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CHAPTER
INTRODUCTION

The methyl alcohol molecule, CHBOH, has.been the subject of
numerous investigations, both experimental and theoretical.
Among the important experimental researches are those by Borden
and Barkerl who examined the infra-red spectrum from 2.51 to
26 p, by Colesz.and by Hughes, Good and Coles3 who investigated
the microwave spectrum from 17,000 to 38,000 m.c./sec., and by
Edwards, Gilliam, and Gordyu who examined the microwave region
from 36,000 to 50,000 m.c./sSec.

The theoretical discussions which have been most used in
this thesis are those of Koehler and Dennisons, and of Burkhard
and Dennisoné. A brief description of these papers is given in
the following paragraphs, reserving for later sections a more
detailed discussion.

The paper of Koehler and Dennison® deals with what may be
called the symmetrical model of methyl alcohol in which both
the OH and CH3 groups of the molecule are regarded as symme tri-
cal rotators, the two groups rotating about a common axis of
symetry subject to a hindering potential V = g(l - cos 3x).
Here x 1s the angle of rotation of one rotator with respect to
the other, and H 1s the so-called barrier height of the hinder-

Ing potential. On this baslis the theory of the hindered rotator




is developed, and the general appearance of various infra-red
bands 1s obtained. Because of the limitation of the theory
and because of lack of sufficient empirical data at the time,
however, Koehler and Dennison were not able to obtain either
the structural constants of the molecule or a good value for
the height of the potential barrier H.

The extension of the theory to the case in which the OH
group 1s consldered to be an asymmetric rotator, and the sys-
tem subject to the same type of potential as above, was
accomplished by Burkhard and Dennison®. Using this model
which describes more accurately the methanol molecule, and
employing the experimental results of Coles2 and of Edwards,
Gilliam, and Gordyu, they obtalned values for the structural
constants of the molecule, for the barrier height H, and for
the component of the electric moment perpendicular to the
symmetry axis. They were, however, forced to make assumptions
concerning the dimensions of the CH3 and OH groups, and
limited their calculations to the normal isotopic form of
methyl alcohol, cl2 H3 0l6 w, Further, also because of the
lack of observational data, there were few checks on the re-
sults of their work.

Recent experimental resultsB, both for the normal form and

for the various isotopic modifications of the methyl alcohol
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molecule, have enabled further extensions and application of
the theory, and have made possible the calculation of new
molecular constants, as well as more accurate and refined
values of the old ones. This thesis presents an extensive
correlation between the exlisting experimental data and the
predictions of the theory, and, in addition, 1includes such var-
ious toplics as the Stark effects, both first and second order,
of a number of lines, the K-type doubling effect, and the

interesting phenomenon of the so-called "mirror" lines.

THE METHYL ALCOHOL MOLECULE

The methyl alcohol molecule, CH3 OH, is perhaps the simplest
example of a wide class of molecules exhibiting the phenomenon
of internal, or hindered rotation. This effect, in the case of
methanol exerts a profound influence on the nature of the far
infra-red and the microwave spectra. In fact, any reasonable
interpretation of the micro-wave spectrum of methyl alcohol
would be completely hopeless without taking hindered rotation
into account.

The general structure of methyl alcohol is well known from

chemical and spectroscoplc studies, and is i1llustrated in the




following dlagram: .

The molecule may be described as consisting of a pyramidal CH,,
or methyl group, and an OH group, the two rotating relative to

each other about the symmetry axls of the methyl group with the
O atom near this axls. The fact that the O atom 1s not exactly
on the symmetry axis, but is slightly displaced, has been shown
by the work of Burkhard and Dennison6, and 1s supported also by
the results of the present investigation. Insofar as the prob;
lsm of hindered rotation in methyl alcohol is concerned, these
two groups may be considered to be rigid to a high degree of

approximation. This fact may be seen by the following argument.
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The hindering potential V = g(l - co0s 3 x) may be expanded about
X = o to obtaln the harmonic oscillator approximation

vV = + 24 xz. Therefore, the force constant for torsional
oscillation, K, is given by K = %gé, where g is the perpendicu-
lar distance of the off-axis hydrogen atom to the symmetry axis.
According to Burkhard and Dennison H~ 380 cmfl, g—~'.8x10'8cm.,
and so K ~ 2700 Qg%ié. If we now consider the OH deformation
frequency, which at.1030 c:m"1 is the lowest of all the remaining
normal vibrations, one finds for 1ts force constant K7 = hﬂefzm
the value 62,500 2%%%2. The ratio of K~ to XK 1s about 20; con-
sequently, the torsional forces are at least 20 times smaller
than those causing the other fundamental vibrations, and, hence,
relatively little distortion of the molecule is produced by the
torsional motion.

The relative motion of these two groups, as revealed by the
spectrum, 1s not free, but is constrained by a hindering po-
tential which, because of the three symmetrically placed hydro-
gen atoms of the methyl group, repeats itself every 120°.

Since very little 1s known concerning the exact nature of such
a potentlial, it seems reasonable at the outset to choose it of
a8 sinusoidal form. Such a potential may reasonably be expected

to approximate the actual situation, and moreover the most im-

portant features of the spectrum depend upon the general
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properties of the potential such as its periodicity and the
height of the barrier but not upon any finer detalls. A cor-
responding state of affairs exlists for many ammonia-like
molecules for which the positions of the energy levels of the
inversion spectrum are found to be relatively lnsensitive to
the precise form of the double minimum potential.

The hindering potential will be taken in the particular
form

v =.§ (1 - cos 3 x),

and is illustrated in the accompanying diagram.

\V
|
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H is the height of the potential barrier, and x is the angle
measuring the relative rotation of the OH bar (about the sym-
metry axis) with respect to the CH3 group. The symmetry axls

is defined to be that line passing through the carbon nucleus
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and the center of gravity of the three hydrogen atoms. This
particular form for the potentlial agrees with that used by
Koehler and Dennison and by Burkhard and Dennlson.

As already mentioned, the molecule 1s almost, though not
qulte, a symmetrical rotator, and in a first approximation
may be so regarded, as has been done by Koehler and Dennison.

In effect, they assumed the following model:

4 L
5 o 3

On the basis of this symmetrical model they obtained for the

total rotational energy of the molecule the expression

E=8 (1 (32 4+ J) 4+ /1 -1 KZ]\-E,
TE‘ | (E ﬂ 1
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where J and K are the usual quantum numbers, A is the large
moment of inertia of the molecule about an axis perpendicular
to the symmetry axis of the molecule and passing through the
center of gravity, and C is the small moment of inertia of the
entire molecule about the symmetry axis, Ei is the contribu-
tion of the hindered rotation motion to the energy, and 1s
added to an energy expression which is Jjust the usual one for

a symmetric rigid rotator.

Qualitatively, the nature of Ei is illustrated in the fol-

lowing typical diagram. T
n=2
F T TYPE |
x 1 ’ 32 — — 2
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\\\T><////T\\\\\f >
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P \\\\////’ \\\\<{/ =1
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1 | ] -
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Dor an infinitely lerge hindering potential H, the levels with-
in a given n group merge, and become identical with the ordinary
simple harmonic oscillator levels. The fact that for a finite

H there are; in general, three such levels in a given n group
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1s due to the three-fold splitting produced by the three-fold
nature of the hindering potential. n 1s referred to as the
vibrational or torsional gquantum numbere.

The splitting referred to is a function of the quantum
number K, and is periodic in K with a period, however, in
generaly,not equal to an integral number. This splitting,
which increases with lIncreasing energy or n, 1s a measure of
the penetrability of the barrier. In the limiting case of
very large energies, the levels become essentially those of
the free rotator, for which the hindering potential vanishes.

The three levels in a given n group are distinguished by
different type or T numbers, which run from one through three,
and which are connected with the different possible symmetry
properties of the wave function. These type numbers are good
quantum numbers in the symmetric rotor approximation, and
together with K and n (note the absence of J) completely
specify the internal energy levels. Only points on the
above diagram that correspond to integral K'!'s have, of
course, any physical meaninge.

In the next chapter the theory here so briefly and quali-
tatively sketched will be quantitatively extended (following
Burkhard and Dennison) to include the general case of the

asymmetric rotator. It will be found, however, that the
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general features of the internal energy levels discussed above
will change only slightly when the asymmetry 1is small.

That an approach more general than that afforded by the
symmetrical model is needed 1s indicated by several items of
evidence. One of these consists of what may be called the
Coles series of lines, a group of lines in the microwave re-
gion which has been identified with the J —» J, K =1 —» 2,
type = 2 —~>» 1 transitions. It is only on the basis that a
slight asymmetry in the molecule exists that the Coles series
can be gsatisfactorily explained, since the symmetric model
theory of Koehler and Dennison predicts a coincidence of all
the frequencies corresponding to the various J —>» J transi-
tions. Furthermore, the Stark effect of the Coles series of
lines, as well as lines that exhibit only a second order Stark
effect, and the "mirror" lines are examples of other phenomena
which clearly indicate the shortcomings of the symmetric model.

A more general noint of view is one in which the OH group
1s regarded not as a symmetric, but as an asymmetric rotatore.
It is evident that such a model of the methyl alcohol molecule
is more natural than the symmetric one, allowing,in particular,
for the possibility that the oxygen atom may not be exactly on

the symmetry axis of the methyl group.
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Let a coordinate system be introduced whose origin is at the

center of gravity of the molecule with the z axis parallel to

3
C O H plane. The following moments of inertla, which are of

the symmetry axis of the CH, group, and with the y axis in the

prime interest in this thesis, may then be defined:
A=smy (x42 + 242)

i
B = %‘mi (712 + 21°)
c = fmi (xiz + Yiz)
D =

T YL %o

where ms is the mass of an atom at the position X3, ¥1, 23, and
the summation is over all the atoms in the molecule. The mo-
ment of inertia 02 is defined as that of the CH3 group about
its symmetry axis, and Cj 1is defilned by C3 = C-C, = A -.B.
Besides these molecular parameters there is also the total
electric moment p and its components pj)} and pit , parallel and
perpendicular to the CH3 symmetry axis,respectively,and the
previously defined barrier height He The constants H, pl , and
Ly » together with the six dimensions necessary to specify the
configuration of the methyl alcohol molecule constitute a total

of nine independent parameterse.




- 12 -

The most important emperical data avalilable which can be used
for determining these constants are the previously mentioned
Coles series of lines for the C12H; 010H, ¢13ny 0 16m, and
012H3 018H nolecules, together with the Stark effects, and the
positions of two J = 3 —> |} lines and a J = o —> 1 1line for
the C12H3 016y molecule. A portion of this data serves as the
primary basis for calculation, while the remainder, together
with other measurements not here indicated, can be used as
checks.,

The general procedure to be used in these calculations will
be the following: 1) D and p4 are determined for 012H3016H
from the Stark coefficients of the Coles series. The value for
¢ must be assumed, and for this purpose the figure of
B = 169 x 10718 esu found by Kubo® is used. It can be shown
that the values of D and p4 so determined are quite insensitive
within wide limits to the exact figures initially adopted for
the other constants C, Cp, B and H, and that, therefore, the
results obtained for D and pd will be very good even after only
one cycle of calculations. 2) The quantities Cqs C,, B and H
for the normal, or cl2 H3 O16 H molecule, are calculated from
four simultaneous equations, using the value found for D by
the above method. These four equations are obtalned by utiliz-

ing the frequency measurements of the two J = 3 —» i lines and
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the J = o —>» 1 line alresady mentioned, and the position of the
origin of the Coles series. Conversely to 1), the values here
obtained for Cys Co, B, and H are quite insensitive within wide
limits to De 3) The various inter-atomic distances are then
obtained from the constants B, Cl’ D, and CZ for the normal
molecule, together with the value for D for the 012H3 ol8 g
molecule found by the method in 1) from the Coles series data
for the substance.

The cycle of calculation 1s repeated until self-consistency
for the various constants is obtained. One may then proceed to
a consideration of other empirical evidence in order to deter-
mine the rellability of these values, as well as to further
test the validity of the asymmetric rotor theory. Among the
data to be examined in this way are the position of the origin
of the Coles series for the C13 H3 016 H and the cl2 H3 ol8 H
molecules, the value of the so-called (J2 % J)2 coefficient of
the Coles series for all three isotores, and the positions and

Stark effects of a number of other measured lines in the micro-

wave regione




1.

