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Analysis of the Torsion-Rotation Spectra of the
Isotopic Methanoi Molecuies

Depariment of Physics, Universily of Michigan, Ann Arbor, Michigan, 48104

The high resolution infrared spectra of CH;OH, CH;0D, CD;OH and
CD;0D observed by D. R. Woods and C. W, Peters in the region from 400 to
900 cm™! have been analyzed to obtain the molecular moments of inertia, the
barrier height and the Kirtman perturbation constants. The first step con-
sisted in identifying as many @ branch origins as possible. Between 25 and 40
origins were determined for each isotopic molecule with an accuracy of about
0.03 em~1. These data were combined with @ branch origins found by R. M.
Lees and J. G. Baker from their very accurate measurements of the microwave
spectra of these molecules. A nonlinear least squares solution yielded values
for the constants. With these constants the spectrum was recomputed and
found to agree with the observed spectrum to the order of the experimental
errors. In zsu, 176 data pUlum were described u_y' 40 constants—10 for each
molecule.

In the second phase of the work a tentative theory is proposed which relates

the perturbation constants of the four isotonic molecules. This theorv, which

the perturbation constants of the four isotopic molecules. This theory, which
contains a number of approximations, involves only 21 constants. These were
evaluated from a nonlinear least squares analysis and the spectrum was re-
computed. The agreement with the observed spectrum is good, but not as good
as in the former case.

The barrier height V; was found to decrease upon deuteration and a mech-
anism is suggested based upon the zero point vibrations of the atoms.
The barrier potential is shown to be highly sinusoidal in form with V¢/17; =
—0.0002 % 0.0006.

Recently two important advances have been made towards a b etter under-
standing of the torsion-rotation spectra of the methanol molecules (’HJ)H
CH30D, CD;0H and CD;0OD. The first of these is contained in papers by R
Lees and J. G. Baker (1) and by R. M. Lees (2) while the second conswts of
high resolution measurements by D. R. Woods and C. W. Peters (3) of the in-
frar?d spectra of these molecules in the general region from around 400-900
em .

Lees and Baker determined the microwave spectra of the several methanols
from 90 to 200 GHz. Their analysis employed, with certain important modifi-
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292 KWAN AND DENNISON

cations, the methods developed by earlier investigators ({-8). These methods
had concentrated on expressing the energy levele as a function of the moments
and products of inertia together with the height of a sinusoidal hindering poten-
tial barrier. Certain of the more important perturbations due to centrifugal dis-
tortions were included but not on a completely systematic basis. Lees and Baker
extended the earlier analyses by introducing the full set of perturbation terms
suggested by Kirtman (9). These perturbation terms may be divided into three
groups: (a) the first order deviation from a sinusoidal potential 14Vs{(1-cos 6v)
where v is the angle of internal rotation, (b) the analog of the usual centrifugal
distortion terms which are quartic in the expectation values of the several angu-
lar momenta, and (c¢) the effect of the centrifugal distortions on the effective
height of the potential barrier. These terms which involve 14 semiempirical
constants will be deseribed in more detail in later sections.

Lees and Baker found that their microwave lines by themselves were not
very suitable for determining the full set of Kirtman constants in spite of the
high accuracy of the experimental measurements. The reason for this was that
most of the microwave lines in question involved transitions between states
with torsional quantum number n = 0, while the contributions from many of
the Kirtman terms only become significant for larger values of n. However, by
combining their data with the measurements of the infrared spectrum of CH;OH
obtained by Burkhard and Dennison (8) they were able to calculate a set of
perturbation constants which would reproduce satisfactorily all the known lines.
Burkhard and Dennison had measured the torsion—rotation spectrum from 50
to 460 cm™ where most of the lines come from transitions to the states of tor-
sional numbers » = 1 and 2. Unfortunately, single lines in the infrared spectrum
were not resolved and only the @ branches with their unknown convergences
could be measured. The overall accuracy was estimated to be 0.5 cm . More-
over, the infrared rotation spectra of the deuterated methanols had never been
measured.

A second limitation which was discovered by Lees and Baker stems from the
fact that there exists a relationship between certain of the matrix elements which
occur as multipliers of the Kirtman constants in the energy expression. This
means that an infinity of sets of these particular constants will equally well
reproduce the experimental data. Unfortunately one of the most interesting
constants, namely Vy, is involved and consequently its value could not be de-
termined uniquely.

The second important advance referred to arises from the experimental work
of Woods and Peters on the torsion—rotation spectra of the methanols, normal
and deuterated. The resolution they obtained was sufficiently high so that a
great number of individual lines of the P and R branches could be measured.

The resulting accuracy of determining the @ origins was about 0.03 em™. More-
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over, the spectra were extended to higher frequencies with the resuit that states
with torsional numbers of n = 3 and 4 could be found.

