REVIEWS OF
MODERN PHYSICS

VoruMme 31, NuMBEr 4 OcroBER, 1959

Internal Rotation and Microwave Spectroscopy”

CruN C. LiN, Department of Physics, University of Oklahoma, Norman, Oklahoma
AND

JErOME D. SWALEN,T Division of Pure Physics, National Research Council, Oltawa, Canada and
Shell Development Company, Emeryville, California

TABLE OF CONTENTS (a) Properties of the torsional
; levels........ 856
1. Introduction...............cvuiiiiiini... 842
9 }111 o l;lc o 343 (b) Elgenvalues of the tor-
. amI; onla,n1E . b sional equation. . . . ... 857
I. Potential Energy. . .. coooo... 843 (¢) Harmonic oscillator ap-
II. Kinetic Energy and Hamlltoman ......... 844 proximation. ......... 857
A. Internal Axis .Method. . .7 3. Energy levels and spectra...... 857
1. Symmetric molecules. . . .. RERES 844 C. Comparison of the Two Methods. ... 858
2. Asymmetric molecules with a II. Asymmetric Molecules.................. 858
b princio OfIGYf}‘lm;“y e B0 A. Principal Axis Method............. 858
C‘ rincipal Axes Aethod. . P 1. Energy levels and spectra...... 859
. Comparison of the Two Methods. ... 850 ) leulati ¢ d doub
1. Connecting relations. ......... 849 ' Cal cu a‘?ox} ot energy and doub- 859
2. Comparison by Eulerian angles. 849 . et splittings. ...............
(a) Principal axes method. .. 849 3. ngher-orfier effects........... 860
(b) Internal axis method.... 850 (a) Third- and- fourth-order %6
3. High Barrier Approximations. . ceio.... 850 (b) Si)gf)rlfiurb?)tglrzi;elm;&é. 0
I. Symmetric Molecules. P . S term, IP;G 4 861
A. Principal Axes Method -.o. 851 B. Internal Axis Method. e ' 861
; ’I;ota.tlonla L equs.tlonHHR """" gg; 1. Hamiltonian and mdtnx elements 861
- Lorsiona’ equation fr. .. .. S 2. Integrals involving the torsional
(a) Eigenfunctions and eigen- functions. 862
values, U - 852 3. Dlagonahzatlon of the energy
(b) Harmonlc osc1llator ap- matrix. . 862
3 Perturlr))r(z'x 1??:10? t I 2‘3; 4. Energy levels and spectra . 863
4' E ation treatment........ &5 5. Splitting of the hindered rota-
. Energy levels and spectra.. . ... 854 tion doublets. . 863
5. Reduction to a rigid rotor at 6. General case. A 264
a very high barrier. ......... 8‘2" 7. Intermediate barner case...... 864
B. Internal Axis Method.............. 855 4 Low B A s
1. Rotational equation...... ..... 856 ow Barrier Approximations............... 86
2. Torsional function... .. .. ... 856 I. Free Rotation R P 865
- A. Symmetric Molecules. ............. 865
Ggsgipported in part by National Science Foundation, NSF- B. Asymmetric Molecules (CH3N02 type) 865
TNa.tional Research Laboratories Postdoctorate Fellow 1956 II. A Low Sixfold Barrier. . e - 866
1957. III. A Low Threefold Barner. .. 86T

841

Copyright © 1959 by the American Physical Society.



842 Cc. C.
5. Calculations of Barrier Heights. .. ........ ... 868
I. Analyses of Microwave Spectra. .. ....... 868
II. General Characteristic of the Spectra. .. .. 869
III. Stark Effect. . 870
IV. High Barrier Case 870

V. Sample Calculatlon on the Spectrum of

Acetaldehyde (CH;CHO)........... .. 873

A. TAM Calculations on Acetaldehyde. . 873

B. PAM Calculations on Acetaldehyde.. 874

6. Selection Rules and Nuclear Spin Statistics.... 875
I. Selection Rules for Symmetric Molecules. . 875

II. Selection Rules for Asymmetric Molecules. 875

A. General Selection Rules. ... 875

1. Molecules with a planar frame 875

2. Molecules with no symmetry in
their framework. . ... ..... ..
3. Molecules with a frame of C,,

875

symmetry (CH3;NO; type).... 875

B. Selection Rules for High Barrier. ... 876

C. Selection Rules for Low Barrier. . . . . 876

1. Limiting free rotor. .. ......... 876

2. Low barrier. . .. 877

III. Nuclear Spin Weight.. . 878
A. Molecules with No Symmetry . 878

B. CH;NO, Type Molecules........... 878

7. Vibration-Torsion-Rotation Interaction. . . . ... 878
I. Satellite Frequency Pattern.............. 879

II. Intensity Method...................... 881

8. Experimental Results....................... 881
9. Conclusions. . 884

Appendix 1. Derlvatlon of Krnetrc Energy and
Angular Momentum . .

Appendix 2. Contmued Fractlon ..............

Appendix 3. Tabulations Related to Mathieu
Equations. . . 887

Appendix 4. Notatlon . 887

Appendix 5. Comparlson of Notatlon of Varrous
Authors

Bibliography. . ............ .. ... ...l

885
886

889
. 889

1. INTRODUCTION

HE study of hindered internal rotation in mole-

cules has been a subject of interest for nearly
thirty years and numerous methods have been devised
for investigating this phenomenon. We discuss one
of these—the method of microwave spectroscopy—
which has, within the last ten years, been rather ex-
tensively employed. Internal rotation interacts with the
over-all rotation of a molecule and produces certain
effects in its rotational spectrum which can be observed
in the microwave region under high resolution. Each
rotational transition exhibits a fine structure, the com-
plexity of which depends on the height of the potential
barrier hindering the internal rotation. An analysis of

LIN AND J. D.

SWALEN

this fine structure leads to an accurate evaluation of the
potential barricr. Considerable work has been devoted
to the studies of the microwave spectra of molecules in
which one group may rotate internally with respect to
another. This review gives an account of the past work
in this field, including certain details of the methods
employed.

Potential barriers are presumably caused by the inter-
actions of two groups of electrons and nuclei. In prin-
ciple, it should be possible to determine the barrier
heights from straightforward quantum-mechanical cal-
culations. The mathematical complexity of such a
treatment, however, is so great that a rigorous com-
putation seems highly impractical at present. An
alternative approach, which is perhaps somewhat em-
pirical, is to try to describe the origin of the barriers
in terms of the forces which appear in the study of
intermolecular interactions, such as Van der Waals
forces and resonance forces. Although many such
analyses have been published, none of these results is
completely satisfying. With the new data on the barrier
heights in various molecules, it may be possible ulti-
mately to formulate a simple theory of the origin of
barriers which not only accounts for all the known re-
sults but also may serve to make reliable predictions,
at least in a semiquantitative way. In view of the pre-
sumed similarity in nature between the origin of the
potential barriers and the general problem of inter-
molecular forces, a satisfactory working theory of the
former may throw some light on the study of the latter.
The bibliography lists a number of papers which con-
sider the origin of potential barriers and various em-
pirical correlations of the barrier heights with the
molecular structures. A review of these papers is not
covered here. A brief survey of this subject is given in
two recent articles by Wilson.o7.018¢

In addition to the method of microwave spectroscopy,
various other procedures have been utilized in order to
evaluate potential barriers. Such thermodynamic prop-
erties as entropy and vapor heat capacity are probably
the most commonly used to calculate barrier heights.
Generally, these thermodynamic methods complement
the microwave methods and are applicable for molecules
with high barriers, greater than say 3 kcal/mole (1000

m™). Although the thermodynamic procedure does
not usually give quite as accurate barrier heights as
the best results from microwave work, the former is
applicable to a much larger class of molecules since the
latter is limited to molecules with a dipole moment. We
do not, however, review the thermodynamic results
or methods here. The readers are directed to the re-
views by Wilson'® and by Pitzer.%

Infrared and Raman spectra® have been used to
determine the frequencies of the internal torsional
oscillations. In principle, this would be the direct
method for determining the torsional frequencies and

1 References will be found in the Bibliography at the end of
the paper.
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the potential barriers. Unfortunately, these torsional
oscillations are usually inactive and lie in the very far
infrared region so that their detection and assignment
are usually difficult, if at all possible. Nuclear magnetic
resonance!'17:85.9 also has been used recently to give a
measure of the magnitude of barriers in liquids. Barrier
heights in the range of 5 to 20 kcal/mole may be deter-
mined by measuring the widths of the resonance lines
as functions of temperature. The time scale of nuclear
magnetic resonance is such that if the barrier height is
less than about 5 kcal/mole, the internal rotation
appears to be free.

The phenomenon of internal rotation is similar to the
inversion in ammonia,'® a pyramidal molecule in which
the nitrogen atom may be situated at either side of the
plane of the hydrogen atoms. Although a small poten-
tial barrier restricts the back-and-forth motion and
causes the pyramidal structure, the nitrogen atom may
move from one side of the plane to the other through
the quantum-mechanical tunneling effect, which splits
the doubly degenerate vibrational energy levels below
the barrier into pairs of levels (one symmetric and one
antisymmetric state). Transitions between these states
are observed in the microwave region, and the separa-
tion is very sensitive to the height of the potential
barrier.

For the case of internal rotation of molecules such as
ethane, CH;— CHj, the situation is similar. In ammonia
the nitrogen atom can move back and forth between the
two equivalent positions, while in CH;—CH; one
methyl group can rotate into one of the three positions
which are equivalent with respect to the other methyl
group. If each of these configurations were considered
to be independent, the torsional energy levels would all
be triply degenerate. However, the tunneling effect,
analogous to the case of ammonia, splits each torsional
level into nondegenerate (A4 species of the C; group)
and degenerate (E species) sublevels. This is shown in
Fig. 1 for an assumed cosine potential function. On the
left are the torsional state quantum numbers. The
torsional sublevel spacing increases as the torsional
energy increases.

Associated with each of the torsional sublevels, one
has a set of energy levels arising from the over-all
rotation of the entire molecule (referred to as over-all
rotational levels). Because of the interaction between
the over-all and internal rotation, the spacings of the
over-all rotational levels are different in the different
torsional states. A given rotational transition then
appears as a number of spectral lines corresponding to
the transitions in different torsional states. The separa-
tions between these lines are utilized to determine the
potential barrier height.

In this review we first formulate the Hamiltonians
for various molecular models. The calculations of the
eigenvalues and eigenfunctions based on various ap-
proximations are given and discussed. The practical
aspects of the analysis of microwave spectra are pre-
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F16. 1. Hindered rotational energy levels. A cosine potential
barrier V3 and its associated internal rotational energy levels. The
torsional quantum numbers v are shown on the left ordinate. The
sublevels are denoted by their symmetry under the C; group. The
free rotational quantum numbers m are shown on the right
ordinate.

sented in Sec. 5. This section is intended for those
interested in evaluating potential barriers from micro-
wave spectra. Finally, the application of group theory,
vibration-torsion-rotation interaction, and experimental
results are discussed in that order. The casual reader
may find it convenient to omit some of the more mathe-
matical sections in this paper. It is recommended that
he first read the sections on “Symmetric Molecules” in
Secs. 2 and 3 and also Sec. 4 and Sec. 8. The notation
has been standardized. A glossary is given in Appendix 4
and a comparison of the notation used by other authors
is given in Appendix 3.

2. HAMILTONIAN

In order to understand the problem of internal rota-
tion and study its effects, the approximate Hamiltonian
of the system must be known. The potential energy
hindering a symmetric internal rotor is discussed first.
Then the kinetic energy is written for rigid symmetric
molecules and for rigid asymmetric molecules with an
attached symmetric rotor. Methods of calculation of
approximate eigenvalues and eigenfunctions are covered
in succeeding sections.

I. Potential Energy

Since the origin of the potential barrier is not clearly
understood, the only requirement that can be imposed
on the potential function is that it be periodic in the
relative angle a between the two parts of the molecule.
Within the interval of =0 and a=2r, the potential
function must repeat itself N’ times, where IV is the
number of equivalent configurations in one complete
internal revolution. For example, \ is equal to three
for acetaldehyde (CH;CHO) and six for nitromethane
(CH3NOgz). In most cases the symmetry of the molecule
is such that the potential function can be expressed as
an even function of the angle . The potential energy
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can then be expanded in a cosine series as
V(a)=2_rar coskNa.

By ashift in the reference level of the potential energy,
this may be written as

(2-1a)

V3 Vs
V(a)=7(1—cos3a)+—é—(1——cos6a)+- -+ (2-1b)

for the case of a threefold barrier. However, it has been
customary to take the potential function as simply®

Vs
Via)= ~2—(1 —cos3a) (2-2)§

without rigorous justification (Fig. 1).

Serious effort has been made recently38:®:2% to ex-
amine the effects and magnitude of the V' term, and the
experimental data strongly suggests that the sixfold
term is indeed much smaller than the V3 term, the ratio
being the order of one-hundredth or less. If this is the
case, a good approximation can then be obtained by
considering only the threefold terms in the Fourier ex-
pansion of the potential energy, i.e., Eq. (2-2). The use
of this simple potential function leads to solutions for
the torsional wave equation in terms of Mathieu func-
tions. In case greater accuracy is desired, the higher
terms can be included and the corrections on the energy
levels calculated by perturbation methods.

II. Kinetic Energy and Hamiltonian

In order to derive the kinetic energy, a model is used
which consists of two rigid groups connected by a
bond. At least one of these groups is a symmetric top.
For convenience the symmetric group is regarded as ro-
tating internally about the bond with respect to the other
group which is taken as the framework. The entire mole-
cule is also rotating in space. Thus there are four
degrees of freedom: the three Eulerian angles 6, ®, x of
the framework and the relative angle between the two
groups, a. The method of solution is dictated by the
functional form of the Hamiltonian which depends on
the coordinate axes used. In the literature two methods
of solution have appeared corresponding to two different
frames of reference.

In that originated by Wilson'® and Crawford!= ¢t al.,
the set of principal axes of the whole molecule is used
as the coordinate system (hereafter referred to as the
principal axes method or PAM). Since the rotating top
possesses an axis of symmetry, the principal axes of the
molecule are not altered by a change of the relative
orientation of the top and the frame, and the coordinate
system may be regarded as rigidly attached to the
frame. The Hamiltonian function consists of three
groups. The first is recognized as the energy of the

§ Some authors have used the form 14-cos3¢’ which merely
means a shift in q, i.e., o' =7 —a.
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rigid rotating system whose moments of inertia are
different from those of the molecule. The second corre-
sponds to the Hamiltonian of a simple hindered rotor
with one degree of freedom. The third appears as the
product of the angular momentum of the over-all
rotation and the angular momentum associated with
the internal motion of the top. This third group repre-
sents the interaction of the two kinds of rotation. In
the solution the first two groups are taken as the un-
perturbed system and the cross terms, i.e., the third
group, are treated as a perturbation.

In an alternative method originated by Nielsen’® and
Dennison et al.,* 8 the axis about which the top executes
internal rotation is chosen as one of the coordinate axes
(hereafter referred to as the internal axis method or
IAM). The other two axes are fixed with respect to the
framework and their orientation is, in principle, arbi-
trary, but the choice is usually determined to some
extent by the symmetry of the molecule. In this co-
ordinate system the terms which describe the inter-
action between the over-all and internal rotation are
considerably smaller than those from PAM. Thus the
interaction terms in TAM lend themselves more readily
to simple perturbation treatment. The chief disad-
vantage of this procedure is that, since the coordinate
axes are, in general, not principal axes, the Hamiltonian
is complicated by the presence of the terms containing
the products of inertia.

A. Internal Axis Method

In the derivation of the Hamiltonian by the internal
axis method (IAM), the case of a symmetric top (e.g.,
CH;SiH3) is treated first. An asymmetric molecule with
a plane of symmetry is then discussed. Methyl alcohol
(CH;0H) and acetaldehyde (CH3;CHO) are examples
of this class of molecules.

1. Symmetric molecules.®*8—A set of coordinate axes
(a,b,c) is chosen with the ¢ axis along the symmetry
axis of the molecule through the center of mass. One
of the two symmetric groups is designated the frame (a
convention set up for comparison with the asymmetric
case) and the other symmetric group is designated the
internal rotor or top. The ¢ and b axes can be fixed
arbitrarily with respect to the frame because of the
symmetric nature of this end. The kinetic energy T can
then be expressed in tensor notation as (see Appendix 1)

T=}0-1-0+3(9e/0)*t L (9a/1)

+3lot L (0e/0)+ (0/30)t - 1 0], (2-3)
or in terms of the components along the axes as
T=31w+ 50w+ 51 w431 ai? 1 o i (2-4)

= %Iawa2+%IWb2+%<Ic_ Ia)wu2+%1a(wc+d)2,

where I is the inertial tensor and I,, I, ({,=1,), and
I. are the three moments of inertia of the whole mole-
cule about the three coordinate axes; I, is the moment
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of inertia of the top about its symmetry axis, i.e., the
¢ axis ; wq, ws, and w, are the three components of angular
velocity w about the @, b, and ¢ axes; and & is the angular
velocity of the top relative to the frame. Introduction
of the momenta

P,=0T/0we=1 swa,
Pb=8T/6wb=Ibwb,

25
Po=0T/0ws=Iwc+1Iuc, 2-9)

and
p=0T/da=1q(w. ),

results in the classical Hamiltonian
P2 Py P2
H= + }
2I, 2I, 2(I.—1,)
3 pP. | I.p?
(Ic_Ia) 210:(,!:—']01)

+V(e). (2-6)

The physical meaning of P,, P, and P, is not im-
mediately obvious. The results of Appendix 1 show
that P,, Py, and P, are the components of the total
angular momentum (including the internal rotation)
about the a, b, and ¢ axes. Therefore they satisfy the
usual commutation relations. The quantum-mechanical
operators for P,, Py, and P. in the coordinate repre-
sentation depend only on the Eulerian angles 6, ®, x of
the framework of the molecule but not on « (see Sec.
IIC2). In this case p is the total angular momentum of
the top including both the external and internal rota-
tion. As a quantum-mechanical differential operator,
p may be expressed as

p— (5/1)(8/0a)e,5 x, (2-7)

and therefore p commutes with P,, Ps, and P..

At the limit of a very high potential barrier, Eq.
(2-6) does not reduce readily to the case of a rigid rotor
plus a simple restricted internal rotor. The reason is
that the operator p defined in Eq. (2-5) contains not
only the angular momentum of the internal motion of
the top but also the contribution from the over-all
rotation. When the internal torsion is completely frozen,
the classical angular velocity & becomes zero and thus
p becomes .= (I+/I.)P.. When this expression for p
is substituted into Eq. (2-6), the usual energy equation
for a rigid symmetric top is recovered.

The connection between Eq. (2-6) and the Hamil-
tonian for the limiting case of a rigid rotor can be
brought out more explicitly through the Nielsen
transformation,”®

P =p—[T )P =[1= (1. T wie=r] i,
rl=r,

|| Here, 7, the reducing factor, is an important quantity used in
both the IAM and the PAM.

-9
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which eliminates the cross product pP. and gives
Pa2 sz Pc/2 I'—‘p,2
| -+

T T +V(a).
2, 2I, 2I, 2I.,(I.—1,)

(2-9)

H=

The quantity p’ depends solely on &, so that it vanishes
at the classical high barrier limit when « is a constant.
Here p’ is not to be taken as the angular momentum of
the internal motion (which is I.&) but rather r/.c.
Unlike Eq. (2-6), the coefficients of the P’s in Eq. (2-9)
are the actual rotational constants of the entire mole-
cule. Furthermore p’ does not commute with P, and

Py since from Eq. (2-8),
p'Po—Pop'=il(Ia/1.) P (2-10)

On the other hand, p’ does commute with P,*+ P and
hence the Hamiltonian in Eq. (2-9) is separable into
two parts corresponding to the over-all rotation and
the internal rotation.

Equation (2-9) may also be derived through a trans-
formation of the angular velocities. In terms of w.” and
&’ defined as

w/=w A (lo/1)a, (2-11)
d'=a,
Eq. (2-4) has the form
T=31(w+wp?) + 3] >+ 571"
With the new variable w,’ it is natural to define
P)= 0T/ )wawr.a'=Tww'=1wet 1 odt,
p'=0T/0&)aawbwe'=[1— (Ta/Te) M att =1 oct.
In addition, P, and P are unchanged, i.e.,
Po= (0T /3ws)wbwe’a’= (0T /0wa)wp,we,é,
Py=(0T/dwp)wa,0c’&’= (0T /dwp)wa,we,é.

(2-12)

(2-13)

(2-14)

Now the momenta P, and p’ defined in Eq. (2-13) are
identical to the momenta introduced in Eq. (2-8).
Substitution of Eqgs. (2-13) and (2-14) into Eq. (2-12)
gives Eq. (2-9).

The coordinate transformation corresponding to Eq.
(2-11) and also Eq. (2-8) is simply

X'=x+[{a/I)a]
= (1/[,;)[]0,)@-{— (Ic_“la)leyﬂ (2'15)

L
a =q.

Note that x and « are related to the Eulerian angles of
the two groups of the molecule x; and x: as x=xi,
a=x2—x1. One may regard 6,®,x’ as the Eulerian
angles for a new set of axes. This coordinate system is
rotating with respect to the one attached to the frame-
work with an angular velocity of (I./7.)& about the
axis of symmetry of the molecule. These new coordinate

9 x is the same as @ used in references 8 and 48.
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axes are hereafter referred to as “internal rotation
axes” (called the “molecule-fixed” system by Hecht
and Dennison®). It should be remembered that to an
observer located in this frame of reference, both the
framework and the top appear to be moving. The angu-

lar momentum (z component) arising from the internal
motion is

Ia(XZ_X’)+ (Ir_la) (Xl—x’) 20

In treating the problem of vibration-rotation inter-
action the moving axes are usually chosen so that the
angular momentum due to the internal motion vanishes
to the first approximation.!® For the present problem
it would seem proper to use the internal rotation axes
as the frame of reference. By letting the three com-
ponents of the total angular momentum in this co-
ordinate system be P,/, Py, and P/, it follows that

P,/ = (cospa) P+ (sinpa) P,

Py = (—Sinpa)Pa+ (COSpa)Pb,
Pc/ZPm

(2-16)

(2-17)

where
p=1,/1I..

For asymmetric molecules,® the quantity p is a more complicated
function of the moments of inertia:
(T2 +I5c2) o
B 2_1() 31,%%
e Ibb[('zz‘Ibc2 ’ ( )

where Iy and I.. are the moments of inertia about the b and ¢
axis, respectively, and 7. is the product of inertia [see Eq. (2-23)].
For symmetric molecules one has I;.=0, so Eq. (2-19) reduces to
Eq. (2-18).

(2-18)

Insertion of Eq. (2-17) into Eq. (2-9) gives

P
H=""
21,

P2 P2 1.9
+—F—+ FV (@)
2I, 2I. 2I.(I.—1.)

(2-20)

Equations (2-20) and (2-9) have an identical form. This
situation occurs because the two principal moments of
inertia I, and I, of the molecule are equal. One may
question the basic differences between Egs. (2-20) and
(2-9) or between P,, Py and P,, P,. The answer is
that P, and Ps, as pointed out previously, do not com-
mute with p’ while both P,/ and Py’ do. Therefore the
matrix elements (diagonal and nondiagonal) of P,’ and
Py do not involve the quantum number associated
with the operator

[1/21.(I.—I)0p"+V ().

The matrices of P, and P, on the other hand, are
characterized by the quantum number of the torsional
operator in Eq. (2-21) as well as by the over-all rota-
tional quantum numbers. Consequently the Heisenberg

** The quantity p is the same as Itoh’s® A and can be defined

somewhat more simply in the principal axes coordinate system
[see Eq. (2-30)].

(2-21)
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matrix elements of P, and P, contain both the over-all
and internal rotational frequencies. The same results
can be anticipated from a classical consideration. When
hindered rotation is present®” the set of the internal
rotation axes of the molecule rotate in the same way as
the principal axes of a rigid symmetric top, while the
two groups execute rapid torsion with respect to each
other. As P, and P, represent the components of the
angular momentum along the axes fixed in one of the
groups, the values of these components vary at the
rate of the torsional frequency.

The cross term pP, in Eq. (2-6) implies a coupling
between the internal and over-all rotation, while
according to Eq. (2-20) the internal and external
motion are separable. The discrepancy arises from the
different choice of the coordinate systems. When the
internal rotation axes are used as the frame of reference
as in Eq. (2-20), the internal torsion and over-all rota-
tion are independent of each other and hence the
Hamiltonian is separable. When the framework of the
molecule is taken as the moving frame, the motion of
this set of coordinate axes consists of both rotation and
the rapid torsional motion. Mathematically, this is re-
flected by the cross term in Eq. (2-6). Because of the
difference in the frames of reference in Eqgs. (2-6) and
(2-20), the meaning of the term “over-all rotation” is
different in these two cases.

2. Asymmetric molecules with a plane of sym-
melry 82031328 _For an asymmetric molecule with a
plane of symmetry, a set of coordinate axes is chosen
similar to the symmetric top case with the ¢ axis through
the center of mass of the whole molecule and parallel
to the top (symmetric internal rotor) axis, and the &
axis through the center of mass and lying in the plane
of symmetry. The inertial tensor assumes the form

Toa 0 0
0 Iy —1Ip|,
0 _Ibc Icc

(2-22)

where 44, Iy, and I, are the moments of inertia and
I is the product of inertia. The kinetic energy, accord-
ing to Eq. (2-3), can then be expressed as

T= %Iaawa2+%IbWb2+%Iw‘*’c2

— w3l o+ Tawa.  (2-23)
Similarly, the momenta are defined as
Po=9T/0w.=1 sowa,
Py=9T/wp=Ippwp— I'pewe, (2:29)

P(‘:aT/awL': I('t'wc“-lbcwh_i_]ad;
p=0T/0a=1.(a+w.).
As with symmetric molecules, P,, Py, and P, are again

the three components of the total angular momentum.
With the substitution of Eq. (2-24) into Eq. (2-23)
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the following quantum-mechanical Hamiltonian is
obtained:

H=A,P2+ ByPy»+C P24 Dyo(PyP o+ P Py)

— 2Dy Pp—2C. Pyt PtV (a), (2-25)
where
2
Ag=—o,
210
(L ee—1a) (Iee—1Ta)h?
Tl Td—To?) 20Tl om I ?)
(Tee—Ta)h?
T
1l B2l Loh?
(Tl TaIo—I02) (Il 102 24
R, W, Took?
v Tt T (Tl To?) 24
(T e I2) e
= 21 (InpI co— I oTvop—Ib2) =Eﬂ-a’
B A R S

Ibecc_Ibc2 [u Iz
d=1bb[cc_]bbla_1b02=r([hblcu_lbc2) :r[lllz'

Here I., I, and I, are the principal moments of inertia
of the whole molecule, and A,, \,, and A, are the direc-
tion cosines of the internal axis with respect to the
principal axes.