CHAPTER IT

THE THEORY OF HINDERED ROTATION IN METHYL ALCOHOL

In this chapter the theory of hindered rotation in methyl alco-
hol is discussed, first following the symmetric model approach
of Koehler and Dennison5, and then the asymmetric model theory
of Burkhard and Dennison6. The treatment 1s then extended to
Include such topics as the theory of the K-type doubling of

the energy levels and the associated Stark effect, and the
generalized selection rules for a hindered asymmetric rotator.
Finally, the interpretation of certain of the experimental
features of the micro wave spectrum of methyl alcohol will be
discussed in a general way (reserving until later a more de-

tailed discussion) on the basis of the theory thus developed.

The Symmetric Model Theory

In the symmetric model theory of Koehler and Dennison, as
previously mentioned, both the OH and CH3 groups are regarded
as symmetric rotors with moments of inertia C; and 02 respec-
tively, about the axis of symmetry of the molecule. The
moment of inertia A is defined about an axis passing through
the center of gravity of the molecule and perpendicular to

the axis of symmetry.

-
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Then, the kinetic energy is classically given by the expres-
sion:
2 +2 .2 . - 2 . » 2
_A Aln Ci(ycese Ce
T_a(e+q/ e+z(\r S +?')+2(l\vcose+ ?9_)
where 6, ¥, ¢ » and P, are the usual Eulerian angles, the sub-
scripts 1 and 2 réferring to the OH and to the CH3 groups,

respectively.
The transition to quantum mechanics 1s made in the usual

way, the resultant wave equation being

I o Ww. ' CO: G ces e BL
A Swn o ae[s'"e 9]+ A sinto bu(/“-"‘[- A.S‘lh" ] af [ Amxejace:

—2col @ | MW ), 2cefe W 2 vluw= .
Asm"e [aq/a?‘ 3Y3¢ +A$‘m"e S XL ‘h"[w ] 0

The hindering potentlal V, as explalned in Chapter I, is taken

to be

= H[i-cos (- )]

The coordinates

(-P:: c, % ZC"' S and X= P- ?q_

are now introduced into the wave equation. The solution for u

can be written 1In the form

ARP LMY
w= ;= e e Bl mx),

where 6 and m satisfy the equations:

A d smei_e-}- [S‘Lme(m Keos &)= J(J+l) + "]9 =0 ,




- 16 -

’ja-;nq_* [P\-t- S cesgx{M= 0,

and

. C,Cyo . - 2 CiCe H
R= +™ C.(W" '2')’ S= - c 2

m(x) is that portion of the wave function which depends upon
the internal or the hindered rotation coordinates of the sys-
tem.
The total energy W of the molecule 1is
Wy represents the contribution of the hindered rotation motion
to the energy, while the remainder of the expression on the
right 1s the usual energy for a symmetricv rigid rotator.

By invoking the appropriate boundary conditions, namely
that the wave functlion be single valued and periodic in Ql

and q), it may be shown that
2

- LK S
mix)= e < P(x))

where p(x) is periodic with period 2nm. By expanding P(x) in a

Fourler series,

o »T X
P(x)=Z a_e

Y
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and substituting the resulting expression for m(x) into the
differential equation for m(x) the following recursion formula

for af is obtained:

& +
Retsrmm v3 % G v g & = 0,

where
C.

= S -

This equation shows that P(x) can be classified as belonging

to one of the followlng three types of wave functions:

Type 1l: P(x) = ... a 33-L3x +t a, + aBeL3x+ cee o

ZLX* L2 B [ 2

Type 2: P(x) = ... a_he"j'u-x + gle'L‘ t ase

Type 3: P(x) cee a_se"""Sx ¥ a_ze'z*x ¥ aleix+ ces o

The a~v can be eliminated from the recursion relation by
the use of convergence requirements, resulting in continued
fraction relations for the internal energy and for the value

of the ay themselves. As an example, eigenvalues for type 1
solutions are given by

[ L
= 1@ @) ) (=3)
{- é\L ‘\ _ d-m ]
| — () LQ\ J ( [&3)&-4)
4 |t
' @@ R

‘ — Ltc,- ‘—‘ e,tC..
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2
where (T) = R-E +7T). This equation thus determines R, and
hence, Wy, for a given&§. The eigenvalues for type 2 and 3
solutions may be found from those for type 1 by the relations

R A M 25 TR TE LA T8 R

For6 = o, n=1, 3, 5, ... and type 1 eigenvalues it is more
convenient to use the following expression, which may be

shown to be equivalent to the earlier form:

Having determined R for a given type and 6 , the 8- can be

calculated from the equations:

_ 4
QL= — = Q—-_t_?’ for T>o0,

- L+

() (L+3)

| —| —+=
+3)(T+6)

| = ete.




R I
©) (23

(R -
@-3)(T-6)

| - et c.

It 1s convenient to normalize the 8. using the condition
-d:-\-u

2 ag=l,

T=—ce
The selection rules for the symmetric hindered rotator
are the following:
For py = o, w0,
AT =0, 1, AM=o0,%fY 1, AK =% 1, An = anything.
T=1— 3
3 —» 2 for K =K + 1
=2 —>1

T=1 —> 2
=2 —>» 3 for K —> K - 1
— 1

]
W

For py = 0y, Mp+ o
AJ = 0,2 1, AM = 0, 1, AKX = 0o, An = o, T—)T
For the methyl alcohol molecule,for which both p, and p , differ

from zero, both of the above cases apply, the intensities bel

proportional to p.i and to p.ﬁ s respectively.
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There are two speclal cases of particular interest in the
symmetric hindered rotator theory: 1) the free rotator case,
and 2) the bound case. The first is obtained when the hin-
dered rotation energy i1s much greater than the hindering
potential, or Wy;>>H, and corresponds to free rotation of
the OH bar about the symmetry axis. The bound case on the
other hand applies when Wi<<~H, or when the internal energy
is much less than the hindering potential, and these corres-
pond classically to a vibratory motion of the OH bar in one
of the potentlal minima.

Free Case

The differential equation for the internal motion for

this case becomes

d2m ¥+ RM = o .
dx2

This leads to the formulas

m(x) = 1 i€+ m))x
Vo e
wg = BE+xm2_C  (m-C1kK)?
2 2 ©iC, T
where m = o,x 1,¥ 2, .... The selection rules are

AT = 0,1, Am =%1, and A(K-m) = o.
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Bound Case

For this case the hindering potential can be expanded about
the minimum at x = o, only terms through x2 being retained. The

differentlial equation for the internal motion then becomes

d*m
d x“ 1-(’}‘— ELKL)W"—'- o,
where
'\_ 11- CQC'L W' -gz'_ 9 C‘C’Lt-l
% ’ 2t C

Solving this equation, one obtains

Wi= 3% ch. (‘"*")

EK" |
M%) = N N, e 2 Hh(g"tx)) -3 T=Sx= 3T,

where n = 0, 1, 2,+.4, Hn i3 the nth Hermite polynormal, and Nn
is the normalization factor. To obtain the correct o-order wave
functions one must take suitable combinations of mn(x) centered

at x = o, 217, and 4n. The selection role is that for a simple

harmonic oscillator: oAn =t1.

The Asymmetric Model Theory

As noted iIn Chapter I, the asymmetric hindered rotator
model used in the present work is taken to be that of a rigid
OH bar rotating about the symmetry axis of the rigid CH3 group,

and subject to a hindering potential of the same form as for
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the symmetric case, namely, \/ =%%(l-cos 3x) . The moments of
inertia C, and Co, the large moments of inertia A and B, and the
cross product of inertia D for this model have been defined in
Chapter I.

The wave equation for this asymmetric model was first ob-
tained by Burkhard and Dennisoné, who also evaluated the
matrix elements of the Hamiltonian, using as a basis the wave
functions for the symmetrical hindered rotator model. This is
a valid procedure since the number of variables involved is the
same in both the symmetric and asymmetric cases, and the boun-
dary conditlions are identical.

The matrix elements found by Burkhard and Dennison, to-
gether with some additional elements having to do with the
Stark energy, are given on this and the following page.

TABLE |
R K* Aty —KY) + K (AB)C +D* Pty
H JkTh 2 }:A( ) C 2 A(BC,~ )( )

M, E M
dx |+ W l
SF\('l’/h cl x™~ \<~6v\ t l<-¢\n ] Tty

(_BC “"D

21
(2

* o
PK-f,y\ d x* F\('dn’ d X

HJ K’ﬂ\'\l_ _ ‘F—L D’L
J win _?:—(@C|‘DL)C1

o
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Hu Kt 2 n’ it %, d
= [(J -K) (J+\<+|] JPKT:V‘ L.E&—';l.')am’w“x

J K € nhn z_Bc|

+ MLEM ((J+k+)(J-K) 7‘ w oM
2- g-._ ] ] FK‘ﬁv\e‘ PK-H’C'v\’dx
+

J k+2 v n’ (= [
| _ A-B)C, + D* 2({p* 2t
- - ¥ (A-Bjc,+D [( J_\<)(J_K_l)(J+K+\)(J+K+?_):12'Jﬁc:he-z e

J K T n 2. 4A(BC,-DY

T
Pt g el e (I )
J kwTn RS NERED N ENE))

J=-1 K T h .
H w ¢ n= MaE (kH (=T
J " JVHI=T"

H“‘” ke TN I}LLE[(J:KH)(JJ:K+z)(J+M+()(J-M+|)‘
J & ThT 1(J+l)ﬂu+:)(zd+3)‘ T

dx
F“t” PKII th

Kt e’

HJ-( Ktl © n’ + }*_\_E‘)Q.H-KXJ.._K ‘ (J’L 1.)J dx

Ik othw 2 JJyu=Tr
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E is the electric field strength, while the elec-
tric dipole moments of the molecule parallel and perpendicular
tc the symmetry axis are denoted by i, and @i, respectively.
The quantum numbers J, K, T, n, and M, and the wave functions
Ré;& have already been specified in the preceding section deal-
ing with the symmetric model.

Ignoring for the moment the Stark energy term, it 1s to be
noted that the matrix elements of the Hamiltonian are all
diagonal in J, and can be divided into four groups. These
consist of
1) Terms diagonal in all the quantum numbers J, K, T, ne.

When these are compared with the energy expression for the

symmetric model, it 1s seen that they are identical except
for two differences: a) the quantity % in the symmetric model

energy formula is now replaced by

1+ ¢;2 + D? ,
A A(BCy - D2)

and, b) there is present an additional term

£ o o d*
R j P en o Peew dx -
~ C,(8C,-D™) Ken dx- T EER

o

I'or methyl alcohol the coefficient of this integral is of the

order of .Olcm'l. The integral for the state n = 0,1:= 1
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itself varies from about -1l.5 at X = o to about -7 at K = 10,
2) A term diagonal in J, K, T, but not in n, and proportional

to
D2

C1(BCq-D?)

3) An element connecting the states K and K + 1, non—diagonal

in T, and proportional to _____va(J + K + 1)(J;K) . For

methyl alcohol the numerical value of this term is much less
than the difference of the diagonal terms of the states that
it connects, provided the values of J involved are moderate.
Forn = o, K = 0, T = 3, for example;it is of the order of
.009em~1(32 + 7)1/2,

i) A term non-diagonal in T and n, and connecting the states

K and K ¢+ 2. This element is proportional to

C12 + D2
KT%EETBE J (J-K)(J-K—l)(J+K+1)(JfK+2),

and, is also relatively small for moderate values of J. For

n=o0,KX-= o0, T=1 1t has the approximate value of

.006em™1 [T(T-1)(J+1)(J+2) for methyl alcohol.
It is to be observed that when one sets D=A-B=0 in the
above matrix elements, the off-dilagonal terms vanish, and the

diagonal term becomes exactly equal to the energy expression
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for the symmetric model. Consequently, 1t can be expected that
the effect of the off-diagonal elements will be fairly small
for the methyl alcohol molecule, which has only a relatively
slight asymmetry, at least for the case of moderate J's. It is
only in connection with the finer details of the infra-red and
microwave spectra that these terms become important, or even,
in some cases, absolutely essential.