The program of the present investigation may be divided into three parts of
which the first is to identify as many of the lines found by Woods and Peters
as possible. The second part consisted in making a least squares fit of the ex-
perimental data to determine the molecular parameters, including the Kirtman

constants, for each of the four methanols. As will be seen the results of this eal-
culation allow a theoretical determination of any of the energy levels in the
range n = 0-4 and K = 0-15 with an accuracy which is of the order of the ex-
perimental errors. Unfortunately for the reason cited above this procedure does
not allow a unique evaluation of V.

The final portion of the program describes a tentative and approximate theory
which attempts to interrelate the Kirtman constants of all four methanols and
which avoids the ambiguity present in fitting the congtants to the data for any
one of the methanols. Since only about half as many constants are required for
the fitting of all the experimental data, the accuracy of the fit is somewhat less
but it is believed that the physical significance of the constants 1s greater.

II. THEORETICAL
1. The Energy Levels

In the main we will employ the methods developed by the earlier investiga-

tars Wo ghall with o fow oveontinng nse o notation of T.ooe and Rakear Tha
LOrs. Vv C 8dai, Witli & ICW CXCEPLIoIs, ust the notation of Lees and Baker. The

calculation starts by considering a rigid symmetrical model consisting of two
parts, representing the methyl group and the hydroxyl group, which can rotate

with respect to each other subject to a threefold hindering potential. The Hamil-
tonian may be separated into two parts,

 rr 0

770 _ 170 71N
Il = IHpgym T M7 (L)

0 . . . . . .
where Hpz syn is the Hamiltonian of a symmetrlcal rotator with effective moments
of inertia to be defined shortlv and H.? deserihes the hindered rotation betw seen

Vi adCluia U 00 GOLHILTK SHVILY anll L2 7 UOSURILTS Uil hiuli Tl fU @il oerween

the two parts of the molecule'.

The wavefunctions of Hb «ym are just those of a symmetrical rotator and are
expressed in terms of modified Eulerian angles describing the molecule as a
whole. (See, for example, Hecht and Dennison (7)).

The guantum m

1

qu mbers J, K and M measure, respectiv he angular
momentum, its component along the symmetry axis of th olecule and its

Civ 4, IX pits 11

! Lees and Baker include the asymmetric contribution HRasym in their zeroth order
Hamiltonian but since this is small for the methanol molecule, we prefer to consider it as
a perturbation.
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component along some space fixed axis. The matrix representing H ym is diago-
nal and has the elements

EOp =5 B+OF+ D +[4-TEro|R ©

The constants A, B and C,as well as the constants D, and F which will be intro-
duced shortly are related to the moments and produects of inertia as follows®

4 = (L + L)/ Ty — Iny) — B/(L° + In)lh/4mc, (4a)

B = [/ (Is' + Ia)lh/4we, (4b)

C = [1/I)h/4xc, (4¢)

Da = [u/ Iy + La)lh/4we, (4d)

F = [y — I%)/ Ualwly — Leoli)lh/4mc. (4e)

The inertial tensor I is calculated in a molecular axis system with origin at the
center of mass of the molecule, with @ axis parallel to the axis of internal rota-
tion (assumed to be the axis of the methyl group) and with ¢ axis perpendicular
to the COH plane. I, is the moment of inertia of the methyl group about its
symmetry axis and [, is defined by the relation I, = Iy -+ fa2 . e is the pronuct
of inertia about the a and b axes.
The torsional nart of the Hamiltonian i

4 11C JoIsInal paly

.

8

(H:) /he = FP;* + 3 Va(1 — cos 37), (5)

where v is angle of internal rotation between the methyl and hydroxyl groups
and P, = (1/2)8/8v. The resulting wave equation is a Mathieu equation and
the eigenvalues are determined by imposing single valuedness conditions. The
wave equation may be solved as pointed out by Koehler and Dennison (4)

throuch the use of continued fractions. It mav also be solved by rhan-nnnhmng

VATCURAN LilC WeEC O CONLNUCH 1aCLilis. 1y 4y QiSL 00 SLIVOL ) Klaglbliallslll

the matrix for H;' using a free internal rotator representation. Lees and Baker
employ the first method while we have elected to use the second. The second
method necessitates diagonaiizing an infinite matrix but we find that by trun-
cating it to a 21 X 21 matrix we introduce no appreciable errors.

The eigenvalues of the torsional wavefunction, namely, E..x depend upon
the three quantum numbers n, 7 and K, where n measures the torsion. In the
limit of very high barriers the energy would have the approximate form
hvr(n + 14) where »r is the torsional frequency. The number 7 takes on the

values 1, 2 or 3 and arises from the threefold nature of the hindering potential.
The form of E,..x for CH;0H is plotted in Fig. 1 of Ref. (8). For given values

2 Qur notation differs slightly from that of Lees and Baker in that we express our con-
stants in waves per centimeter rather than in MHz.
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of n and 7 the curves appear to be periodic analytical functions of K although
of course only the discrete points K = 0, 1, 2, - -+ have a physical meaning.