By following the method used for the symmetric case, we can
apply the transformation in Eq. (2-8) to eliminate the coupling
between over-all rotation and internal rotation. Unfortunately,
this transformation does not completely remove the coupling for
asymmetric molecules. The results of the transformation on H
are given in Eq. (2-26),

cc Ia
H=AaPa2+Bbe2+c:Pc'2+]I—Dbc(PbP;+Pc'P,,)

I c
—Duo(Pop’+ p'Py) — ZI—bDbcPa'{)'+F'p’2+ Via), (2-26)

where
h? [ 2];,523;.]
0,= 1 P a—
=, b
o 'hzlrr. n IbcDbchz

I'= .
2o (Iee—Io) ' Lee—1,

Equation (2-26) is essentially the same Hamiltonian employed
by Burkhard and Dennison8 to obtain the Schroedinger equation.
The equivalence between Eq. (2-26) and Burkhard and Dennison’s
wave equation is discussed later in this section. Again p’ in Eq.
(2-26) does not commute with P, and Pj.

Although the coupling between p and P, can be eliminated for
the symmetric case by the transformation (2-8), it is not removed
completely for the asymmetric case but is reduced by the factor
Iy?/InpIcc. In order to minimize the coupling term the internal
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angular momentum must be made to vanish. This is brought
about by a slightly different transformation given by Hecht and
Dennison® or by a modification in the formulation given by Itoh.3!

Hecht and Dennison apply three transformations to
the Hamiltonian given in Eq. (2-25). First, a rotation
is performed in order to eliminate the Pyp coupling.
Secondly, a modified Nielsen transformation is applied
to remove the P.p coupling. These two transformations
are given in Egs. (2-27) and (2-28),

7
Pa =])u,

P)'= (IywPy—Iy.P.) T2+ 1p2) (2-27)
P = (Iy.Py+InP.) T2+ 152},
and
p’ — P“" ch/’
= P“‘ Ia (Ibb2+ [bc2) %Pc” (Ibblcc_ Ibcz)—l- (2'28)

The transformed Hamiltonian which results from these
two operations is

HII= ‘4 aPa”2+ Bb//PbIlg+CclIPcllz

+Do (PP "+ PP+ Fp+V (@), (2-29)

where

h?
By =Ty (T2 +1,2) "' = rl Jh2(1—7) /2p%,
2

R Ip+I., Iy BRs1 1
Cc”=—‘ _ —_ __+__) "Bb”,
2U Il o —1n? I*+In) 2\I, I,

B2
Dy =—Tye(Iny* 4115 = (r1 )2 Dy./p%d
2

h2p,,pz(1 1)
2, \1, L)

(Ibb2+]bc2)}la T )\gla 2 ( )
p=—r——=|2Z ( ) J ) =%, %),
(Ibecc_Ibcg) l- ’ Iﬂ § g

Paz)‘ala/Iw

(2-30)

Finally, the transformation described in Eq. (2-17),
with p given by the more complicated expression Eq.
(2-30), is applied to Eq. (2-29). This transformation
defines the “internal rotational axes system.” Referred
to these axes the internal angular momentum vanishes.
The resulting Hamiltonian® is

H'=3(A.+By") (Pd*+Py>)+C. P24 Fp"+V (a)
+32(Aa— By )[(P*— P?) cos2pa
— (Po'Py/+Py'P.) sin2pa]
+Dy.'[(Py' P+ P, Py') cospa
+(PS/P/+P/P,) sinpa]. (2-31)

It can be easily shown that P/, Py, and P, satisfy
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the usual commutation rules and they all commute
with p'.

Itoh? has derived the Hamiltonian (2-29) in an inter-
csting and useful way. He also expressed the Hamil-
tonian in a form convenient for comparison with the
PAM formulation. The over-all angular velocity is
divided into two parts w; and w,, such that the angular
momentum of the whole molecule associated with w;
balances the internal angular momentum. This is
equivalent to choosing a set of axes in which the in-
ternal angular momentum vanishes. Thus one has

I- 01+ 71.(3e/3t)=0, (2-32a)
or
or=—TI"E(l.0)=—peq, (2-32b)
where i
o=I. (I k). (2-32¢)

Here I is the inertia tensor and £ is a unit vector in the
direction of (da/dt). The components of the vector g
can be found from Eqs. (2-22) and (2-32¢). Referred to
the a, b, and ¢ axes, one obtains

Pa:O, pb:IaIbc(Ibecc_Ibc2)_l,
and

pe=Talps(Ivpl cc— 15" (2-33)

The three components of g along the principal axes and
the magnitude of the vector are given by Eq. (2-30).
By expressing Eq. (2-3) in terms of o, w1, and e, one
obtains

T=%(o—o)" I (0—o1)
— Lo T o1 (9e/at)*t Lo (9e/al). (2-34)
The substitution of Eq. (2-32b) into Eq. (2-34) yields

T=3%(o4ea)* I (0+ea)+3(Xa— ot 1-0)d?
=13 il je(wj+piat) (wrtprc) + 371 a0,

The resulting Hamiltonian is
h? Wyl
H=—3% Ijk_IPij'*'_(_) (p—M)*+V(e), (2-35)
2 ik 2\rl,

where
H=Pbe+PcPc= o P-

This Hamiltonian is the same as Eq. (2-23). A rotation
of the ¢ axis to the p direction (¢’ direction) brings the
Hamiltonian to the form given in Eq. (2-29) which then
can be transformed to Eq. (2-31). This transformation
is not strictly necessary since the quantum-mechanical
matrix elements can be determined from Eq. (2-29) as
well as Eq. (2-31) with only a different torisonal wave
function. This point is discussed in Sec. 3.

Finally, two other types of molecular symmetry
have been considered in the literature. Molecules with
two perpendicular planes of symmetry, e.g., nitro-
methane, have been considered by Wilson et al.*? and
by Tannenbaum, Johnson, Meyers, and Gwinn.106:107
Here all the previous formulas apply with I;,=0.
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Molecules with no planes of symmetry have been
treated by Hecht and Dennison® and by Burkhard,’
and the method is similar to that outlined in this
section.

B. Principal Axes Method (PAN)!2.28.101.119.121

In the PAM the symmetric top Hamiltonian is given
by Eq. (2-6) with the principal axes x, y, and 2 co-
incident with the a, b, and ¢ axes. The transformation
(2-8) is not applied. In this method (for an asymmetric
molecule) a coordinate system x, y, and z, rigidly at-
tached to the framework of the molecule, is used.
Furthermore, this set of axes is chosen to be the prin-
cipal axes of the entire molecule with the origin at the
center of mass so that the principal moments of inertia
I,,1,, and It} of the molecule are used. The orientation
of the principal axes relative to the framework is not
altered by the rotation of the top because of its cylin-
drical symmetry. Therefore from Eq. (2-3), the kinetic
energy for an asymmetric molecule has the form

T= %Izwxz_*' %Iyo-’y?'*' %Izwz2+1a)\zwzd
FINwat+ TN wat3.6% (2-36)

where w,, w,, and w, are the components of the angular

velocity along the principal axes, and A, A, and A, are

the direction cosines of the symmetry axis of the top
to the principal axes. In terms of the momenta defined as

I)iz 6T/E)w,
p=0T/dq,

(i:x’ y’ Z))

the Hamiltonian can be written in the form!!

H=A,P2+B,P+C.P2+% Y Di(PPi+PiP;)

x,9,5,8 %]

=2 2 QiPip+Fp+V(a),

Y,z

h2
Az:—[1+
21,

and similarly for B, and C, by the permutation (x, y, 2),

(2-37)

where

A2 h?
]=*+sz2,
rl,

z

,l‘-’- >\L)\jla F ( . d . )
g =1pipj 17_7=x’ y,zan 1/#] )
"2 gL, ’

}LQ)\;' ( )

i =Fp; i=«\',)’,2,
271 ;
F=h/2rI,,
Aol o\ 272
P= (P:2+Py2+P22)%=[ Z ( )]a Pa:)‘ala/Ia’
=2\ I,

N NI,

r=1-— -
I, I,

{1 Note that the notation I, I, and I, is used instead of 7.,
1,,, and I,, because of the absence of the product of inertia terms.
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Alternatively one may express the Hamiltonian?** as
H= (#/2r1) (p—T1)+ (#*/ D)L P/ T+ V (@), (2-38)
where

H= 9 P=Zﬂp01)0= (leu/lz)l)a:
+ A do/1) Pyt Nela/I:)P..

The similarity between Egs. (2-38) and (2-35) should
be noted.

From Eq. (A1-7) it is clear that P, P, and P,
represent the three components of the total angular
momentum defined in the usual way. The commutation
relations between the various momenta can be sum-
marized as

(Py,P,)= —ihPy
(paPi) =0.

Furthermore, the coupling between over-all rotation
and internal rotation is apparent in the Hamiltonian
by the cross terms pP;, etc.

For the molecules with a plane of symmetry in their
framework all the above formulation applies with A;=0
(or A,=0).%8:3% With two planes of symmetry both of
the direction cosines are set to zero.'?

(4,7,k=x,y,z in cyclic order),

C. Comparison of the Two Methods

The chief difference between the two methods lies in
the different choice of coordinate axes. Hence, the
Hamiltonian functions can be transformed to each
other simply through a coordinate transformation which
is given in the first part of this section. In the second
part the Schroedinger equations in terms of the Eulerian
angles are given for each method. While it is not neces-
sary to express the Hamiltonian and the wave function
in the coordinate representation in order to find the
energy levels, a comparison of the momentum operators
in terms of the Eulerian angles does show more clearly
the difference between the two formulations.

1. Connecting relations—For the purpose of demon-
strating the connection between the two procedures a
molecule with a plane of symmetry is taken. The rela-
tion between the components of a vector r in the
principal axes x, 9, z and the set of axes @, b, ¢, defined
in the internal axis method is

Ya 1 0 0 7z
s =10 X, =N |7 ] (2-39)
7e 0 Ay Az 72

The various terms in these two systems are then related
by the equations

Top=N2I, 4Nz,
Tee=N21L AN,
o=\ (1.—1)),
Toa=1I.,
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Ibecc__Ibea_'Ibc2 a
= =1——2- 0 (2-40)
Ibb[u‘_lb02 Iy Iz
(Ibb2+1b£2) iIa ()\y21a2 )\22[a2 H
S (12 ]
([bblcc_lbcz) Iy2 122

From these formulas one can prove the equivalence of
Eq. (2-25) or Eq. (2-35) and Eq. (2-37) or Eq. (2-38).

2. Comparison by Eulerian angles.—(a) Principal axes
method: To express the angular momentum operators
in coordinate representation use is made of the relation

oT 06 T ad aT X oT

Pamem e
dw; 0wz 00 Odw, 0d OJw, 0X
a6 b X
=—Pst+—Ps+—P,. (2-41)
awz sz awz

Since wz, w,, and w, constitute the angular velocity of
the framework of the molecule, they are related to the
Eulerian angles describing the orientation of the frame-
work through the equations

w.= 0 siny—& sinf cosy,
wy =0 cosx+® sinf siny, (2-42)
w,=x+®& cosb.
The quantum-mechanical operators for P, P,, and P,
are readily obtained if one replaces po by (%/7)(9/96) &y«
etc. It follows that

iP, i) a
——=sinx(—) —Cosx cscB(—)
h 007 oy 0P/ 4xa
a9
+cosx cot()(——)
0x/ 92a

iP, 9 d
—= cosx(—) +siny CSCO(—)
h 30/ sy 0%/ gy

J
—siny cotB(——)
9 a
iP, (8) X7 63
h B dox oqm'

These expressions for the angular momentum are
identical to those for a rigid rotor, and the customary
commutation rules can thereby be established. Since
wz, wy, w, have no dependence on & and «, one can see
that

(2-43)

p= (aT/ad)wx""u'wz: (aT/ad)“’xy (2'44)

and the quantum-mechanical for p is, accordingly,

hyo
).
2 \da 0dx

(2-45)
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Inspection of Egs. (2-43) and (2-45) confirms the com-
mutation relation

pP—Pp=0, i=u,vy,z2.

Equations (2-43) and (2-45) may now be substituted in
the Hamiltonian in order to derive the desired wave
equation.

(b) Internal axis method: The coordinate transfor-
mation from 6, ®, x, « to 6, ®, x’, o/, as described in
Eq. (2-15), can be used to express P,, Py, P./, and p’
in terms of the new set of variables

(0/9x)a= (8/3x")a"
(3/3a)x=P(3/ax')a'+ (a/aal)x'-

Equation (2-46) is valid so long as the ¢ axis is parallel
to the bond connecting the framework and the top.
However, after the transformation Eq. (2-27), this is
no longer true and the Eulerian angles x, «, x/, and o’
are related by more complicated expressions [see Eq.
(8) of reference (20)7. In order to simplify the mathe-
matical details, only Eq. (2-46) is used.

It is now possible to write with the aid of Egs.
(2-15) and (2-46),1 the following angular momenta,

(2-16)

P,=cospa’ P, X'*" —sinpa’ PyX'«,

Py=sinpa’ P X'*'+cospa’ Pyx'®’,

(2-47)
hy d
).
1: ax’ 0da’
where
h d 9
Pux'“'=—[sinx’(—) —cosy’ csc0(—)
i 30/ oo 00/ g0
a
+cosx’ coto(—) ], (2-48)
ox'/ soar

h a a
PbX’a’=—[cosx'(——) +siny’ csc6(~—)
i 007 sy 0 0D/ gy

d
—siny’ cotG(-—) ]
6X’ 0P

The two superscripts on P, and P, denote two of the
four “independent variables” (the other two being
always 6 and ®) one chooses in taking the partial de-
rivatives. One might well recognize that P,x’® and
Py¥’«" have almost the same form as P, and P, in Eq.
(2-43) (which in our present notation, would be written
as P,x* and P,x*) aside from the fact that x’ and o’
are used as variables for one case while x and a are

11 These may be obtained by a procedure similar to that em-
ployed in Eq. (2-41), i.e., from the relations

_ o0 P ax’ da’
P"_3w4P0+6w¢P¢+6waP"'+6—w;p’ etc.
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used for the other. It is important to specify the inde-
pendent variables in the partial derivatives because Eq.
(2-46) shows that (3/da), is different from (9/da),s and
also from (8/d’),. Since P, and Py involve all four
angular variables, the eigenfunctions of the operator

Po/2 o+ Py?/20y+ P2 /21,

depend on the internal coordinate o/, in addition to the
three Eulerian angles, in a rather complex manner.
For example, these functions are not identical to the
asymmetric top wave function. It is apparent that the
absence of the cross product between the two kinds of
momentum operators in Eq. (2-29) does not signify a
complete separation between the external and internal
coordinates inasmuch as the P’s are actually functions
of a. When the momentum operators in Eq. (2-26) are
written in their differential form given in Eqs. (2-47)
and (2-48) [where p is I./I. from Eq. (2-8)], the
Schroedinger equation is obtained. This equation was
given by Burkhard and Dennison.§§

The rather unsatisfactory feature of having o/ mixed
in the P’s can be removed by a transformation which is
the inverse of Eq. (2-47), i.e., introducing P,’ and P}’
so that

P,/ cospa  sinpa\ /P. Px'e
(- ZCI-C0) o
Py —sinpa  cospa Py Py«
This transformation is similar to the one employed
previously in Eq. (2-17) in connection with the internal
rotation axes. Equation (2-49) shows that P,/ and Py’
do not contain « explicitly and thus commute with p’.
The Hamiltonian may then be written in the Schroed-

inger representation with the aid of Eqgs. (2-48) and
(2-49).

3. HIGH BARRIER APPROXIMATIONS

In Sec. 2 the Hamiltonians were derived for various
coordinate systems and for molecules of various kinds
of symmetry. These Hamiltonians can generally be
divided into three parts: the over-all rotational part,
the internal rotation torsional part, and a coupling
between over-all rotation and internal rotation. Since
the separation is not complete, except in the case of a
symmetric type molecule, the Schroedinger equation
cannot be solved exactly ; perturbation theory is usually
applied. For ease in computation we use a matrix for-
mulation, and two approximate methods for diagonaliz-
ing the matrix are commonly used. The high barrier
approximation is applicable to the cases where the
separations of the torsional energy levels are large
compared with the rotational energy separations. The
other is the low barrier approximation where the prob-
lem of the free internal rotor is first solved and the
barrier treated as a perturbation. Section 4 deals with
this low barrier approximation.

§§ See p. 411 of reference 8.
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The Schroedinger equation for a high barrier can be
solved by using either the PAM or TAM.

In the PAM the energy matrix is constructed in a
representation in which the over-all rotation part and
the internal torsion part of the Hamiltonian are sepa-
rately diagonal. The cross terms (coupling terms) be-
tween the total angular momentum and the internal
angular momentum are chosen as the perturbation. The
basis functions are then the product of the rigid sym-
metric rotor wave functions and the functions of the
internal angle o, known as the torsional functions which
are related to the tabulated Mathieu functions. The
perturbation terms are treated by the Van Vleck trans-
formation® so that after this transformation the secular
equation can be approximately factored into blocks
corresponding to the different torsional states. Associ-
ated with each torsional state there are two different
submatrices in the energy matrix and thus two sets of
rotational levels. From the separation of the pair of
spectral lines arising from a given rotational transition
in the two sets of rotational levels, the barrier hindering
internal rotation is determined.

In the IAM the Nielsen transformation (or the
modified form given by Hecht and Dennison® or Itoh?!)
is applied to the Hamiltonian so that the coupling terms
between the internal and external coordinates in the
transformed Hamiltonian are completely removed or
become much smaller than those which occur in the
PAM, and hence can be treated by perturbation method
more readily. The basis functions of the energy matrix
are again taken as the product of the rigid symmetric
rotor functions and the torsional functions which are
the solution of a differential equation similar to the
Mathieu equation. The torsional functions here are
different from those in PAM because of the different
boundary conditions as explained in Sec. I. B. Because
of the interaction of the external and internal rotation,
the torsional functions depend on the quantum number
K and, in principle, the differential equation for the
torsional functions should be solved for each value of
K. Since it is necessary to have the torsional functions
in order to evaluate the elements of the energy matrix,
the determination of the torsional functions becomes one
of the major difficulties of this method. Approximate
formulas® have been derived for the matrix elements
involving the torsional functions. At the high barrier
approximation the infinite energy matrix can be reduced
to a series of (2J41)X (2J41) blocks, corresponding
to the case of limiting rigid rotor. Since the coordinate
axes used in setting up the Hamiltonian in Eq. (2-25)
are not the principal axes for the asymmetric rotor, a
coordinate transformation to the principal axes should
be made so as to simplify the solution of the secular
equation. When this is done, each of the submatrices
becomes very similar to that of a rigid rotor with some
additional elements which represent the effect of the
internal torsion on the over-all rotation. From the
structure of the energy levels it was found that each of

AND MICROWAVE

SPECTROSCOPY 851
the rigid-rotor spectral lines is split into a doublct as
also predicted by the PAM. The relations between the
separations of the doublets to the barrier height have
been given by Hecht and Dennison® and also by Lide
and Mann.® These approximate equations are equiva-
lent to those derived by PAM so that one has in many
cases an equal choice as to which method to use: PAM
or IAM. In the discussion to follow the symmetric
molecule is covered first by the PAM and the TAM.
With these principles in mind the effect of asymmetry in
the molecular frame is introduced into both the PAM
and the TAM.

I. Symmetric Molecules
A. Principal Axes Method (PAM)

As derived in the previous section [see Eq. (2-6)],
the Hamiltonian for this class of molecules can be
written as

H=Hg+Hr+Hpp, (3-1)
where
HR=AZ(P22+P112)+C:P22,
Hr=Fp*+V(a),
Hir=—2C.P.p,
h: R?
Ay=—=—od,
21, 21, (3-2)
h? n?
Com———=— 4 Fp,
2(I,—1,) 21,
h? i,
F=—-=—

2l 2 (I,~1.)

Here, Hr and Hy comprise, respectively, the terms de-
scribing the over-all rotation and internal rotation, and
Hig represents the interaction term.|||| In the calcula-
tion of the energy levels of H, we take Hz+Hp as the
unperturbed Hamiltonian and treat Hrr as the per-
turbation. Since H;r does not vanish at the limit of
infinite barrier, the effect of the perturbation is not
small. Consequently, for molecules with an intermediate
barrier, fourth-order perturbation procedure must be
applied in order to obtain accurate results for the barrier
heights. Nevertheless, the advantages of this approach
will be seen.

1. Rotational equation Hg.—The eigenfunctions of
Hp are the symmetric rotor functions and they are
usually expressed as

Syrar(8,0)ex,

where J is the total angular momentum and X and M
are the projection of J on the body-fixed and space-
fixed axes, respectively. The energy and the matrix

. Il For a discussion of the “interaction” between over-all and
internal rotation see the last paragraph of Sec. 2 IT. A1.
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elements of /7 arc
E=A.J(J+1)+(C.—4) A7,
(JK| P} JK)=J(J+ 1R,
(JK|P.|JK)=Kh.

The rotational constant, C, associated with P.? is not
that of the limiting rigid rotor and hence Hg does not
represent the entire Hamiltonian for the case of infinite
barrier height. The reduction of H into the rigid-rotor
Hamiltonian for the limiting high barrier is discussed
in Sec. I. AS.

2. Torsional equation Hr.—(a) Eigenfunclions and
eigenvalues: The eigenfunction U(a) and the eigen-
values E of Hr are to be determined from the differential
equation

[—Fd?/de?+V (@) JU (@) = EU (). (3-3)
Physically we know that U(a) must be periodic in 2.
When V(a) is taken as a simple sinusoidal function

such as 1V;3(1—cos3a), the above equation can readily
be transformed through the substitutions

3a+t7=2x, s=4V;/9F, (3-4)
U[Ba+m)/2]=M(x), b=4E/IF,
to the Mathieu equation
&M (x)/da>+[ (b—3s) —3%s cos2a]M (x)=0. (3-5)

The solutions of Eq. (3-3) may be expanded by Fourier
series

M (x) =" sy, coskx~dy sinka.

Since Eq. (3-5) is invariant under the operation
x — —zx, £ — &+, the eigenfunctions of Eq. (3-5) have
one of the following forms'®:

Sezr(s,0) = rDear®” cos2kx

Segr+1(s,x) = ZkDegk+1(2'+1) Cos (2k+ l)x
(period 27) (3-6b)

(3-6¢)

(period m)  (3-6a)

S02r(5,%) =2 kD02i®” sin2kx

S02r41(5,6) =X xDo2ry1 @™ sin (2k+1)x
(period 2mr). (3-0d)

(period )

Here s is a parameter associated with the differential
equation (3-5). For each type of the functions, Se(s,x)
and So(s,x), one finds a series of eigenfunctions and
they are labeled by the superscript 7. The values of &
corresponding to these functions are denoted by bdes,,
besri1, bogr, bo2ry1. When Eqgs. (3-6) are substituted in
Eq. (3-5), four different infinite secular equations are
obtained from which the eigenvalues can be determined.
This procedure can be carried out in a systematic
fashion which is described in Appendix 2. The Fourier
coefficients of the eigenfunctions are then obtained from
the recursion relations associated with the infinite
determinantal equations. The eigenvalues and the
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FFourier coefficients of the associated cigenfunctions can
be found in the Tables Relating to Mathiew Functions.\™

From the torsional equation one may readily see
that since the C; group operations leave Eq. (3-3)
invarianty[¥; the solution of this equation can be
expanded in the form

kA zreidke 4) (3-7a)
ZkA3k+1€i(3k+l)a (El) (3-7b)
2 rd g’ e (E,) (3-7¢)

corresponding to the symmetry species 4 and E of the
C; group. The first form of the expansion in Eq. (3-7)
gives rise to nondegenerate eigenfunctions while the
last two constitute the doubly degenerate pairs. The
series of eigenvalues and eigenfunctions of the non-
degenerate solutions can be obtained from the tabu-
lated Mathieu functions with period 7, Egs. (3-6a) and
(3-6¢), after the slight modification as set down in
Eq. (3-4). The degenerate solutions have been tabulated
recently by Kilb.3¢ The relations between the notations
adopted here and those used in the various tabulations
may be summarized as follows:
E,,=9Fby,,/4, s=4V3/9F,

A levels (e=0)

2x=3a+7
Elevels (e==1)

] by, reference 104 by, reference 36

0 boo beo bUl (b0~l) bo

1 bm b(l2 b“(bl_l) b__]

2 bao  bea bar(ba—1) by .
3 by bos bsi(bs_) b (3-8)
4 bso  bes b41(b4_1) by

Each member of the series of the degenerate and non-
degenerate solutions is labeled by the index v with
=0 for the lowest eigenvalue. At very high barriers
the spacings between the nondegenerate and degenerate
energy levels of the torsional equation associated with
a given v are much smaller than those between levels
with different » (see Fig. 1). For this reason, the index »
is called the torsional quantum number and the dif-
ferent energy levels associated with a given v are
thought of as the torsional sublevels belonging to the
same torsional state. The sublevels are distinguished
by the index ¢ with ¢=0 for the nondegenerate level
(species A) and o==1 for the levels of species E
(Ei: 0=+41, E;: 0=—1). In Fig. 2 the energy levels
are plotted as a function of the barrier height from free
internal rotation to a relatively high barrier. The solu-
tion of the free rotational energy levels and the meaning
of the “m” quantum number are discussed in Sec. 4.