Returning now to a discussion of the Stark energy matrix
elements, i1t is to be noted that these, unlike the ones for
the energy proper discussed above, can be non-diagonal, as
well as diagonal in J. Those terms that are diagonal in J have
been derived by Burkhard and Dennison, who in their paper, how-
ever, have neglected to give the expressions non-diagonal in J
since they were concerned with the theory of the first order
Stark effect In which these terms do not enter. The matrix
elements here given include the terms non-dlagonal in J as well
as those diagonal in J. For the former expresslions, as well as
the latter, non-vanishing connections can only occur between
states in whichAdK = o,* 1.

In these formulas there is no restriction on the value of
n’, but only those elements will be non-zero for which € obeys

the following rules: For elements in which K —» K + 1, the
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possible ‘L/connections are 1 —>» 3, 3 —» 2, and 2 —>» 1, while
for elements in which K —> K ¢+ 2, they are 1 —> 2, 2 —> 3,
and 3 —> 1,

The energy levels of the molecule are found as ususal by

solving the secular determinant
HJ' K'e'w W é\llk"tf\r\' -5
Jwtwn ™ J KT wn ’
which factors into three sub-determinants as a consequence of
the above rules governing non-zero Tconnections. These three
determinants may be characterized by the K and T values of their
diagonal elements:

K= *¢° =3-2-10123 ¢

Determinant 1 T = oo 3 2 1321 3 ec¢»
" 2 ’;_—,... 2 1 32132 ¢--
] 3 T=++ 1 3 21321+ ,

Now, it can be shown that
*-

P Kin(x) = (-1)n P -K1n(x)

*
P ken(x) = (-c1)n P —x3n(x)
from which it follows that determinant 1 is the same as deter-
minant 2, except for a possible change in sign, and that,

therefore, the roots of the two determinants are identical.
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There is then a double degeneracy for these particular levels,
which a closer investigation shows to belong to the symmetry
class E, and, consequently, not removable by any perturbation
having a three-fold symmetry.

By virtue of these same equations, it may be seen that
the diagonal elements of determinant 3 occur in pairs, being
equal about K = o; that is, WK =-1ﬂ$=§fﬁl3, H;23,H22, etc.
Because of the non-diagonal terms, however, all levels with
the exception of that corresponding to K = 0,T= 1 will be
split into two components, the members of which may be shown
to belong to the symmetry classes Al and A2. This splitting,
known as K-type doubling, decreases rapidly with increasing
K, and 1increases with increasing J, but, in any case, for
molecules such as those of methyl alcohol whose asymmetry
is relatively slight, the splitting will usually be small.

These features of the energy levels are l1llustrated in
the following diagram, which depicts the behavior of the
levels for K = 0o, 1, and 2 (for a fixed J and n = o) in four
limiting cases, together with the proper connections between
them. These cases are those of a symmetric rigid rotator, a
symmetric hindered rotator, an asymmetric hindered rotator,
and an asymmetric rigid rotator. The diagram is intended to
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be merely schematic, and not an accurate representation of the

actual position of the energy levels.

n=0
S\(mmetr\b Symmetvric AsTmmetr\c. Asymmetric .f‘rmme‘br\c
Riq d indered  Hindered LSEY d Riqy d
Roter Retor Retor Retor Rotor

It will be noted that the effect of hindered rotation for
the symmetrical rotator is to split each K level 1into three

levels with the exception of K = o, for which case a degeneracy

exlsts between the type 2 and 3 levels. The magnitude of the

splitting is a measure of the penetrability of the barrier.
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When a slight asymmetry is introduced, the K = 1, type 3 and
the K = 2, type 2 levels split slightly, the splitting increas-
ing with the amount of asymmetry.

Beginning now from the right side of the dlagram, a rigid
symmetrical rotator becomes a rigid asymmetric rotator. As is
well-known, the effect of the asymmetry is to split each K
level into two components with the exception of that for which
K = o which remains single. This splitting, the so-called
K-type doubling, was first discussed by Wang7, and is given by

the expression

W c.(b)K Q re) !

R Y AR T CED
where ‘ ‘
A (L L B ~ A
Czc‘?(-A B), b= 71—

CT A B
and A, B, C are the principal moments of inertia of a nearly
symmetric rigid top with B'; A, and C<B<A. The general form of
this J dependence, ‘%j{f%%‘ » 1s maintained for the hindered
rotator case, though AV%gthen becomes a more complex function of
K, and is also dependent on the barrier height H.
In the center of the diagram both sides merge to form the

asymmetric rotator with hindered rotation. Here one sees both

features discussed abpove occuring: 1) a splitting due to the
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penetration of the hindering potential barrier, and 2) a split-

ting of one third of the levels caused by the asymmetry of the

molecule.

§ 3. Theory of the K-type Doubling

| In this section the theory of K-type doubling for the
asymmetric hindered rotator will be developed together with
the associated Stark effect. The problem is similar to that
for the rigid asymmetric rotator, though it differs from it
in two respects. These dissimilarities are occasioned by the
existence of the hindering potential, and by the presence of
the cross product of inertia term D. When proper account is
taken of these two factors it can be verified that the formu-
las developed for the hindered asymmetric rotator go over
into those for the rigid asymmetric rotator. The results ob-
tained in this section will later be utilized in an attempt
to explain certain experimental features of the microwave
spectrum.

The problem involved is essentially that of solving for

the roots of the secular determinant 3, whose diagonal ele-
ments, it will be recalled, are degenerate in pairs about K= o,

When written out, this determinant has the form
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J-1 J J+ 1
K €
-_— i 1 {
oo . .
TU2 s HASW WS +hS, [HY - -
o ) i {
- HE =W i+ k-
b3 H - --
‘ t t t '
K= |[=--- =1\ © to---
= --- L \ 3 -
K/
HK are the matrix elements of the Hamiltonian proper for the

’

S are the Stark energy

by

matrix elements, depending linearly on the electric field

asymmetric hindered rotator, while

strength E. Strictly speaking, these terms are a function of
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the quantum number'C, but sinceT 1s not correlated unambigu-
ously with K, for convenlence it 1s omitted in this section.
Likewise, the various possible n connection must also be
tacitly understood. The n = o —>» o connections are, however,
the principal ones for the n = o levels, which will be the
ones of primary interest in this dissertation, and though,
strictly speaking, the n = o - 1l, n= o —> 2, etc. terms
should also be taken into account, the effect of these is
usually relatively small. The roots of the secular determi-
nant are determined by a straightforward process, and the
results for the energy levels corresponding to different K's

are given by the following formulas:

K=1

<
) where

a—

W= D, +a&E s JEX“+(b+dE

o=S [NE)JJ,TI‘) b= Hj—.'., d= 5 [ hy o]__) x= MM

JY

e’ \W° _ G
3 N..H \NJ \< 3/ W._H-V\/Jo’o

W= Dyp+eE™+ Juste™+ £* Lhere

e =7 [ji] ) [HJJ
J' K

’ o 0
\NJ:_—W\‘IKI _\N
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K = 3 —
W = D;+%-Elt\r‘tE’°>("“+.Q" , where

o=z M3, al et

J'w’ \N° o
-— d' / o W
43 K (\I\/J| -\, 3)

W= Dyrme®t Jlee™x™ ¢+ P*, where

O S M T S

-
S W —\A/J3\<’ (WJ'L-WJ H)L(WJH - W/, o)

In these equations WJL: Hj:: s and DK = \/\/fK + higher
order terms. Since the purpose of developing the above formu-
las has been to obtain the splitting of the levels, and,

consequently, these hicher order terms are not of interest at

thls point, their precise form will not be given. If one in-

J'O MI]L
kL e

cludes n = o —> 1, 2, etce. terms; then

Ly A

a= Y _t
’ ' ’ °
ML) \Nuo‘v\/-"\“" N V\/ch"\/\/q’o
J l(h J | o
oe W3 7 Haae AN
) JoreT KIn’ \NJK'V\" \Nj—la
3
hd/\‘l hl] J K/h, H‘Jz ()
e = Z’ J % o _F_Z' HJ-LO J Kh
- vor - ’ o )
Ak \NJ'« WJ?. ° Kin WJK W= Wyao
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[\'\ Kh] Z’ HJ-BO HJK'h’

_ J3 e | 2= °
3",Hwo -\W e v WMo =W is,e
JK'nh 3’ N X ' J3
Jren  Pen’ 3 3 0
K.JKV‘:\ Hicz e My en My -
]
"o OJ q o _ k' tQNJKh W3)(WJIK m? V‘/Jao)
J'K’V\, \NJ/KIM:"WJHO k(,h)#. U‘s “,)

The primes over the summation marks signify that the running
indices must be chosen in such a way that the energy denomi-
nators are not equal to zero.

From the above equation it follows that the splitting of
the K= 1, 2, and 3 levels is 2b, 2f, and 21, respectively.

The general formula for the splitting of the Kth 1evel 1is
J K

JoKra g J -
Hy « H\, _\(Q—‘L"‘HJ K-

(}’\A’ -K*"‘-—W K)(.Wd -y J\<) \-(\N\\ K-z WJ K)

where the matrix elements and energies are explicitly given by

AW, = 2

\ AT
NI S = “ B D _ - Y ¥ dtpg
T Bl 2 To0e ks ok €8 ax
(4-B)C,+D*
" 1) ¢ )
E’:Y L ( 2 A(BC,-D%)

dx +W\:

(Bc.—p ), jP d"‘
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When substituted into the expression for Wi, the factor
[(J—K)(J—K-l)(Ji-Kfl)(J+K+2j}{' gives rise to the quantity
%%tg% which, as has been seen, is one of the factors of
th;KWEng expression and gives the J dependence of the split-
ting. The remaining factors of AWK for the hindered rotator
are not the same as the corresponding portions of the Wang
expression, but for methyl alcohol an examination shows that
the two formulas yield results which are of the same order
of magnitude. Indeed, the formula for the asymmetric hin-
dered rotator may be shown in the limit of H =00 to go over
exactly into the usual Wang expression, provided a trans-
formation to principal axis has been effected.

Utilizing future values for the molecular constants,

calculations show that the K-type splittings for methyl

alcohol are given by the following expressions:

K=1 Awy= 400.3(32 + J) m.c.
SecC.
K= 2 AW,= .08596(J-1)(J)(J+1)(J+2) m.c.
SacCe.
K=3 AWy= 2.121 x 10-5 (J-2)(J-1)(J)(J+1)(I+2)(I+3) m.c.
S6C.

K=L4 Aw=1.91x 1079 (J-3)(J=2)e-+(JTth) m.c.

SecC.
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An examination shows that the Stark effect of levels with
K-type doubling is quadratic in the field strength E, provided
the K-type splitting is much larger than the Stark splittinge.
As a matter of fact, it follows from the formulas already de-
rived for the energy of K-type levels that for weak electric

fields

T
K=1 \AN = (D‘::H*- E“[&t(fb’— d)] for EJx-2bd << b

k=2 w=(hthreler Z-;QSE-] for 2EX<< T

- . x
K=23 W=(bte)+E [t}:: —&%—] for ExX<<X

K=14 —(Dq+p)+ELm+ BX ] for H4EX<< P

Just as the symmetric rigid rotator possesses a linear Stark
effect due to the degeneracy of its energy levels, while a
quadratic Stark effect exists for the asymmetric rotator be-
cause the degeneracy has been removed, so for the asymmetric
hindered rotator, also, the removal of the degeneracy by the
off-diagonal matrix elements produces a quadratic Stark effect.
As the field strength E 1is increased, the above approximations

begin to lose their validity, breaking down completely when
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the Stark splittings are of the same order of magnitude as the
K-type splitting. For fileld strength still higher the Stark
effect becomes linear. The last situation 1s very likely to be
the case for levels with high K's, for which the K-type
splitting 1s usually very small. Experimental examples of
preclisely this behavior will indeed be encountered. Finally,
it should be noted that just as for the equations governing

the magnitude of the K-type doubling, these Stark formulas
reduce, as one might expect, to the usual equations for the

rigid asymmetric top when the appropriate degeneration is made.

Selection Rules for the Asymmetric Hindered Rotator

Selection rules for the symmetric hindered rotator have
been already stated. The present section deals with an exten-
sion of the selection rules for the case of the asymmetric
hindered rotator where, as for the symmetric hindered rotator,
the electric moment may be resolved into two components, By
lying along the symmetry axls of the methyl group, and p, which
is normal to the symmetry axis and 1n the COH plane. The case
for which there 1s no external field E will be first considered.