Lees and Baker do not use the quantum number 7 but instead, following Lin
and Swalen (10), employ the three symmetry species A, E;, and E,. There is
much to be said for this choice since the selection rules impose the simple condition
that transitions can only occur between levels of the same symmetry species.
For the = choice, the selection rules appear to be more complicated, thus if
K—>K-—-1,r=1—-22—3o0r3—1 and vice versa. On the other hand the
energy levels—including perturbation terms—are smooth funetions of K for any
given values of 7 and 7. We have found that this property has been very valuable
in extrapolating from known lines of the experimental spectrum for the purpose
of identifying as yet unknown lines. In any case these are two equally valid
systems of notation and the connection between them iz the following: The A
states are those for which K + r = 3N + 1, the E; states have K + r = 3N
and the E, states have K + r = 3N + 2 where NV is any integer.

The wavefunctions for the torsional Hamiltonian H,’ have the form

Unx(y) = exp (ipK7) Purx (6)
where
p = Ul + L))"/ LIy — In)] — 1,
and
Pux = )Y nrxm exp (Gmy).

It is convenient to normalize US,x and this is accomplished by choosing a multi-
plier for the @nrxm such that

Em: a?me = 1. (7)

o is a running index which takes on the values 3/ for + = 1 states, 3] — 1 for
7 = 2and 3] + 1{forr = 3, where lis any integer.

The next step consists in calculating the various perturbation terms using as
basis eigenfunctions Uz"U'.x . The first of these terms we take to be the contri-
bution due to the asymmetry of the molecule. The part of the Hamiltonian
describing these is labeled H?% sym by Lees and Baker. It has no diagonal elements

but it does have the following off-diagonal elements:

' TE + 1| sy | n7JK) = £ Du(2K + 1) -
-~ a

AT = K + K + DIV

<7L'T,JK + 2 H(I)M,.ym | mJK)=>(B—-—O)(J—K)J—-K-1)

ol

(8b)
A(J+ K+ 1)J+ K+ DL,
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2x
* —gy
Il = f Pn'rKe Pn’T’K+1 d7)
0

27
* —2%y
12 = f Pane Pn’v’K+2 d’Y
0

In the above equations the allowed 7 connections are such that the initial and
final states belong to the same symmetry species A, E; , or K, .

The states of symmetry species E; and E, are doubly degenerate and this de-
generacy is not removed by any perturbation having a threefold symmetry in
the torsion angle v. The asymmetric terms in the Hamiltonian, however, shift
these levels by an amount,

Duxs = do+ (P + J)dy + (J* + J)'do, 9)

where the quantities dy , d; and d, are functions of n, r and K. They may be calcu-
lated by standard perturbation methods which in our case have been carried
through second order. The asymmetry of the methanol molecules is quite small
(even for CD;OD) and as a result D,.x; is a relatively small quantity which is
seldom larger than 0.1 em™".

The states of symmetry species A are also doubly degenerate for the
Hamiltonian H® (with the exception of the states where K = 0) but this de-
generacy is removed by the asymmetric term. Again the correction to the energy
may be ecalculated by standard perturbation methods which lead to the expres-
sion, Dy xs = Sprxs where Dy.x; represents the shift of the center of gravity of
the levels and 28,.xs gives their splitting. The wavefunctions for these two levels
and the associated selection rules have been described in detail by Ivash and
Dennison (6). Si.xs decreases very rapidly with increasing K and for
the methanol molecules the only states which need be considered are K = 1 or 2.
For K = 1, 8 is proportional to J° 4+ J and for the larger observed values of J
may be of the order of several waves per centimeter. The contributions of S for
the K = 2 states contain terms proportional to J* + J and to (J* + J)* but the
splitting is generally less than 0.1 em™". It will be noted that the perturbation
terms arising from Hpaeym involve only inertial constants and the barrier
height V3.

The remaining perturbation terms contain the semiempirical Kirtman con-
stants. The first of these expresses the deviation of the hindering potential from
a sinusoidal form and is equal to 14Ve(1 — cos 6v). First order perturbation
theory yields 4 Ve((1 — cos 6v)) as its contribution to the energy where of
course the eigenfunctions of Hy' are used in calculating the average value of
{1 — cos 6v). Note that this average value will be a funetion of », r and K but
not of J.
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The next set of terms are quartic in the several angular momenta and result
in the following addition to the energy:

G+ INYPH+ L,(J* + J)K(P,) — Dy (JP+ J)
— Dix(J* + J)K® — DxxK* + BiKXP,) + bKXP,)) (10)
+ ks K(P) + ky(P.)).

These terms may be considered as an extension of the centrifugal distortion
terms D;; , D;x and Dgx, for a symmetrical rotator without internal rotation
to the case of a symmetrical rotator possessing internal hindered rotation. Again
the average values of the various powers of P, will depend upon n, 7, and K but
not upon J. A simple caleulation yields the result (P,*) = Y .. (m + pK)*a%rxm ,
where s is a positive integer.