A solution of the torsional equation can then be
written as

o L'T)ﬂ(a) =ZkA3k+ave£(3k+d)a, (3-9)

99 Strictly speaking, Eq. (3-3) belongs to the Cs, group. How-
ever, in the present discussion, it is more convenient to consider
only the subgroup Cj.
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and the eigenvalues associated with these functions are
correspondingly denoted by E,,.

(b) Harmonic oscillator approximation: With a very
high barrier the internal motion degenerates into small
oscillations, and the potential energy 4V3(1—cos3a)
may be expanded about the equilibrium point yielding
(9/4)V 32 The torsional wave function in the vicinity
of the equilibrium configuration can be approximated
by the harmonic oscillator functions which are denoted
as H,(e). The corresponding eigenvalues are

E,=3(VF)(v+3).

There are three functions of H,(a) ; one situated at each
of three potential minima. These functions are denoted
by H,V, H,®  and H,®. When the tunneling effect is
considered, the correct zeroth-order torsional func-
tions are®.%

(3-10)

1
Uy o) =—[H,V+H,*+H,¥],
V3

1
Us,1(a) =\73|:H,,(1)+wH1,(2)+w"’Hv<3)], (3-11)

1
Uy —1(a) =—[H, O+ H,®+wH,®],
V3

where w=exp(27i/3) and v, as before, denotes the tor-
sional quantum number. The first function in Eq.

v
4
’3
A

POTENTIAL BARRIER—»

Fi6. 2. The hindered internal rotational energy levels as a
function of the barrier height. The free rotation quantum numbers
m are at the left ordinate, i.e., a zero barrier, and the torsional
quantum numbers v are on the right ordinate, i.e., a relatively
high barrier. The diagonal line V3 shows the actual height of the
barrier in relation to the energy levels. Those energy levels below
the top of the barrier are clearly discernible.
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F1c. 3. The torsional matrix. Each block on the diagonal con-
tains the over-all rotation and internal rotational matrix elements
associated with that torsional level. The shaded area represents
the coupling between the rotational levels of the various torsional
states. With the Van Vleck transformation the matrix elements
in these shaded areas are folded into the blocks on the diagonal.

(3-11) is nondegenerate (A4 levels) and the last two are
degenerate (E levels).

3. Perturbation treatment.—The energy matrix for H
as given in Egs. (3-1) and (3-2) is now constructed
in a representation in which Hg and Hr are diagonal.
From Eq. (3-9) it is obvious that p is diagonal in the
quantum number o but not in ». Consequently, the
secular equation can be grouped into blocks corre-
sponding to different » and ¢. Within each block the
Hamiltonian is given by Hg+Hr, and blocks of dif-
ferent v are connected by the matrix elements of Hyg.
If the energy separations between different torsional
states are large compared to those between rotational
levels of the same », a VanVleck transformation® may
be applied to the energy matrix to reduce the matrix
elements nondiagonal in v to the second order; such
matrix elements can then contribute only fourth-order
terms to the energy and can usually be neglected. The
elements diagonal in v are, of course, modified by this
transformation and the effect of this transformation is
to fold the elements not diagonal in v onto the v
blocks.*** The matrix is illustrated in Fig. 3 where the
shaded areas contain those matrix elements off diagonal
in v which are transformed into the » blocks shown on
the diagonal. Therefore, the infinite secular equation is
effectively factored into separate blocks corresponding
to various combinations of v and ¢, and only one such

*** For this particular class of molecules, both Hg and H;z
are diagonal in K and v is the only nondiagonal index; conse-
quently the Van Vleck transformation is identical to the ordinary
perturbation treatment. However, the difference between these
two methods becomes apparent for the asymmetric molecules.
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block need be considered at a time. To the second-order
approximation the matrix elements of a 7, ¢ block arc
given by the Hamiltonian operator'*

Hv,=Az(Pz2+Py2)+quP22"’2CszP1»a,va+I£vv) (3'12)

where

27 1 d
Pva,v’a':f Uva*(a)‘" —U,,f.,(a)da,
0 7 da

cu,=c,(1+4c, ZL[—)

—
v vo “w'e

v ’

, |Pva,v'.1l2
=C+Fp( 1+4F ' —— ),

Cve ™ Lav'a

c=n/21,.

Here H,, can be regarded as the effective rotational
Hamiltonian for a given torsional state. The energy
is then

E(JKMvo)=A.J(J+1)+ (Coe—A:)K?
—ZCzvaa,va—!'Eva-

The perturbation treatment can also be carried to
higher order. The energy obtained from the nth order
perturbation calculation can be expressed simply as?®

EvazA](J+1)+ (C_A)Kz

(3-13a)

+EF 2w, ™ (pK)",  (3-13b)
where
p=Io/I.,
0,,0 =9b,,/4,
w,,,(l) = vaa,va;
, { va,v’v | 2
Wy P =14 (16/9)Y_,/—, etc.

The first two terms of Eq. (3-13b) are the energy of a
rigid symmetric rotor while the last term, which is a
power series in pK, represents the effect of the internal
torsion on the rotational energy levels.

The convergence of the power series depends mainly
on the magnitude of pK. Although the coefficients w,, ™
are strongly dependent on the barrier height (more
precisely s) of the approximate form® A4s® exp(—Cv/s),
they do not converge very rapidly with increasing »
(see Fig. 8). Consequently the magnitude of the factor
(pK)™ must be examined and the perturbation calcula-
tion should then be carried out to the desired accuracy.

4. Energy levels and spectra—For a given torsional
state v there are two torsional sublevels characterized
by the symmetry properties 4 and E (or =0 and =1).
Associated with each such torsional sublevel is a set of
rotational energy levels, the structure of which is
governed by the effective rotational Hamiltonian H,,.
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For the nondegencrate A level the torsional functions
arc real and hence the diagonal elements of odd order
in p vanish, i.e., w,,’=0. The rotational Hamiltonian
is given to the second order by the first two terms of
Eq. (3-12). This is formally identical to the Hamil-
tonian of a rigid symmetric rotor with a modified rota-
tional constant C,,. Consequently, the rotational levels
associated with a nondegenerate A4 type torsional level
(hereafter referred to as 4 rotational level or simply 4
levels) have the same structure as the levels of a rigid
rotor (referred to also as the pseudo-rigid rotor levels).
For the case of the degenerate torsional levels, p.1,01 Is
different from zero, so that the structure of the rota-
tional levels here (called E rotational levels or E levels)
differs from that of a rigid rotor. The linear term in P,
in the Hamiltonian has the effect of removing the K
degeneracy characteristic of the rigid symmetric rotors.
Furthermore, since the second-order perturbation term
Wy, in Eq. (3-13b) is different for the 4 and E levels,
each torsional sublevel will have a different effective
rotational constant, C,,. The rotational levels with
oc=z=1 are doubly degenerate with respect to ¢ but
nondegenerate with respect to K, and vice versa for
the levels with ¢=0. Hence, all the energy levels are
doubly degenerate with the exception of the ones for
which ¢=K=0. Here the spatial M degeneracy has
been disregarded. The three pairs of doubly degenerate
levels 6=0, =K; o=+4+1, +K; ¢6=—1, —K; and
o=—1, +K; ¢=-+1, —K are shown in Fig. 4.
Physically, the presence of two sets of rotational
levels with ¢=0 and £1 may be understood from a
semiclassical point of view. For a high barrier the in-

/’_ N *
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BARRIER BARRER

Fic. 4. Correlation of rotational energy levels. The rotational
energy levels and rotational parallel (AK=0) transitions for
various conditions of asymmetry and barrier height. At either end
the symmetric rotor energy levels and transition are shown. Intro-
duction of hindered internal rotation splits each energy level in
three levels for a threefold potential barrier. The three transitions
however are coincident, giving only one line. Asymmetry splits
the 4 level (K doubling), but only shifts the E levels. Two weaker
lines on each side of the pattern are possible transitions between
the E levels, but these are not shown in the figure. If the barrier
height is raised, the energy levels tend toward the asymmetry
doublets, and two doublets are observed in the spectrum. Finally,
if the asymmetry is removed we are back to the symmetric rotor.
The thickness of the lines for each energy level is approximately
in agreement with the degeneracy of that level.
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ternal motion can be pictured as a back-and-forth
oscillation about the equilibrium configuration of the
molecule. The over-all rotation of the molecule along
with this mode of internal torsion gives rise to the set
of the A levels. The E levels can be associated with a
different mode of internal motion in which the molecule
passes from one equilibrium configuration to another in
a circulatory manner through the tunneling effect.
The double degeneracy of the E torsional levels is
related to the two senses (counterclockwise and clock-
wise) of tunneling internal rotation. One may then
expect the E levels and wave functions to have some
free rotational character.

As the dipole moment of the molecule is independent
of a, the selection rules for the rotational transitions are
AJ==41,AK=0, and Ac=0 (see Sec. 6). Equation
(3-13) shows that the frequencies of the rotational lines
are not changed by the internal rotation. Both the A
and E levels give rise to the same spectral lines and the
three transitions shown in Fig. 4 are all coincident.
Thus the effects of the internal rotation in the sym-
metric molecules are not detectable in the rotational
spectra associated with the ground torsional state. This
result can also be understood from the classical descrip-
tion by noticing that the rotation of a symmetric top
about its figure axis causes no change in the orientation
of the dipole moment and thus no dipole interaction
with the radiation. When internal rotation is present
in a symmetric top molecule, only the angular velocities
of the two groups along the figure axis are affected.®”
In the excited torsional states, however, the frequencies
of rotational transitions are appreciably altered by the
internal rotation through the interaction with the other
molecular vibrations.® The shifts of the frequencies of
these lines then serve as a means of determining the
barrier heights for the symmetric top molecules. This
method is more fully discussed in Sec. 7.

5. Reduction (o a rigid rotor al a very high barrier.—
At the limit of a very high barrier, the torsional func-
tions can be taken as Eq. (3-11). Furthermore, the over-
lapping between H,®, H,® and H,® can be neglected,
i.e., the diagonal elements of p (i.e., w,,") approach
zero. At first sight one might conclude that the effect
of Hrg vanishes for infinitely high barriers and the
Hamiltonian is then given by Hg. This, however, is
not correct because the rotational constant of P,? in
Hrp is not the rotational constant of the rigid molecule.
The reason for this is that the off-diagonal elements of
p increase with the barrier height so that the second-
order term

Zl"/(b"d— b'u’a)-l I Puv, v'a I 2

remains finite in such a way that w,® tends to zero.
This latter fact would be expected since Eq. (3-13b) is
in the form of a rigid molecule with the actual rotation
constant. With Eq. (3-11) it can be shown that the
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only nonvanishing matrix elements are

(Y
v, oo+l e = T V132
4 V2i\ 4F
(3-14)
1 /9Va\t
Pv,a;u—l,u:_—“ —‘) V3,
V2i\ 4F

Furthermore, the energy of a torsional harmonic oscil-
lator was given by Egs. (3-4) and (3-10) as

E,=3(v+3) (Vsl) = (9/4)Fb..

When this equation and Eq. (3-14) are substituted
into Eq. (3-13) the second-order term w,,® becomes
zero. Therefore, the effective rotational constant C,,
becomes the rigid rotational constant C.

B. Internal Axis Method (IAM)

The essential feature of the TAM is the application
of the Nielsen transformation to remove the coupling
term between the angular momentum for over-all rota-
tion and that associated with the internal rotation.
Therefore, external and internal rotation become sepa-
rable for the case of symmetric molecules. The IAM,
however, has the disadvantage that the torsional func-
tions are difficult to determine and are not conveniently
tabulated.

For the PAM the coupling term Hyg (which is not
small) is reduced by the Van Vleck transformation to a
power series in K whose coefficients vanish at the limit
of an infinite barrier. On the other hand, the coupling
term Hrg is removed in the IAM by the Nielsen trans-
formation, Eq. (2-8). The difference between these two
transformations is that the Van Vleck is barrier de-
pendent while the Nielsen is barrier independent.

The Hamiltonian was given in Eq. (2-20) as

H=A4,P)*+Py)+C.P,*+Fp"?+V(a),
where
A.=A,=h*/21,,

Ce=C=n/2I.(#C.).

The a, b, ¢ axes are the same as the principal axes for
symmetric molecules, and the differential operators for
P/, Py, P/, and p' are given in Sec. 2 II. C2(b). Since
the P”’s do not contain a, the wave function can be writ-
ten as a product of the symmetric rotor wave functions
and the torsional wave function:

Y=Sskm(0,0)e KX Mg,, (o). (3-15)

The symmetric rotor functions are the eigenfunctions
of the first three terms of the Hamiltonian Eq. (2-20)
and Mk, (a’) represent the eigenfunctions of the
equation

dZ
[—1«‘——+ V(a')]M(a') =EM (),  (3-16)
da’?
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with the appropriate boundary conditions. The sym-
metric top wave function of Eq. (3-15) contains x’ in-
stead of x as a variable. The angle x’ was defined in
Eq. (2-15).

The boundary condition for Eq. (3-16) must now be
considered. Obviously, the wave function must be
periodic in 2z with respect to x; and x: (the Eulerian
angles of the two parts), i.e.,

‘//(07 sa,Xl)X?) =¢/(0J (2] X1+ 271'71/1, X2+ 271'%2),

where #; and #, are integers. In terms of x’ and o, the
wave function ¢ becomes

1,0(0, ¢)X,)a,) =¢{0: @, XI+ (27r/1c)[1an2+ ([¢—I¢X)nl]y
a’+27r(n2-nl)}. (3-18)

In order to satisfy this condition use is made of the
fact that according to Floquet’s theorem, a particular
(nonperiodic) solution of the Mathieu equation can be
written as

(3-17)

M () =e"*'P(a), (3-19)

where P(a) is periodic in 27 and f is a real constant
which is chosen so that Eq. (3-19) has the periodicity
as demanded by the physical situation. For the present
case one has

(K/I)[Tanot T —I)n ]+ f(ne—n1)=n

(an integer). (3-20)

This can be satisfied by setting f equal to either —pK
[ie, —K/I.)] or 1—p)K [i.e, +T.~I./I)K].
In the first of the series of papers on the internal rota-
tion in methyl alcohol, Koehler and Dennison chose
(1—p)K. [Also their internal angle x is equal to —a
which is used here (see Appendix 4).] However, it turns
out, for most cases, to be convenient to take f=—pK.
The resulting wave equation is then

¢=S,;KM(0,<p)e"K’<'e_“’K°"P(a'). (3-21)
Equation (3-21) shows that the internal and external
motion are separable inasmuch as the wave function
can be expressed as a product of a function of the three
external Eulerian angles and a function of a (¢/=a)
alone. The fact that the quantum number K appears
in the torsional part of the wave function does not
signify a physical coupling between the over-all rota-
tion and the internal motion in the sense that the
torsion of one group of the molecule about the other
does not affect the motion of the “internal rotation
axes” (see Sec. 2 II. Al). On the other hand, the reader
may recall that in the treatment of the symmetric
molecules by PAM there is a coupling term Hiz be-
tween the external and internal motion. In the PAM
the set of moving axes is rigidly attached to one group
of the molecule; while in the TAM the internal rotation
axes, which are used as the coordinate system, are
moving with respect to both of the groups. Since only
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the rotation of the internal rotation axes is unaltered
by the internal motion, the coordinate frame used in
PAM also oscillates at the frequency of the internal
torsion.

1. Rotational equation.—The first three terms of the
Hamiltonian Eq. (2-20) are the same as a rigid sym-
metric rotor molecule with energies as

Hr=A(P24+P?)+CP2 (3-22)
Esxu=AT(J+1)+(C—A)K?,

where

A=m/2I, and C=#/2I,.

2. Torsional function.—Although the torsional equa-
tions for the PAM and the TAM are identical, the
torsional functions for these two cases are not the same
because of the different boundary conditions. As ex-
plained above, the torsional function of TAM may be

written as
M (a)=e"*K2P(q). (3-23)

The differential equation for P(a) is obtained by sub-
stituting Eq. (3-23) into Eq. (3-16) with the result

—F(&P/da®)+2iFpK (dP/da)

+3Vs(1—cos3e)P= (E—Fp*K?) P, (3-24)
where
n? #? I,
Fp=——— and Fpl=———,
2(I,—1,) 2 I1.(I.—1,)

This equation [or Eq. (3-16)] can be solved in the
most general way by the method of continued fraction
which is discussed in Appendix 2.

(@) Properties of the torsional levels: Since the solu-
tions of Eq. (3-23) are different for different K, the
value of K should be included as a labeling index for
P(e) and E. Furthermore, as a appears explicitly in
Eq. (3-16) only as cos3a, an eigenfunction M (a) can
be classified into one of the three general types corre-
sponding to ¢=0, =11{} in the expression

Prye=2 1A iy K6l Gkt
or (3-25)
MK“,:e—ipKa Zk-A 3k+UKvei(3k+a)a‘

Analogous to the solution of the torsional equation in
the PAM, for each given ¢ one has a family of the func-
tions Pk,.(a) and these functions are again labeled by
the index z. Unlike the U(a)’s given in Eq. (3-9), the
eigenfunctions Pk ,,1(a) here are not degenerate with
Pk v,~1(a) because the differential Eq. (3-24) for P(a)
contains imaginary coefficients. On the other hand,
since P*(a) is a solution of the equation obtained by
taking the complex conjugate of Eq. (3-24) (the same

11t The quantity ¢ is the same as Itoh’s —p and is related to =
used by Dennison ef al.320.3248 by the expression K+r=¢-41
(mod 3).
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as the differential equation for P(a) with —K), we have
Pk v1(0)=P_g . -1%(),
Pk vo(@)=P_k»0*(a),
Mk vo(0)=M_k . —*(a),
Pyyo=U,,q,

(3-26)

and
EK,v,le—K,v,—ly

EK,v,0=E—~K,v,0'

At high barriers the arrangement of the eigenvalues
(Exkvo) in the TAM is similar to that in the PAM, i.e.,
the levels are grouped in a number of clusters corre-
sponding to different values of the torsional quantum
number ». Within each torsional state there are three
distinct levels (rather than two in contrast with the
results of the PAM) characterized by ¢=0, 1, —1, for
K>#0. The three levels are shown in Fig. 4. When K
is equal to zero, the levels with ¢=1 and o= —1 are
degenerate. The result that the eigenvalues are different
for the PAM and the IAM comes as no surprise for the
torsional equation is actually defined differently in
these two methods. Physically, this discrepancy arises
from the fact that the external rotation in the IAM is
not the same as that in the PAM. However, the com-
posite energy levels for the combination of the external
and internal rotation calculated by both methods are
identical as one would expect. This is illustrated in
Sec. I. B3.

(b) Eigenvalues of the torsional equation: The tabu-
lated solutions of the Mathieu equation are not directly
applicable to the torsional function in the TAM since
these functions do not have the periodicity of 27. The
general method for obtaining the solution by the use of
continued fraction is described in Appendix 2. The
procedure for determining the eigenfunctions is in
general complicated but at the very high barrier these
functions can be approximated by the harmonic oscil-
lator functions. In addition, the eigenvalues can be
simply obtained by the following approximate method:
when pK —g¢ is replaced by pK—o+3, the form of Eq.
(3-25) is not altered, and therefore the eigenvalues re-
main unchanged. One may then regard the eigenvalues
as periodic functions of (27/3)(pK—o) and expand
them in a Fourier series as

Exve=F 3,0, cos(2mn/3) (opK—0a). (3-27)

If pK—o is equal to zero or a whole multiple of three,
then Eq. (3-25) reduces to the solution of the Mathieu
equation (with a periodicity of =) when the substitu-
tions given in Eq. (3-4) are made, i.e.,

E(pK—0=0) — b(m).
Here b and E differ by the scale factor given by Eq.
(3-4). Similarly, one can show that

E(pK—o=3) — b(2m),
E(pK—a=1) — b(3m),
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and more generally
E(K—o=2x) — b(3r/x).

Up to this time only the low integral values of 3/« have
been tabulated (see Appendix 3).

If the series in Eq. (3-27) converges so rapidly that
E may be approximated by the first two terms in the
Fourier expansion, i.e.,

E=F[ao+a; cos(2w/3) (oK —0)], (3-28)

then the coefficients @ and @; may be determined from
the tabulated values'™ of d(w) and 8(27). When this is
done, Eq. (3-28) can be used to calculate the approxi-
mate values of &(N). To this approximation the equa-
tion for &(N) is

1 2w
b(Nw) =5(1+c055)b(7r)
1 2r
- (1=cos Joam, 529
2 N

such that any DMathieu eigenvalue can be approxi-
mated® from b(z) and b(27) provided that the Fourier
coefficient a; is small. If the coefficient a; is not small
then &(3x), b(4r), etc., can be used to obtain the co-
efficients @ and @; and a better value of 5(Nr) (see
Table III). Therefore, the Mathieu eigenvalues can
be readily approximated for any periodicity.

(¢c) Harmonic oscillator approximation: As in the case
of the PAM, the torsional function can be approxi-
mated by harmonic oscillator wave functions at very
high barriers. Since the classical amplitude of the in-
ternal torsion approaches zero at the limit of very high
barriers, the factor e~*Xe in the torsional function
M(a) may be replaced by unity and Mg,.(a) —
Pg.o(). Under such circumstances M (a) can be ap-
proximated by Eq. (3-11). The energy levels of Eq.
(3-16) are then given by Eq. (3-10).

3. Energy levels and spectra.—The total energy of a
symmetric top exhibiting internal rotation is equal to
the sum of the energy associated with the over-all rota-
tion Eska and the torsional energy Ex,q, Or

E(]KM'UO’)=EJK1W+EK1M‘ (3-30)

Since the K degeneracy remains in the rigid symmetric
rotor energy, from Eq. (3-26) it may be seen that

E(J,KMpo)=E(J, —K, M,v, —0¢).

Therefore, all the energy levels are doubly degenerate
except the K=0, 0=0 levels—a result which was also
found by the PAM. Now substituting Egs. (3-22) and
(3-27) into Eq. (3-30), we obtain

E(JKMuo)=AJ(J+1)+(C— A)K?

2mn
+I'Y a,™ cos—(pK—0). (3-31a)
n 3
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The last term in this equation represents the effect of
the internal torsion on the rotational energy levels. If
oK is reasonably small and the Fourier series converges
rapidly, the cosine terms in the last member of Eq.
(3-31) can be expanded in the following manner:

2mn
> a,® cos? (pbK—0)

2mo 2mn
—Z @, cosT[l—— ——pK) +-- ]

2w 2mn
+> a.® sin—[——pK+— . ] (3-31b)
3L3
For ¢=0 the K? term from Eq. (3-31b) can be incor-
porated into the term (C—A4)K? in Eq. (3-31a), and
therefore it has the effect of modifying the rotational
constant. The rotational levels for this case have the
same pattern as a rigid symmetric rotor—pseudo-rigid
rotor level. In the case of the degenerate torsional
levels (¢==1), the expansion in Eq. (3-31b) introduces
a term linear in K, into the energy equation. This
causes a splitting of the K degeneracy of the rigid
symmetric rotors. The conclusions obtained here are
therefore in complete agreement with those derived
from the PAM. When pK becomes larger, the (pK)?
and (pK)* terms should be included in the expansion of
cos(2w/3)(pK —o). In terms of the PAM the higher-
order Van Vleck perturbation treatment must be
applied to the Hamiltonian in order to obtain accurate
results.

By following the selection rules AJ==+1, AK=0, and
Ag=0 one finds again that the rotational frequencies
depend only on the rotational constant 4 and the
quantum number J, and are not affected by the internal
torsion. Therefore, only one line is observed as shown
in Fig. 4 for this model.

C. Comparison of the Two Methods

The main difference between the two methods is that
the TAM gives a relatively simple Hamiltonian but
more complicated torsional functions, whereas the PAM
gives a more complex Hamiltonian but simpler torsional
functions. The chief difficulty in the TAM is associated
with the determination of the torsional eigenfunctions
and eigenvalues. On the other hand, the coupling term
pP. in the PAM is not a small perturbation, so fourth-
order perturbation calculation is sometimes necessary
to obtain accurate results for the energy levels.

A comparison of Egs. (3-13b) and (3-31a) shows that
the effects of the internal torsion on the rotational
energy levels are expressed by a power series in the PAM
and a Fourier series in the IAM. Generally, calculation
of the first- and second-order terms in the power series
(wy,,® and w,,,?) is comparatively simple, but the
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higher-order terms are more difficult to evaluate.
Herschbach® has suggested that the tabulated eigen-
values of the Mathieu equation and the first two per-
turbation terms in PAM be used to determine the
Fourier coefficients in the TAM which are otherwise
tedious to calculate by the method of continuous frac-
tion. Since the Fourier series in IAM converges much
faster than the power series in Eq. (3-13b), the former
may be used to obtain the rotational energy levels and
also the higher-order perturbation terms of the PAM.
This technique is really very interesting for we have
solved the problem approximately by the PAM where
the boundary conditions are simple and have then con-
verted this to the more exact solution of the TAM.

II. Asymmetric Molecules
A. Principal Axis Method (PAM)

The Hamiltonian given in Eq. (2-37) can be grouped
in the following manner:

Hy=3(A,+B,)(P2+P)+C.P2+Fp*+V(e), (3-32a)

Hy=—=23 Q:Pip, (3-32b)
and 1
Hy=5(A.—Bo)(P—P)

+3 2 Dij(PiPi+P;iP;). (3-32¢)

i
The energy matrix is now constructed with the basis

functions
Ssra(0,0)efxU,q(a).