The wave function ? for the asymmetric hindered rotator can

be expanded linearly in terms of the symmetric hindered rotator
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wave functions  ypen® As a consequence of the three-fold fac-
toring of the secular determinant already discussed, however,
there are three different possible classes of@, each class
containing only those symmetric wave functions which are
assoclated with a given determinant. Thus, the P correspond-
ing to an energy eigenvalue of determinant 1, 2, and 3 will

have the form

?lz -_-a’-lu'Ka-l\‘ﬂnﬁ.*.a;\u:\\*‘aeu%:!*-a.-'u-n'-.. G bay v
?:. - b, uw b, u'13+bu'°‘L+bu‘\\+b Loy + oo
Tz=---c caa t G U, P Collg + C g + G Rag + 27

respectively, where the omitted quantum numbers J, n, and M
must be understood. It is to be noted that, in general, these

expansions will contain the wave functions u corresponding

JKTnM
to all K such that [X[=J.

To determine the selection rules one must calculate the
matrix elements of the dipole moment along the space-fixed
axlis X, Y, Z between two states \fa and LIb. These will have

the following form:

(Mp)ap= J % Mo By av

where F is either X, Y, or Z, and b is the quantum mechanical




- 4o -

operator of the dipole moment along F. By using the above-
mentioned expansions of P one can reduce this integral to a
sum of integrals over the symmetric wave functions, and, hence,
from a knowledge of the selection rules for the symmetric ro-
tator, be able to deduce those for the asymmetric hindered
rotator.

It may then readily be seen that no transitions are
possible between energy levels belonging to different determi-
nents. Also, since the matrix elements of the Hamlltonian are
diagonal in J and M, l.e., J and M are good gquantum numbers,
the selection rules for J and M will be the same as for the
symmetric hindered rotator. That i1s,AJ = o,*+ 1, and
AM = 0,¥1. An can be anything.

Transitions between all levels of determinantl are, in
general, possible, consistent, of course, with the requirement
that [K|< J, while the same holds for levels of determinant 2.
It should, however, be remembered that the two determinants are
degenerate with respect to each other, and that the energy
levels of the two are lidentical. Thus, the transition K = 1,
T=1—> K= -1, T-= 3, for example, is effectively also a
transition~ to the state XK = 1, T = 2, 8ince the K = l,T =3
and the K = -l,AC = 3 levels coincide. Since the methyl alcohol
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molecule is only slightly asymmetric it may be expected that
transitions that violate the selection rules for the symmet-
ric rotator, though possible, will, in general, be weak.

The selection rules for transitions between energy states
corresponding to determinant 3. becanuse of the degeneracy ex-
isting between the diagonal elements of this determinant,
must be eonsidcrod seperately from those for deteraminants
l and 2. it will be recalled, however, that for this p;;-
ticular determinant a K-type doubling or splittineaf the
energy levels occurs in higher order, thereby removing the

degeneracy.
Let now a body-fixed coordinate system be introcued with

the z axis parailel to the symmetry axis of the metayl grouj,
the y axis in the COH plane, and the x axis perpendicular
to this plane, Then

U)ap =M f%iw(a yEYF L 4T £ My Y‘fic"i&,f:) Ey 4T,

where c¢os(y,F) and cos(z,F) are the cosines of the anle
between the F and the y and z axes, respectively. Consider

the two transformations:
T, . 6>T-& P=il-F =>4 ra_i

T.,. &~ ¢ P =P P~ aA-x




-2~

T, and T2 leave the Hamiltonian for the asyammetric hindered rotator

1
invarian. Since the {gvell of determinant 3 are non-degenerate
and Ty2z T,%= 1, 1t follows that the wave functions for the
asymmetric hindered rotator must either remain unchanged in sign
for these transformations, or change sign. These two dlttorent

symmetry types will be denoted by + and — , respectively.

It can readily be verified that

T (xR ML) = (Mx, Ny, =M )

. (M, My, M) = (=M, My, Ue)
From these ono‘obtaines the rule that the transitions + + <> -~
and +— =* —+ are forbidden, where the first sign refers to
the behavior under T} and the second to that under T.

The symmetry properties of the levels may be obtained from

the formulas "
4. .
g(x).,&,)"\o*u\ L ISR ek
74 -

from the properties of the symmetric wave functions under the
above transformations, and from the fact that the wave function
corresponding to the higher member of a K- type doublet has

in the first order the form U ceut Yy ce'n » while the
corresponding wave function for the lower level is UWyeeu-RXyxe'n,

The most gonoral selection rules will not be given here,

however, since only transitions for which AM= o are of interest
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in this present thesis. For this special case the selection

rules simplify, and become the following (for m - n

transitions):

- Fer 4= o A= A L
My #0 , Mz 0 »
For A3=2%( , Mo
u\(*o)M_L?_O. A_K:O
FEor A d= © > WL <L .
For Ad= + ( U—au, L—>0L

U and L refer to the upper and lower states of the K-type
doublet, respectively.

These seclection rules are illuastrated below.

Fig. 6
AM = ©
K+1 ] K+l
4 < |4
Y}
AlJ= O Ad= £ | Al AK= ©
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between levels of different classes would still hold, however.
Untll now it has been assumed that no external field E is
present. If E is not zero then the matrix elements of the
Hemiltonian have J —» Jx 1 connections, and this results in
the possibility of transitions with AJ ==+ 2. The rule
AM=0, =1 1s still valid, however, and intercombinations
between levels of different classes as before are forbidden.
Since, however, because of the presence of the Stark term,
the Hamiltonian 1s no longer invariant under the transforma-

tions both T, and 12 -the wave functions for levels

1
with K-type doubling no longer is either symmetric or anti-
symmetric. Consequently, all transitions between these levels
are then permitted, so that previously forbidden lines become
allowed, their intensities increasing with E. Such lines have
actually been observed, and will later be discussed more in
detail in connection with the so-called "mirror" lines.

The following 1s a summary of the preceding results, for
the selection rules for a molecule of the methyl alcohol type:

TABLE 2
E =0

AT =0,%*1, AM=0, 1, An = anythinge.
Transitions between levels of different classes are for-

biddene.
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All transitions between the levels of determinant 1 are
allowed, and also between those of determinant 2, where the
levels are characterized by the quantum number

K= e =22 =1 0 1 2 ce
C= e 2 1 3 2 1 cee
for determinant 1, and by
K= ec0 =2 -1 0 1 2 e
C = eee 1 3 2 1 3 cee
for determinant 2.
| Only certain transitions are allowed (the rules have been
istated for aM=<) for levels belonging to determinant 3, for whieh
K= e¢c0 .2 -] 0 1 2 cee
< = .o 3 2 1 3 2 cee o

It may again be pointed out that for methyl alcohol,
where the asymmetry is slight, the transitions which violate
the selection rules for the symmetric rotator will, in gen-

eral, be weak.

The Interpretation of Experimental Results

A correlation between the predictions of the theory which
has been outlined and the experimental microwave data may be
made, and in many ways leads to a convincing identification
of the observed lines. It will prove convenient to divide the

observed data into a number of categories,.
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The Coles Series of Lines

This series, as has already been mentioned, consists of a
group of lines in the microwave region which have been accurate-
ly measured by Coles2. The members of the series have been
identified by Burkhard and Dennison6 as due to the J =% J,
K=1-> 2,’ﬁ-= 2~ 1, n=0 -» O transitions. The series
for the C12H,010H, for the 013H3016H, and for the C12H,018H
isotoplic forms of methyl alcohol has been observed, and the
frequencies of the constituent lines measured by Hughes, Good
and Coles3.

The positions of the Coles lines may be represented by a

power series in (J2 + J):
[N
V= Vg e aldTed) + b T -

If terms only through 9(32+J)5 are retalned, the coefficients
apprearing 1in this equation may be determined from the observed
frequencies for the J = 2, 3, L, 5, 6, 7 lines. For the
012H3016H molecule these coefficients are (in m.c.)

S86ecC.
Vo= 2494Y8.05 A =-2.94¢3 b= . 11147
-5 -9 -9
c_—_—'aooe;xlo d=7OBX'° :-—‘{*5-"10

These values differ slightly from those of Burkhard and Den-
nison obtalned by keeping terms only through d(J2 + J)h and

based upon a different set of observed lines, thus showing
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that the value of b, the coefficlent of the (J2 + J)2 term and
of considerable interest in this thesis, is probably no more
reliable than about 1%.

The value of the coefficient for.the other two isotopes,

013H3 016H and 012H3 018H obtained in a similar manner, but

retaining terms only through d(J2 + J)u, are (in m.c.)
sec.

c13H3 0léy

))O = 27, 065.58 a

3.361 x 10”4

-2.6536 b= .09008 ¢
da = '-,4.0 88 X 10-6

012H3018H
Yo = 33918.57 a

-2.971 x 10~>

.48 b = .,08550 ¢
d

-3.01 x 10-8

The theoretical expression for the Coles series may be
readily obtained by the usual perturbation theory methods.
An Inspection of the Hamiltonian off-diagonal terms shows that
they yleld contributions to the energy arrangeable in powers
of (J2 + J), in agreement with Coles assumption. The resul-
tant expression obtained in this way for the quantity Vo is

L L
S E 22 & L Bl.e.. ._F

I I
T 2 K n
[}‘:ﬁ‘; ? 2:] > ﬂ 22 s ] I
—_ where
] )
("1““ V\,zuo V\/ w'en! '4%"“'\’\/1.\1.0 \N'z_\z '’

(218
A £+ bt * dYPren d v
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The last two terms in the equation for Vo are due to off-
diagonal elements and will, in general, be fairly small., This
formula will be utilized in future applicationse.

V o and the other coefficients a, b, ¢, ... are seen to be
functions of H and of the moments of inertia, and yield rela-
tions which can be used to help determine the molecular con-
stants. Only\)o and b are suitable for this purpose, however,

because of certain effects to be discussed.

The Gordy Lines
Edwards, Gilliam, and Gordyu have investigated lines due

to the transitions J = O = 1, K = 0 —» O,4v~dr'{-, n =% ne.
The theoretical expression for these frequencies of the Gordy
type - as they will be referred to in this thesis - 1is given
l k’h"ﬁ]z
vv\,i -0 c et ]+ Z [H I o n T
= - | - Y -
& 2| A 2A(BC"’D ) Knie’ Wuoon\’."‘wlot(’v\'-d'

by

The effect of the last term for the normal methyl alcohol
molecule 012H3016H is small, ForT€ =1, n = 0, for example,
it 1s about -6 Hgfe . The splitting between various lines
corresponding to different n's and T's is even smaller, being
of the order of a few tenths of a megacycle/sec. or less.
Lines separated by such slight frequency differences probably

would not be resolved, and, therefore, on the basis of the
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é%ove formula, only one component should be observed.
Edweards, Gilliam,.and Gordy have attempted to locate

such a line for the isotopes C12H;016m, ¢13H,016H, c12m,0l6p,

and 012D3016D by taking measurements in regions where the

Gordy frequencies might be expected to occur. According to

thelr results, the following lines are to be ascribed to the

J =0 1, K= O =» 0 transitions:

012H3016H Cl3H3016H 012H3016D c12p,0l6p

I7355.7. Too- 38530 I:C=or 38967.0 T

SGC. SSC.

Unfortunately, at the time these measurements were taken, no
Stark effect observations were attempted, and, therefore, the
above identifications remain in doubt. A recent private com-
munication from Gordy states, however, that the line at
419867.2 %%%% for the normal molecule appears to have only

one Stark component, as would be expected if it were due to
ad=0-=>1, K= 0 - 0 transition.