The final set of terms deseribes the effeet of the centrifugal distortion on the
effective height of the barrier V; . They are

F,(J* + J)1 — cos 3y) + ksKX1 — cos 3v)

11
+ keK(P, (1 — cos 3v)) + k(P (1 — cos 3v)). 4

Lees and Baker let ks be the coefficient of K(P,) but the two expressions are
identical since it can be shown that (P, cos 3v) = 0.

2. The Redundancy Relation

Lees and Baker in their initial attempt towards fitting the experimental
frequencies of CH;OH with the above energy expression (including the Kirtman
terms) found that their nonlinear least squares solution diverged and would not
yield convergent values for the constants. They discovered that the difficulty
aroge from the existence of a relationship, which we shall call a redundancy
relationship, between certain of the matrix elements associated with the
Hamiltonian H;’, namely,

2(1 — cos 3v) — (V3/8F)(1 — cos 6v)

g (12)

+(P)") — (P,}(1 — cos 3y)) = i
It follows that a number of the terms in the energy expression are not independent,
but are connected through the redundancy relation. Thus it is not possible
uniquely to determine the constants in question, namely, Ia1, I, Vi, Ve, ks
and k; . Actually if the perturbation terms are set equal to zero, one can fit the
observed spectrum moderately well with the large constants I,;, 1., and V.
It is only when we introduce the small constants, Vs , ks and k7 that the difficulty
appears. It is therefore correct to say that the observed spectrum of any one of
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the methanols can not uniquely determine the constants Vi, ke, and k; nor fix
La1, 1, and V3 within certain small limits of uncertainty. One way of stating the
consequences of the redundancy relation is that an infinity of sets of the constants
in question will lead to the same energy levels for the molecule, at least to the
order of approximation to which we are working. We have explicitly calculated

the equations connecting two such sets of constants. They are as follows where

we have retained only the linear terms in the expansion of the zeroth order
energy.

I + Niki/ = Iy + Niky” | (13a)
L+ Iy = Ity + Iy, (13b)
2Vy + Ok = 2V + Ok, (13¢)
Ve — (Vs/4F) ki = Vi’ — (V3/4F ki | (13d)
ke' + Noki' = ke” + Noky” | (13e)
where
Ni = (dne/h)[V /1o — I/ (Tady — I,
Ny = (h/2xe)[(I + I)"* /Ty (Tay — I)IN1 .

R Y VR TIPS 4 1. L ST TR NS S N E U SN
11 any one ol the constants ve, Kg, O K7 were Knowilr (WIICilt tney are not) 1t

would be possible to fit the observed data by least squares and obtain all the
remaining constants. Lees and Baker in their treatment of CH;OH have made
three arbitrary choices, namely, ks = 0, kz = 0 or Vs = 0 and these they label
respectively Fits I, IT, and II1. The experimental data are equally well repro-
duced by each fit as of course they must be. As a test of our equations we have
calculated the relationships between the constants Iei, las, Vi, Vs, ke, and &y
for each pair of fits and find that they are satisfied to within experimental error.
In our analyses of the spectra of each of the methanols we have elected to employ
Fit IT where k7 = 0. There was no physical reason for this choice and in fact it will
appear in the last section of our work that Fit IT1 more ncarly describes the actual
situation. However, for the purpose of calculating energy levels there is no dis-
advantage in letting &7 = 0

3. Intensities

In attempting to identify the lines in the crowded and complex spectra ob-
served by Woods and Peters it is essential to calculate the intensities of the lines
which may be expected to fall within the region in question. It will be sufficient
for our purpose to employ a zeroth order approximation, that is, one which uses
the wavefunctions of a system with Hamiltonian H’. The general formula for

the integrated intensity of an absorption line resulting from a transition from the
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1-th to the j-th state is well known (8). In our case the expression becomes
Iii= Avf(G | M | j)’[1 — exp (—hv/kT)] exp (—Ei/kT). (14)

A is a proportionality constant and » is the frequency of the transition. f is a
weight factor arising from the spin of the protons (or the deuterons) in the
methyl group. In the case of CH;OH and CH;OD the three equivalent protons
with their spins of 14 and overall antisymmetric statistics impose the condition
that f = 2 for states of either E; of E, symmetry species. For the A speciesf = 4
if the K of either the upper or the lower states is equal to zero. ¥or each member
of a K-type doublet, f = 2 and consequently f = 4 when the doublet splitting is
unobservably small.

In the case of CD;OH and CD;OD, f = 16 for states with the symmetry
species F) or E, . For the states of A species f = 22 if the K of either the initial
or final states is equal to zero. For each member of a K-type doublet f = 11 and
thus f = 22 when the doublet spacing is unobservably small. Incidentally the
proportionality constant A is different for each isotopic molecule but this
causes no difficulty since we are only interested in the relative intensities of the
lines in each spectrum.

