infrared and Raman spectral data from the
same two sources as for cis-2-butene were used in
the assignment for this molecule. Fortunately
Gershinowitz and Wilson have obtained polariza-
tion data for the Raman spectrum. It is therefore
possible to distinguish certain symmetry types.
Frequencies with the symmetries A, and B, are
Raman active, infrared inactive (table 11), with
the former polarized and the latter depolarized.
The other two classes, 4, and B, are active only
in the infrared.

The C—H v and CHj; 6 vibrations were assigned
as in ¢is-2-butene. Outside of these two frequency
ranges there are four polarized Raman lines: 1681,
1309, 870, and 507 cm™. These frequencies
undoubtedly represent C=C v, C—H wagging,
C—C v, and skeletal bending, all of symmetry A,.
There remains, therefore, only one vibration of
symmetry A, unassigned, CH; wagging.

Outside of the C—H v and CHj; 6 frequency
ranges there are three depolarized Raman lines,
at 1043, 746, and 210 em™'. The first two must
be CH; and CH wagging, respectively, with the
symmetry B,. The lowest line probably arises
from the B, methyl torsional mode of vibration.
This judgment is confirmed by the fact that 210
cem™!, symmetry B,, corresponds to a restricting
potential for the methyl groups of about 2,000
cal/mole, in agreement with the value 1,950
cal/mole determined by calorimetric data [15].
The other CHj torsional frequency has the sym-
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metry A, and therefore could appear only in the
infrared spectrum.

The strong infrared band centered at 964 em™
was assigned to A, CH wagging. It would be
expected that such an out-of-plane motion would
have a large dipole moment and would show
strong P, @, and R branches. The A, methyl
wagging frequency was not selected from the
spectrum, for no band seems certainly to be due
to this motion. The other A, frequency, C=C
twisting, should lie at about 250 to 300 cm™,
according to preliminary rough normal calcula-
tions. This is below the range of the available
infrared data.

In this molecule B, vibrations appear to exhibit
a double minimum in the infrared absorption
spectrum. Bands of this nature at 1304 and 1065
cm~! were selected for B, CH wagging and C—C v.
The shoulder, at about 964 em™' on the strong
A, band at 973 em™!, was selected for B, CH;
wagging. The other B, vibration, skeletal bend-
ing, should have the value of about 300 cm™,
which is below the range of the spectral data.

(d) Isobutene

Infrared spectral data from the Shell Develop-
ment Co., Emeryville, Calif. [8] and Raman data
from Kirrmann [12] and Telfair and Pielemeier [12]
were used in the assignment for isobutene.

The symmetry of isobutene is the same as that
of c¢is-2-butene, (7, and therefore the selection
rules are the same. The classifications of the
various frequencies among the four symmetry
types differ somewhat, however (table 20).

The C—H v and CHj; 6 vibrations were assigned
as in cis-2-butene. The vibrations with the
symmetry A, were assigned as follows: The value
1664 em'(/R,R(p)) was assigned to C=C v, the
vibration 800 em'(/R,R(p)) to C—C v, 1390
cm™! (IR,R (p)) to CH; 8, 1053 em™'(/R,R(p)) to
CH; wagging, and 378 cm™! (R) to skeletal defor-
mation. This accounts for all the A, vibrations
and leaves no polarized Raman lines unaccounted
for.

In the symmetry class B, the assignment is not
quite as certain as it is in class A4,. The B
skeletal deformation is certainly 431 em™'(/R,R).
Probably 986 em~' (/R) and 1280 em™ (/R) are
B, C—C v and unsymmetrical CH, bending,

2
5

5D, C. Smith, U. S. Naval Research Laboratory, reports in a private com-
munication a strong infrared band at 432 +2 cm-1,
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respectively. B, CH; wagging is left unassigned
for the moment.

The weak unpolarized line in the Raman spec-
trum at 700 em~! is likely due to A, C=C twisting.
A, methyl rocking will be assigned later.