On the other hand, evidence has accumulated that a

doublet at 8372 DeCe and ;8376 MeCe i3 also caused by a
Sec. Sec.

transition of the Gordy type. According toc a private commu-
nication from Coles, a single Stark component was also observed

for this doublet. If both these experimental observations
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are correct*, then, apparently, different values of the tor-

sional number n are involved in the transitions for the

doublet and for the line at 49867.2 ZzEe , the most 1likely

ones beling O and 1. The problem then arises as to the reason

for the large separation of 1490 ?;g' between the doublet

and the single line, since, as mentioned above, the contribu-

tion of the off-diagonal terms are far too small to account
for this great splittinge A calculation shows the effect
of centrifugal stretching, which should also cause a split-
ting, to be only of the order of 100 %%%%

Knowing which frequency 1s the correct one for the
basic n = 0O = O transition is important because from it the
large moment of 1nertia A 1s essentially determined. The
value of A, in turn, affects all the other molecular con-
stants. Vhether the n #= O -» O transition is to be associa-
ted with the line at 139867 %‘.é.g_:. , and the n = 1 » 1
transition with the doublet at 48374 BgSe , or the converse,

or whether some other possibility mey exist, remains to be

established experimentally.

% As the above was being written, an announcement by Swan?
appeared stating that the line at }9867.2 PgS2 has a first
order Stark effect (a second order Stark effect is pre-
dicted by theory for lines of the Gordy type), and, thus,
appears to be improperly identified by Gordy.
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At present the weight of theoretical arguments seem to
favor the doublet as the likely choice, but there is also evi-
dence for choosing the line at 49867 32fs as due to the basic
n =0 -> 0 transition. This is the following: 1) Only one
strong line for 012H3016D was observed by Edwards, Gilliam,

and Gordy 1n the expected region. This line, located at

417359.7 ?ég: s presumably is due to the basic Gordy transi-
tion. However, if this is actually the case, then
calculations based upon any molecular model of reasonable
dimensions for the methyl alcohol molecule lead to results
which clearly favor the line at }9867 Bsfs @as the corres-
ponding one for the normal molecule. 2) One would expect
the n = 0 -» O frequency to be higher than the n = 1 9 1
frequency, as 1s the case in methyl silane, CHBSLH; The
observed splitting for this molecule is, however, only of
the order of several hundred megacycles/sece.

The evidence favoring the doublet at L4837h JFz§s appears
to be stronger than that for the line at 119867 §%§% , and is
the following: 1) A line observed at 28316 Jgge by Hughes,
Goéd, and Coles3, and one at 19967 SeSe measured by Hughes
(private communication) have been identified as due to the

J=3 >4, K1 >0,T =2 >3, n=0-=>0, and J =3 - 2,

K=0-=2>1,K=3 > 2, n= 0 > 0 transitions, respectively.
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Now it is readily shown that, except for slight correction
terms, the sum of these two frequencies should be equal to
the frequency of the basic Gordy line. This sum 1is

48283 BeL2 | while, if the corrections are included, the

SeCe
figure of L8370 ?;g: is obtained, very nearly equal to the
frequency of the doublet at 483.7L Zege ' 2) According to

Borden and Barkerl, they obtained from the fine structure of

the vibration band at 1034 cm~1l the quadratic equation
Y= 1034.18 + 1.5975m -.0088m2 cm-1

for the normal methyl alcohol molecule. If m 1s identified

with the quantum number J, then a simple calculation shows

that the basic Gordy frequency is L8160 gég:, provided the

assumption is made, as seems plausible, that the general ap-
rearance of the fine structure of the band is due primarily
toan=0-<> 0 transition. Recent work by C. W. Peters at
the Unlversity of Michigan on the same band of 012H3016H and
the corresponding band of 012H3016D, using a high resolution

grating spectrometer, also confirms this choice.

# It may be remarked in passing that both cholces for the
basic Gordy line yleld predicted values for the frequen-
cies of certain observed lines that seem to be about
equally good.
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3) More reasonable values for 02 and the inter-atomic distances
is obtainede C,, for example, turns out to be 5.3ux10'uogm cm?2,
a value almost equal to the corresponding moment of inertia for
CHu, while on the basis of the other possibility for the basic
Gordy line,02 is 5.16x10'h0gm cm@. This latter value, though
perhaps not impossible, yet is rather extreme. Similarly,
the calculated OH distance is also more plausible.

The evidence presented above seems to favor the doublet
at 448374 B2Ce g5 the proper choice corresponding to the n=0 =» O

SE€Ce
transition. Consequently, this value will be the one used in

the present worke.

Other Identified Lines

Beslides the members of the Coles series and the Gordy
lines, there are a number of other lines in the microwave
region of methyl alcohol which have been identified, and
which are important in this thesis. The following table,
based upon the measurements of IHughes, Good, and Coles3, sum-

marizes the data pertinent to these lines.

See table next pace.
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TABLE 3
Frequency %%%f) gg:§¥. . Transition Involved
Y£ 19967 J= 392 EK=0->1 =392 n=0+0
Va = 28316.03 ~1l @esm 34 1+0 23 040
Vb = 36169.24 6.52 3=> 0—r1l 2—>1 0=>0
Ve = 37703.72 3.09 8—-7 1-»>2 1=» 3 0= 0
V4 = 38293.5 13.0
Vd = 38452.69  13.0 % >>6 32 1wz 0o

Many other lines have been measured by Hughes, Good and Coles,
but these are mostly due to transitions involving higher J
values, and will not be listed here. The Stark effect has
been measured for all these lines except for the one at

19967 Z55~ , and 1s found to be linear. The following for-

mula was found to apply to the observed Stark pattern:

Ay

M=BME ' M = magnetic quantum number

The coefficlient B is given in the above table. From the
Stark effect can also be predicted the J values involved in
the transitions. The remaining quantum numbers K, T, n have
been inferred from the Stark coefficients and from the ap-
proximate frequencles to be expected for various transitions.
It is found that the calculated values for the frequen-

cles corresponding to various transitions vary only by the
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order of several thousand megacycles/sec. for different sets
of reasonable parameters. Since the frequencies for these
transitions may vary from zero to several hundred megacycles/sec.,
or more, the quantum numbers K, T, and n can be generally
uniquely determined. The observed values for the Stark coef-
ficients can then be used to furnish a final confirmation.

Since the llines listed in the above table will be util-
1zed in future calculations, it will prove convenient to give

at this point the theoretical expression for their frequencies.

These are

L
Y= %‘_V;—Tzf‘aogo—em_o
4 6 Lo
\%b=;?z'y'%-h%% C +'€t|o —'Q-Oz.o
7 8 LS
V{-=~-;V3_1-3‘?:JC—_ 8o -803 o
w

where
o & 2-
v = —
% - = L A




CHAPTER III
THE CALCULATION OF THE MOLECULAR CONSTANTS

This chapter deals with the calculation of the molecular
structure of the methyl alcohol molecule from the microwave
data. The particular constants to be determined are the mo-
ments and products of inertia, both for £he normal form of
the molecule and for various isotopic modifications, the
inter-atomic distances, and the hindered potential barrier
height.

The results obtained are believed to be more reliable
than those found by Burkhard and Dennison6 because of new
data avalilable, and because of the greater number of con-
sistency checks possible. The additional data dllows the
evaluation of a larger number of new molecular constants,
such as the value for the moment of inertia of the methyl
group, Cp, the moments of inertia for various 1sotopic mo-
lecules and self-consistent values for the inter-atomic
dimensions.,

The present chapter is divided into two main sectlons,
the first dealing with the normal molecule 012H3016H, and
the second with the other isotopic forms; The general pro-

cedure to be followed in the calculations has already been
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outlined in the first chapter, and for the normal molecule
conslsts first of finding the product of inertia, D, from
those data most sensitively dependent upon it, namely the
Stark coefficients of the Coles microwave series, and,
second, of obtalning the moments of inertia B, Cl and CZ’
and the barrier height H from the positions of four of the
most suitable microwave linese.

In calculating the product of inertia D for the other
isotopic molecules the Stark coefficients are agalin employed
together with the computed changes in the other moments of
inertia. These latter are based upon estimates of the inter-
atomic distances but are relatively insensitive to their
precise values. With the aid of the isotopic products of
inertia the interatomic distances may now be determined with
considerable accuracy. The molecular constants have, at this
point, all been evaluated, but the experimental data have not
been exhausted and there thus remains a number of self con-

slistancy checks possible.

THE NORMAL MOLECULE

The Calculation of D, pi1 , and pL

D, the cross product of inertia, and p, , the component
of the electric dipole moment parallel to the symmetry axis

of the methanol molecule may best be evaluated from the Stark




data for the Coles series. The perpendicular component of the

electric dipole moment p. is then obtained from the formula

My = JT}-Ltet) _ QLL..): ,

where pi,¢ is the total selectric moment of the molecule, which

has been measured8 from the temperature dependence of the
dielectric constant and found to have the value of 1.69::10'18
eSUu.

The results obtained will depend to some extent upon the
values assumed for the other moleculasr constants B, Cl’ 02
and H. Thilis dependence, however, is quite insensitive, and
accurate results are obtained after one or at the most two
cycles of calculations.

The expression for the linear Stark effect for members
of the Coles series is readily found from the matrix elements
of the Hamiltonian for the asymmetric hindered rotator, and

is given by the formula

/

A = ME(F + _L_) ,

J2 4+ J
where
B_‘hLDM'L .ozao[(‘lk-.-:,tm,n:oo %10 H’:.\o a6
- _ D W = \A/ P
2 BC-P w=2o 210 \Al"-V\ W’ZIO-W;QH
o3 W 3 h 2L ] 2\ h
Hl’l.° {8 H\—g_c 12 o
— > r —— ,
W - W\ o o
(20 23 Vtho-\Aﬁi‘h
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82 t2n '2h 33n| 33Nn 2l | 2k
A= A +_‘.k‘: DML Z‘ [2 H”-W 21° Hz\o 218 Q_H(L. 12 o
= \ ™~ - 6 (»] - ° + )
2 BC-D h=o Wz..m"'wnh Wuo‘Waban \N\?Ld"\“":\h
’
WHTw/ » - [ et el revs
- = ) -4 - X)) =A%,
Heen ‘\k) K)(.J"‘\“H)Jektne'(.t}x L‘)PKﬁ-!ﬁ'u‘d‘ , hk'!‘,\n =\) J)“(ij f’:me. ﬂ%qﬁ
.3

There 1s also a small quadratic term in E, but for the ex-
perimental fields usually employed 1t 1is ususally negligible.
Hughes, Good, and Coles3 have measured the values of A

and B and found

Vd
A = 131.1 __MeCo , BT 1,710 __MeC. .
SeCe €80 Seéc, €8u

Using these values and the above equations, one obtalns

MeCo
A=131.1 = p -.1640 pL D Sec. esu
BCl-DZ‘
B = 10710 = olllsu EJ_D MeCoe Y

Bcl-Dz sec. esu

and, finally,

D = -.1070 x 10740 g om2
B, = -.885 x 1018 osu
By = 1.0 x 1018 o5y
In calculating these figures values for C1s Coy B, and H were

used that are determined in the next section. As already




mentioned, this is permissible because the results of the two
sections are to a large degree independent of each other.

By is chosen negative in conformity with the requirement
of atomic electronegativity which demands that the parallel
component of the moment be directed along the negative 3 axis.
Similarly u; must be along the positive } axis, and 1s then
positive. For these reasons the sign of D must be negative.
This conclusion is also supported by the Stark data of the
Coles series for various isotopic molecules. From the fact
that D i1s negative it follows for plausible values of the
COH angle that the symmetry axis cuts the line connecting the
osygen and hydrogen nuclei between the center of gravity of

the OH system and the hydrogen nucleus.

The Calculation of Cy, C», B, and H

The constants Cy15 Cp, B and H are determined from the
measured values for the frequencies of Vs Vo vé: andvg.

These frequencles are given by the formulas

+ E—ago"’ %'lzo"' €a ,
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which differ from the previously derived expressions only by
the presence of the correction terms€ a, &b, Ec, and€g. In

these equations

e STk s

7" - o A B¢, ~-D*

Vo is the value of Yo for J = O . The correction terms are

due to the following causes: 1) the K —» K* 1 off-diagonal
terms, 2) the K = K =* 2 off-diagonal terms, and the centri-
fugal stretching terms, caused both by the barrier height and
by the moment of inertia effects. The magnitude of 1) and 2)
may be readily calculated, while that part of 3) caused by

the barrier height effect may be estimated from the (J2 % J)
coefficient of the Coles series. The moment of inertia cor-
rection for methyl alcohol is, unfortunately, not known exactly,
though it has been determined for the methyl halides by Slawsky
and DennisonlO, Using their values as order of magnitude
estimates for methyl alcohol it 1is found that the moment of
inertia effect is relatively slight for a qiven energy level
provided the quantum numbers involved are small, and as this

is the case for the present calculation, will consequently be

neglectede.
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In this way the total corrections are found to be

_ Wme. . €. .,
€ =-193 o, Ch=-136 3= | C.=82%2 egﬁ -¢ %%
The diagonal terms -L-‘L pL ik“\.o*' d* P d
2 (BC-pY)C, Jo ' ¥ow T xr OF

are also involved 1In the energy expression, and for the value

of D obtained iIn the last section may be estimated to give

the correction Sy, =30 ‘:—"“—- , SV =131 T3, I, 2139 22 uc , = 0.
Substituting these values together with the other correction
terms into the frequency expression, and adopting the wvalue

of 18374 ls‘;é%:. for Vg(the average of the doublet frequencies

at 1,8372 MmeCe and 18376 H.C. , VW, = 28316 BeCe
sec. sec. sec.