(z ! M | 7)? denotes the sum of the squares of the matrix elements of the ap-
propriate components of the permanent electric dipole of the molecule. In the
present investigation we are concerned with the so called b-type transitions in
which AK = = 1 and the component in question is the one which is perpendicular
to the methyl symmetry axis’. One of the consequences of the fact that
H® = Hyoym + H.'is that (4 ] M ] 7)? can be written as the product of two fac-
tors, Sz , which expresses the intensity of the lines of a rigid symmetrical rotator
and Sz, which arises from the hindered torsional motion. Sk for the lines of the
R, @ and P branches is given, respectively, by the formulas

JK|8:|J+1,K=*1)

(15a)
==K+ 1){J +K+2)/2(J+1),
(JK|Sz|J,K +1)
(15b)
=+ DI KJ £K+1)/2](J + 1),
JK|Se|J -1, K+1)
(15¢)

= JFK)JFK—1)/2/.

Sr depends upon the coefficients @..xm used to describe the torsional part of the
wavefunction. The formula in question is

(an' ST [ n,T,K + 1) = Z QrnrkmAn s’ KLY, mtl . (16)

3 It proves convenient to absorb the square of the dipole component p1? into the pro-
portionality factor A.
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n and n’ can have any values but r and " must be chosen so that both states be-
long to the same symmetry species.

III. ANALYSIS OF THE TORSION-ROTATION SPECTRUM OF CH;OH

The analysis of the spectrum of CH;OH was accomplished through the use of
a series of stepwise approximations. The first of these consisted in calculating the
energy levels and the wavefunctions (i.e., the @.xm) for values of n = 0 to 4,
K =01%020,J = 0to 40, and 7 = 1, 2, and 3. In this initial calculation the
inertial constants, the barrier height and the Kirtman perturbation constants
were taken from the paper of Lees and Baker using their Fit II.

The frequencies allowed by the selection rules were calculated together with
their intensities. Many thousands of lines would result from this process but only
those lines were selected which satisfied the criteria that (a) they lay within the
region of experimental measurement, which for CH;OH extended from 520 cm ™’
to 910 em ™. The second criterion (b) was that no lines with intensities less than
0.6% of the intensity of the strongest lines were accepted. These selected lines
were then plotted as points on the same frequency scale as that used for the ob-
served spectrum. The ordinate of each point was taken equal to the calculated
intensity using a convenient scale.

In comparing the calculated and observed spectra, attention was initially
directed towards identifying the more intense @ branches. This was often difficult
since for CH;OH many of the @ branches tend to occur in overlapping groups.
However, in a considerable number of cases isolated @ branches could be found
and identified. The differences between the observed and calculated positions of
these ¢ branches were usually of the order of one or two waves per centimeter
thus indicating that an improved fit might be obtained by altering the values of
the constants given by Lees and Baker.

The majority of the @ branches are degraded towards lower frequencies. An
example of this is shown in Fig. 1 where (a) and (b) depict the calculated
and observed spectra, respectively, for the transition (323J) « (014J). It will
be noted that superimposed upon the € branch are a number of lines, many of
which have been identified as R branch lines belonging to different 77K transi-
tions. To the approximation to which we are working the frequency of a @ branch
line may be expressed as vg = qo + (J* + J) + @ (J* + J)* where the smallest
value of J is equal to the largest K associated with the transition. Thus in Fig. 1
the first line has J = 4. The values of ¢, ¢: and ¢ follow from the energy ex-
pression given earlier. It will be seen that ¢, and ¢, depend upon the Kirtman
constants ¥, , G,, L,, D;x and upon the asymmetry terms D,.x; and S;.xs . It
is just this set of Kirtman constants as well as the asymmetry terms which are
most accurately determined by the microwave spectrum and consequently we
have used the I.ees and Baker values in calculating ¢; and ¢. . For the transition
shown in Fig. 1 both ¢ and ¢, are negative numbers and consequently the
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Fia. 1. Calculated and observed @ branch of CH;OH for the transition (323J) «— (014J).
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Fic. 2. Calculated and observed @ branch of CH;OH for the transition (337J) « (116J).

branch degrades towards smaller wavenumbers. Clearly it is not possible from

the observed spectrum to fix g, with an accuracy greater than about 0.3 cm ™.

A @ branch which is particularly interesting is shown in Fig. 2 and is for the
transition (337J) < (116J). The calculated value of ¢ is negative while g is
positive. This results in a @ branch which turns back on itself and gives rise to a
doublet in the observed spectrum since the individual lines are not resolved. In