In this representation H, is completely diagonal; H,
is diagonal in 9, but not in K ; and H, has diagonal and
off-diagonal matrix elements in K and v. As in the case
of symmetric molecules, the Van Vleck transformation
is applied to remove the nondiagonal elements in v so
that the new energy matrix assumes the block structure
shown in Fig. 3. The effective rotational Hamiltonian,
correct to second order, for the oth torsional state isfi}

Hyo=A4,0P5+ By P+ Coo P2+ Eyf
+3 2 Dijwy,® (P:Pi+P;P )+Z QiPaw,e ™,

1#]
(2)]
)

vo,v'a 2
- _1+ WALl

vv*bv 4

(3-33)
where

h? N o
A,,,,=—[1+———w,,,
21, rl,

11t Here v we have assumed that the torsional levels of different
v are much more widely spaced compared to the rotational levels.
When this is not the case, the (K|K’) elements, introduced by H,
to the diagonal v blocks through the Van Vieck transformation,
have a very complicated form.2sb
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and similarly for B, and C, with the appropriate per-
mutations of x, y, and z.

Alternatively the Hamiltonian given in Eq. (2-38)
could be used for the perturbation treatment. The Van
Vleck transformation now gives the following®:

[
qu=; ZOI—-I-F Z 'LC‘M(")H m

g

(3-34)

where
II=p-P,

and the w,,™’s are the same perturbation terms given
in Eq. (3-13b). Naturally, Egs. (3-33) and (3-34) are
identical. Equation (3-33) shows the perturbation cal-
culation more clearly and shows that the rotational con-
stants are modified by the internal rotation. Equation
(3-34) shows the similarity to the symmetric molecule
formulas and leads more naturally, as we will see later,
to higher-order perturbation corrections.

1. Energy levels and specira—From Eq. (3-33) the
rotational constants for the over-all rotation of the
molecule are modified by the internal rotation. Also the
orientation of the “effective” principal axes is changed
by the cross terms D;w,,® (P;P;+ P;P;). Both of these
changes depend on the torsional state » and ¢. As in
the case of the symmetric molecules, there exist two
sets of rotational levels for each torsional state. The
Hamiltonian for the pseudo-rigid rotor levels (o=0)
to second order is given by Eq. (3-33),

Hv0=-Av0Pzz+Bv0Py2+Cv0P22

+Z %’ijww(?) (PL'Pj’i‘ Pij),

i#j

(3-335)

where the rotational constants A4,, etc., differ from the
respective constants of a rigid molecule by terms pro-
portional to w,®. Also the cross terms between the
P’s contain w,0®. As mentioned before, the quantity
w,0® decreases rapidly with increasing value of the
reduced barrier height s [defined in Eq. (3-4)] and
approaches zero for very high barrier.

For the E levels the Hamiltonian is also given by
Eq. (3-33). Because of the linear terms in P,, P,, and
P, the spacings of the E levels are different even quali-
tatively from those of a pseudo-rigid rotor. However,
in some cases, especially for high barriers and low K
energy levels, when the asymmetry splitting of the K
doublet is not too small, the effect of the terms con-
taining p,... is negligible.§§8 The effective rotational
constants 4, 4, etc., are, however, appreciably different
from those for the 4 states as well as those for the rigid
molecule. Under such circumstances both sets of the 4
and E levels are similar in structure but have different
effective rotational constants.

§§§ It should be noted that the effect of the linear terms is
negligible only when it connects no near degenerate levels. Also
if the quantity pK becomes large, higher-order perturbation terms
are needed [see Eq. (3-34) and Sec. 3].
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The sclection rules arc identical to those for a rigid
asymmetric top with the additional restriction of Ag=0
since the dipole moment is independent of the angle a.
The most intense spectrum arises from the molecules in
the lowest torsional state, i.e., v=0. For each rotational
transition one finds two lines; one originates from the
rotational levels associated with the nondegenerate
torsional levels and the other one from the degenerate
E levels. The essential feature of the spectrum is that
doublets occur instead of a single line as in the case of a
rigid molecule. This is illustrated in Fig. 4. The lines
belonging to the A species follow a pseudo-rigid spec-
trum to the second order and the E lines may or may not
be fitted to a pseudo-rigid Hamiltonian depending on
the height of the barrier and the asymmetry of the
molecule. The two members of the doublet are of more
or less the same intensity; the ratio of the intensity is
governed by the relative nuclear statistical weight
assigned to the A4 and E levels (see Sec. 6). The separa-
tion of the two lines of a doublet depends very critically
on the height of the barrier. It is from these splittings
that we determine the barrier height. In the next sec-
tion we discuss the calculation of the doublet splittings.
The methods of evaluation of the barrier height from
the measured values of the splittings are presented in
Sec. S.

2. Calculation of energy and doublel splitlings.—The
matrix elements of H,, in Eq. (3-33)"! are

(K| Hool K) =3 (Aot Bor)J (J+1)
+[Cro—3 (Aot Boo) JIK2HQ200, VK,
(K H,o| K1) =3[(D,.iD.)w,,® 2K=+1)
+ (04 £i0.) w0, V[T (J+1) — K (K1) T,
(K|H,(| K£2)= —1[ 45— Buomt 2iDuy10,0 @]
X[J(J+1)—K(K=+1)]
X[T(J+1)— (K£1)(K£2) . (3-36)

The indices J, M have been deleted since H,, is
diagonal in these quantum numbers, and the constant
term E,, has been dropped. Here, in addition to the
(K|K=2) contribution from the usual asymmetry of
H,, there are off-diagonal elements from the cross terms
in Diw,,®. Also H, has contributed both a diagonal
term in Q.w,,V and off-diagonal terms in Q.uw,,®
and Q,w,, M.

The Hamiltonian H,, in Eq. (3-33) may be simplified
by performing a rotation of coordinate axes to eliminate
the cross terms between the components of the total
angular momentum P. Referred to this new coordinate
axes system which is the “effective principal axes”
system for a torsional level, the effective Hamiltonian
becomes

Hva,: 44 z-ale/2+ val-l);ylz
+Coe’ P2+ 0/ Plw,, V. (3-37)

The orientation between the two sets of axes can be
determined either by diagonalizing the 3X3 matrix in
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Tasre 1. Low J encrgy levels.?

Lk
Eoo‘—"o
Ejo=A/'+Bw'— (gt+g)
En=%(4.'+Bw")+Co’+3(gt+5)
[ (0:ws®)2 43 (Ao’ —Boo')2— (Aue"—Buo') (gy—g) I
Eao=W (A0s'Bus'Cos' =2, K=0)—3(g*+¢")
+0[(4—B)(2C—A4—-B)¢]
En=(5/2)(Avs’+By")+Cos’+3(g"+¢7) /2— (kT+k7)
£[(Q:wsM)24-(9/4) (Ave’ —Buo')2—=9(Avs’ —Boa') (gy—g) 1
where
8= (0:""+Qy ) [wos W I[2Cos’ — Ave’ — Buo'£2Q:"w., V1
8i=0:"[wyeWP[2Cos’ — s’ —B.o' T (=2, )
gte=i(gt+g)
kE=2(02"40,?) [woe P J2[6Css" —34 5" —3Brs’ 20, w61 ]

s The Av,/, Byw,’, and Cy,’ are not necessarily identical with the A, B,
and C of King et al.,#! and the quantum number K is no longer a good quan-
tum number, but it is still used for labeling. In the expression for the Ezo
engr%_:yIWr is the rigid rotor energy with the rotational constants 4./, B./,
and Cy'.

the usual manner or by applying successive 2)X2 rota-
tions. The relations between the new coefficients 4,,,
etc., in Eq. (3-37) and the old ones in Eq. (3-33) can
be set down by noting that 4, B, C, D.,, etc., trans-
form like the six components of a symmetric second-
rank tensor and Q., Qy, Q., transform like the com-
ponents of a vector. Very often the change in the
effective rotational constants introduced by such a rota-
tion is negligible. For instance, in the case of acetalde-
hyde (CH;CHO) the cross term P;P; is removed by
rotating the body axes through an angle of approxi-
mately one degree.

For the nondegenerate 4 levels the last term of Eq.
(3-37) vanishes. The rotational energies are just those
for a pseudo-rigid rotor with slightly corrected rota-
tional constants and can be calculated by well-known
methods or obtained from published tables.#!:97.18 Tn
the case of the E levels the energy matrices for both
Eq. (3-33) and Eq. (3-37) contain a term linear in K
on the diagonal and also (K|KZ:1) elements. The two
kinds of factoring available for rigid asymmetric tops
are spoiled, and for a given J, a (2J41)(2J41) de-
terminantal equation must be solved. Except for low J,
the straightforward diagonalization of this matrix is
very difficult. The procedure of diagonalization may be
somewhat simplified by applying a Van Vleck trans-
formation to reduce the (K| K=£1) elements. Except for
the energy levels with small asymmetry splitting, after
a second-order Van Vleck transformation the new
(K|K=1) elements are usually such that their con-
tributions to the diagonal terms are negligible for low
J levels. The approximate formulas for some of the
energy levels are given in Table I. Also approximate
formulas for the splitting of the 4 and E levels (not the
lines) can be derived; these are given in Table II.

When the barrier is very high the value of w,,®

J. D. SWALEN

becomes so small that the £ levels for low K also con-
form to the pattern of a rigid rotor with effective rota-
tional constants different from those belonging to the
A levels. The energy splitting between the 4 and E
levels, AW, is simply equal to the difference between
the “rigid rotor energy” of the two types of levels,
W4, and Wg, as

AW =W 4—W p= (0W/34)AA
+(0W /0B)AB+ (W /3C)AC.  (3-38)

If the rigid rotor energy is written in the usual form*

W=3UA+C)J(T+1D)+3A=C)EW),| || || (3-39)
then it follows that
N /04 =53] (J+1)+3L()— 3 (k+1[IE(x)/dx],
OW /OB=0E(k)/dx, (3-40)

oW /oC=3J (J+1)—3E(x)+3(k—1)[dE(k)/x].

The values of [dE(k)/dk] can be estimated from the
tabulated eigenvalues of rigid rotors.*!:1® By substitut-
ing the results of Eq. (3-40) into Eq. (3-38) the energy
separation between the 4 and E levels is obtained.

3. Higher-order effects—(a) Third- and fourih-order
perturbation terms®*®: Up to this point the discussion
of the PAM represents the second-order theory in the
Van Vleck perturbation treatment. When the barrier is
not sufficiently high and/or the quantity pK is large
(as in the case of CH3COOH),5 the third- and fourth-
order perturbation terms should be taken into con-
sideration. The form of the effective Hamiltonian
given in Eq. (3-34) is very convenient for the calcula-
tion of the higher-order terms. Also, the perturbation
coefficients are the same as those given in Eq. (3-13b)
for a symmetric molecule. The higher-order perturba-
tion corrections can be calculated directly from the
matrix elements of p or by the labor-saving method
given in Sec. I. C. Herschbach®?% has tabulated a num-
ber of these terms. The readers are directed to Sec. 5 for
more detail of this method. With the higher-order terms,

TaBirE II. Low J energy splitting (4 —E).

AFEy=0
ALw=AA+AB+-gt+¢~
ALL=AC+3(A4A+AB)—5(gt+y)
2wy, D ]2
+ [% (A4 —AB)+(gy—g2) ______‘]
A-B
AEn=ACH(5/2)(AA+AB)— (3/2) (gt+g) + (k*+F7)

2wy, W]
:t[(S/z)(AA—AB>+3<gu—gz>—9£“_ ]
3(4—B)

where
[ Qw0 ™| <| (4—B)|

II'll Il In this equation the rotation constants 4, B, C, are such
that A >B>C and they are not necessarily identical to A..,,
Bys, and Cy.
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matrix clements of the form (K|K=3) and (K|K=+4)
are introduced and these can be treated in a manner
similar to Kivelson and Wilson’s treatment?” of the
centrifugal distortion problem.

(b) Sixfold potential energy term, Ve*38: So far we
have assumed that the potential function is sinusoidal
in o without rigorous justification. If the expansion of
the potential function in Eq. (2-1b) converges rapidly,
the Vs term can be treated as a perturbation. When
this is done, the Vg contribution merely changes the
values of all the perturbation coefficients w,,™ in such
a way that its contribution cannot be separated from
that of V3 without data from more than one torsional
state. In order to evaluate the Vj coefficient, it is
necessary then to study the internal rotational effects
in more than one torsional state. 999 This Vs term
should be generally smaller than the threefold potential
by a factor ranging from ten to a thousand.

B. Internal Axis Method (IAM)

Since the treatment by the IAM for the most general
type of molecule (no symmetry aside from that of the
CHj; group) is algebraically very complicated, the dis-
cussion here is confined to those molecules which have
a planar framework. Papers by Pitzer and Gwinn,3
Hecht and Dennison,® and Burkhard” discuss the
general type of asymmetric molecule by the TAM.

1. Hamiltonian and maltrix elements.—In Sec. 2 three
different forms of the Hamiltonian were derived. They
were given in Eqs. (2-26), (2-29), and (2-31). We are
now at liberty to use any one of these Hamiltonians to
solve for the cnergy levels. Let us first consider the
Hamiltonian (2-29).*" This Hamiltonian can be
divided as follows:

Ho=3(Aa+By") (P4 Py*)+C" P+ Fp"+V (o),
H1= %(Aa_BbH)(Pa//g_ Pb”2)+Dbc”(Pb”Pc”+Pc”Pb“)-

P, P}, and P, are the components of the total
angular momentum along the axes fixed in the frame-
work of the molecule (rather than the internal axes
which rotate with respect to both the framework and
the top), i.e., the orientation of this axes system is
described by the Eulerian angles 6, ®, and x (but not
x'). Consequently, we choose the eigenfunctions of H,
as the basis functions for constructing the energy
matrix. These functions are

¢= SJKM (eyq))eiKXQ (a))
where Q(e) is the solution of the torsional equation

LEp" 4V (@) J0(e) = EQ(a).

(3-41)

(3-42)

.~ YYTKilb et al.?® calculated a V¢ term but their approximation
Is now realized to be inadequate because they ignored the third-
order correction in the evaluation of the Vg term from the split-
tings in the ground torsional states.
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Since ;" is diagonal in H,, using Eq. (2-28) we can
write

p'=p—pP"=(1/i)(8/9c)s,5x—pK, (3-43)

which can then be substituted into Eq. (3-42) with the
result

[F(—i(d/da)—pK)*+V ()]0 ()= EQ(a), (3-44a)
or
[—F(d/da®)+V (@) IM (@)=EM (o), (3-44b)

where M (@) is e *%¢Q(a). Equations (3-44) are just
the same as Eqs. (3-16) and (3-24) only with the scale
change in p and F [see Eq. (2-30)]. Analogous to the
function P(e) in Eq. (3-25) the eigenfunction Q(a) can
be expanded in a Fourier series as

Q(a) =2 xA sy Kot @mtoe, (3-45)
Furthermore, it can be easily seen that
— *
Qkvo(@)=Q-gv—o*(a), (3.46)

EKva = E—Kv—~v-

Before deriving the matrix elements of H let us con-
sider the Hamiltonian® given in Eq. (2-31). This
Hamiltonian can be divided as follows:

Hy=3(Aat+By") (P> +Py?)+C.'P2+Fp"+V (a)
Hy=3(4a—By")
X[(Pa*—= Py") cos2pa— (Po' Py'+ Py Po) sin2pa]
+ I)bc”[ (Pb,Pc‘{" Pc’Pbl) Cospa
4+ (p P/ 4P,/ P,) sinpa].  (3-47)

Here 2./, P/, and P, are components of the total
angular momentum along the internal rotational axes.
The orientation of this axes system is described by the
Eulerian angles 6bx’ where

X'=x+pa,
[see Eq. (2-28)]. The basis functions again are chosen
to diagonalize H,. They are

Y=Srkxu(0,2)e’EX M (o), (3-48)

where M (o) is the solution of the torsional equation
(3-44b) which must satisfy the boundary conditions
[see Eq. (3-20) Sec. I. B]. Furthermore, we can see
that the basis functions given in Egs. (3-41) and (3-48)
are indeed identical as

ciKXQ(a)‘__ eiKX'e-—ipI{aQ(a) = eiKX’ﬁ[(al)-

The energy matrix can then be constructed from the
Hamiltonian Eq. (2-29) with Eq. (3-41) as the basis
functions or from Egs. (2-31) and (3-48). The results
of these two schemes are identical.

The matrix elements of the Hamiltonian®3! are as
follows:

(Kvo|H|Kvo)=}(A o+ By)[J (J+1)— K?]

+C/ K+ Exyp,  (3-492)
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(Kve | H| K41, ve)=D,.” (K4+3)
X+ =K (K+1) & 11005"7
(Kvo|H|K+2,v'0)
=—{l~B/NJ(+1)—KEK+D]
X[T(T+1)— (K+1)(K+2) P ko057,
where

211
IK'U’«KD":f QKM*(OI)QK'v',(a)da.**** (3-50)

0

(3-19b)

(3-49¢)

If the Hamiltonian form given in Eq. (2-26) were to
be used,®3 then the scale factors p and F would be
those corresponding to the symmetric molecule, i.c.,
p=I./I,. and F= #2/2)[I../I«(I..—1.)]. Unfortu-
nately, there are more matrix elements (those linear in
$’) which needed to be calculated and generally this
formulation has no advantage over the other two. As a
result we do not discuss it further.

2. Integrals involving the torsional funclions—In
order to obtain the energy levels it is necessary first to
compute the integrals given in Eq. (3-50). Evaluation
of such integrals is generally quite complicated because
of the difficulty involved in the determination of the
torsional functions by the procedure of continued frac-
tions. Fortunately, for the case of high barriers (s> 20),
one may use the harmonic oscillator approximation for
the torsional functions and the integrals can be ob-
tained in a much simpler way.

At the limit of infinite barrier, Ik, ,%*" approaches
zero for 57" and unity for v=1". It is convenient then
to introduce the terms

dkp1pei 0 =1— f Qoo (@)Qk41,00(@)da,
0
\ (3-31)
Ok 12,0087 = 1“'f Qkvo*(@)Qr 12,00 (@)da.
¢

By using the harmonic oscillator approximation for the
torsional wave function Hecht and Dennison® obtained
the following formulas for the ground torsional state
v=0:

5K+1,0aK0“=f(P/3):

(3-32)
Skt2,005 = f(2p/3),

where

1 1

Expressions for Ix, %7 (v#7") have also been derived
by Hecht and Dennison from the harmonic oscillator
approximation [see Eq. (28) of reference 20]. An im-

*¥** Hecht and Dennison® chose the torsional function in the

form of
Mgpo(a) =€0"PEeQy, (),

which leads to the same integrals /x»-,X*? in different forms. The
form given above is the same as Itoh’s.®
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portant property of the integrals in Eq. (3-30) is their
relative independence of the quantum numbers K and
o. Furthermore, unlike the case of PAM the matrix
elements off-diagonal in v are usually very small and
their contributions to the energy are rather unimportant.

3. Diagonalization of the energy matrix—The di-
agonalization of those elements off-diagonal in v can
be accomplished by a Van Vleck transformation. After
this transformation the energy matrix takes on a block
structure in which each block corresponds to a certain
value of J with the dimensions (2J41)X (2J41). Both
(K|K=+1) and (K|K=2) elements are present in these
submatrices because the coordinate axes are not prin-
cipal axes. One then applies a transformation S (=S.52)
which diagonalizes the limiting rigid rotor Hamiltonian.
The off-diagonal elements of the transformed Hamil-
tonian now consist of only the terms containing the
integrals /g, ,*" and Eg,,. Examples of the trans-
formed Hamiltonian have been given by Hecht and
Dennison for J=1.11tT The energy levels can then be
obtained by the usual perturbation method (or a
modified procedure may be recommended in case near
degeneracy occurs). One may, of course, apply a trans-
formation S’ to H to bring it directly into the diagonal
form. The advantage of using .S instead of S’ is that the
former transformation matrix can be set down in a
systematic fashion.

Let S be written as S1.S» where S; transforms the co-
ordinate axes to the principal axes system and .S, is
the matrix which diagonalizes the asymmetric rigid-
rotor Hamiltonian (referred to principal axes) in the
symmetric top representation. The elements of S; can
be determined from the asymmetric rotor energy levels
by well-known techniques.®” The elements of .53 can be
written directly from the representation of the rota-
tional group as given by Wigner''” as

Yok ,=2 kD’ (B)k px¥ox=2_k(S1)K k¥ K,

where K, and K refer to the quantum number along
the z principal axis and the internal axis, respectively,
and

D7 (B)kpr=2_(—1)"
LU+E)(T=K)(J+K) (J—Kp) ]
(J=K =) {(J+EK—n) n!(n+K,—K)!

B 2T HE—Kp—2n ) B\ 2K K
X COSE) smg . (3-54)

The summation is from the larger of 0 or (K—K,) to
the smaller of (J—K) or (J—K,). The angle 8 is the
angle between the vector ¢ and z principal axis, i.e.,

(3-53)

111t See p. 38 of reference 20. In these matrices the elements
nondiagonal in v have been neglected because they do not con-
tribute to the splittings of the 4 and E levels but only cause a
shift in frequencies.
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the angle between the ¢’ and the z axis:

sinB= p,/p.

For small angles of 8 Eq. (3-54) can be expanded (to
the order of 8?) with the results®?:

(S)rx= 1—%[-’(]4' 1)—K?],

B8
— (Sl)K,K+1= + (SI)K+1,K=—[(]“K) (]‘*‘K‘f‘l)]%;
2 (3-55)

(S1)o1a= (51)1.1=%f(]+ 1),

(szy/py asz/P)‘

4. Energy levels and spectra.—Since the energy matrix
given in Eq. (3-49) is diagonal in ¢, one may expect to
have three series of energy levels corresponding to ¢=0,
1, —1. From Eq. (3-46) the energy submatrices for
o=1 and ¢=—1 are identical, therefore the energy
levels for e=-41 are doubly degenerate. The eigen-
functions for ¢==41 correspond to the symmetry
species E of the C; group, and the levels with ¢=0
have the symmetry properties of the A species. Since v
is nearly a good quantum number (the elements off-
diagonal in v are small), a torsional level is labeled by »
and ¢, and associated with each torsional level one has a
set of rotational energy levels characterized by the
quantum numbers J, K, M.

The selection rules Ac=0 (derived in Sec. 6) predict
two lines for each rotational transition associated with
the ground torsional state =0 for relatively high
barriers, one from the nondegenerate torsional levels
=0, and one from oc==+1. Figure 4 shows two pairs
of such transitions arising from the two K doublets of
a slightly asymmetric top. The splitting of the doublets
depends mainly on the tunneling, and the separation
between the two pairs of doublets depends on the asym-
metry. When the splitting and the separation become
comparable in magnitude a mixing of states occurs
such that “forbidden lines” can now occur. This is
discussed in Sec. 5.

The doublet structure in the microwave spectra is
characteristic of the threefold high barrier case, and
when the splitting is not too large, the doublets can
easily be recognized because the Stark effect is virtually
identical for the two lines. Since the &’s and the in-
tegrals I are to a good approximation independent of K
and o, the difference between the two corresponding
eigenvalues of the degenerate and nondegenerate sub-
matrices for a given J arise only from the terms con-
taining Eg,,. Therefore, the splittings of the doublets
in the microwave spectrum depend to the first order
only on Ex,, but not 6x+.*” and Ix+,.X*"” which cause
only a shifting in the positions of the lines. The effect

863

of the &’s and I’s can be included,® but the relations are
rather complicated. After the transformation .S, the re-
sulting Hamiltonian contains some elements which
carry the &’s as coefficients and have the same structure
as the ordinary rigid asymmetric rotor matrix elements.®
As a result the &’s add a correction to the rotational
constants which is the same for the degenerate and non-
degenerate levels.

Since the energy levels (except K=0, 0=0) are all
degenerate for symmetric tops with high barriers, it
can be seen that the presence of the asymmetry splits
some of these degenerate levels so that the levels with
=0 are now nondegenerate. The splitting of the levels
by asymmetry can be seen in the following way: to
split a pair of degenerate levels of the unperturbed
system (the symmetric molecule), say K=2, ¢=0, and
K=—2, ¢=0, it is necessary that the perturbation
(the asymmetry) offers matrix elements connecting
these two levels directly or through high-order terms.
In the present case these two levels do indeed interact
with each other through the asymmetry terms as

K=2 6=00K=0, =0 K=—2, ¢=0.

On the other hand, since the asymmetry terms are
diagonal in o, the pairs of levels with quantum number
K, 0=1, and —K, ¢=—1 which are degenerate in the
symmetric top case, can never connect each other under
any high-order interaction. Consequently all the levels
with ¢==+1 remain doubly degenerate. This is shown
in Fig. 4 where the thickness of the levels was drawn
to illustrate the degeneracy. Each J, K level has a
weight of six from the two K levels and the three in-
ternal rotor levels.

At the limit of infinitely high barriers, the &’s and
I’s approach zero and the energy matrix in Eq. (3-49)
reduces to that of a rigid rotor.

5. Splitting of the hindered rotation doublets.—The
splittings of doublets associated with the ground tor-
sional level are utilized to determine the barrier height.
Hecht and Dennison® have given expressions for the
differences between the 4 and E component of a rota-
tional state in the ground torsional level up to J=3.
With these formulas the barrier can be evaluated from
the splittings of the low J rotational lines. For higher J
levels the splitting of the 4 and E levels can be calcu-
lated as follows: A transformation 5.5y’ is applied to
the Hamiltonian where .Sy corresponds to a rotation of
the axes as defined previously and Sy’ is the matrix
which changes the basis vectors from the symmetric
top wave function to the Wang symmetric and anti-
symmetric combinations. Note that .S’ is different from
S2. Let the transformed Hamiltonian be written as
Hgr+Hr+Hir where Hp is the rotational part, Hy is
the internal rotation part dependent on Eg,,, and H;p
is the internal rotation part dependent on the integrals
which, as pointed out before, have little effect on the
splittings of the internal rotation doublets. For slightly
asymmetric tops the splittings are caused primarily by
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the difference in the diagonal elements of Hr between
the A and E levels provided the asymmetry splitting is
not too small.