Yy = 36169 %;_‘c’.'_ , and Vco,= 249,48 M=Ce | the equations for

Vas Yy, and V] become:

L WvCo'
W'to..\No.‘o*.%-c-: = 189234 Tec
s g sy el
Wo-a.o_\N“o %?—-:(23\58 Jae
A ‘hL 3 - - M: ’
\NI’LO—\,\/Q.\O—-: < = 17372 72,

These three equations depend upon the three paramaters Cl’ 02’
and H, and determine thelr values uniquely. The internal
energy expressions appearing in these equations are compli-
cated functions of the parameters, but approximate formulas

have been found for the internal energy terms that are quite
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accurate for paramaters in the neighborhood of the solution.

These are

~4o
~ 4 _ Cxvo T
Wiae—=Wa e = e . 2901649 —1(9¢30 ¢~ ’)_‘H_PJ rec,
L a“ R
W ow T e exre T
Y6
A A
\Noq_o—Wlm:Cx\o [7.65‘!5“7_(7|90 G-ty ;.f]
CiCo Jec.
S
- H
h — |20 e C\Ca — .3 _ o
where ( [ " = ] ) P=1tovo( > 19) . and

2
Ci,Cao, and C are th gmem

Using these equations the solutions for the molecular parama-
ters may readily be found. An exact calculation then confirms
that the approximate formulas for the internal energy levels

are in fact accurate to one or two %%2; o The values of the

paramaters El, C and H determined in this manner are
Cc

C1 = .189275, C, = 5.33265 x 10”4%m em2, H= 374.821 cm™!
c

These lead to the wvalues:

d = éﬂég C,CoH = 3.37997) Cq = l.241498 x lO_uogm cm2)
' C

%2 1 = 127537 MeCe
el se




B is determined by the equation for )Ji} and is found to be
B = 34,096 x IO“uOgm em2 ’

and, consequently,

A=B+C = 35.341 x 10740 gm om2 .

The appendix contains values for the energy levels and for
the Fourier coefficients 8¢ corresponding to the above con-

stantse.

That the equationsused in determining the molecular
paraméters are good ones can be seen by varylng the frequen-
cilesygs VpsV, 1in turn by 100 §%§% » and calculating the
new set of molecular constants. If this is done it is found

that the maximum changes in the constants are

ACH_= .003x10'uogm cmz, ACGy = ,02 xlO'hogm cmz, AH = .3 em~ 1,

Thus, the results obtained for Cl’ Co, and H will still Dbe
quite good provided that the magnitude of the effect not taken

into account does not exceed 100 %%%L

It 1s interesting to note that the value of 5.333x10~U4C
gm cm@ for the Co of methyl alcohol is quite close to the
corresponding moment of inertia of the methyl group for methane,

CHH’ which 1is 5.337 x 10-k4O gm ecm2., This near equality of the




two moments of inertia makes it plausible though not certain,

the CH distance and the HCH angle of methyl alcohol do not

differ much from those of methane.

3. The Isotopic Molecules Cl3H3016H, CIZHBOIBH.

The molecular constants determined for the normal mole-
cule in the preceding section are insufficient to determine
the inter-atomic distances of the molecules. These can be
specified by the following six paramaters which were found to

be particularly convenient, and are illustrated in the follow-

‘ ¢ h ) [ < Y |
| H

ing diagram:

Iy

|

&

To determine these distances 1t is necessary to find the

moments of inertia not only for the normal molecule (which




are only four in number: Cy, Cy, D, and B) but also for other
isotopic forms of the molecule. Fortunately, dats are avail-
able for the two molecules Cl3H30H and 012H3018H giving the
positions of the Coles series of lines, together with the
Stark effects, and these are sufficient to determine a number
of other molecular constants. Unfortunately, however, it
turns out in the course of the calculation that the distance
d is not determined too accurately, and so a complete deter-
mination of all six distances has been found to be impossible.
For thls reason it has been thought best to adopt the methane
value of 1.093A for the CH distance, the values determined
for the other molecular distances being for the most part
quite insensitive to the preclse figure chosen.

Using the Stark data,one may determine the values of D,
B, » and i, for the Cl3H3016H and 012H3018H molecules, follow-
ing exactly the same procedure as for the normal molecule, and
again adopting the value of 1.69x10'18esu for Beot® Since the
value of C1 for 013H3016H is almost exactly equal to that for
the normal molecule, the matrix elements and the internal
energy levels may be taken to be identical for the two iso-
topic forms. Only B(C1l3) will be different from the corres-
ponding normal value, resulting in a slight change in the
energy denominators of the Stark energy expression. B(Cl3)
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must initially be obtained by assuming particular values for
the distances f, j, and £ subject to the condition that

B(N) = 3&.096X10-uogm em?, but it may readily be seen that
B(Cl3) is very little dependent upon the exact values adopted
for the dimensionse.

The situation is simlilar for the 012H3018H molecule, sub-
ject, however, to the complication that 01(018) is sufficiently
different from Cl(N) to necessitate a recalculation of the
internal energy levels and the matrix elements of the
Hamiltonian. The values of B and C1 must here also be obtained

initially on the basis of assumed dimension, but, as for the

normal molecule, the results obtained are quite insensitive to

B and Cl.
The flnal results of the calculations are
c13m,016n 125,018y c12g,016H
D -.1259x10-40gm em? -.2498x10-4%m cm2 -.1070x10-4%gm cm?
B -.886x10-18esu -.89Ox10'1gesu -.885x10'18esu
By 1.439x10-18esu 1-&37x10‘1893u l.uhOxlo'laesu

The normal molecule 012H3016H figures are repeated for the pur-
pose of comparisons. The values of B, and pL should be the
same for all molecules to a high degree of approximation. The

deviations found in the above table are, however, within ex-

perimental error.
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The Calculation of Inter-atomic Distances

The following method, although not unique, appears to be
the most satisfactory.

As already discussed, six distances are required 1in order
to completely specify the methyl alcohol molecule. Sincc, how-
ever, the CH dlstance turns out to be poorly determined by the
data, necessitating an adoption of the methane value of 1l.093A
for the CH bond length, only five undetermined distances re-
main. In order to solve for these, the values for the five
moments of inertia C,(N), B(N), D(N), Cy, and D(018) previously
determined have been selected as the basis for the calculation.

The problem now is one of expressing these moments of
inertia in terms of the distances h, g, f, j, and,g, and
solving the five resulting equations for the five unknowns,.

The procedure is straight forward, though lengthy, since the
equations are quadratic and must be treated by methods of

successive approximation. The final values are:

h = .0790 A = 1.4319 A
g = 8070 A L= +3639 A
f = .3061 A

From these values one can immediately calculate other distances

and moments of inertia. These are listed in the following

table where, for the sake of completeness, the constants pre-
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viously obteined sre also included.

TABLE Y
0?2330165 c13n,01%H c12h,0t 0y
Cq 1.2500 x IO'uOgm em@  1.2453gm ecm?® 1.2582gm emo
B 34.096 3L.948 35.593
D -+1070 ~e1237 -.2498
El 189275 «189313 «190G900
C
h = «0790 A J = 1,&319 A
g = .8070 4 L= .3639 a
f = .3061 A d = 1,093 A(assumed)
OH = .9374 A angle of OH with symmetry szis = 70055°
g+ h = ,8860 A distance of each H of CHB group to
€O = 1.4340 A symme try axis = 1.0307 A

o)
¢ HCH = 1099307
LC 105056"

O
es
"

The following points should be noted: 1) The oxygen
atom is located .0790A away from the symmetry axls on the
opposite side from that of the hydrogen atom, which in turn

is .8070A from the symmetry axis. The center of gravity of
the OH system for the normal molecule lies between the oxygen

atom and the symmetry axls at a distance of 0l14jA rrom the
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latter. Thus, neither the oxygen atom nor the center of
gravity of the OH bar is situated precisely along the axis
of synmmetry. 2) Because of the similarity between the COH

portion of the CH., OH molecule and the HZO molecule, the OH

3
distance and the COH angle of the former can be expected to
be fairly close tq the OH distance and the HOH angle of the
latter. Actually, for the water molecule the average OH
distance 1s 9568 A , while the average HOH angle is 10503,.
These differ slightly from the equilibrium values of

«958l1 A and 10h027’, but either set compares favorably with
the methyl alcohol values .9374A and 105056/, 3) T.e cal-
culated CO distance is 1.4340 A , which 1s close tou the
figure l.4lf A found by election diffraction methods. The
actual value obtained, however, depends strongly upon the
dimensions assumed for the CH distance. In particular, a
change of .01 A from the adopted value of 1,093 A for the
CH distance will cause a change in the CO dimension of

«008 A . L) The calculated value of 109030' for the HCH
angle is very close to the figure of 109028, tor the cor-
responding angle in methane. This likeness is, however,

also dependent upon the exact value assumed for the CH dis-

tancee.




The dimensions given in the above table are merely a
self-consistent set, and not intended to be regarded as ac-
curate to the number of decimal places listed. The errors
involved come from two sources: a) the experimental errors,
which in many but not all instances are small because of the
accuracy of the microwave measurements, and b) the limita-
tion of the present theory in which, for example, the
molecule 1s taken to be rigid, and a simple sinusoidal de-
pendence is assumed for the hindering potential. The higher
order terms introduced by these and other causes may very
well influence the results, past experlence generally show-
ing an effect of one or two percent. An example of such
errors is the dlscrepancy between the value of
—.1237x10"hogm em@ for the D of the 013H3016H molecule based
upon the above inter-atomic distances, and that of
-.1259x10"4° gm cm? calculated from the Stark data. The
difference of about .002x10-40 gm cm? between the two figures
is seen to be within the expected deviation..

An examination of the calculational procedure used in
determining the inter-atomic distances shows that most of
the error in the dimensions comes from the uncertainties
in D and in the assumed CH distance. If the possible varia-

tion in D is taken to be .OOleO")‘"O gmn cm? - a not unreason-
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L=

able value as seen above - then the following changes result
in the molecular dimensions:

AJ = .002A Af = .03A A8 = +003A Ah = ,003A
Likewise 1f the CH distance 1is altered by .01lA from the assumed
value, the following changes occur:

ajd = 0080 of = .015A A ™ «00l1A aAh = ,001A.
If both efrecps of the above magnitude occur together, then,

approximately,
A(cO) = ,008A A(OH) = ,01A A LCOH = 20 ,
The change in f is seen to be the largest, corresponding

to the fact that the moments of inertia are least dependent on

this particular constant.
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CHAPTER IV.

DISCUSSION OF ADDITIONAL EXPERIMENTAL DATA

In this chapter possible applications of the asymmetric
hindered rotator theory wlll be discussed, and certain exper-
imental aspects of the methyl alcohol microwave spectrum
examined in an attempt to obtain a number of self-consistency
checks on the values found for the molecular constants in the
preceding sections., In particular such experimental features
will be investigated as the positions of a number of lines,
the (J2 + J)2 coefficients of the Coleas series for a variety
of isotopic molecules, the "mirror" lines, and the first and
second order Stark effects. It will be seen that, in general,
the results here obtained furnish good confirmation for the

values already found for the molecular constants.

’ v
The Frequencies VYd, V4, Ve, and Vf.

/ " '
The lines designated as ’)d, »ﬁ, P@, and VYf have been
measured by Hughes, Good, and Coles3, and are listed below,

toge ther withuthe corresponding transitions involved.