this case it is possible to determine ¢ with somewhat greater accuracy.
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A far more accurate way of determining ¢ (the @ branch origin) occurs when-
ever it is possible to identify individual P or R branch lines. These are often the
strongest lines in the spectrum. A study of the intensity formula shows that, ex-
cept for the lowest values of K, the R branch lines of a transition where K 4+ 1 «
K will dominate whereas the strongest lines for a transition K — 1 « K will be
those of the P branch. The formulas for the frequencies of the P and R branch lines
are readily obtained from the energy and maybe expressed as quartic polynomials
in the quantum number J. The constant term is ¢, while the coefficients of the
various powers of ./ are functions of the Kirtman constants F, , G, , L,, D;x and
D;; together with the asymmetry terms. In addition to these the coefficient of the
linear term contains the quantity (B -+ C) which is also well determined from
the microwave spectrum. (B + C) is the large term which gives the magnitude
of the spacing of the lines and for CH;OH is approximately equal to 1.61 em ™.
The method for finding the @ origins is now clear. Whenever a series of P or of R
branch lines can be identified, g is equal to the observed frequency of a particular
line minus the contribution due to the remaining portion of the polynomial in J.
Typically we are able to identify 5-15 P or R branch lines belonging to a particu-
lar n7K transition and thus obtain that number of independent measurements of
go . It is found that these agree among themselves to the order of the experimental
error, namely, 0.03 cm™ . Incidentally this agreement constitutes an independant
test of the values of the Kirtman constants in question as deduced from the micro-
wave spectrum.

The expression for the g¢ of the transition (n’7’K’) < (nrK) follows from the
energy formula and may be written

v = (Eywgr — Eux)/he  where,
mme=F@h+%na—mw@+[A—%w+cﬂxﬁ

+ —;- Ve(l — cos 6y) — Dxe K* + B K3(P,) + k. KX(P,)) (a7)

+ ks K(P,) + k(P) + ks K*(1 — cos 3y)
+ ks K(P,(1 — cos 3y)) + k(P (1 — cos 3v)) + do.

The expectation values are of course evaluated using the basic wavefunctions of
H:® for the state nrK. The last term do arises from the asymmetry of the mole-
cule. It turns out that dy is smaller than the experimental error for the infra
data but it has been included in the microwave @ origins. In the above expression
(B + C) has been well determined by Lees and Baker from the microwave spec-
trum. The constants F and 4 depend primarily upon the moments of inertia
I, and I and to a slight extent upon I, I, and I, .These latter are also accu-
rately known from the microwave spectrum. The frequency of a @ branch origin
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thus depends upon the large constants 1,1, T2, and V3 and upon the perturbation
constants Ve, Dxrand ki, ks, - - -, k7 . As stated earlier, the redundancy relation
shows that an infinite set of related values for Vs, ks and k; together with small
changes in the large constants will equally well reproduce the observed spectrum.
We shall follow the Fit II of Lees and Baker where k; is arbitrarily set equal to
zero. It should be emphasized again that there is no physical basis for this choice
but also that it will not affect the accuracy of caleulating the spectrum.

The initial calculation in which the Lees and Baker constants were used resulted
in spectral lines whose positions differed from the observed lines by up to one or
two waves per centimeter. It was sufficiently good, however, to allow a unique
identification of 13 @ branch origins. These were combined with the 16 @ branch
origins obtained by Lees and Baker from their microwave spectrum. A nonlinear
least squares calculation was performed with these 29 data to find the 11 molecu-
lar constants I, - -+, ke. It was found that 3 or 4 iterations sufficed to yicld
convergent values for the constants. The spectrum was now recomputed and
further identifications were looked for and found in the observed spectrum. By
repeating this process it has been possible to identify 39 infrared @ branch origins
with an accuracy which we estimate to be 0.03 em™'. These together with the 16
microwave @ origins constitute the 55 data with which to determine the 11 molecu-
lar parameters. A nonlinear least squares solution yielded the values appearing
in Table I. The least squares treatment takes account of the accuracy of meas-
urement of the @ origins which, for the microwave data, has been taken from
the paper by Lees and Baker.

The agreement between the perturbation constants we find and those listed
by Lees and Baker appears to be only moderately good and in most cases lies
well outside the probable errors resulting from the least squares solutions. It
scems likely to us that the reason lies in the nature of a least squares treatment
which rests upon the assumption that all errors arise from accidental sources
and that there are no systematic errors. In our case this assumption fails in two
respects. The @ branch origins used by Iees and Baker came from the center of
gravity of the @ branch lines as obscrved by Burkhard and Dennison (8).
These differ from the true origins by amounts of the order of 0.5 em™" and the
errors so introduced are to a great extent systematic rather than purely acci-
dental. From the theoretical side there are also what may be called systematic
errors. The theoretical formula is a development which includes only the first
order terms arising from the nonrigid nature of the molecule. The magnitude
of these perturbation terms for the infrared € origins in question is often around
10 em ™! or even larger. It is to be expected that higher order perturbations will
contribute corrections which may be substantially greater than the experimental
errors. It is for this reason that we do not believe that any of the probable
errors appearing in Table I are to be taken too seriously although they do indi-
cate in some measure the accuracy of the fit.
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Table IT lists the data from the observed and computed spectra. The first
column gives the transition and the second column the observed @ branch
origing where the first 16 entries are from the work of Lees and Baker. The
third column contains the estimates of the experimental accuracy which were
used in the least squares solution. The fourth column gives Ay = ¥obsd — Vealed -
The fifth column A, will be discussed in the last section of our paper.