Approximate formulas for the diagonal elements in
the Hr were derived by Lide and Mann® for the case of
small values of 8. These formulas for the splitting of
the energy levels follow directly from Eq. (3-55) and
are given in Eq. (3-56):

AE k= A+ (B/4)[(J+K)(J—K+1)Ak
—2[J(J+1)—K*]Ak
+(—=K)(J+K+1)Ag1],
AEn=A+(8/HLUI-1)(T+2)(A:— A1) ],
(J4+K_1+ K, even),
AEn=A1+(8*/4)[27 (J+1)A,
—(B2437-2)A+ (J—1)(J+2)A:],
(]+K_.1+K+1 Odd),
AE jo=A0+ (82/2)J (J+1)(A1—Ay),

where

2T
Ag=—3(EgntEg,1)+Egno~+3Fa COS(?PK )

(3-56)

27
=Ay COS(;[)K) , (3—573)

Ap=+3Fa,=+(9/HFAb.I{Y  (3-57b)

In general the off-diagonal elements of Hr should also
be considered for the E levels especially when the asym-
metry splitting is small. They connect the states corre-
sponding to the symmetric and antisymmetric com-
bination of the symmetric top functions and have the
form of

a
(K+|HIK_.) =6K= +5(1€Kuu—}§-Kva)

+2 (27r K) (3-58
=—4—Apsin{ — , -5
v 3" )
where

a=p./p= (13

Both the quantities Ax and 6x can be approximated by
the trigonometric form only when the barrier is rela-
tively high such that Ek,, can be approximated ac-
curately by the Fourier coefficients a¢o and a, with the
neglect of the higher terms. The term dx is equivalent
to the linear terms in P, in the PAM and the term Ax
is equivalent to the shift in the rotational constants,
i.e., Cvo—Cﬂ.
The asymmetry term is of the form

6A5y= _%(A—B)[(]—K)(]_K—l)
- X (J+E+1)(J+K+2) T (3-59)

111f Here, Ao is the negative of Ao in reference 20 because we
have taken the 4 level minus the E level. Here Ab is the difference
between the values of b [see Eq. (3-4)] for the 4 and E sublevels
of a torsional state.
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For the K=1 levels only, the asymmetry and the off-
diagonal elements of Hr compete directly with one
another for the shifting of the levels. If the two effects
are of the same order of magnitude, then the correction
can be determined from the

1(48x2H0aey) . (3-60)

Here 845y’ is the asymmetry splitting and not the asym-
metry term (note that for K=1, they are the same).
If 6504, the suitable zeroth-order basis functions
are no longer the Wang functions but rather the sym-
metric rotor functions. After the transformation Sy,
the energy matrix can then be diagonalized exactly or
by perturbation methods. If, on the other hand,
Sasy’ >0k, then the splitting due to the off-diagonal
elements of Hy must be calculated by the proper asym-
metric rotor wave functions, i.e., the effects of 82 and
higher-order terms should be considered. Lide and
Mann® have derived expressions to the order 8* for
the frequencies of the parallel transition, J+1, K<J, K.

6. General case—The most general type of molecules,
where the internal rotor is arbitrarily located with re-
spect to the principal axes, has been considered by
Pitzer and Gwinn,* Hecht and Dennison,? and Burk-
hard.” The method follows in an analogous manner,
only with added complications. As an aid in the com-
putation it is usually easier to determine the molecular
parameters such as g and 7 by the PAM and then con-
vert them to the TAM.

7. Intermediale barrier case—If the barrier hin-
dering internal rotation becomes too low for the high
barrier approximation to be valid, the matrix elements
off-diagonal in » would have appreciable effect on the
energy levels. The whole matrix can then be diagonal-
ized either exactly or approximately by using modified
perturbation procedure.

Methyl alcohol, methyl amine, and methyl mercaptan
are examples of molecules with intermediate barriers,
i.e., low s values. Considerable work has been done on
these molecules and this is discussed in Sec. 8. The
low s values in these molecules are caused in part by
the small reduced moment of the methyl group. With
the light asymmetric frames, these molecules have only
a slight symmetry. All the off-diagonal matrix elements
due to asymmetry and internal rotation are small and
their effect can be calculated by perturbation theory.
For the main Q branch series (AJ=0, AK=41) re-
ported, the transition positions are determined essen-
tially by the limiting symmetric top rotational transi-
tion plus the internal rotational transition. The off-
diagonal elements contribute small terms which can be
expanded in a power series of J(J+1). The coefficients
of these power series are the perturbation correction
terms including centrifugal distortion. Usually some
parallel transitions are needed in addition to aid in the
structural determination.

Should the asymmetry be large, the solution of the
low reduced barrier problem is quite difficult. With the
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matrix elements given in Eq. (3-49) a diagonalization
of the low J energy matrices could be made. The (v|?")
connections probably could be treated to sufficient
accuracy by perturbation calculations. Evaluation of
the torsional functions needed for calculating the matrix
elements is discussed in Appendix 2.

4. LOW BARRIER APPROXIMATIONS

The barriers of most molecules determined from the
microwave spectra are in the category of a “high
barrier,” i.e., of the order of 0.7-5.0 kcal. Here the
“high barrier approximation” (Sec. 3) can be used, in
which both a rotational and a torsional equation are
solved, and any interaction removed by a transforma-
tion. In the low barrier approximation the free internal
rotational problem is solved exactly and then the
barrier is added as a perturbation. So far two molecules
have been treated by this method; they are nitro-
methane (CH3;NO)" %7 and methyl difluoroboron
(CH;BF,). ™7

The possession of a sixfold symmetry in these two
molecules is believed to be the cause for the low value
of the barrier. Consider the case of CH;NO,. The inter-
action of a single oxygen with the methyl group gives
rise to a barrier to internal rotation in the form

LV3(1—cos3a)+3Ve(1—cos6a)+ 5 Ve(1—cos9a)4- - -.

The second oxygen contributes another potential bar-
rier which is 180° out of phase with the one from the
first oxygen. The potential due to both oxygen atoms
is then

Ve(1— cos6a)+ Vis(1—cos12a)+ - - -.

The present discussion is therefore confined primarily
to molecules with sixfold symmetry. The treatment
given can, in principle, be extended to the more general
case though the actual analysis might become quite
complicated.

I. Free Rotation
A. Symmetric Molecules

For symmetric molecules the difference between the
solution by the principal axes method and the internal
axis method is not as distinct as in the high barrier
problems because the torsional equation with its dif-
ferent boundary conditions is now eliminated.

In the PAM, the Hamiltonian is'?

H=A,(P2+Pp2)+C.P2HIp—2C.pP., (4-1)
where
A=#/21,=h*/21,= A, (4-2a)
C.=m/[2(I.—1.)], (4-2b)
F=12/21 =121, /[201(I,—12)].  (4-2¢)
This equation can be rearranged to Eq. (4-3),
H=A(P24P2)+CP24F(p— (I/I)P.)2. (4-3)
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But this is just Eq. (2-9) in the IAM.*® The eigenfunc-
tions of these two equations are
SJK}L[(G, so)eil(xeinu'x’

(4-4)

where m is an integer. The eigenvalues corresponding
to Eq. (4-1) and Eq. (4-3) are then, respectively,

E=AJ(J+1)+ (C.— A)K*+Fm2—2C.Km, (4-5)
E=AJ(J+1)+ (C—A)K*+F[m— (I./JI)K]. (4-6)

However, if the JAM Hamiltonian Eq. (2-20) is
used in which x" and & are the variables, then the eigen-

functions are
SJKAI (0,90)€iKX,8i"x,al.

(4-7)

The choice of m’ is governed by the boundary condi-
tions, i.e., the wave function must be invariant under
the transformation

(4-8)

With Eq. (2-15) and following the same method as
used in Eq. (3-20) we obtain the result

X1—> X1+27I'Hl X2 X2+21rﬂz.

m' =1— (I/I.)K, (4-9)

where I is an integer. Consequently the eigenvalues
given in Eq. (4-10) are obtained:

E=AJ(J+1)+(C—A)K+F[I—I./I)K. (4-10)

Clearly, if we identify I with m, Eq. (4-10) is identical
to Eq. (4-6).

The selection rules for the microwave spectra can
be stated as AJ==41, AK=0, Am=0 (see Sec. 6) (or
Al=0). The frequencies of the rotational transitions are

Vrpies=24(J41), (4-11)

which are exactly the same as those for a rigid sym-
metrical rotor. Therefore, the effect of completely free
rotation in symmetric tops cannot be detected from the
microwave spectra.

B. Asymmeltric Molecules (CH3;NO, type)

If the methyl group of CH;NO, were allowed to exe-
cute free rotation (zero hindering barrier), the micro-
wave spectrum would be considerably different from a
rigid molecule. The Hamiltonian may be split into that
of a symmetric internal rotor plus the asymmetry
term, i.e.,

II = II 0+II 1y

where

Hy=3(A+B)(P2+P2)
+C.P2+Fp>*—2C . pP.,

H,=3(A—B)(P2—Pp).

(4-12a)
(4-12b)
By using the basis functions Eq. (4-4) which diagonal-



866 C. C. LIN

ize H,, we obtain the matrix elements

(JKm|H|JKm)=%(A+B)J(J+1)
+[C.—(A+B)]K*+1I'm*—2C.Km,
(JKm|H|J, K£2, m)
=—{d-BJU+)-KE=xD}
X[J(J+1)— (K£1)(Kx£2)]P. (4-13)
The Hamiltonian is diagonal in J, m, and M and the
energy matrix consists of submatrices of the order 2J+1
for a given set of J, m, and M. As different values of K

are connected only in steps of two by the off-diagonal
elements, each of the submatrices can be factored into

I 1?[Cz~%(z‘l+B)]—21nCz—)\
7 —3(1—B)

s [C.—1(44B)]—2mC.—\
B —3(4—B)

For each m there exists an identical secular equation
corresponding to —m and hence the energy levels (with
m>##0) are all doubly degenerate. The selection rules
(see Sec. 6) for dipole radiation are identical to those
of rigid asymmetric tops with the additional restriction
of Am=0. If the dipole moment is along the z axis, the
parity of K cannot change.

From the secular equations (4-14) and (4-15) the
frequencies of the /=2 « 1 odd K, parallel transitions
(AK=0) are given by

Vo1 K=2(A4B)+r— N\
=2(A+B) = {[4mC 2+ (9/4) (4 — B)*]*
—[4m*C 241 (4—B)*]}}.  (4-16)
For each value of m, two lines are predicted which are
symmetrically spaced with respect to the midfrequency
of 2(A+ B). As m increases, the separation between the
pair becomes smaller and finally the transitions con-
verge to the band head of v=2(A4+ B). This effect has
been observed on CH3;NO, by Tannenbaum, Myers,
and Gwinn'®®” and on CH;BF,; by Naylor and
Wilson.75 The intensities of the higher members
would tend to decrease on account of the unfavorable
Boltzmann factors.

The other J=2 <1 transition which is even in K,
can be treated in a similar manner. As Naylor and
Wilson™7® have pointed out, the J=1, K=0 eigenvalue
is zero and the J=2, K=0 eigenvalue is positive, de-
creasing with increasing m. This group of lines therefore
converge toward 2(4+B) from the high-frequency side
as m increases. For large values of m the energy matrix
Eq. (4-13) may be solved by second-order perturbation
theory which leads to
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even and odd K blocks. When m is equal to zero, the
secular equation degenerates into one identical to that
of a rigid asymmetric rotor with the exception that C,
is the rotational constant of the framework alone rather
than the entire molecule. For m>0, the Wang trans-
formation does not lead to further factoring of the
secular equation because of the presence of the elements
linear in K. As examples, the secular determinant with
odd values of K for J=1 and J=2 are given below. The
terms independent of K in the diagonal elements have
been omitted since they can be regarded as additive
constants for a given J and m.

—:(d-B) k =0 (4-14)
[C.—3(A+B)]+2mC.—\
—3(4-5) {=0 (4-15)
[C.—3(44+B)]+2mC.—\
E=3(4+B)J(J+1)
+[C.—3(4+B)]K2+Fm?*—2C.Km
(4—B)*
64{[C.—3(A+B)J(K—1)—C.m})
X[ = (K=1)*]L(J+1)*— (K—1)*]
(4—B)?
 64{[Co—3(A+B)J(K+1)+Com)
X[2= (K+1) LT+ = (K+ 1)+ (4-17)

The transitionsof the type AJ=21,AK=0,§§8§ Am=0
again give rise to a band-like structure for each given J.

II. A Low Sixfold Barrier

The sixfold potential barrier introduces to the Hamil-
tonian an additional term of the form
V(a)= (V/2)(1—cosba)
=(Ve/4)(2—e'Se—e ), (4-18)
The first term 3V merely represents a common addi-
tive constant and can be safely dropped. The energy
matrix analogous to Eq. (4-13) is
(JKm|H|JKm)=%(A+B)J(J+1)
+[C.— 2 (A+B)IK>+Fm>—2mC.K
(JKm|H|J, K£2, m)=—2(A—B){[J(J+1)
—K(Ex£)JJ(J+1)— (K1) (K£2) ]}
(JEm|H|JK, m6)=—1V,.

(4-19)

When Vs is small, the nondiagonality in 7 may be re-

§§88 In the present case K is nearly a good quantum number.
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moved by a Van Vleck transformation.3 To the second-
order approximation the matrix elements reduce to
those given in Eq. (4-13) with the additional diagonal
term

Ve Ve
192[C.K—F(m+3)] 192[C.K—F(m—3)]
FVg

- . (4-20)
32[(C.K—Fm)*—9F?]

The submatrices for m and —m are still identical and
the energy levels remain doubly degenerate. Calcula-
tions show that the two correction terms from the Van
Vleck transformation in Eq. (4-20) have very little
effect on the frequency provided % V¢XF. The spectrum
is therefore almost identical to that for free rotation.
The validity of Eq. (4-20) depends, of course, on the
relative magnitude of Vs and F. When the potential
barrier becomes larger it is necessary to consider the
third- and fourth-order terms from the Van Vleck
transformation, but it has been indicated™ that even
when the effect of the higher terms may be quite
appreciable as far as the positions of the energy levels
are concerned, the effect on the frequency may be
negligible.

The foregoing treatment is not directly applicable
to the [m|=3 levels because a near degeneracy exists
and it becomes necessary to consider the m=—3 and
m=3 block as a single secular equation. The matrix
elements connecting 3 with 9 and —3 with —9 can,
however, still be treated by the Van Vleck procedure.
An example is furnished by the block corresponding to
J=1,K odd:

(=3,—-1) a b -1y, 0
(—37 +1) b a 0 _%Vﬁ ’ (4‘21)
3,-1) -1V 0 a b
(3,1) 0 —1Vs b a
where
Ve
a=%(44+B)+C.+IF—6C,————,
192(6F—C)

9

14
o' =3(A+B)+CoAt-9F+6C.A—
192(6F+C)

b=—3%(4—-B).
The symmetry about the antidiagonal allows this

matrix to be factored through a transformation which
is equivalent to choosing wave functions of the type

1
\—/2[:1//([\', m=3)EY(—K,m=-3)]. (4-22)
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The two resulting matrices are
a b+3Vs
[ ], (4-23a)
b+1Vs a
and
a b’—%Ve
[ ] (4-23b)
b—%Vs a

The double degeneracy discussed in the previous para-
graph and in the free-rotor case is now split by the
barrier when |m|=3. In fact the energy levels corre-
sponding to m equal to whole multiple of three are all
nondegenerate (see Fig. 2). The higher the multiple of
three, the higher the order of perturbation required to
demonstrate the splitting. The method for calculating
these splittings is very similar to that used for the
X doubling in diatomic molecules.

There are now four lines for the J=2 « 1 transition
with odd K and |m|=3. These four lines appear as
two pairs, both symmetrically spaced about the band
head »=2(A44B) and the splittings of these two pairs
of lines are extremely sensitive to the barrier height.
In CH;BF, the splitting of one of these pairs, which
would be practically coincident at the limit of zero
barrier, amounts to about 4000 Mc, for a barrier of 14
cal/mole. These splittings are what make it possible to
determine the barrier height with a high degree of
accuracy from the microwave spectra.

The selection rules are given approximately by

AJ=0,41; AK=0; Am=0.

Exact selection rules may be obtained by the group
theoretical treatment (Sec. 6) or by an explicit evalua-
tion of the transition moments.

In principle three sets of lines should be observed.
The first set, which has the structure of the ordinary
rigid asymmetric top spectrum, corresponds to m=0.
Analysis of these lines yields the two principal moments
of inertia perpendicular to the axis connecting the in-
ternally rotating groups (the C— N or C— B bond)|| || || ||
and also the moment of inertia of the framework about
this axis. The second set consists of all the lines with
m#=0 and m>3. A band structure is observed if a
sufficient number of high s transitions is detected.
The [m|=3 lines constitute the third set and the
splittings of these lines are used to determine the
barrier height accurately.

III. A Low Threefold Barrier

The problem of a low threefold potential barrier can
be handled in essentially the same fashion. The paper
by Wilson, Lin, and Lide™' gives a treatment for a
general N-fold barrier. Here, however, there are no

(LI | Nuclear spin symmetry (see Sec. 6) in CH;NO, allows
only those energy levels with K —m even so that the second set is
also needed to determine the moments of inertia.
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degenerate levels like the |m| =3 for the sixfold barrier
which are connected by matrix elements of the barrier.
Therefore, the barrier height cannot be as accurately de-
termined. Recently CH;C= CCH,Cl has been studied*"
and an estimate of the barrier height has been given.

5. CALCULATIONS OF BARRIER HEIGHTS

After the rather lengthy discussions of the high
barrier approximation and the low barrier approxima-
tion for the IAM and PAM, the casual reader may be a
little perplexed as to when the approximations are
valid and which representation to use. Consequently,
it seems desirable to give a few suggestions in regard
to the analyses of microwave spectra, characteristics of
the spectra, and methods of calculation.

I. Analyses of Microwave Spectra

As pointed out previously, the effects of rigid internal
rotation are not observed in a symmetric top molecule.
As a result, all the applications of internal rotational
theory have been done on asymmetric molecules. The
methods for determining the barrier heights for the
symmetric top molecules from the microwave spectra
are discussed in Sec. 7.

For convenience the effect of internal rotation in an
asymmetric molecule can be subdivided into the follow-
ing groups according to the magnitude of the parameter
s as defined in Egs. (3-4):

(I) The pseudo-rigid rotor case (s>30).—With a
relatively high barrier and large asymmetry splittings,

«— |8

—
" '27.5 19, 10,9

8,4 9,10

AND J. D.

SWALEN

i.e., the asymmetry splittings are larger than the in-
ternal rotation splittings, both members of a transition
follow a rigid-rotor spectrum. This is especially true of
the low K energy levels with the possible exception of
the K=1 levels.

The splittings due to the internal torsion may be
ascribed to the Ag term [Egs. (3-57)] in the IAM or
the AW term [cf. Eq. (3-38)] in the PAM. Acetyl
fluoride® is an example of this class of molecules.

For the ground torsional state, the frequencies of the
A transitions are generally somewhat higher than those
of the corresponding lines of the rigid molecule while
the E transitions usually have lower frequencies. The
shift of the 4 line from the ‘“unperturbed position” is
approximately twice that of the E line. This follows
from the fact that according to Egs. (3-57) and (3-28),
3 (Egn+Exgy—1) 1s approximately equal to —%Eg,0 or
from Eq. (3-33) and Table II, wp® is very close to
—3we®. Many exceptions to this rule can occur,
especially for the K=1 energy levels, but generally it is
a useful first approximation.

(2) A depariure of the E levels from a pseudo-rigid
rolor pattern (15<s<30).—The éx term in the TAM
or the wo, (¥ term in the PAM causes the E energy levels
to depart from a rigid-rotor pattern and for a given K
the two AK=0 transitions tend toward one another so
that the spectrum becomes similar to that of a slightly
asymmetric top. In other words, the internal rotation
cancels out part of the asymmetry. This éx term is
especially important for the K=1 energy levels because
both the asymmetry and this ‘“nonrigid-rotor term”

23, — 22

1,12 12,1 30!5.!5 29I6,|4

p——
1.0 Mc/sec

Fie. 5. High K transitions in propylene oxide.?” The two £2 lines are superimposed on the left of the first transition but split in the
second transition as A increases. In the third transition the Z line is now under the A line and finally comes out the other side on the

last transition.
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connect the same pair of levels. If either the asymmetry
term or the internal rotation term dominates to a large
degree, the other can be treated as a perturbation.®? If
the two terms are of the same order of magnitude, then
a 2X2 matrix must be solved (cf. Sec. V).

(3) High K energy levels.—The high K energy levels
of an asymmetric rotor are nearly degenerate even for
very large values of asymmetry, so the internal rota-
tional splittings often dominate the asymmetry split-
tings. These high J, high K energy levels are very
similar to symmetric rotor levels except for a shift due
to the asymmetry. For the parallel type transitions
(AK=0) very little splittings are observed, but for
the perpendicular transitions (AK=41) a triplet is
observed consisting of an 4 symmetry line and two E
symmetry lines. This is explained in Sec. 6 II. B.
Propylene oxide?” is an example of this group and some
of these triplets are shown in Fig. 5.

(4) Intermediate barrier heights (s<15).—When the
internal rotational splittings are of the order of the
spacings between different rotational levels, then the
various approximations used in the high barrier case
are not generally valid. This is true especially for the
perpendicular transitions. Consequently, a more de-
tailed calculation is needed. The IAM is usually recom-
mended for the intermediate barrier problem, espe-
cially for the slightly asymmetric molecules, e.g., methyl
alcohol. As a guide to the first analysis, the low J
parallel transitions should be used to obtain the ap-
proximate barrier height and molecular structure since
these lines are relatively barrier insensitive. A more
detailed analysis of the perpendicular transitions is then
made to determine the barrier height more accurately.
For molecules with large asymmetry (such as acetic
acid!®) many times the PAM is more convenient.

(5) Low barrier heights (s<2).—For barrier heights
in this region the low barrier approximation given in
Sec. 4 is recommended. A considerable number of lines
will be observed with all the possible 7 values. Naturally
the Boltzmann factor eventually decreases the intensity
of the high m lines.

Generally, the m=0 lines should be analyzed first,
followed by the low 7 (except |m| = 3) transitions which
are relatively barrier insensitive. Then an accurate
barrier height can be obtained from the |m|=3 levels
which are widely split by the sixfold potential energy
term.

Finally, in the analysis of the spectra, regardless of
the s values, the choice of the axis of quantization is
gauged by the axis of internal rotation in both the TAM
and PAM. This follows directly for the TAM. In the
PAM the principal axes closest to the top axes are
used as the z axes even if this does not conform to the
best choice for the solution of asymmetric rotor energy
levels.4!
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F1G. 6. A rotational line in the ground state and excited vibra-
tional (or torsional) states. (a) The rotational lines of the ground
state and first two excited vibrational levels (or torsional levels
without internal rotational splitting). (b) The same pattern in-
cluding internal rotational splitting into the 4 and E lines. The
observed spectrum is from propylene oxide.2?

II. General Characteristic of the Spectra

While the most intense part of the spectrum for
molecules with a relatively high barrier arises from the
transitions in the ground torsional state, the rotational
transitions in the excited torsional states are usually
observable. For example, at room temperature the in-
tensities of the spectral lines from the first excited state
could be reduced by a factor of two or three and those
from the second excited states by a factor of about ten.
These weaker lines (known as satellites) are shifted
from the main line associated with the ground torsional
state because of the influence of the vibration of the
molecule. This total effect is taken into account by
using effective rotational constants B; which are related
to the actual rotational constants B, as B;=B,—Z;
X (v;43)a;. The splittings between the 4 and E
satellite lines in the “heavy” molecules are, however,
rather insensitive to the effect of molecular vibrations
and, to a first approximation, are caused by the internal
rotation only. The general formulas for the 4 and E
splittings developed in Sec. 3 are applicable to the
rotational lines in the excited torsional states provided
that such torsional levels are far below the top of the
potential barrier. As the internal rotation splittings be-
come magnified in the excited torsional states, the po-
tential barrier many times can be determined from the
splittings of the satellites.?? In propylene oxide?”:1% the
same barrier can account for the splittings of the rota-
tional lines in the three lowest torsional levels (see
Fig. 6). In the lighter molecules, such as methyl alcohol
and methyl silane,” the splittings of the satellite rota-
tional lines cannot be completely ascribed to the in-
ternal rotation. This is because the effects of molecular
vibrations contribute appreciably to the splittings as
well as the frequency shifts of the rotational lines in the
excited states.

In the identification of microwave transitions, a rigid



870 C. C. LIN
model of the molecule can be used in order to first
locate the approximate positions of the lines. The
Stark effect can be used in a similar manner as in a
rigid asymmetric molecule. The 4 symmetry levels can
be thought of as those of a rigid molecule possessing
torsional oscillations. The 7 symmetry levels, on the
other hand, can exhibit some first-order Stark effect
(see Sec. III), but this is usually quite small for cases
of high barrier and large asymmetry. However, in other
cases the E transition can be distinguished from the 4
transition by the Stark effect. The nuclear spin weights
can also aid in the identification. For the normal methyl
group, the intensity ratio of 4 and E is 1:1; but in a
deuterated methyl group, the ratio is 11:16 with the £
level stronger® (see Sec. 6).

With the identification of the various transitions,
approximate unperturbed rotational constants can be
determined by using either the average position of the
A and E doublet or else two-thirds the doublet separa-
tion from the A line. The latter method is a better
approximation except for the K=1 levels. With the
approximate rotational constants one can determine the
structure of the molecule which along with the A-FE
splittings may be used to obtain the barrier height.
Successive iterations lead to more accurate results.