Frequency z;:i Transition Involved
Va 38293.5
“ ' ’ } J=5+6K=3->2’C=1->2 N=0-> 0
Va 38452.69
Ve 3770372 8 > 7 1 —» 2 1> 3 0=> 0
Ve 19967 ' 322 01 32 00
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The identification of these lines has been accomplished in
the following manner. The < values of the transitions have
been determined experimentally by use of the Stark effect, while
the other quantum numbers have been found by a process of
elimination, no other choize for them yielding reasonable
results for the observed frequencies. The formulas for the
frequencies have already been given, and will not be re-
peated here. In addition to the main terms involving the
rotational and the hindered rotational energies, there are
also the various corrections which are here of the order of
several hundred megacycles/sec. because of the high values
of the quantum numbers involved. As already noted, these
corrections are due essentially to 1) the off-diagonal terms,
and 2) the centrifugal stretching terms, including both the
effect upon the barrier height and the moments of inertia.
Since the moment of inertia effect for methyl alcohol 1s not
known, it will here be neglected. The final values thus
obtained for the four frequencies using the molecular con-

stants of the preceding chapter are
CALCULATED OBSERVED

7/ . ,
Ya 38605 Tige 3629k Zg3s
Ya 38749 38453 TABLE &
Ye 37799 37704

Yr 19978 19967
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The agreement of the observed and calculated values 1is
very satisfactory, - the maximum difference being about
300 ’;‘;2:: - in view of the fact that the final values contain
differences between terms involving hundreds of thousands of

megacycles/sec. The calculated frequency for )Jf is par-
ticularly gratifying since the deviation from the experimental

value is only 11 2;2‘; furthermore, because of the fact that

\J_;_ is connected with ¥y and 1)3_ by a sum rule involving very

small correction terms, one might expect the most satisfactory
results for Just this particular line. Indeed, it 1s readily

seen from the formulagfor ¥, and »; that
Y= v?}— Yot Eg +EL ,
where &, and 6{. are correction terms which are found to have

the values (again neglecting the moment of inertia effects,

which, anyway, should very nearly cancel)

. M.
Ea=-193 ?ecc'_. v €£=87 7. -

It 1s this excellent agreement between the calculated and
6bserved values of \).F that 18 one of the strongest arguments
for adopting \)8 = 118374 %‘-&%—:— , rather than the other possi-
bility discussed earlier located at 49867 %;%L . If the
latter frequency were instead chosen, a discrepancy of about

1500 rgég: would exist between the calculated and the observed
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values for'vg that would be difficult to explain. The lines
Vé and \95 may be regarded as a single line which has been
split into two components by tne K-type doubling discussed
earlier, which results from the asymmetry of the molecule.

The calculated value of the splitting is found to be 1l FFE=,

MeCoe
SeCe.

as against an observed value of 159

The (J2 4+ J)2 Coefficient

The (J2 * J)2 coefficient b of the Coles series of lines
is defined through the series

Y= Ve + (It +d) + b(J"*'J)L-* :

for the positions of the lines. Because of the centrifugal
stretching effect which cannot be accurately calculated, the
coefficient a of the (J'2 4+ J) term i1s unsuitable as a check
for the reliability of the molecular constants. The (J2 + J)2
term, however, may be shown to be relatively uncontaminated by
their effect, and, therefore, may be properly used for a self-
consistency check.

It may be mentioned in passing that provisional calcu-
lations attempting to account for the value of a for the three
isotopic molecules listed below indicate that the centrifugal
stretching term as given by Burkhard apd Dennison must probably

be modified. Tentative results indicate that the centrifugal
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stretching term is about -3.4(J2 &+ J) MeCe .

According to the results of Chapter II, b has the follow-
ing values for the three molecules 012H3016H, 013H3016H, and

016H3018H:
c12g,0m 013H3016H 012H3018H
) : m.c. MeCoe MeCoe

The theoretical expression for b is readily obtained by the

usual perturbation theory and is

bo [ B S ) {(H;’.?:" L (HITDY _(HTL 9"
n

2 4A(BC-PT 5 5
2 4A(8BC, W o~ Wazn W o Wan WE oW 8,
H33 n\
where i - Lz O
W\O;Q-W33h

H ‘;’-:’,:"" ff::dne:zkﬁﬁ'dw dx.

On the basis of previous results for the moments of inertia,
t* Cc*+ DY

2 YA(BC,-DY)

for the normal molecule.

= 218.23 %<

Evaluation of the matrix elements and the energy denominators
is straightforward. The calculated values for b are then

found to be

012H3016H 013330163 012H3018H
«1025 g;g: «0913 §§§% .0842 %%gf

It is expected that these calculated results should be

correct only to within a few percent, since higher order ef-
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fects such as the possible dependence of the moments of lnertia
upon the internal coordinates can give rise to deviation of
this size. It 1is seen that the values for 013H3016H and
012H3018H are quite good, but that b for 012H3016H is sbout
83@ less than the empirical result. Since the experimental.
coefficients are believed to be accurate to better than one
percent this anomaly is somewhat puzzling, particularly since
the calculated values for the other two molecules are quite
reasonable. The situation 1s not greatly changed by inclusion
of the third order perturbation terms, since they modify the

results by less than one percent.

The Origin of the Coles Series

The origin of the Coles series of lines, V,, 1s given

by the expression
L=

Yo = -%P;*_"E‘: %+ EZlO"&\zo"' € -
This equation has already been applied for the case of the
hormal molecule, where it has been utilized to obtaln one of
the conditions determining the molecular constants. It 1s
of interest, however, to calculate ¥g for the other two 1iso-
topes Cl3H3016H and 012H3018H for which the Coles series data

are also availlable. It is clear that, because of the changes

in the moments of inertia, the Coles origins of these two
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molecules willl be displaced relative to the origin of the
normal molecule. Utilizing the values found in the last
chapter for the molecular paramaters of the isotopic mole-
cules, and also makling use of the expression for

M@;O -\Ngéo the¥e developed, the following results are
readily obtained?

TABLE G
Yo(calc.) _Yo(obs)
c13H,016H 26940 MeCe 27066 DaCe
c12m,018x 34492 33919
012H3016H 2491, 8 21,948

The frequency shifts of the cli3gm 016H and the Cl2H 018H
3 3

molecules relative to the normal molecules are then

Yo - \-ﬁ(N)(calc.) Vo - VQ(N)(ObS)

1 16 M o oCo
c 3H30 H shift 9532 B=Co 8971 Dl
012H3018H shift 1980 2118

The agqeement between the calculated and observed shifts is
moderately satisfactory. It was found that it would not be
improved by any reasonable change in the molecular dimensions
adopted earlier, and it was, therefore, concluded that the
discrepancies must arise from the fact that the theory ignores

effects to be assocliated from the non-rigidity of the methyl

and hydroxyl groups.




4o The "Mirror" Lines

Hughes, Good, and Coles have measured a set of four lines
in the Cl3H3016H microwave spectrum which they term a "mirror
image pattern" because two of the lines bear a mirror-like
resemblance to the other two. The observed pattern is 1llus-

trated in the following diagram:

20.6979.03 T2 71085 .93
26980.40 2.7710Y4-80
|

The lines at 26980.40 FzE= and at 27104.80 %%%% are forbidden

in the absence of a field, appearing only when a Stark voltage
is applied, and becoming stronger as the voltage 1s 1lncreased.
The allowed lines at 26979.03 Z=2= and 27105.93 T3g> , which
exhibit a second order Stark effect at low field strengths,

merge with the forbidden lines at a field of several volts/cm,
the mixture yielding a first order Stark effect at slightly
higher voltages corresponding to a value of about 3.5 %%%%esu
for the coefficient of ME. The linear Stark patterns are
slightly asymmetrical with frequency displacements on the low
frequency side being ten percent greater than those on the
high frequency side. From the Stark patterns it may be con-
cluded that AJ =*1, and that the J of the lowest state is

at least 12.




-81-

As Hughes, Good, and Coles point out,such a "mirror image"
set of lines may be interpreted as due to a transition between
two K-type doublets. The transition in question appears to be
one in which J = 13 =» 12, K =3 > L4, C=1 -» 3, n =0 > O.
The frequency is then given in the first order by the equation

_ —33 &z
Y= 2”3- Z+E"13G_E'3IO'

From the calculated values for the moments of inertia for the

013H3016H molecule one obtains

V;- 7212 ’;;g- ‘gf %_ = 127531.

Utilizing these figures, 3 is found to be 27300 ?;3" in good

agreement with the observed value of 27130 MeCe for the cen-
S6eCe.

ter of the pattern.
From the formulas developed in Chapter II the splitting

of the K = 3 level is given by

2
(3 -1 13 2
AN, = ‘3 ' : (ti ! ) )
3 we, - \/\/3,)

while the K = |} level splitting is

12 Z 1 2)\?
AN, = 2 ( - s :—> <H°:z ° Q‘)
(Wa-e. —\/\/..,3) (W'-(.‘s -W, z)
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Using the values for the molecular constants previously cal-

culated one obtains

AW3 = 122 MeCo

© = . MeCe
AWI-I- 1.0 SecC.

The energy level diagram for the transitions involved

is shown below.
J=12 K=Y \{ 1—

pors e e e e

e — g — — — - —

J=13,K=3 n.z{

+

The ¥+ and - signs refe;.to the symmetry types of the levels
as discussed in Chapter II. In the absence of a fleld only
+ > ¢+, - » - transitions are allowed. With a field.ap—
plied the other transitions ¢+ -» - , - <9 ¢ are also
possible, the probability increasing with the strength of
the field. On the basis of this ascheme a separation between
the allowed lines of 123 %i%% , and a forbidden-allowed
splitting of 1.0 B2Le are predicted. These values may be

86Ce.

compared with the observed ones of 127 ?;g' and about

1,2 MeCe |
86C.
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According to results previously obtained, a quadratic
Stark effect is observed for low electric fields for levels
with K-type doublinge As the field strength 1is increased
to the polnt where the Stark splitting is larger than the
K-type splitting, the Stark effect becomes predominantly
linear. T[or the particular case of the "mirror'" lines it
is clear that the linesr Ztark effect will result from the
K = l4 levels, since theilr splitting 1s very much less than
that of the K = 3 levels. The linear Stark coefficient for
the K = || state may be shown from the results of Chapter II

to be %22¥3 , resulting in a calculated value of 3.l m.c;éaec.

as compared with the observed value of 3.5 m.c;égec. e The

fact that the Stark pattern is slightly asymmetrical may be
ascribed to the presence of energy terms in the K-type
doubling éxpressions other than those linear in E.

It is seen that the general agreement between theory and
experiment for the "mirror'" lines is quite good. Not only are
the positions of the linesAwell given by the theory, but many

of the features of the Stark pattern also are explalned.
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The Filrst Order Stark Effect

As discussed in Chapter II, Hughes, Good, and Coles have
observed a number of lines in the microwave spectrum of the
normal alcohol molecule which exhibit a linear Stark effect
given by the formula

Al)M = B MIE .

Inasmuch as coefficient B determining the magnitude of the
Stark splitting has been measured by them for these lines it
becomes possible to compare the experimental values for B
with the theoretical ones predicted on the baslis of the
asymmetric rotor theory.

For those particular frequencies for which the transi-
tionshave been determined, it is a simple matter to write
down the expressions for the linear Stark coefficients. The
diagonal elements of the Hamiltonian,which depend upon p,, ,
yield the main contributions, while the K > KX 1 terms,
which are a function of pi, give small corrections. The

calculated results for B obtained in this way are listed in

the following table, together with the observed values.

TABLE T B(Obs. )
Frequency(gsss) Transition Cn.c./seci_ B(Calc.)
28316.0 J= 3-rly K= 140 T= 23 ~o11 11.2
36169.2 3=l O=»l 2or] 6.52 6.
3%;83.;5 BT 12 13 1%.89 lg.z
3 3. . .
38L52.69 56 32 1+2 33,0 13.1

# The value_of 3.l MeC./86C. ]1jsted by Hughes, Good
and Coles3 has subseaﬁgntly been corrected by them
(private communication).
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It 1s seen that there is agreement between the two sets of

values to within several percent. This is particularly gra-

MeCeo 21 MeCo
tifying for the two lines at 38293 Seo- and 38453 e

which are members of a K-type doublet, and for which the

speclal formula previously developed for transitions of this

"type must be used.