The very strong infrared band at 888 c¢m™! is
probably due to B, CH, wagging, as in the anal-
ogous cases of c¢is- and frans-2-butene. No band
is obviously due to methyl wagging. The probable
frequency of B, skeletal bending lies below the
range of the infrared data. There appears to be
no line in the Raman spectrum from this source.

5. Potential Constants

(a) In-Plane Motions

The value 1.08° was taken for the methyl
rocking constant, £, from the work of Stitt [14].
A variety of values were tried for the C—C v
constant, Fee, but as one seemed to have no
decided advantage over another, the value 7.64
from the work of Wilson and Wells was used in the
final computations. The C=C v constant, 16.40,
from the present work on ethylene apparently is
too high for the butenes. It was reduced to 15.40
in order to fit the observed C=C v frequencies.

The pattern of bending constants determined
for ethylene was used as a guide in estimating the
bending constants for the butenes. It was not
practicable to utilize the full set of interaction
bending constants as was done in the case of
ethylene.

In table 12 the in-plane bending constants which
were used are listed, together with the angle to
which each corresponds.

TasLe 12.—In-plane bending force constants and the
associated angles

Force constant Angle Force constant Angle
H ‘ H
/
8 i e A =0 17 SN =C
Y
C C
o
13 PO B . S, C=0C C
H |5 o S o C
A ‘ N
) O AL SN S I SN =C ‘ C
H |

Preliminary calculations showed that /.- has a
value about 60 percent greater than /1, from

6 The values of the potential constants given in this section are expressed in
angstrom-atomic weight units, as previously described.
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ethylene. The following relations were therefore

assumed:
H,.—=1.6H, (12)
Hp=1.3H; (13)
H;—1.6H; (14)

The interaction between C=C vand C=C—H
was found to be by no means negligible in
ethylene. In the butenes it was assumed that
the interaction lc.r is 1.3 greater than the value of
(lca—Ics) found in ethylene. The value of /g is
probably much smaller than that of /c. and was
neglected.

The # matrices for the in-plane vibrations of
cis-, trans-, and isobutene are given in table 13.

TaBLE 13.—Reduced ¥ matrices for the in-plane vibrations
of cis-, trans-, and isobutene

cis-2-Butene, A;, and frans-2-Butene, A .

F,
Fce ~
HotHg' Hg' V2lca
Ho+Hg' 2cd
Kce

Isobutene, A,

F,
Fce N
Ha+2H; V2lca
H 420" 2lcd
Kce

Isobutene, B

F,
Fcc
[ II“ ]
1561

= The # matrices for cis-2-Butene B; and trans-2-Butene B, are the same as
the above matrix without the last column (C=C v).

(b) Out-of-Plane Motions

The symbol F,, is used for the potential con-
stant of torsion between the planes of the groups
at either end of the olefinic bond. The subscripts
7 and 7 identify the two groups. The subscript 0 is
used for =CH,, 1 for =CH(CH;) and 2 for
=C(CHa)..

The potential constant for the change in the
angle between the C=C bond and the plane of the
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attached group is designated F,, where ¢ has the
values 0, 1, and 2 as above. The symbol f,, is
used for the interaction constant between the two
v angles of a molecule.

In order to fit the observed out-of-plane fre-
quencies it was necessary to include an interaction
constant f,, between v, and ¢ out-of-plane
distortions.

In a preliminary calculation it was found that
F, and f,, have about the same values in propylene
and the butenes as in ethylene but that F, exhibits
a trend upward with increase in the number of
attached methyl groups. Since the order of the
matrices involved is small, it was possible then to
make further slight adjustments in order to
improve the fit with the observed frequencies.

The # matrices for the out-of-plane frequencies
of propylene, cis-, trans-, and isobutene are given
symbolically in table 14.