III. Stark Effect

For the case of free rotation, the lines with m=0
show a second-order Stark effect (first order if acci-
dental degeneracy exists) which is a characteristic of a
rigid-rotor spectrum. When m is not equal to zero the
situation is different. As stated before, the Wang com-
binations of the K and —K symmetric top functions
are no longer the proper zeroth-order wave functions
because of the presence of the linear K terms in the
secular equation. For example, an eigenfunction for
J=1 and odd values of K may be written as

V=a)(K=1)+b)(K=—1), (-1

where @ and b are not identical. The expectation values
of the direction cosines between the electric field and the
body-fixed z axis is then

(a2—b)KM
JT+1)

This leads us to the conclusion that, in general, a first-
order Stark effect is observed provided m, K, and
M are all different from zero. For example, with
J=1+-0only AK=0 and AM =0 are allowed and the
transitions have a second-order Stark lobe while the
Stark effect of the J=2 « 1 transitions (with odd K)
is first order for M ==+1 and second order for M =0.
When the barrier is low”® 17 the Stark patterns of the
lines with |m| 3 are practically identical to those for
free rotation as the Van Vleck transformation offers
only minor modifications to the wave functions. How-

f T coshWdr = (5-2)
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ever, for the case of |m|=3, the transformation [see
Eq. (4-22)] eliminates the diagonal elements of cosé.
The resulting off-diagonal elements then give rise to a
second-order Stark effect with a large Stark coefficient
analogous to the case of near degeneracy in rigid asym-
metric tops. This serves as a means for identifying the
|m| =23 lines.

When the barrier becomes higher, the asymmetry has
a larger influence. The coefficients a¢ and b in Eq. (5-1)
depend on 8x and 84, (defined in Sec. 3) as

a?—b= :]:26}((46K2+5Asy2)-%. (5—3)

Since dx is very barrier sensitive, the first-order Stark
effect rapidly vanishes as the barrier height is increased.

IV. High Barrier Case

In the symmetric top case, the energy associated
with the internal rotation for the IAM is expanded in
a Fourier series [Eq. (3-27)] while for the PAM it is
expanded in a power series [Eq. (3-13)] as

27
Egee= I<‘|:a0+al cos—(pK—o0)
3

4
+a, cos-g—(pK—aH—- . -], (5-4)

Egyo=F[wys @ +10,0VpK+w,,® (pK)*+--- 1. (3-5)
In Fig. 7, the various Fourier coefficients are plotted
from s=10 to s=100 on a semilogarithmic scale, and
in Fig. 8, the coefficients of the power series in Eq.
(5-5) are given. From Egs. (5-4) and (5-5) the con-
necting relations between these two types of coefficients
can easily be established. They are given in Table III.

TaBLE III. The relations between the Fourier coefficients and
the power series coefficients [see Egs. (5-4) and (5-5)].

Factor N2/4 ao a a: as as as
b(r) 1 1 1 1 1 1
b(2r) 1 -1 1 —1 1 —1
b(3m) I 1 -3 -3
b(4rm) 1 0 -1 0 1 0
b(6r) N T
(N2/4)b(rx) ao+ay cos(2m/x)+as cos(4m/x)

+as cos(6mr/x)+ - - -

Threefold case (N=3)

3[b(m)—b(3m)] 1 1 0 1 1
9/8)[b(r)—b(2x)] 1 0 1 0 1
—2V3 po/m=V30, V) /7 1 =2 0 4 -5
— 9w, /2x? 1 4 9 16 25
+9w, @ /72 1 4 —18 16 25
—3Aw,® /72 1 4 0 16 25
(wor P 43w, @)/ (372) 0 0 -1 0 0
—2IV3w, ® /278 1 -8 0 64 —125
+243w,0 ™ /274 1 16 81 256 625
— 243w, /7t 1 16 —162 256 025

e.g., (N*/4)b(3w) =ay—3a1—jas+as—3as—Las
— [y ® /272 ]=a,+4a:+9a3;+16a5+25a5+ - - - .
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Fic. 7. The Fourier coefficients as a function of the reduced barrier height s for the various torsional levels [see Eq. (5-4)7].

Although these formulas were derived for the symmetric
top molecules, they are also applicable to the asym-
metric molecules with the necessary modification of
F and p.

Each of the coefficients (except ao) are very barrier
sensitive, as shown in Figs. 7 and 8. They approximate

3y

o =2,

a functional form of the type As=B exp(—Cy/s).20%
Empirical formulas for the coefficients in Eqs. (5-4)
and (5-5) determined by curve fitting are displayed in
Table IV. For the high barriers only the Fourier co-
efficient @, is needed from which all the perturbation
coefficients of the PAM can be calculated. The domi-
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In order to distinguish the various perturbation terms the following notation is used: w®=—2¢ w® =5 w®=¢ w® =17 The first
subscript denotes the torsional state v, and the second denotes the sublevel . , 0=0; —— 0=1; - ——— 9=2,
nance of @; is seen in Table IV by the fact that the For low values of J, K, and p, the agreement between

empirical constants B and C have all about the same the IAM and PAM is very good. The splittings of the
value for v=0. The small deviations are caused by the J=1 energy levels are given as a comparison in Table V.
low s values. These results become identical if pK is small and the
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barrier is high. Under such circumstances Eq. (5-4) can
be approximated by the first two terms and sin(27/3)pK
may be replaced by (27/3)pK. A similar agreement be-
tween the IJAM and PAM is found for the higher J
levels.

These connecting relations also indicate the limita-
tions of the two methods: the IAM is restricted to low
J because of computational difficulties, and the PAM
is restricted to low values of pK. If J and pK are large
and the asymmetry is small, a method of solution
similar to that used by Burkhard and Dennison® on
methyl alcohol probably would be the best. If J, pK,
and the asymmetry are all large, both the PAM and
IAM involve a considerable amount of calculation. As
the barrier is lowered, more expansion terms in Egs.
(5-4) and (5-5) are needed to determine the energy
levels.

V. Sample Calculation on the Spectrum
of Acetaldehyde (CH;CHO)

Some of the points previously discussed in regard to
the determination of the barrier height from the ob-
served spectrum are illustrated by considering acetalde-
hyde® as an example. The values of the parameters
obtained in this section differ slightly from the reported
values by Kilb ez al.,%® because our calculation is not
performed to the same refinement as that of reference 38.

Four of the transitions reported in reference 38 for
the normal isotopic species are given in Table VI. The
estimated unperturbed frequency given in Table VI
was taken as % of the doublet separation from the 4
line. For the 2;5¢—1;; transition and the 2j;« 1y
transition, this procedure is not valid because of the
01 term. Here the unperturbed position was estimated
from the A line alone. For the 2y, < 1;; transition two-
thirds of the 1o; <— Oqo splitting was subtracted from the
A line; for the 2;;«— 1y transition three times this
amount was subtracted from the 4 line. This procedure
follows directly from the PAM (see Table I).

In order to evaluate the barrier height from the in-
ternal rotation splittings, the bond lengths and the bond
angles of the molecule must be known. These can best

TasLE IV. Approximate formulas (threefold case).
LogX =log4d +B logs—C(s) ¥+ Ds.

Range
X v of s Error A B C D
—a 0 20-80 0.1% 0.84469 0.92376 0.89751 8.46X10~*
—a 1 36-100 0.1% 1.21631 1.89036 0.95594 20.55X10~*
—a, 2 60-100 0.1% 0.66776 3.45716 1.09452 50.19X10~4
—Ab 0 20-80 0.3% 0.68248 0.85539 0.87703
—3wn®0 20-80 0.3% 0.83388 0.83347 0.87430
we® 0 20-80 0.3% 1.18418 0.87348 0.87918
—wn® 0 20-80 0.3% 0.89533 0.85530 0.87658
Awy® 0 20-80 0.3% 1.36463 0.86703 0.87825
wn® 0 20-80 0.3% 1.02871 0.79882 0.87022
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TaBLE V. Comparison of the splitting formulas for an
asymmetric molecule with a plane of symmetry.

PAM
AE(101) =AB=Fp2Aw,®,

(wavl (1))2 ) 12
—————=Fpw,® ———.
A-B A-B

(Q:wvlm)2 o1
L FoAw,®+ .
A—B A—B

AE(1y)=AC—

AE(1y)) =AB+ACH+

TAM
272
AE(lo) =A0+B2(A1—Ag) = Ao——g‘px2Ao-

AE(11) =A1—8*(A1—Ao) ~Ag p2A0
A—B

512 272 512
AE(110)=A14 Ay .
A—B 9 A—B

Connecting relations

P12 P12
ﬁ’=_; a2=_z
o? o
FAw, W =FAb=F (ba—bg)=(4/9)Ao=3Fa,,
22 a2
—Fva(z)“—‘—Ao:—Fdl,
9 3

2mp 2r?
A1—A¢=Ao| cos——1 | = —A¢—¢?,
3 9

aly 2w 2 T
0= +_- Sin_P ~ +'—-'pzA0 = _PzFal = szw”(l)’
3 V3

= Q:wvl M=— ZQst;-

be determined from the rotational constants of a number
of isotopic species of the molecule.?® In this sample
calculation, however, we use an approximate assumed
structure for acetaldehyde. The various molecular pa-
rameters calculated from this assumed structure are
shown in Table VI.

A. TAM Calculations on Acetaldehyde

From Egs. (3-56), (3-57), (3-28), and (3-4) we can
obtain the expressions for the splitting of the various
transitions. For the J=1¢; «— Ogo transition a splitting
of +3.0 Mc was measured. The approximate formula
for this transition is as follows:

va—vE=Av=[2(A1—A¢) = —0.22134A3*
= —(9/4)FAbB2(0.22134) = —678.5Ab Mc.

By equating this to 3.0 Mc, we obtain a value of
—0.004422 for Ab. From the formulas in Table IV, from
the curve in Fig. 7 for a1 (Ab=+2a,/3), or from
references 3b and 104, the corresponding s value can
be determined. A value of 22.943 was obtained which
corresponds to a barrier height of 407.7 cm™ (1166
cal/mole). The calculations for the 2¢; «— 1o; follow in
a similar manner.
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TasLE VI. Parameters for acetaldehyde.

1. Spectrum
Estimated
Obs unperturbed
frequency frequency
1o1—000 19.265.3 (A4) 19 263.3
19 262.3 (E)
2p—1n 37 464.6 (A) 37 462.6
37 687.2 (E)
200—1a0, 38512.3 (4) 38 508.4
38 506.4 (E)
2u—1p 395949 (4) 39 588.9
39 362.5 (E)

2. Rotational constants
C (4) 56.9 kMc
B (B) 10163.2 Mc
A (C) 9100.0 Mc

The rotational constant notation in parenthesis refers to
reference 38.

3. Assumed molecular structure

dca 1.09 A (methyl group) <HCH 108°15’
dec 1.54 <CCH 120°
dco 1.21 <CCO 120°
dca 1.09 (aldehyde group)
4. Moments of inertia
I, 55.553 amu 42 Lo 55.553
I, 49.742 Iy 43.176
I, 8.890 I 15.086
I, 3.079 I, 14.563
5. Internal rotation parameters
Ay, 0.3910 F=236.9 kMc=17.77 cm™
A 09204 A1=0.77866A,
r 0.6931 A2=0.212624,
g 0.00583
P 0.31941 (27/3)pK =38.86°K

In the calculations of the barrier height from the
215 < 143 transition and the 2;; « 15 transition, the §,
term must also be considered. For the 2 and 2y
energy levels we have the following 2X 2 matrix (formed
by the K and —K state) with the eigenvalues ==\, :

190 400A5

1594.8 ]
1594.8 ’

—190 40045
where
61=(1/V3)A¢ sin(2r/3)pK = 190 400Ad Mc
from Eq. (3-58);
dasy=—%(4—B)J (J+1)=%(1063.2)J (J+1),
from Eq. (3-59);

and for the 150 and 1;; energy levels we have the follow-
ing matrix with eigenvalues ==\, :

[ 190 40045

531.6 ]
531.6 ’

—190 40045

Here, terms on the diagonal which are common to both
states have been omitted. The expression for the split-

Jj. D. SWALEN

ting in 2,5 «— 1y, transitions from Eq. (3-56) is then

Av=L32(A2+2A¢—3A;)+8; terms
=378.01A0+ (A2—1594.8) — (A1 —531.6).

By equating this to the observed splitting of —222.6
Mc we obtain a Ab of —0.003993 after successive ap-
proximations. This leads to a value of 23.56 for s and
418.7 cm™ (1197 cal/mole) for the barrier height. In a
similar manner the expression for the 2;; «— 1y transi-
tion is
Av=2(As—A;)+8: terms
= —1759.0Ab— (\2—1594.8)+ (A\1—531.6).

By equating this to the observed splitting of +232.4
Mc we obtain a Ab of —0.00405. A value of 23.48 is
obtained for s and 417.2 cm™! (1193 cal/mole) for the
barrier height. These results are compared in Table VII
with the results obtained in reference 38 and by the
PAM.

B. PAM Calculations on Acetaldehyde

From Table IT and Eq. (3-33) we can obtain the ex-
pressions for the splittings of the various transitions.
The equation for the 1¢; <— Qo transition is

h N4
Ay=AB=—-
8x? rl2

Aw® =138.74Aw,®.

By using the approximate formulas in Table IV or the
curves in Fig. 8 we obtain an s value of 22.95 and a
barrier height of 407.8 cm™ (1166 cal/mole). The
transition 292 «<— 1o; follows in a similar manner.

In order to obtain the splittings for the 255+ 15
transition and the 2;; «— 1o transition it is necessary
to diagonalize two 2X2 matrices because of the linear
terms in K. These matrices are

— 151 04009+ 76800, ® 1594.8

[ 1594.8 151 040pop— 7680w01<3’] ’
and

— 151 040poo+ 76800, @ 531.6
[ 531.6 +151 040p09— 7680wm<3>]'

TaBLE VII. Barrier height in acetaldehyde by various methods.

IAM PAM KLW (38)
101—000 407.7 cm™! 407.8 408.9
202—101 409.7 410.1 b
210—11y 418.7 418.0 417.3
2u+110 417.2 418.0 419.0
5 —765 Mc —763 Mc® —760 Mce
V3 (av) 414 cm™

2 The third-order correction included.
b No individual value was reported for this transition in reference 38.

¢ A sixfold potential energy term was included. See the footnote at the
end of Sec. 3 II.A3(b).
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Here the third-order terms have been included. The
expressions for the 2j»<— 1y; transition and for the
211 < 1;0 transition from Table II are

Av= AB+ ()\2— 15948)"' ()\1—5316) (212 «— 111),
Av=3AB— (As—1594.8)+ (A\1—531.6) (211 < 119).

By equating these to the observed splittings we
obtain the following parameters after successive
approximations:

Pos=5.4610-3 Quwo1®=—824.7 Mc
Awy®=1.92X10-2 AB=  2.66 Mc
wn®=8.10X10" F(Qy/F)w®=  62.2 Mc.

From the curves in Fig. 8 or the approximate formulas
in Table IV, a value of 23.52 is obtained for s which
corresponds to a barrier height of 418.0 cm™! (1195
cal/mole). The results are summarized in Table VIL.

6. SELECTION RULES AND NUCLEAR
SPIN STATISTICS

I. Selection Rule for Symmetric Molecules

The selection rules for symmetric molecules can be
derived easily from the wave function of the internal
rotor. Consider, for instance, the wave function ob-
tained from the TAM

Ssxu(8,¢)eExe Pk Py, (a).

Since the orientation of the dipole moment is inde-
pendent of the angle «, the usual selection rules for the
dipole radiation of a rigid symmetric rotor are appli-
cable, i.e.,

AT=0,+1; AK=0.

In addition, it may be shown from Eq. (3-25) that the
transition moments are different from zero only when
Ac=0.

II. Selection Rules for Asymmetric Molecules

The selection rules for an asymmetric molecule in
the quantum number J is AJ=0, +=1. This follows
from the fact that the total angular momentum for a
rotating molecule remains a good quantum number
even when internal rotation is present. The selection
rules governing the changes of the other quantum
numbers are more complicated. In general, these rules
can be derived by group-theoretical methods.

The general selection rules are derived from sym-
metry considerations. Application of these rules to the
cases of high barrier and low barrier are then discussed
in detail.

A. General Selection Rules

The Hamiltonian of a rigid asymmetric rotor is in-
variant under the operations

875

E: Pz“—)P;, Py”‘)Py,Pz—")Ph
C.: P,— —P, P,— —P, P,— P.,

(6-1)
C;: P,—>P,,P,— —P, P.— —P,
Cy: P,— ~P, P> P, P,— —P,
and therefore has the symmetry of the four

group T V. .

When the effect of internal rotation is included, the
Hamiltonian is no longer invariant under the operations
given in (6-1) because of the cross terms between the
P’sand p [e.g., Eq. (2-25) or Eq. (2-37)] or between the
P’s and functions of the angle « [e.g., Eq. (2-29) or Eq.
(2-31)]. The group properties of the various types of
molecules are discussed in the following sections.

1. Molecules with a planar frame.—The Hamiltonian
Eq. (2-31) or Eq. (2-37) (with Q,=0) is invariant
under the following operations:

E: P, .>P.y.,a—alp—p),

Cz: PI_)PIy Py,z—) _—PIIJ’ a—> _a(P_—) ——p)’
Cs: Pry.—Pry.ya—at2n/3)(p— p),

C32: P:,y,z_’Pz.y,z,

a—at(4r/3)=a— (27/3)(p — p).

(The operations C.C; and C.Cy? follow directly from
these operations.) These symmetry operations satisfy
the properties of the group D;, and therefore the wave
functions have the symmetry of the species 4, 45, or E.

For this type of molecule the dipole moment lies on
the plane of the framework and has the transformation

properties of A,. The selection rules for the dipole
transitions are then

AlHA 2

(6-2)

EoFE.

2. Molecules with no symmelry in their framework.—
For this class of molecules only the operations E, C;, C;?
leave the Hamiltonian unaltered. The energy states then
fall into the species 4 or E of the C3 group. Since the
dipole moment has the symmetry property of 4, the
selection rules can be summarized as A<>4, E<E.

3. Molecules with a frame of Cs, symmetry (CHsNO,
type).*'—The group properties are of particular interest
because the cross term between P and p appears only
as pP,. The Hamiltonian is now invariant under the
following operations:

E: Pa:,y,z'_’Pz,_u,z, Oé—’a(PﬁP);

C;,;: P;“’P:, Py,z'_)_Py,aa"—_)_a(P—_)_p)’ (6 3)
CyiPy_’PmPr,z_’*Pr,zya_')-a(p'_)_p)r B
C.: P,> P, P, ,— =Py, a—>a(1’—’?)'

Because of the sixfold symmetry, the Hamiltonian is
also invariant under the operation «-- a-+ (2nr/6).

7999 The operation P, — —P,, P,— P, P.— P,, does not
alter the Hamiltonian but does change the commutation relations
between the three components of the angular momentum, so it is
not considered to be a symmetry operation.
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TasrLeE VIII. Character table for the point group Den.

E 2C3 3C:Cs C: 2C.C3 3C,Ca C: 2Cs 3C:Cs CiCz 2C:Cs 3CyCs

Ae 1 1 1 1 1 1 1 1 1 1 1 1
B 1 1 -1 1 1 -1 1 1 -1 1 1 -1
E, 2 -1 0 2 -1 0 2 -1 0 2 -1

Bz 1 1 1 -1 -1 -1 1 1 1 -1 -1 -1
By 1 1 -1 -1 -1 1 1 1 -1 -1 -1 1
Ey 2 -1 0 -2 1 0 2 -1 -2 1 0
Ao 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1
B 1 1 -1 1 1 -1 -1 -1 1 -1 -1 1
Ew 2 -1 0 2 -1 0 -2 1 -2 1 0
Bz 1 1 1 -1 -1 -1 -1 -1 -1 1 1 1
By 1 1 -1 -1 -1 1 -1 -1 1 1 1 -1
Ep 2 -1 0 -2 1 0 -2 1 0 2 -1

These six operations are denoted by E, Cs Ce(Cs),
Cé(C3), C¢*(Cs?), and Ce5, where the operation Cg repre-
sents a — a+ (m/3). These six operations along with the
“four-group” operations form a new group of twenty-
four elements which is isomorphous to the point group
D The character table of this group is given in
Table VIII.

The dipole moment for this model would ordinarily
be along the z axis. If this is the case, the transition
moment will have symmetry B,.. The selection rules
for dipole absorption will then be 4 >B.., B.«>B,.,
ElaHEu, EzeHEn, A¢—B,, -B20<_'>By0, E ¢ E;y,
Eg>Eq.

B. Selection Rules for High Barrier

Molecules with a planar frame may be considered as
an example. The limiting rigid-rotor Hamiltonian be-
longs to the four-group. As the operation C, is common
to both the Dj; group (of the torsional rotor) and the
four-group, the 4, species of the D; group corresponds
to A and B in the four-group while the 4, levels of the
hindered rotor reduces to the B, or B, levels of the
limiting rigid molecule. As shown before, the selection
rules for the rotational states associated with the non-
degenerate torsional levels are 4 <>4,. In terms of the
transitions for the limiting rigid rotor these correspond
to 4, BsB,, B,, which are indeed the selection rules
for a rigid asymmetric top molecule with dipole moment
on the yz plane. Hence, for the internal rotor with
high barriers the selection rules governing the transi-
tions between the rotational levels belonging to the
nondegenerate torsional levels (the pseudo-rigid rotor
lines) may simply be taken as those for the correspond-
ing rigid molecules.

In the case of degenerate torsional levels, according
to the general symmetry selection rule E—E, transi-
tions between all the E levels are, in general, possible.
This can be understood by considering the effective
rotational Hamiltonian for a given torsional level. For
the E levels the nonrigid-rotor terms, &, tend to elimi-
nate the asymmetry and the transitions approach those
of a symmetric rotor. The eigenfunctions no longer
have the symmetry of the four-group, and the sym-
metry selection rules for the wave functions associated
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with these symmetry species are not applicable. For the
case of high barriers and low K, it may be expected
that the transitions in the hindered rotor which are
forbidden for the limiting rigid rotor are usually weak.
However, if transitions involving higher K values are
observed, the effect of the internal rotation can now
exceed the asymmetry splitting even in the case of
relatively high barriers, and the spectrum becomes very
interesting. Consider the perpendicular type transition
(AK==1) between two groups of four energy levels
corresponding to the 4 and E levels of a K doublet.
At low values of X four lines are expected (two doublets)
similar to those shown in Fig. 4. As K increases, all
four E transitions are possible and six lines appear (two
A and four E). At high values of K the wave function
may be approximated by the symmetric top wave
function. When this is the case the two 4 levels of a
given K become nearly degenerate and the two 4 lines
merge into a single line. The two E levels, however,
remain separated because of the linear term P, in the
effective Hamiltonian Eq. (3-33), and two of the four
E lines now become forbidden so that for large values
of K one observes a group of three spectral lines—(one
A and two E). Such a transition from four lines (low K)
to three lines (for high K) has indeed been found by
Herschbach and Swalen.?” In the transition region be-
tween these two patterns all four E transitions are
observed. Those transitions forbidden in the limit of a
rigid rotor can be seen to increase in intensity at the
expense of the rigid-rotor lines until finally the triplet
pattern results (see Fig. 5).

C. Selection Rules for Low Barrier

So far the only molecules which have been found by
the methods of microwave spectroscopy to have low
potential barriers to internal rotation are CH3NO; and
CH;BF*****; our present discussion is confined mainly
to this class of molecules. The symmetry selection rules
have been given in Sec. A3. In order to apply these rules
to the analysis of the microwave spectrum it is necessary
to establish some correlation between the symmetry
properties and the rotational quantum numbers.

1. Limiting free rotator—The Hamiltonian and the
energy levels were discussed in Sec. 4. Since the quan-
tum number # is diagonal, the wave function can be
expressed as a product of ¢ and a function of 6, ®,
and x. This function may be determined from the
transformation matrix which diagonalizes the energy
matrix in Eq. (4-13). An inspection of the structure of
this matrix reveals the fact that a typical wave function
has one of the following forms:

\I/meven K_— eima Z aKSJKM (0, gD)ein, (6_4)
even K

\I,modd K=e'£ma Z aKSJKJI(e,@)eiKX, (6_5)
odd K

**#x% Recently CH;C=CCH,CI** has been studied and re-
ported to have a low barrier.
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where Ssram(6,)e®* denotes the symmetric top wave
function and the summation in K in Egs. (6-4) and
(6-5) extends only from —J to J. As explained in Sec. 4,
each energy level with m50 is doubly degenerate. This
double degeneracy occurs because the energy matrix
Eq. (4-13) remains unchanged when 7 and K are re-
placed by —m and — K. Now those energy levels where
m is a multiple of three (and not zero) are associated
with the pairs of symmetry species: 4., B..; 4o, Buo;
B, Bye; or B, Byo. Here each pair constitutes the
double degeneracy which would be split by a barrier.
Those energy levels where m is not a multiple of three
are associated with the symmetry species: Exe, Ese, E1o,
Ey. Here the degeneracy is not split by the barrier.
Consideration of the C, operation (x — x+) shows
that the wave function Eq. (6-4) remains unchanged,
but the wave function Eq. (6-5) changes sign. For the
C¢? operation (@ — a+r) both Eq. (6-4) and Eq. (6-5)
remain unchanged if m is even but change sign if m is
odd. With the aid of the character Table VI, the sym-
metry properties of the energy levels characterized by
different 7 and K may be summarized as follows:

m (m#=0) K
A., B.., Ei. even even
B.., By, E:. even odd
Ay, Bzo, Ero odd even
B0, Byo, E2 odd odd

The selection rules for 7 and K are such that the parity
is not changed. For the quantum number » the selection
rule is even more restricted in the case of free rotation.
Since the dipole moment is independent of « and neither
wave function Eq. (6-4) nor Eq. (6-5) involve states of
different m, we have the selection rule Am=0. For the
K quantum number, the selection rule is AK=0, 42,
=4, etc. Here K is nearly a good quantum number and
the transitions with AK=0 will in general be stronger
than those with AK=4-2, 4, etc. These latter types of
transitions result from a mixing of the K levels in
Egs. (6-4) and (6-5). Note, however, that the Wang
functions are no longer the appropriate zero-order wave
functions because of the linear term in K on the di-
agonal of the energy matrix.