It will be noted that the agreement is generally very good even though the
majority of the A, are somewhat larger than the experimental accuracies. Two
reasons suggest themselves for these deviations: (1) It is possible that our esti-
mate of the experimental accuracy is too low, (2) The infrared transitions in
question involve high states of torsion and of K. It is just these states which
would be most affected by the neglect of higher order perturbation terms.

As a final test it was decided to attempt to reconstruct by computation sev-
eral portions of the spectrum and compare these with the spectrum observed
by Woods and Peters. One such portion is shown in Fig. 3. In the upper part,
labeled Absorption Coefficient, the computed lines are plotted as points whose
ordinates are proportional to the calculated intensities. Many of the points are
labeled with their transitions but other points are unlabeled to avoid confusion.
The computer plotted alternate lines in frequency with the symbols X and ||.
It is quite easy to recognize the group of @ branches in the region near 780
em ' as well as some of the stronger P and R branch series of lines.

In the upper part of Fig. 3 there is also plotted the absorption coefficient as it
would be observed by a spectrometer of infinitely high resolving power. The
calculation of this curve requires a knowledge of the shape of the spectral lines.
Woods and Peters used a pressure of 40 Torr in mapping this portion of the
spectrum. It is therefore expected that the lines will conform to a Lorentzian
shape, namely, a () = vI/x[v — w)’ + +°] where 2y is the half width and I is
the intensity of the line. Woods and Peters estimate that for a pressure of 40
Torr v = 0.018 cm™ but by a process of trial and error we find that a somewhat
better fit with experiment may be made by choosing ¥ = 0.026 cm™. The re-
sulting absorption coefficient «(v) is found by summing the contributions from
all lines in the neighborhood of ».

Finally, the computation of the transmission at the frequency »* requires
the spectrometer profile function p (', ») as determined experimentally from

the central image:
T(V,) = f p(v,, v)e dv/f p dv. (18)
0 0

The proportionality constant C which contains the pressure and the path length
is chosen so as to give the best fit with experiment. The result of this lengthy
calculation is shown in the middle portion of Fig. 3. The agreement between
this curve and the observed spectrum is striking. A careful examination of Fig.
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TABLE II
OBsERVED AND CarcuraTeEp @ Branca Oricins or CH,OH

(n'r’K’) «— (nrK) Vobad (cm™1) Acc. (em™) Ay (em™1) Ay (cm™)
(02 1) «— (03 0) 5.505432 0.000008 —0.000013 0.000029
01 2) « (02 1) 0.832264 0.000008 0.000014 —0.000043
01 5) « (02 4) 27.8559 0.0022 —0.0014 0.0009
03 6) «— (01 5) 29.7105 0.0033 —0.0004 0.0015
(02 0) «— (01 1) 5.245801 0.000008 0.000018 —0.000067
(03 2) «— (01 1) 14.124150 0.000033 —0.000025 0.000113
(01 4) «— (02 3) 17.51339 0.00050 (.00002 0.00082
(03 5) «— (01 4) 25.10113 0.00060 —0.00113 —0.00063
03 1) «— (01 Q) 10.105220 (.000033 (.000029 —0.000033
02 2) < (03 1) 16.10266 0.00017 —0.00014 —0.00016
01 3) «— (02 2) 8.404470 0.000017 —0.000005 0.000003
03 4) « (01 3) 21.23096 0.00067 0.00002 0.00035
02 5) «— (03 4) 40.0043 0.0100 0.0006 —0.0041
01 6) « (02 5) 38.7984 0.0067 —0.00018 0.0034
(130) « (12 1) 6.327312 0.000017 0.000036 0.000045
(13 1) « (12 2) 18.47610 0.00017 —0.00117 0.00057
831 3) « (12 2) 692.34 0.03 —0.05 0.21