The Second Order Stark Effect

The second order or quadratic Stark effect has been mea-
sured by Hughes, Good, and Coles for a number of lines in
the microwave spectrum of methyl alcohol. The present section
is devoted to the theory of the quadratic effect, and the
interpretation of these experimental resultse.

The observed lines may be grouped in two classes: those
for which the Stark effect is predominantly linear with a
relatively slight quadratic admixture (for fields of the order
of 1 esu.), and those for which the effect is purely quadratic.
An example of the former category 1s given by members of the
Coles series, and, indeed, by any first order lines, while
the latter is represented by lines of the Gordy type and by
a number of other components found in the microwave spectrum
by Hughes, Good, and Coles.

ae Coles Lines

Besides possessing a linear Stark effect, the members of

the Coles series have also a quadratic dependence which may




be represented by the equation
AV= (c + DM2) E2 .

The coefficients of EZ for some of the components of lines
of the normal molecule have been determined by Hughes, Good,
and Coles; and the M2 dependence for a fixed voltage has
been alsp studied for the J = 7 and J = 9 lines. The re-

sults obtained by them are summarized in the following table:

Coefficient of Calculated
J M E2 (E;E;_.__z) Values
° sec. asu
2 average of 2 and -2 «37 31
3 "3 038 .52
J Field in esu Coefficient of TABLE &
- M2 (me.c./sec.)
7 1.345 .02l .02l
9 1.345 . 0165 « 0155

The values for the coefficient of EZ, and for the coeffi-
cients of M2 are believed to be accurate to within 15% and
107, respectively.

To determine the appropriate theoretical expression for
the quadratic Stark effect for this case, it is necessary to
utilize the matrix elements of the Stark energy expression

W=p, Ecos® + py E sin ¢ cos CF' ’
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which have already been listed in Chapter II.

For the particular case of the Coles series of lines in
which J % J, K =1 = 2,1 = 2 9 1 one then obtains, using
the usual methods of perturbation theory, and the values for

the molecular parameters previously found, the following

MeC o ):

results (in T

For J =2 = 2

Av = g2 [.0889M2 - .ou13] = ,314E2 for M = 2,
For J = 3 = 3

AV= E2 [.ou83m2 + .0881] = .523E2 for M = 3.
For J =7 9> 7

M2 coefficient = .0132E2 = «0239 for E = 1.3I15 esu.
For J =9 &% 9

M2 coefficient = .0086M2 = ,0155 for E = 1.345 esu.

The agreement, except for the J = 3 % 3 line, is within ex-

perimental error.

be Second Order Lines

A number of lines have been observed by Hughes, Good and
Coles which exhibit a pure quadratic effect, and which, as
for the precedling case, can be represented by the equation

AY = (C + DM2) E2 .

The results obtained by these workers have been summarized
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in the following table, which is adapted from their paper:

TABLE ¢
Approximate Stark Effect Coefficients of Second Order Lines

F me.c MeC meCe Lowest possible value
requency sec.) (Sec ssuc \sec esuz) of the smaller J

20971 ¥ 4 10
21550 .33 .017L 10
23121 + + | 8
23348 + +
23hl5 .16 .011 8
26121 e32 -.038 9
27700 + -
28970 .16 -.03L 8
35162 & +

The following second order transitions, which are of the

K-type variety, have been found which yield calculated values

for the frequencies in the region from 18000 m;g. to 414000 ?;g'°
EL.E. to
Ia Calculated Frequency
J=Z9 98 K312 T=3 2 29028 T2E=

9 =» 10 2 » 1 2 = 3 23360
-21350

10 =» 11 2 ~» 1 2 = 3 22h70
6 > 7 l >0 3 =1 27110
413920

6 » 5 O > 1 1l > 3 18890

13 - 1L Iy - 3 31 10525

40715
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Only one line of the K-type doublet has been listed if the
other member falls outside the region of interest above 1in-
dicatede It is to be noted that the number of observed
lines is greater than the number of the calculated ones
here given, a fact which may, perhaps, be explained by the
possibility of transitions involving vibrational numbers
greater than O. A provisional calculation shows, for ex-
ample, that the transitions n =1 2 1, J = 10 or
11 > 1l or 12, K =1 = 2, €= 3 = 2 may possibly
account for some of the measured lines.

Comparing the calculated values with the observed fre-

quencies one sees that only two identifications may be made

with falr certainty. These are
Ycalc. Vobs.

J=9 2 8 K=1>2 C=3 32 29030 D:.ce 28970
6 > 7 1 >0 3 > 1 27110 : 27700

Other identifications cannot safely be made, either becaise any me
of several lines might reasonable be chosen to correspond to

a given transition, or because the lowest possible value of

the smaller J as given experimentally for the frequency does
not correspond with the theoretical figure. Of these two
tentatively identified lines only the first, unfortunately,

has been measured for its second order Stark coefficients.

Because of this fact, the following calculations will deal
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only with the line at the calculated frequency of 29030 Tgss ,
corresponding to the transition J = 9 9% 8, K= 1 = 2,
T =3 2.

Referring back to the results of Chapter II, and making
use of the expressions for the Stark energy matrix elements
there given, one obtalns after a lengthy, but straightfor-
ward calculation, the equationsfor the Stark energy shifts
of the levels involved:

_ (0003 M2 - .ohol) E2 MzCe for the upper level
AWors = (.0012 M2 - ,0600) E2 for the lower level
_ (.0308 M2 % .0460) EZ for the upper level
e22 = (—-+0326 M2 + .0160) EZ for the lower level -
Makling use of the K-type selection rules one finds for the
line at 29030 %é%% that the quadratic effect for it is then
given by

- 2 2 o e
AY = (-.0329 M2 + .086l) E2 BeCe

Comparing this equation with the experimental result

AV = - 2 . 2 MeCo
(--034 M2 + .16) B2 Dec. |

one sees that the agreement is fair for the coefficients of
M2 s, but quite poor for the E2 coefficients. It i1s, however,
quite possible that other effects exist which may contribute
to the quadratic Stark effect. The phenomenon of polariza-

tion of the molecule, for example, would give such a second
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order contribution, although, as has been estimatedll, the
effect would be very small, AY being only of the order of
only .1 333> for a fleld of 10,000 ¥2ltS . wMore work, both
theoretical and experimental, seems necessary before a satis-
factory interpretation of the quadratic Stark effect is
obtained.

ce The Gordy lLines

Although no experimental results for the Stark effect

for lines of the Gordy type J = 0 & 1, K = 0 2> O,’e- T,
n > n have been as yet published, it may be of interest to
glve here the theoretical treatment for this important case.
Since the M transition is one in which M = 0 = 0, it is
clear that the Stark pattern will consist of only one line.
A glance at the Stark matrix elements at once shows that for
M =0 the J & J terms vanish and that, therefore, the Stark
effect will be purely quadratic. Indeed it is readily seen
that for this special case the calculations are especially
simple. A straightforward application of the usual pertur-
bation theory yields the following expressions for the Stark

energy of the two levels involved in the transition:

See next page.
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o MnE" . &) T V. i
AW - " — M E: R A K etwn
©oth 3 Weoen™ 'Go‘tn 6 ’Z \ w® *
ootvn e’ g,-‘om LHem’
=
AW g0 = L b E P S -
WM'ﬁM OOﬂn {5 Wo't‘,vs W?. '

Lev [-U‘\tn uc-l't'ah .(
+ Z[ 0w + oen] , where

\ (o] ™
(Wl sown” Wi v’ W| e‘ﬁu"’wz—l't} \A’

{
:katltn ol 9 &
Le' )Kth jFK'\:he FKtI‘CM dx'

The Stark effect for the Gordy line i1s then given by

Av‘)—"‘dwlo-\-}u—ﬂ- 0o T I °

As an example, consider the particular Gordy-type
transition J = 0 > 1, K= 0 == 0,T=1 » 1, n= 0 - O.
The abtove equaticns then become especially simple, and the

result for A¥is

Ltet
Av= 7LL*-3—5— 4 MSES | ACEYAY L ML ETA
! WIOI—W ‘y W(OQ\ W‘:hi 5 W‘fl— 20'3 3 \ﬁ/°°°l._\/'\/l'\3
where K ) . 206
(.e e\ 0

The terms corresponding to the n = 1, 2, +«+- states have
teen neglected, since their effect for this case is very
slizht. Using the values for the molecular parareters

previously obtained, one finds that

AV = ,101 E2 Z.o. . (E in esu).
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The above theoretical expressions were derived, of course, on
the assumption that the various Gordy-type lines are complete-
ly resolved from one another, If overlapping should occur,
the Stark effect will then naturaelly be altered.

The theory thus developed affords in principle a method
of identifying the various Gordy-type lines by means of their
Stark effects. Since at the present time empirical data 1s

not available, it has not, however, been deemed advisable to

make further calculationse.




APPENDIX 1
INToRNAL SNERGY LEVELS

The following tables for the internal energy levels Wido
and for the Fourier coefficients used in this work are based

on the values

®1 - .189275, ©, = 5.33265x10"40gm.cm2,

c
H = 374.821 ecm~1

for the molecular constants.

Wyep (in em~1)

K T=1 T=2 T=3

0 128.82540 137.94889 137.94889
1 129.25292 10,0068l 135.4901)
2  130.49221 141.25606 .  133.0484)
3 132.41046 130.97478
L 140.458,49 129.52565
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APPENDIX 2
FOURIER COEBFFICIENTS

The Fourier coefficlents ag in the following table are

given for type 1 wave functions. However, using the relation-

ships

Q,, (§)=a,, (1) 0;“_7{?)=¢3M(s-_1.)

where G = -_C_L\( it 1s possibleto determine the ap for the
C

following states: X=0,%€=1,2,3; K=1,T=1,2,3; K=2,T=1,2;

XK=3,€=21,2,3; K=l, €=1,3.

— &= 0 189275 . 378550 1132175
a_yp 0000240 .0000190 .0000150 .0000141
a_g . 0010351 .000835 . 000690 . 0006525
a_g .025130 . 021577 . 018369 .017555
a_, .28572l «257096 .231585 .221,808
a, .911;017 .911676 .90)1393 501337
a, .285724 .318393 .35610l . 367846
8 . 0251130 .030129 . 035925 .037808
8, .0010351 .0012785 . 0015915 .0016956
2., .0C002440 . 0000305 . 0000393 . 0000122
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—Q0 =

« 0000120
LH005660
015651
208369
. 891392

- +399863

.043130
.0019970
. 0000509

~ S = 1.189225

» 0000055
.0002852
. 0088993
.14030hL
. 790585
.590163
. 080896
.00U.366
. 000124}

. 810725

. 000089

- 0004375

.012693
. 180788
. 861211
466110
055017
.0027009
.0000718

1.2112900

.0000051
. 0002673
.008l256
.134722
776626
.609367
.085326
. 004669
.00013l)

1.000000

-0000070
0003556
010692
.160297
. 832730
.525624
. 06676l
- 0034351
. 0000545

1.378550

. 00000l
. 0002255
.0072922
.120826
. 737563
.657155
.097287
. 005512
. 0001629




10

(!

BI3BLIOGRAPHY

A. Borden and E. F. Barker, Journal of Chem. Physe.
6, 553 (1938).°
D. K. Coles, Phys. Rev. 74, 1194 (1948)

—& & gu he;,)w. E. Good, and D. K. Coles, Phys. Reve.
18 (1951
2

H. D. Edwards, O. R. Gilliam, and W. Gordy (to be
publishede.

J. S. Koehler and D. M. Dennison, Phys. Rev. 57,
1006 (1940)

D. G. Burkhard and D. M., Dennison, Phys. Rev. 84,
Lo8 (1951)

S. C. Wang, Phys. Rev. 34, 2h43 (1929)

M. Kabo, Sci. Papers, Inst. Phys. Chem. Research
Tokyo 26, 242 (1935)

P. R. Swan, Jr., MIT Quarterly Progress Report, P. 30,
April 15, 1952

Ze I. Slawsky and D. M. Dennison, J. Chem. Phys. 7,
509, (1939)

S . Golden qud E.B.\Nl\son,Jr‘ J-Chew. P"\‘(J' {6,
¢eq(\q4f)

_97_