TaBLE 14.—Reduced 3 matrices for the out-of-plane vibra-
tions of propylene, cis-, trans-, and isobutene

Propylene

A F,
Fye fyy
Py fre
Fon,

cis-2-Butene

A [F, B B [F, ]
Fyi—fry \(2/‘7‘3 Fv\+f77

Fsn

trans-2-Butene

Au [ Fr - = |k
Fyitfyvy \r"2f7¢ L

Fvl—fw]

Feu
Isobutene
B [ F: Ay [ F, ]
Fyo fyy L Fg
Fyp

For c¢is- and frans-2-butene, F, —f,, and
F, +f,, were found to have the values 0.37 and
0.45, respectively. A value of —0.09 was deter-
mined for f,, and 1.08 for F, .

In isobutene, F, was set equal to 0.35 in order
to fit approximately the observed frequency at
888 em™'. F, and F, were made to average the
same as [, from cis- and trans-2-butene. There-
fore, F',,=0.47. The interaction constant f,, was
given the same value as in the two preceding
molecules, 0.04. The torsional constant F, ~was
found to have the value 0.83 by comparison with
the observed frequency at 700 em™'.
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In propylene, F, and F, were taken as the
mean of the values of #, from ethylene and of
F, and F, in isobutene giving 0.37 and 0.43,
respectively. Giving f,, the usual value of 0.04,
one selects F, =0.85 to fit the 580 em™ frequency
in the propylene spectrum.

The increase from F, =0.59 to F, =0.85 to
F, =1.08 is reasonably regular. The value of
0.83 for F,, from isobutene seems anomalous,
but unless a new line is found in the spectrum
there appears to be no alternative.

6. Calculated Frequencies

The values calculated for the in-plane frequen-
cies of ¢is-, trans-, and isobutene from the potential
constants of section 5 (a) are compared with the
observed frequencies in table 15. The observed
frequencies marked with an asterisk (*) were not
used as guides in the adjustment of the potential
constants.

The same comparison for
frequencies is given in table 16.

the out-of-plane

TaBLE 15.—Comparison of calculated and observed frequen-
cies, in wave numbers, for in-plane vibration

Caleu- ‘

Compound ‘ (l.:l(l‘(":ll' ’ Observed el | ()hsvr\‘ud‘
T === ‘ —— ‘
‘ A, B; |
| ‘ 1671 1672 1473 | 1390 ‘
| 1242 *1267 | 1099 1040 |
| cis-2-Butene . 1016 *1018 972 | 978 |
911 876 586 ‘ 581
‘ 238 a 304
} by B,
| |
; 1693 1681 1353 | 1304
[ 1342 1309 1070 1065
i trans-2-Butene A 1080 0 I, 974 973
‘ 920 870 308 .
473 507 e || e
; o .
‘ Ay B
‘ 1666 1664 1307 | 1280
1457 1390 1007 o
1 Isobutene {1002 1053 963 | 986
‘, 776 800 438 431
| 380 | 378 | ... I
| | |

a This frequency of cis-2-butene is observed to be considerably higher than
the calculated value. The motion, symmetric in-plane skeletal deformation,
involves a rather close approach of the two methyl groups. The additional
potential energy from this source probably accounts for the increase in the
frequency over the simple calculated value.

Vibrational Frequencies of Butenes

TaBLE 16.—Comparison of calculated and observed frequen-
cies, in wave numbers, for out-of-plane vibrations

Calcu- . Calcu- N
Compound Feenl Observed IRted Observed
A2 B
1049 ‘ - 1028 ‘ 1046
cis-2-Butene . _____________ 951 | ______ 686 | 685
401 l 402 e |l
1
Au BV
1030 | -____. 1045 l 1043
trans-2-Butene . 960 964 746 | 746
260 e || s || e
|
By Az
I 1066 | 088 ‘ .
Isobutene . 897 ‘ 888 701 700
391 |
|
| ‘)‘/I
1049 .
N 974 990 . "
Propylene 029 011 ) -
‘ 573 | 580 . R
| |

7. The Complete Assignments

The complete vibrational frequency assignments
of propylene, cis-, trans-, and isobutene are pre-
sented in tables 17, 18, 19, and 20. The descrip-
tions of the motion are only approximate. Each
mode of vibration actually involves a linear com-
bination of all the elementary symmetry modes,
but with one type usually predominating. The
symbols after each frequency give its origin,
according to the following scheme: /R for infrared,
R for Raman, p for polarized, dp for depolarized,
¢ for conventional value and * for calculated.