The discussion presented above pertains to the energy
levels with m>20 only. When m=0, the exponential
factor e« in Eqs. (6-4) and (6-5) and also the linear
term in K in the energy matrix disappear. The secular
equation degenerates into that of a rigid rotor. Since
the expressions in Egs. (6-4) and (6-5) with m=0 are
invariant under the operation C¢® and Cs, the energy
levels with m=0 have the symmetry properties of 4.,
Bzey, Bye, or B,.. The selection rules for the transitions
with this series of energy levels are identical to those
for a rigid asymmetric top, i.e., 4 4>B;. and B,«>B,,..

2. Low barrier—As explained in Sec. 4, the addition
of a small barrier term 4V,(1—cos6a) to the Hamil-
tonian of a free internal rotor does not greatly alter the
spacing of the rotational energy levels except for the
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ones with 7 equal to whole multiples of three. The
nondiagonal elements in 7 may be removed by a Van
Vleck transformation so that the secular equation can
be factored approximately into blocks corresponding to
different values of m. The basis functions for this effec-
tive energy matrix (for m#3n) are then

(eima+aei(m+6)a+ beim—af ... )SJKM (0, ¢)ein_ (6—6)

The coefficients ¢ and b do not depend critically on X.
The final composite wave functions are taken as linear
combinations of such basis functions. The structure of
the secular Eq. (4-19) again is such that the basis func-
tions of odd and even K do not combine in forming the
final wave function. Furthermore, since the coefficients
a, b are usually very small, one may still use m as the
labeling index for the energy states. The selection rule
for m is Am equals a whole multiple of 6. Since the
Am7~0 transitions are weak and usually beyond the
microwave region, the selection rules for the dipole
transitions may be given approximately as Am=0,
AK=0, AJ=0, 4=1. Here again it is assumed that K is
nearly a good quantum number. Remembering that
each energy level characterized by (m,K) is degenerate
with the one by (—m, —K), one may easily show that
the selection rules Am=06n (n being an integer) are
equivalent to those derived from the symmetry
consideration.

For m=3 (or whole multiple of three) the solution
of the secular equation becomes more complicated as
discussed in Sec. 4 II. As an example the block in the
secular equation corresponding to J=1,m=3, odd K
was given in Eq. (4-21). This secular equation can be
factored by choosing as the basis functions the type of
linear combination given in Eq. (4-22) i.e.,

Y(K, m=3)£y(-K, m=—3). (6-7)
To the zeroth-order approximation these functions may
be expressed as
&Sm0, 0)e ExLe30S s gy (0,0)e KX, (6-8)
These two linear combinations have the symmetry
property of the 4o and B, when K is even; and B, and
Byo for odd K. In the case of the example in Eq. (4-21)
the energy eigenfunctions arising from the secular Eq.
(4-23a) have the symmetry of B, while those corre-
sponding to the determinant Eq. (4-23b) belong to 4,
species. The approximate wave functions for these four
states are
Vi =a[y(1,3)+¢(—1, =3)]
Vi_=—b[¥(1,3)+¢ (-1, —3)]
F¥(—1,3)—y¢(1, —-3)1.

(6-9)
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Here the first and second number inside the parentheses
of the functions refer to the values of K and m, re-
spectively. For CH3;NOs the difference between the two
diagonal elements in Eq. (4-23a) and Eq. (4-23b) are
roughly ten times greater than the off-diagonal terms;
so the ratios of the coefficients @, b, ¢, and d in Eq.
(6-9) may be estimated by perturbation methods as
|a/b| =~ |c/d| =~10. One may construct four approxi-
mate wave functions similar to Eq. (6-9) for the states
with J=2,m=3, and odd K. The coefficients a, b, ¢, etc.,
here are somewhat different from those in Eq. (6-9),
but the ratios of these coefficients are still of the same
order of magnitude as those for J=1. In accordance
with the symmetry selection rules A«<>B,, B.—B,,
00, ee, derived previously, there are eight possible
transitions for /=2« 1, m=3 with odd K. Among
these eight lines, four are much more intense than the
others, and indeed only the four strong lines are ob-
served in the microwave spectrum. These transitions are

VoW, Y o¥,, VY oV, VoV

Similar results are also found in the microwave spec-
trum of CH;BF,.

The selection rules for the transitions involving the
energy levels with m=0, are 4 4>B,,, and B,..

III. Nuclear Spin Weight

To obtain the relative intensities of the components
of the internal rotation multiplets (such as the doublet
for the high barrier case), the correct combinations of
nuclear spin functions ¢, with the internal torsional
function ¢, must be found. The method for finding such
appropriate nuclear spin functions has been given by
Wilson.!*® This procedure will be applied to the various
types of nonsymmetric molecules.

A. Molecules with No Symmetry

By following Wilson,!'® we observe that for the pro-
tons in the methyl radical, the group of permutation
operations which are equivalent to the internal rota-
tions of the molecules is isomorphous with the group
Cs, as is the group derived from the internal rotation
operations. For CHj; there are eight nuclear spin func-
tions which can be schematically represented by speci-
fying the quantum number m, for each nucleus as
follows:

1 3 1 (one)
1 1 —3 etc. (three)
1 -1 —1 etc. (three)
-1 -1 -1 (one)

These eight spin functions form a reducible representa-
tion of the C; group. The characters of this representa-
tion are x(E)=38, x(Cs)=2, x(Cs*)=2. This reducible
representation then belongs to the species 44-+2E,
+2E,.38 The over-all wave function must be antisym-
metric to the interchange of protons, i.e., of species 4

C. C. LIN AND J. D.

SWALEN

with respect to the operations of Cs. Since the non-
degenerate torsional function is of species 4, the
symmetry of the composite wave functions is 4
-(4A+2E\+2E;)=4A4+2E,+2E,; therefore, the sta-
tistical weight is four. For the degenerate torsional
sublevel the reducible representation formed by the
total wave function is (E;+E,): (44+2E,+2E,)=44
+6E;+6E,. Consequently the members of a torsional
doublet (in the case of high barriers) of a particular
rotational transition should have equal intensity.

The twenty-seven nuclear spin states for a CDj
group form a representation of species 114 +8E,+8E,.38
Thus the nondegenerate levels yield 4 - (11448 E,+8E,)
=114+8E;+8E,, whereas the degenerate levels give
rise to (E1+E,) - (114 +8E,+8E;) =164 +19E,+19E,.
The relative intensity of the two members of a doublet
is therefore 11/16.

This discussion is also applicable to the molecules
with a planar frame such as acetaldehyde.

B. CH3NO, Type Molecules

The method outlined in the previous section may also
be applied to find the statistical weights of the de-
generate and the nondegenerate levels for this type of
molecule. When the barrier is low the separation be-
tween the nondegenerate level and a degenerate level—
say between a level with =0 and one with m=1—is
of the order 2Fm which may be comparable to k7.
Hence the relative intensity of the various members of
the multiplet arising from the internal rotation is not
simply equal to the ratio of the statistical weights.
Rather, the Boltzmann factor must be taken into
consideration.

In addition, for the case of CH:NO,!® the wave
function must be even with respect to the interchange
of the two oxygen (I=0). This operation is C,Cs. Thus,
only the levels with symmetry properties of 4., B..,
Eie, Bzo, Byo, E2'" can exist in CH3;NO.!¢. For CH;BF,
these species will have one-third the statistical weight
of the others because of the fluorine nuclear spin (/=%)
and the requirement of antisymmetry for exchange of
the two fluorine nuclei.!?! 75,

7. VIBRATION-TORSION-ROTATION INTERACTION

The methods for the determination of the potential
barrier described in Secs. 3 and 5 utilize the splittings
between the same rotational transitions corresponding
to the two ground torsional levels. These methods,
however, fail when the splittings of the rotational lines
vanish as in the case of symmetric tops (see Fig. 4) or
fall below the limit of resolution of the spectrograph for
very high barriers. The latter difficulty may be over-
come, at least partially, by measuring the splittings of
the rotational lines in the excited torsional levels
(satellites) which are considerably larger than those in
the ground torsional state. Because of the influence of
the molecular vibrations on the internal torsion and the
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over-all rotation, these satellites are shifted from the
“main lines” (the lines associated with the ground
torsional state). Furthermore, the splittings of the
satellites sometimes contain sizeable contributions from
the effect of molecular vibration (cf. Sec. 5 II) as
well as the internal rotation. With a careful analysis
of the interaction of vibration, torsion, and over-all
rotation, it is possible to determine the barrier height
either from the splittings of the satellites or from the
shifts of the satellites from the main line. The latter
procedure is particularly significant because it is
applicable to symmetric top molecules.

Besides the frequency shifts, the intensities of the
satellites are decreased by the Boltzmann factor. From
the intensity ratios between the satellites and the main
line, one can calculate the energy differences between
the ground and excited torsional states from which the
barrier height may be determined.

In the present section two methods—the satellite
frequency pattern and the relative intensities—for de-
termining potential barriers are presented. Neither of
these methods gives as accurate results as the “splitting
method” described in the previous sections. Therefore,
these methods are used only when the splitting method
fails to yield the barrier height or when an analysis of
the torsional satellites is desired to study torsion-rota-
tion interaction.

I. Satellite Frequency Pattern

In the discussion of the theory of internal rotation
in Sec. 2 the effects of molecular vibration have not
been considered. This is justified if the torsional fre-
quency is well below the frequencies of the other
vibrations. Since the moments of inertia do not depend
directly on the torsional normal coordinate, the only
way the torsional mode can affect the moments of
inertia is by means of higher-order interactions via the
other vibrations of the molecule.® When the nonrigidity
of the two halves of the molecule is taken into account,
some interesting results are obtained. Consider first the
symmetric molecules such as methyl silane, CH,;SiH;.
Classically, as the CH; group oscillates about its equi-
librium position, the centrifugal force produces a slight
change in the molecular dimensions. Because both the
angular velocity and the potential energy are functions
of the internal angles e, the instantaneous configuration
of the molecule depends also on a. The rotational con-
stant B determined from the microwave spectra is
actually related to the average value of the reciprocal
of the moment of inertia for a given torsional and
vibrational state. One would expect that the rotational
constants and thus the rotational lines associated with
the different excited torsional states would be shifted
by different amounts (even for the case of a symmetric
top). From the pattern of these lines one can then de-
termine the height of the potential barrier. Further-
more, this type of internal torsion-vibration interaction
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also gives rise to an additional splitting of the pairs of
lines associated with the 4 and E sublevels of a given
torsional level; but as shown by Kivelson,” such a
splitting for the ground torsional state of CH;SiHj; is
less than 0.05 Mc which is experimentally unobservable.

The quantum-mechanical treatment can be carried
out in this way: The Hamiltonian, including the rota-
tion, internal torsion, and vibration,}{{{t according to
Kivelson,#245b is written as

H=3% 2 ipiPiPi+Hr+H,, (7-1)

where P; is the component of the total angular mo-
mentum along the 7 principal axis, u;; is the ¢j com-
ponent of the inverse of the instantaneous inertia
tensor and Hr and H, represent the part of the Hamil-
tonian connected with the internal torsion and vibra-
tion, respectively. A Van Vleck transformation® similar
to that used by Howard and Wilson'® is applied to
remove the nondiagonality in the vibrational quantum
number v. The results may be expressed approxi-
mately as

H=W,+3 > :j(v|uij| v) PiPi+ (v| Hr|v)
+20"| (0|3 ZjuiPiPi+Hr| V) |2(W,— W)L

The first term W,, the vibrational energy, represents
merely an additive constant and can be safely dropped.
If only the splittings of the rotational lines in various
torsional states are desired, then the terms independent
of the rotational quantum numbers can be neglected.
Finally, the terms corresponding to the ordinary cen-
trifugal distortion effect can usually be ignored. By
using Eq. (7-2) as the Hamiltonian, Kivelson® calcu-
lated the effective rotational constant B for a symmetric
rotor and arrived at the equation

B,o=B,+F,(Kvo|1—cos3a| Kvo)+G,(Kvo | p"| Kvo)
+ LK (Kvo[p'| Kva), (7-3)}111}

where p’ is the angular momentum associated with the
torsional motion as defined in Eq. (2-8), B, is the ef-
fective rotational constant averaged over the vibra-
tional functions, and F,, G,, and L, are empirical con-
stants which depend on the interaction of the vibra-
tions and the internal torsion. It is now possible to
modify Eq. (7-3) slightly in order to see clearly the
difference between this expression and the familiar one
for ordinary vibrations. The torsional equation in
reduced form is

(7-2)

9
[p’2+-8—s(1 —cos3a)]PKv.,= (9/4)byePros.  (7-4)

ttttt Here the word ‘‘vibration” means all the internal modes
of motion other than the hindered rotation.

11111 Kivelson® used the quantum number m for Kvs and I
for p’=p—pP,.
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In this equation the kinetic and potential energy may be
identified

(T)=(Kvo|p"*| Kvo)
Os
(V)=—8—(K'va[ 1—cos3a|Kva).

For K=0 Eq. (7-3) becomes

B,o=B,+F,(V)+GK(T), (7-5)
where
F,’=8F,/9s;
or
Byo=B,—1{H)—B:[{T)—(V)], (7-6a)
= B,— (9/4)B1bss— B2 ys, (7-6b)
where

,31=_%(G1:+Fv’); xw=<T>"'<V>:
62= _%(GU—FDI): <H>= <T>+<V>= (9/4)171:0-
Now for harmonic vibrations
(T)=(V),

and the asymptotic form for &, as s — «© is b,~2(s)}
X (v+3%). It follows that

Bmt: Bv—aT ('l)—i-%'),

ar=(9/2)(s)}6:.
For the J=1 « 0 transition of CH;3SiH; Kivelson found

F,=—65.322 Mc and G,=—0.8824 Mc,
§=30.22 (@=17.0=%s),

and therefore F,'=—1.9212 Mc, 8:=+1.4018 Mc, B
=—0.5194 Mc, and a;=+4-34.68 Mc. For an ordinary
vibration, the constant « is of the order B.,*/w which
is ~22 Mc. Consequently, we see that this analysis is
very similar to that for ordinary vibration rotation
interaction; only the extreme departure from har-
monicity must be corrected by the 8, term.

Kivelson’s method of analysis has also been ex-
tended to include asymmetric molecules®:445> and the
Stark effect.®®> Application of this theory has been
made in the study of the vibration-torsion interaction
of methyl alcohol,”” methyl mercaptan®®:s and pro-
pylene oxide?” (cf. Fig. 6).

Hecht and Dennison? have also investigated the
nonrigidity effects in methyl alcohol. In addition to the
centrifugal stretching, these authors point out that the
effect of Coriolis force (from the internal motion) on
the distortion of the equilibrium configuration of the
molecule should also be considered. While the OH
group executes the internal torsion, the Coriolis force
arising from the end-over-end rotation of the entire
molecule causes the hydrogen atom to rock back and

(7-7)2
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forth on the COH plane. The effect is to produce a
change in the average moments of inertia (over one
external revolution) which, analogous to the distor-
tion by centrifugal force described in the beginning of
this section, depends on the torsional state. Hecht and
Dennison? also take into account the fact that the
height of the barrier is a function of the molecular di-
mension.® Inasmuch as the origin of the barrier is not
clearly understood, the dependence of the barrier height
on the displacements of the atoms cannot be calculated
in any simple way; it can best be described in a para-
metric form as

V=Vi{1+X adet- -] (7-8)

where the 8q; are the displacements of the atoms. A
rigorous theoretical treatment which takes into con-
sideration the effects of centrifugal and Coriolis forces
on the average rotational constants as well as the change
of potential barrier height could become very lengthy
because of the large number of normal vibrations which
could effect the moments of inertia through Coriolis
interaction. Hecht and Dennison?! carried out the calcu-
lation in two steps. They first examined the interaction
between the rotation and the normal vibration in which
the O—H bar moves in its own plane relative to the
methyl group. In other words, they used a relatively
simple model for CH;OH which has five degrees of
freedom—three for over-all rotation, one for internal
torsion, and one for the O—H rocking. All the other
modes of vibration were considered to be frozen. In
the second step the remaining normal vibrations were
introduced as perturbation and the effects of these
additional terms on the energy levels were investigated
with the aid of appropriate approximations. As the
vibrational frequencies of methyl alcohol can be ob-
tained from the vibrational spectrum, and the potential
barrier height has been determined from the rotational
transitions in the ground torsional states, the only
parameter that needs to be introduced is the one which
describes the variation of the potential barrier height
with respect to the vibrational coordinate. Hecht and
Dennison” have been able to explain quantitatively
some thirty splittings of lines of normal methyl alcohol
and five other isotopes using only six empirical
parameters.

This treatment can, in principle, be applied to deter-
mine the potential barrier of symmetric top molecules
for which the methods described previously (PAM and
IAM) fail. However, the force constants for most of
the symmetric top molecules are usually not known to
a sufficient degree of accuracy and therefore it becomes
necessary to introduce several empirically determined
parameters. A reliable result on the barrier height is
obtained only if a sufficiently large number of lines in
the excited torsional levels can be observed.

Recently, Swan and Strandberg!® reanalyzed the
results on methyl alcohol considering vibration rotation
interaction more completely. By using the observed
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infrared vibrational spectrum for the normal frequencies
they diagonalized the vibration-rotation-internal rota-
tion matrix, i.e., they attempted to calculate the em-
pirical constants F,, G,, etc., from the vibrational wave
functions. As Hecht and Dennison point out, this pro-
cedure can, at present, only be used to verify constants
but not calculate good values for them. This is borne
out in Swan and Strandberg’s results in which the
quantitative fit of the calculated frequencies to the
observed is only fair. Nevertheless, this type of calcula-
tion is valuable, and with improved wave function and
energy values a better quantitative agreement on
molecules might be obtainable.

II. Intensity Method

The ratio of the intensity (I;/Io) of given rotational
transitions in the first excited torsional state to the
ground torsional state is equal to the relative population
in the two torsional states, i.e.,

I,/To=(g1/go) e F+/*T,

where go and g, are the statistical weights of the ground
and the excited torsional states and AE, is the difference
in energy between these two states. Since the ratio of
g1 and go can be determined from group-theoretical
consideration, a measurement of the relative intensities
between a rotational line and its satellite gives the tor-
sional frequency which, with the aid of the Mathieu
tables,®1%* leads to a determination of the potential
barrier. Where there are uncertainties as to the ratio
of the statistical weights of the two levels, the rela-
tive intensity can be measured at several different
temperatures.

One of the first molecules studied by this technique
was CH3;CF3.*7 The barrier heights of a number of
other molecules obtained by this procedure are sum-
marized in Table X. The main virtue of the intensity
method lies on its simplicity and its applicability to the
case of very high barrier in which the splitting between
the 4 and E lines are undetectably small. However, the
experimental error involved in the relative intensity
measurement is rather large—usually 10 to 209, or
even higher. It is therefore not surprising that some of
the resulting barrier heights obtained represent little
more than estimates.

Baird and Bird? studied the problem of the measure-
ment of relative intensities in the microwave region.
They propose a procedure by which one can obtain an
improvement in accuracy and reproducibility of the
intensity ratio. Unfortunately, their technique or one
comparable has generally not been used in the work
reported in Table X. Recently, Verdier and Wilson!!
obtained more refined measurement on the relative
intensities for the spectral lines of CH3;CHO and
CH;CH,F using a Stark-modulated cavity. Their re-
sults on the barrier height compare favorably with
those obtained by the “splitting methods” (see Table

(7-9)
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IX). They point out some limitations of the intensity
method.

First, the quantity measured is usually the ratio of
the peak absorption heights. The absorption coefficient
of a line at its center for a Van Vleck-Weisskopf line
shape is given in Eq. (7-10)18:

a(vo) = (16m310| mn |2vor) /3kcT, (7-10)

where 7, is the number of molecules per unit volume in
the lower level of the transition, um, is the matrix ele-
ment of the dipole moment between the upper and the
lower level, and 7 is the mean interval between colli-
sions. In order to compare the peak absorption co-
efficients of two lines vo, umn, 7, and T must be the same,
otherwise any difference will contribute to a correction
term in the intensity ratio. The temperature 7' will
undoubtedly be the same for the two lines. The correc-
tion for the difference in »o can be made easily. How-
ever, the two are usually so nearly equal that this cor-
rection is negligible. The transition moment ., may
be different, because the asymmetry parameter could
change from the ground to the excited state. For cer-
tain transitions in nearly symmetric tops, um. may be
quite sensitive to a small change in the asymmetry
parameter and in such case an appropriate correction
in Eq. (7-10) should be applied. The variation in 7
between torsional levels should normally be within the
limit of experimental accuracy.

The second difficulty which might arise is that the
A and E lines are not resolved, and yet the separation
between these lines is about the same order of magni-
tude as the line width; the measured peak intensity
then does not correspond to Eq. (7-10). For example, it
may happen that the 4 and E lines are resolved in the
excited torsional state but overlap (with only one peak)
in the ground state. In this case serious error would re-
sult if a correction were not applied to the measured
intensity ratio. In order to correct for this effect, one
can measure the integrated intensity of these lines in-
stead of the peak value. The integrated intensity of the
resolved A4 or E line is then one-half of that of the com-
posite line. Alternatively, if the splitting of the un-
resolved doublet is calculated from theory, then a rela-
tion between the actual and apparent peak absorption
can be derived by adding two Van Vleck-Weisskopf
shaped lines separated by a frequency equal to the
splitting of the doublet.

8. EXPERIMENTAL RESULTS

Table IX gives the experimental values for the barrier
heights determined from frequency measurements of
the microwave spectra. If more than one value is
available in the literature, the best value according to
our opinion is reported.§§§§§

§§888 The major references on each molecule are listed and the
one which gave the best value for the barrier as shown in Table IX
is underlined.
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TaBLE IX. Barriers by the frequency method.

Compound Formula V (cm™) V (cal/mole) Method References
Threefold barriers
Methy! alcohol CH;O0H 374.8 1070 IAM 8,32,77
PAM 98
nonrigidity 21, 77,103
experimental 10, 12, 28,
30, 109, 110
Methy!l amine CH;NH: 691.1 1976 IAM 31,78, 79
experimental 28, 56-58
88-91
CD;NH, 684.7 £ 2 1958 IAM _5_9, 46
Methyl mercaptan CH,:SH 44 =+ 10 1270 IAM 49, 50, 35
Acetic acid CH;COOH 169 483 + 25 PAM 105
Acetaldehyde CH;CHO 406 1150 =+ 30 PAM 38
Acetal fluoride CH,;COF 378 1080 PAM 80
Acetal chloride CH;COCl 472 1350 PAM 93
Acetal cyanide CH;3;COCN 444 1270 £ 30 PAM 52
Methyl formate HCOOCH; 416 1190 =+ 40 PAM 11b
Ethyl bromide CH;CH,Br 1248 3567 =+ 30 IAM 1st 66a
Ethyl chloride CH,;CH,Cl 1245 3560 =+ 12 IAM 1st 66a
Ethyl fluoride CH;CH,F 1158 3306 PAM 1st 22
1,1 difluoroethane CH;CHF: 1112 3180 PAM 1st 22
Methyl silane CH;SiHs 558 £ 17 1595 nonrigidity 42
595 1700 =100 PAM 39
Methyl fluorosilane CH,SiH,F 545 1560 PAM 81a
Methy! difluorosilane CH,;SiHF, 439 1255 PAM 102
Methy! germane CH:GeHj, 433 1239 =+ 25 PAM 53a
Methyl allene CH;CH=C=CH, 556 += 2 1589 =+ 6 IAM 63
Propylene CH;CH=CH. 692 + 6 1978 =+ 17 IAM 62
1-fluoropropylene CH,;CH=CHF 752 2150 =150 PAM 92
2-fluoropropylene CH;CF=CH, 848 2424 £ 25 PAM 81c
Propylene oxide CH;CH—CH, 895 =+ 25 2560 =+ 70 PAM 101, 27
IAM -
0
1-chlorobutyne 2 CH;C=CCH,Cl <30 <100 cen 53b
Vinyl silane CH,CHSiH; 523 =+ 18 1495 =+ S0 PAM 81d
Ethyl iodide CH;CH.L 839 2400 PAM 33c
Sixfold barriers
Nitromethane CH;NO, 2.11 6.03+ 0.03 low barrier 106, 107
CD;3NO, 1.82 5.19+ 0.03 low barrier 107 ~
Methy! boron difluoride CH;BF. 482 13.77+ 0.03 low barrier 75
Two threefold barriers
Acetone (CH;).CO 266 =+ 20 760 PAM 100
Dimethyl ether (CH,).0 950 <+ 50 2720 PAM 33b
Dimethyl silane (CH,).SiH, 582 1665 PAM 81b
Twofold barriers
Hydrogen peroxide H.0. 113 323 IAM 70, 71
Phenol C¢H:OH 1100 100 3140 e 50b

As discussed in Secs. 3, 4, and 5, the ratio V3/F is

determined from the analysis of a microwave spectrum.
In general, this ratio can be determined to an accuracy
of two percent or better. Uncertainties in the molecular
structure and limitations in the approximations are the
two main sources of error. The spectra of molecules with
lower s values are influenced to a much larger extent
by the internal rotation and usually these can be
analyzed to give somewhat more accurate values for the

ratio V3/F. Structural errors, in regard to the reduced
moment of inertia of the methyl group, cause a large
share of the error in the barrier. In our opinion, the
barrier heights reported in Table IX are accurate to
somewhere between 29, and 5%,.

The spectra of methyl alcohol and methyl amine
have been studied very thoroughly in the microwave
region. IFurthermore, a considerable amount of work
has been done on their theoretical interpretation using
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the IAM given in Sec. 3. To a lesser extent methyl
mercaptan has also been studied. These three molecules
are of the class of an intermediate barrier molecule with
slight asymmetry. Mainly the perpendicular (AK = =-1)
Q branch lines (AJ=0) have been analyzed for the
barrier height. The effects of the asymmetry and the
off-diagonal internal rotational matrix elements are
calculated by second-order perturbation. Methyl amine
has the additional complication of inversion similar to
ammonia.