The two skeletal deformations of trans-2-butene
were lowered from the calculated values of 260
and 308 em™! to 240 em™! and 290 ¢m™!, respec-
tively, in order that the restricting potential for
the rotation of the methyl groups, calculated from
:alorimetric data and the remainder of the above
assignment, should agree with the barrier to
methyl rotation calculated from the 210 em™!
Raman line which in turn agrees with the value
of the barrier determined for propylene [15].
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TasLe 17.—Vibrational frequency assignment of propylene,
n wave numbers

Type of vibration A’ A
C—H v (ethylenic)______| (3) 3050
C—H v (methyl)____ | (2) 2950
G C v A ~ 1649
C—C Vo 920
CHsunsym.é. . _______ 1444
CHzsym.o_ .. .. _____. 1370
CHyé.. . . 1415
CH; wagging_._ .~ __ 1042
CH; wagging___ . _______ 1172
CH wagging - ____ . 1297
Skeletald_.... . ______ 417
C=CHatwisting________| ________

TaBLe 18.—Vibrational frequency assignment of cis-2-butene, in wave numbers

Type of vibration Ay A3 B B

C—H v (ethylenic). ... _______ 3050 ¢ S 3050 ¢

C—H v (methyl) ... ___ (2) 2950 ¢ 2950 ¢ 2950 ¢ (2) 2950 ¢
1672 R,IR R | NI | VIO S
876 IR e S e 978 R,IR
1450 ¢ 1450 ¢ 1450 ¢ 1450 ¢
1380 ¢ e 1380 ¢

CHj wagging__ 1018 R,IR 950 (%) 1040 (%) 1064 IR

CH wagging S 1267 R 1050 (%) 673 R,IR 1390 R,IR

Skeletal 6 _____________ 304 R 402 R | -—ooo. .. 583 R

TaBLE 19.—Vibrational frequency assignment of trans-2-butene, in wave numbers

Type of vibration Ag Au B, B

C—H v (ethylenic)_______________ 3050 ¢ | -.-_._ S [ 3050 ¢
C—H v (methyl) (2) 2950 c 2050 ¢ 2950 ¢ (2) 2950 ¢
G =(Civ 1681 R(p) | ... e D s e | e e
LB o - R P 870 R(P) | --—---- e 1065 IR
(G310 TR VI S 1450 ¢ 1450 ¢ 1450 ¢ 1450 ¢

[ CH SIS Sy e 1380 ch R I | NS ) 1380 ¢
CHa wagging S EnEEE R 1080 (%) 1030 (%) 1043 R(dp) 973 IR
CH wagging .. 1309 R(p) 964 IR 746 R(dp) 1304 IR
Skeletaligs tr 507 R(p) 2400 ($)- i onsei i n e 290 (*)

TasrLe 20.— Vibrational frequency assignment of isobutene, in wave numbers

Type of vibration Ay A By B

C—H v (ethylenic) ___.______ 3050 ¢ o 3050 ¢
C—H v (methyl)_____.________ (2) 2950 ¢ 2050 ¢ <2950 ¢ (2) 2950 ¢
(= (R e e 1664 IR,R(p) S | R S |
=y R 800 IR,R(p) . S | R 986 IR
CHj3 é unsym 1450 ¢ 1450 ¢ 1450 ¢ 1450 ¢
CH3ésym..__________. o 1380 ¢ S | T S 1380 ¢

G H g e e oy 1390 IR,R(p) ] | I S S v
CH; wagging____ ... ____ 1053 IR,R(p) 988 (*) 1066 IR 1007 (%)
CHa WA gZing eSS | R e PR 888 IR,R(dp) 1280 IR
Skeletal 6. __________. 3718 R 700 R 391 (% 431 IR,R
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