Also the J=1 <0, K=0 transition has been analyzed
for methyl alcohol®:771% including the effects of non-
rigidity. The splittings of the internal rotation doublets
are caused by the rigid internal torsion as well as the
molecular vibration, but the division between these two
effects is not known accurately since it depends rather
critically on the structure of the molecule. Slight shifts
in the methyl group axis affect this division. With six
empirical constants a good agreement between the
theory and experiment was obtained for the frequency
shifts of the excited states transitions for a number of
isotopes of methyl alcohol. Nishikawa’” obtained a good
fit of the spectrum with only the three symmetric top
constants. Attempts have been made!® to calculate
these “empirical constants” from the vibrational wave
functions and qualitative agreement between the calcu-
lated and observed values has been obtained.

The results of the barrier height of methyl alcohol
and methyl amine obtained by various methods are all
in good agreement. However, for methyl mercaptan the
situation is somewhat confusing. Intensity work by
Solimene and Dailey®® gave a value of 371 cm™!. Kilb?®
determined a value of 246 cm™ by rigid hindered theory
(PAM to second order) on the J=1 <0 transitions of
a large number of isotopic species measured by Solimene
and Dailey.% Kojima and Nishikawa first obtained a
barrier* of 280 cm™, but subsequently they revised
their value® to 444 cm™. Also the /=1 «—0 lines of the
isotopic species CH;SH, C®H;SH, C2D;SH, and
C”H;SD were analyzed by the symmetric top non-
rigidity theory. According to Kojima and Nishikawa
the /=1« 0 of C¥H;3SD was incorrectly assigned by
Solimene and Dailey. The results of Kojima and
Nishikawa® are probably more accurate because their
analysis was carried out to a higher order of
approximation.

The molecules acetaldehyde (CH;CHO), acetyl
fluoride (CH3COF), acetyl chloride (CH;COCI), acetyl
cyanide (CH;COCN), propylene (CH;CH=CH,), 1
fluoropropene (CH;CH= CHF), methyl allene (CH;CH
= C=CH.), methyl silane (CH;SiH;), methyl fluorosi-
lane (CH3SiFH,), and methyl difluorosilane (CH;SiF,H)
are examples of molecules with relatively high barriers.
A pseudo-rigid rotor splitting was used to determine the
barrier height. In some cases transitions up to J=12
were analyzed using the PAM. Also in the near sym-
metric top molecules the first-order (nonrigid rotor)
terms produced a large effect. This was especially true
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in acetaldehyde® (see Sec. 5) and methyl silane, mono-,
and di-deuterated.?® Methyl silane has been analyzed
by nonrigidity theory* and all of the determined
barrier heights agree very well with one another.

The barrier heights in ethyl fluoride,*® 1,1-difluoro-
ethane,? ethyl chloride,%2 and ethyl bromide®? were
determined by the splittings in the first excited tor-
sional state since the ground state splittings were too
small to observe. To a good approximation the splittings
of the satellites of the first excited torsional state are
caused entirely by the hindered rotation (but not the
molecular vibrations) because of the high barrier.

In propylene oxide? the barrier was determined by
the splittings in the ground and first two excited tor-
sional states. The agreement is exceedingly good in-
dicating the validity of using excited state splittings
for the determination of barrier heights in molecules of
high barriers. No effects of a V¢ potential were observed.

Acetic acid'® is a molecule with an intermediate
barrier and large asymmetry. Unusual difficulty was
encountered in the analysis, but, by using the PAM
to fourth order, Tabor was able to assign a number of
higher J lines. The assignment was one of the more
difficult aspects of this problem. The IAM would have
been very difficult to use in this particular case because
of the relatively high J transitions necessary for its
analysis.

Low barriers have been observed in nitromethane
and methyl boron difluoride. Here the m=3 lines give
an accurate determination of the barrier height. In the
low barrier problem the initial assignment is quite
difficult and an extensive searching of the lines is
needed. The accuracy of these barrier heights is ex-
ceedingly good and generally better than that in the
high barrier case. This results from the wide splittings
of the order of 1000 Mc as compared with small split-
tings of a few Mc of the high barrier problems. The very
low barrier obtained in these two cases for a sixfold
potential seem to indicate that the ratio of V3 to Vi is
generally of the order of 100. 1-chloro butyne-2 is
another molecule with a low barrier which has been
recently studied.®® Only an upper limit of the barrier
height has been obtained.

The barriers have been determined for a number of
molecules by the intensity method of Sec. 7. These are
listed in Table X. Generally, an error of 10 to 209} can
by assigned to these determined barrier heights. It is
interesting to compare some of the results in Table X
with the more accurate values of Table IX. Ethyl
bromide!!®:118 is 219, low ; ethyl chloride!2.14) 4,597 low ;
ethyl fluoride! is in agreement ; and 1,1-difluoroethane®
is 129, high. By taking into account a 59, error in the
values in Table IX, we can see that 10-209, error in
the values of Table X is quite realistic.

It is interesting to compare the results of the barrier
heights obtained by microwave spectroscopy with those
from other means, particularly the thermodynamic
methods (see Sec. 1). While detailed examinations of
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TaBLE X. Barriers by the intensity method.

Compound Formula V (cm™) V (cal/mole) References
Acetaldehyde CH;CHO 386 1103+ 60 111
Ethyl bromide CH;CH.Br 980 2800500 115, 116
Ethyl chloride CH;CH,C1 1190 34004-600 112, 114
Ethyl cyanide CH;CH,CN 11504100 3280290 54
Ethyl fluoride CH;CH,F 1160 33104210 111, 51
1,1 Difluoroethane CH;CHF, 12504200 35704580 94
1,1,1 Trifluoroethane CH;CF;y 1200 3480 14,72
Methyl mercaptan CH;3SH 371+ 43 10604120 95
Methyl silane CH,SiH; 460+ 80 1315 60
Methy! trifluorosilane CH;SiF; 420 1200 72,13, 87
1 Trifluoro butyne-2 CH;—C=C-CF; <100 <300 3, 4a, 61
Isobutane (CH;);CH 1360 3900 65
t-Butyl fluoride (CH,)sCF 1500 4300 65
Trimethyl phosphine (CHj;)sP 910 2600 65
Trimethyl amine (CH3)aN 1530 4400 64
Methyl germane CH;GeH; 585 1673 4b

the thermodynamic results are beyond the scope of
this paper, it may be stated that the barrier heights
determined by the splitting methods are usually more
accurate than those obtained from the thermodynamic
properties of the molecules. On the other hand, the
intensity and thermodynamical methods yield results
of comparable accuracy (ten to twenty percent uncer-
tainty). With careful experimental measurements and
in favorable cases, this error may be somewhat lower
for both of these methods. In the absence of any fre-
quency work on a given molecule, a careful investigation
of the specific experimental difficulties is required in
order to decide whether the thermodynamic results or
the microwave intensity results are more reliable.

In addition to the barrier heights, the equilibrium
configuration has been obtained for a number of mole-
cules listed in Table XI. These equilibrium configura-
tions are valuable because they supply additional in-
formation which, besides the barrier heights, any theory
of the origin of barriers must explain. Ethyl chloride

TaBLE XI. Equilibrium configuration.

Refer-
Compound Formula Configuration ence
Acetaldehyde CH:DCHO Methyl group eclipses O
CHD:CHO and staggers H 38
Acetyl chloride CH:DCOCI Methyl group eclipses O
CHD:COCl and staggers Cl 93
Acetyl cyanide CH:DCOCN Methyl group eclipses O
CHD:COCN and staggers CN 52
Acetal fluoride CH:DCOF Methyl group eclipses O
CHD:COF and staggers F 80
Propylene CH:DCH =CH: Methyl group eclipses
the double bond and
staggers H 26
Ethyl chloride CH:D —CH:Cl  staggered 113
Methyl silane CH:D —SiH;D  staggered 39
CH:D -SiHD:
Methyl fluorosilane CH:D—SiH.F staggered 8la
1,1-Difluorosilane CH:DSiHF 2 staggered 25¢
CHD:SiHF 2

monodeuterated'® was the first molecule in which the
staggered configuration was confirmed by microwave
spectroscopy. The tunneling rate is much slower than
the measurement time in the microwave region so the
two different configurations are observed : the deuterium
gauche and trans to the chlorine atom. Each of these
was observed. Even with only an approximate structure
these observed rotational constants would be incon-
sistent with an eclipsed configuration.

Finally, a few molecules have been studied recently
with two internal rotors. Although the theory, an ex-
tension of the work of Sec. 3, is not covered here [see
references 84, 40, 100, and 33 (b) ], the results on acetone,
dimethyl ether, and dimethyl silane are given in
Table IX. The theory of internal rotation for molecules
with an asymmetric internal rotor is not covered in this
review, but two molecules, hydrogen peroxide,” and
phenol,*® have been studied and analyzed approxi-
mately as a symmetric top. References 6, 9, and 86 give
some of the theoretical work.

9. CONCLUSIONS

After the various discussions on the interactions of
internal rotation and over-all rotation, one naturally
questions what causes these potential barriers and
whether the values reported in Sec. 8 can be explained
quantitatively in terms of the electronic structure of
the molecules. Furthermore, can unknown barrier
heights be predicted satisfactorily? Numerous attempts
have been made (see Bibliography—Theoretical and
Empirical Methods of Barrier Height Estimation) to
provide answers to these questions, but the results do
not seem very encouraging. This is understandable
since the potential barrier represents only a very small
fraction of the binding energy of the molecule. It seems
highly impractical at this time to make any serious
attempt to evaluate the barrier heights by the direct
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and rigorous approach, i.e., from the difference in energy
of the entire molecule for the two extreme configura-
tions corresponding to the eclipsed form (a=60°) and
the staggered form (a=0°).

In order to offer a simple picture for the nature of
the hindering potential, various mechanisms such as
Van der Waals forces,"2016 direct electrostatic inter-
actions,% 01008 gverlap, and exchange force," have been
proposed for the intramolecular interaction. Recently,
Wilson®7-%18 has made a critical examination of these
various hypotheses and found that none of the existing
theories can account for the experimental results of the
barrier heights of the various molecules. He 7 suggests
that the potential barrier could be an inherent property
of the axial bond itself and that it is is not due to the
direct forces between the attached atoms to any great
extent or to the electronic distribution in the attached
bonds which are at any considerable distance. Pauling "
on the other hand, hypothesizes that exchange inter-
actions of the electrons in the attached bonds, as deter-
mined by the overlap of these attached bonds which
extend in the direction of the axial bond toward one
another, are responsible for the potential barrier. By the
use of higher orbitals, d and f, he makes a rough esti-
mate of this nonbonding interaction which is in the
right order of magnitude for the observed potential
barriers. Although the absolute values are only for-
tuitous, a number of interesting relative values are
presented. From his hypothesis, unshared electron pairs,
which do not hybridize with the f orbitals, would not
contribute to the potential barrier, i.e., methyl alcohol
would have a barrier approximately one-third of that
in ethane and methyl amine would have a barrier
approximately two-thirds of that of ethane. Another
interesting point is the existence of the very low barriers
in molecules such as nitromethane. A sixfold barrier
would require ¢ orbitals with an azimuthal quantum
number /= 6. Because of the large promotional energy
these probably would not contribute much to the
hybrid bond orbitals and hence we would predict a
low barrier.

Which of these various mechanisms, or combination
of mechanisms, correctly accounts for the potential
barriers measured in molecules is still unanswered. It is
hoped that this review will stimulate further research
toward the understanding of the origin of the potential
energy hindering internal rotation. Nevertheless, from
the viewpoint of molecular dynamics, the problem of
internal rotation in molecules, i.e., the effect of the
internal rotation on the energy levels, is quite well
understood. The agreement between the theory and the
observed spectra, including all the fine details, is par-
ticularly outstanding. Furthermore, the study of the
microwave spectra offers a method, which is by far the
most accurate at the present time, for determining the
height and the shape of the hindering barrier.
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APPENDIX 1

Derivation of Kinetic Energy and
Angular Momentum

In Fig. 9, O and C represent, respectively, the center
of mass of the entire molecule and of the top alone. Two
vectors r; and e; are drawn to a typical atom in the
top from the respective centers of mass O and C. The
position vector (with O as origin) for an atom in the
framework will be denoted by r,. If ¢ denotes the vector
from O to C, one can readily see that

r;=9+}a; (A1-1)
The kinetic energy can be written as
T=% 2 mi(0r,/dt)- (3r:/dt)
+35 22 m;(01,/98)- (91;/91).  (A1-2)

By remembering that

@r;,/3t)=wXr;, (91;/0t)=0Xr1;+ (3e/dt) X0},
where o is the angular velocity of the over-all rotation
of the molecule, one can rewrite (A1-2) in the form of

T=3 X mi(eXr)*+35 X m,{ (0Xr,)+ (9e/dtXe;)T
=3 2miri— (0 1) ]+5 X mjr i — (@ 1,)%]
+3 2 im0 fa*— (0;-0a/d1)%]
+> mi(@Xr;)- (0a/dtXe;). (A1-3)

The first two terms obviously represent the kinetic
energy of the over-all rigid rotation of the molecule
with angular velocity o, and can be written as 1ot I-@
where I is the usual inertia tensor of the entire molecule.
The third term may be expressed as /.62 where I, is
the moment of inertia of the top about its own axis of
symmetry. The last term may be simplified as

2 m;(@Xr;)- (da/dtXa;)
=2 m{[(e+e;)-0;](0-0e/dt)
—(0-0,)[(0+0;) (de/at) ]}

=2 milof(0-00/3)— (0-0;)(0;-0e/d1)]. (Al-4)

Fi16. 9. The posi-
tion vectors of typi-
cal atoms in a mole-
cule with an attached
internal rotor. The
O position and C po-
sition represent the
centers of mass of
the whole molecule
and the internal ro-
tor, respectively. The
vectors r; and r; are
vectors from the cen-
ter of mass O to
typical atoms in the
frame of the mole-
cule and the internal
rotor.
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The last step follows from the relation
Z;m]o-,:O.

By using a coordinate system attached to the top with
the z axis along the axis of symmetry, and the origin
located at the center of mass of the top, one has

o;=xjityitaik,
and
2 mxzi=2_ m;yiz;=0.
Equation (A1-4) then takes the form of

2 mil (2 +y, 37 (0 da/dl)
- (wzxj+wuyj+wzzj)zj[ de/dt| ]
=2 m[(x2+y2+2) (@ 0e/dl) —w.z 2| da/dt| ]
= ijj(x,z—}-yﬂ) ((.) a(!/at) = Ia(o) . a(!/al).

The kinetic energy finally becomes
T=1ot-l-0+3il,é*>+1.(0-de/d).
The classical angular momentum is given by

P=3mi(r:Xdr:/0t)+2_ m;(x;Xdr;/01)
=> m ;X (@Xr)]
+2mir X {(@Xr,)+ (de/0tXa;)} ]
=2 m{r:X (@Xr1) ]+ m{r;X (@Xr,)]
+2milr;X (3e/dtXe;)].
The first two terms stand for the angular momentum
of the over-all rigid rotation of the entire molecule
which can be written as I-o. In order to simplify the
last term, use is made of the fact that e; is a vector
measured from the center of mass of the top and that
the axis of the top is a principal axis of the top. It
follows that

2m,{1;X (3a/dtX0;)]
=2 m,[(o+0;)X (de/dtXe;)]
=>mo;X (0a/3tX0;)]
=Y mof0a/dt— (¢;-0a/dt)0;]
=Y"mi{o2k|da/ot| —z2k|0a/dt| J=1.9a/0L.
Equation (A1-6) then reduces to
P=1-0+1.0a/9t.

(A1-3)

(A1-6)

APPENDIX 2
Continued Fraction

The substitution of Eq. (3-9) or Eq. (3-23) into Eq.
(3-3) or Eq. (3-16), followed by the multiplication by
e i6ke gnd integration leads to a recursion formula
among the A’s:

A 3(k—-1)+a+ (/\ - Mk)A 3k+a+A 3(k4+1) 40— 0,

where

(A2-1)

4 s 16
)\=—(b——) and My=—(3k+0)%
s 2 9s
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This defines an infinite set of homogencous equations.
In order to have a nontrivial solution it is necessary
that the determinant of the coefficients vanish. This
infinite determinant can be factored into 3 different
subdeterminants, one for each o value. Koehler and
Dennison*® have shown that Eq. (A2-1) leads to a con-
tinued fraction. This can easily be seen by dividing the
recursion relation Eq. (A2-1) by Ast.,:

Aa(k+1)+¢ A3(k—l)+ﬂ
—_— = (M) ———, (A2-2)
A3k+o' 3k+o
and inverting
A3k+a
AS(k+1)+q
1 1
B 4 B 1 —o
3(k—1)+0
My—N———— M;—)\—
Askye Mii—2\—---
also
A3k+a 1
A - 1 —o
3(k—1)40
Mi—\——m——
My —A—---

By substituting back into Eq. (A2-1), one obtains a
continued fraction equation,

)\=Mk“G/;+1+—G/;_1;. (A2-3)

A trial value of X is substituted into G+ and G~ leading
to a first approximation of A. By successive iteration a
consistent value of the eigenvalue, A, is obtained. The
continued fraction does not always converge very
rapidly and can even diverge. The use of a Newton
Raphson approximation® is recommended to avoid
this difficulty. By letting

JO)=M—=A=Grii*(\) = Giim(N) =0,

and expanding at the nth approximation of the eigen-
value (denoted by A"), one obtains

T =FA"+ A=A ()
=N (A=A f'(A\") =0.
Then
>\n+1_)\n

A=A ———
=)

(A2-4)
where
= A\ =14+Ge ™[ 14-Grps2 (14 - )]
F G [1+Grs2(14- - ) ].
Since the G’s are determined in the calculation of the
eigenvalue, the derivative f'(\") is readily calculated.
Care must also be taken to insure that the initial ap-

proximation is not separated from the desired eigen-
value by a pole. A pole occurs between each eigen-
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value. If one exists between the first approximation and
the desired root, the continued fraction converges to
the adjacent root.

With the desired eigenvalue determined, a substitu-
tion into Eq. (A2-1) leads to a recursion relation be-
tween the A’s. By solving these relations and normaliz-
ing, one obtains the eigenfunctions. These eigenfunc-
tions are used to determine the matrix elements and
integrals for the JAM and PAM if the approximations
given are not sufficiently accurate. The eigenfunctions
are tabulated for the periodic solutions.’®37 For the
nonperiodic solutions ¢ is replaced by o+pK in all the
previous expressions.

APPENDIX 3
Tabulations Related to Mathieu Equations

The most recent and complete tabulations are listed

in Table XII. References 36 and 104 are the most useful
TasLE XII. Mathieu function tabulations.
Period Range

Reference in x inV Range in s Accuracy

Mathieu Functionsa:.e =, 2  0(1)8 0(1)100b 1 X108
9(1)14 0(2)100

Kilbe.d.e 3r 0(1)5 2(1)30(2)52(4)100 1 X107
Stejskalf 3T 0(1)4 100(15)205 1 X107
Blanch and Rhodese =, 2x  0(1)15  100b 1 X108
Pextoni 4r 0(1)9 1(1)40 1X10-¢

a See reference 104,

b A close tabulation is given for the low s values.

¢ Eigenfunctions are also tabulated.

d Copies are available from E. B. Wilson, Jr., Department of Chemistry,
Harvard University. Herschbach’s tables are also available.

e See reference 36.

f See reference 96.

& See reference 5.

b Tabulated in terms of ¢ 0(0.002)0.1 where s =1/22,

f Tabulated in Li and Pitzer reference 55. Notation: 46 =s, o =b —1is.

and complete for the threefold potential case. Also, by
the use of Eq. (3-29) and these tables, the eigenvalues
for s>30 for other periodicities can readily be deter-
mined. A number of older references are given in
reference 104.

Recently, Herschbach? tabulated the matrix elements
b, P2 B°, cosba, the perturbation sums to fourth order
for use in the PAM, and the Fourier coefficients for
use in the TAM.25" Herschbach gives a complete intro-
duction explaining the use of the tables to solve the
internal rotation problem. These tables are of great
assistance in the computation for barrier problems.

APPENDIX 4
Notation
a TAM “@” coordinate axis
a, ag expansion coefficients
a,d low barrier diagonal elements [m| =3
ax Fourier coefficient in potential energy
an Fourier coefficient in TAM internal
energy
amu atomic mass units
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symmetry species in C3 group
rotational constants

wave function expansion coefficients
Angstrom unit

TAM “b” coordinate axis

expansion coefficients

low barrier off-diagonal element |m |
=3

Mathieu eigenvalues

rotational constants

equilibrium rotational constants
symmetry species

TAM “¢” coordinate axis

Fourier coefficient of Mathieu’s func-
tion

rotational constants

rotational symmetry operations
reducing factor, 7, times (7,1,1,)
Fourier coefficient of Mathieu’s func-
tion

interatomic distance from atom X to
atom ¥V

Hamiltonian cross terms between

components of the total angular mo-
mentum

Fourier coefficients of Mathieu’s
function

rotational transformation matrix ele-
ment

symmetry species, degenerate
energy

reduced rigid rotor energy
rotational energy

torsional energy: PAM and IAM
total energy : rotation and torsion

Mathieu parameter (Floquet’s theo-
rem)

TAM approximate integral function

continued fraction function of the A\
eigenvalue

reduced rotational constant of the
internal rotor

nonrigidity potential energy expan-
sion coefficient

statistical weight factors

correction terms in the PAM rota-
tional energy

nonrigidity kinetic energy expansion
coefficient

continued fraction terms
Planck’s constant divided by 2r
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a

Ibc; Ijlc
J

Mkoo(a)
M (x)
Mc

M,

N

b4

Dvo,v'o

ay Ib, Ic; Iaa, Ibb
cer Loy Iz; Iv; Il: IJ'k
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Hamiltonian

coupling term in Hamiltonian
rotational Hamiltonian
torsional Hamiltonian

vibration Hamiltonian, harmonic os-
cillator function

asymmetry term in Hamiltonian

rotational Hamiltonian for the o
torsion state

unit vector
moment of inertia tensor
moments of inertia

moment of inertia of the internal
rotor about its symmetry axis

products of inertia
unit vector

quantum number of the total angular
momentum

Boltzmann’s constant
unit vector

correction terms in the PAM rota-
tional energy

quantum number of the total angular
momentum along the molecular 2 axis

free rotation quantum number

nonrigidity angular momentum ex-
pansion coefficient

free rotation quantum number
mass of the ith atom

quantum number of the total angular
momentum along the space axis

TAM nonperiodic torsional function
Mathieu function
megacycles/second

continued fraction term

periodicity of the hindering potential
internal angular momentum

PAM matrix element of the internal
angular momentum

P,(P,,Py,P.,P;,P1,P.,P,,P.) the gth components of the

P,

P Kveo (a)

Q:
QKW(U‘)

angular momentum

the gth component of the total angu-
lar momentum with the independent
variables 7 and j constant

TAM torsional function for a sym-
metric molecule

PAM Hamiltonian term

TAM torsional function for an asym-
metric molecule

reducing factor

I, I

Tay Toy, Yoy Ty Tyy T2
s

S

Sa

Se, So

Sk (0,0)eEx
T

T

lfva(a)

v

V(a)y VN: V3y VG;

W™

w,w,

AE;x
AE (JK..1K+1)
BAsy

ok

S gy KT

Bq;

[

K

A

Aoy Ay Ne)

Hmn
14
II

SWALEN

position vector of the sth (j) atom
position vector components
reduced barrier height

rotational transformation matrix
asymmetric transformation matirx
Mathieu functions

symmetric rotor function

kinetic energy

temperature

PAM torsional function

torsional quantum number

V12 potential energy (subscript de-
notes periodicity)

PAM perturbation terms

rigid rotor energy

x principal axis

nonrigidity term

y principal axis

2z principal axis

internal angle

direction cosine of ¢ to z principal
axis

internal angular velocity

first term in the vibration rotation ex-
pansion of the rotational constant

direction cosine of g to y principal
axis

nonrigidity expansion terms
TAM splitting of internal sublevels
for K=0

IAM splitting of internal sublevels
for Kth level

internal rotational splitting of the
J, K rotational level

internal rotational splitting of the
J&x_1x4; rotational level

asymmetry splitting of KX and —K
rotational levels

nonrigid-rotor internal rotor split-
ting

TAM integrals

displacement coordinate

Eulerian angle

asymmetry parameter

eigenvalue of a secular determinant

direction cosine of the internal rotor
to the g principal axis

dipole matrix element
frequency

dot product of the total angular mo-
mentum vector and the vector p
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0 (a) direction of the internal axis such ¢; position vector of a top atom from
that the internal angular momentum the center of mass of the top (in-
vanishes ternal rotor)

(b) position vector of the center of T mean‘hfe time
mass of the top from the center of ¥’ @ , Eulerfan angles
mass of the whole molecule (Ap- X»XbLX%X Eulerian ar%gles
pendix 1) v, ¢ wave function
. [2) total angular velocity vector
Po component of g along the g axis Wy (Way Wby We, W, Wy, w;) component of the total angular
7 torsional sublevel quantum number velocity along the g axis

APPENDIX 5
Comparison of the Notation of Various Authors (Grouped Where Possible)

Present
notation - b ° d
I,,I{,‘ A,B, C, CI,D Iz:, Iw/, Iu A B, C; Clyllk IZ’IWII
I, C, I, C: I,
P (Co/CO)* e A (o)
(BC,—D?) (BC:—D?)
’ . —_— r,d
(BC—D®) (BC—D?)
7 7° cee ® o(4,E),«
m E Ey .es m
Woo D _21)"
Woo® . e ces 14+-4Fp
EKM-, Ew EKrn e EXpn Eol
AE(]K_1K+1) (JK_1K+1), K v L AA, AW
P, P, 7, P, P,
b4 j23 Ly P P
[+ x '4 x [+
pulp sing~g e Aa/A
s H [ a s
wa(a)) PKw(a)i
QKDU(‘!)) Uve (a) Pg.n(x) c QK‘”l Use()
2 n e n v

s Dennison, Koehler, Burkhard, Ivash, Hecht, Lide, and Mann.
b Gvcgnn, Myers, and Tannenbaum.
o Itoh.

d Wilson, Lin, Lide, Kilb, Swalen, and Herschbach.
e[K+7—o=1 (mod 3)].
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