33 3) « (12 4) 693.78 0.03 0.00 0.14

32 1) « (03 0) 694.70 0.03 —0.00 —0.23

(31 7) « (02 6) 697.89 0.03 —0.10 —0.13

(33 8) «— (11 7) 733.70 0.03 0.17 0.67

(33 0) « (02 1) 736.44 0.03 0.04 —0.17

(33 4) — (12 5) 736.90 0.03 —0.05 0.18
(312) < (12 1) 737.43 0.03 —0.06 0.23

31 6) «— (02 5) 737.54 0.03 —0.09 —0.08

(33 7) < (11 6) 778.09 0.03 0.13 0.73
(3311) « (0110) 778.74 0.03 0.10 0.20

(31 5) « (02 4) 779.87 0.03 —-0.07 —0.04

(31 1) « (12 0) 780.07 0.03 —-0.11 0.21

33 1) « (02 2) 781.05 0.03 0.05 —0.13

(33 6) « (11 5) 820.19 0.03 0.06 0.73
(3310) «— (01 9) 821.58 0.03 0.09 0.31

(31 4) «— (02 3) 825.21 0.03 —0.05 0.00

(33 2) « (02 3) 828.76 0.03 0.02 —0.10

(31 3) «— (02 2) 873.71 0.03 —-0.07 —0.01

(22 6) «— (03 5) 516.99 0.03 —0.10 —0.35
(2112) « (0211) 527.79 0.03 —0.12 —0.54

(22 1) « (01 2) 539.84 0.03 0.07 —0.27

(31 6) « (12 5) 541.06 0.03 —0.08 0.07
330) « (12 1) 548 .45 0.03 0.00 0.01

(22 5) « (03 4) 549.15 0.03 —0.07 —0.30

(22 2) « (01 3) 574.70 0.03 0.07 —0.23

(22 4) <« (03 3) 582.82 0.03 —0.08 —0.30
(2110) «— (02 9) 590.68 0.03 —0.15 —0.34

a The 16 microwave transitions were ohserved by Lees and Baker (1).
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TABLE II—Continued

(n'7'K’) « (n7K) Vobsa (cm™1) Acc. (cm™) A; {cm™) Ay (em™)
315) — (12 ) 594.00 0.03 —0.08 0.12
(33 1) — (12 2) 599.64 0.03 0.02 0.05
32 3) « (01 4) 611.89 0.03 0.10 —0.18
(22 3) « (03 2) 617.94 0.03 —0.07 —0.28
(21 9) « (02 8) 624.55 0.03 —0.14 —0.25
(31 4) «— (12 3) 644 .52 0.03 —0.07 0.16
33 2) « (12 3) 648.09 0.03 0.01 0.08
(32 4) « (01 5) 650.35 0.03 0.08 —0.12
322) « (03 1) 655.58 0.03 —0.01 —0.25
33 9) «— (11 8) 686.69 0.03 0.18 0.55
32 5) « (01 6) 691.37 0.03 0.07 —0.01

3 on a larger scale shows that many of the computed transmission peaks are not
due to single lines but rather to the chance piling up of faint lines. Since our
calculation uses a cut-off for the weakest lines this may account for some of
the differences between the computed and observed spectra.

IV. ANALYSIS OF THE TORSION-ROTATION SPECTRA OF
CH;0D, CD;OH AND CD;0D

The analyses of the spectra of the isotopic methanols CH;OD and CD;OH
folowed the same pattern as that used for CH;OH. Since no high resolution
infrared rotation spectra had been measured at the time of their analysis, Lees
and Baker were forced to rely entirely upon their observed microwave spectra.
These served to determine with accuracy the constants which multiply the var-
ious powers of (J* 4+ J), namely, (B + C), F,, G., L,, D,s, Dsx, Da and
(B — (). In addition to these they evaluated 1,1, I.. and V; but here the accu-
racy was not as high since the remaining Kirtman constants were necessarily
set equal to zero.

Using the values of the above paramcters as listed by Lees and Baker we cal-
culated the positions and intensities of the lines falling within the spectral
regions observed by Woods and Peters. The identification of the @ origins was
somewhat morc difficult since the calculated positions differed from the actual
positions by amounts of the order of 510 em ™. These larger differences occurred
since so many of the important IKirtman constants had been neglected in this
initial calculation. However, certain identifications could be made and hence a
new computed spectrum could be obtained. By repeating this process several
times it was possible to fix the frequencies of 45 infrared @ origins for CH;OD
and 40 origins for CD;OH. The accuracy for most of these was 0.03 em™". The
full set of Kirtman parameters was now calculated by nonlinear least squares
and these are listed in Table I where, as before, Fit 11 was used. The Dxx were
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fixed through an auxiliary calculation using the force constants from a normal
coordinate analysis’. The positions of the @ origins were now computed and
compared with the observed positions. The results appear in Tables IIT and IV.
Again the agreement between the observed and computed frequencies is very
good,.

The situation for the all heavy isotope CD;0D differed from the foregoing
in the following respects. The measurements of Iees (2) of the microwave
spectrum of this molecule did not include lines from which the perturbation
constants L,, D,, and D,k could be evaluated. We estimated their values by
examining the constants of the other isotopic molecules and attempting an em-
pirical extrapolation. Following the type of reasoning to be presented in the
next section it was inferred that D,,/ (B + C)* should be approximately con-
stant for all the isotopic molecules. This conjecture is quite well satisfied for
the first three isotopic molecules and leads to the estimate D,, = 0.009 X 10°*
cem”' for CD;OD. In a similar way it was thought that D,x/A (B + C) might
be constant and this again was found to be approximately true for the three mole-
cules where the data are known. The resulting value for CD;0D was D,k =
0.040 X 10"*em ™. An estimate of L, was made in the following way. Sixtcen
of the longest and best identified P and R branch series were selected. The
spacing of the lines in any one series are lincar functions of 14(B 4+ C), F,, G,
and the asymmetry terms. These are all well determined from Lees” microwave
spectrum. The spacings are also functions of D;; and D,k for which the above
estimated values were used and of L, . A least squares solution was made with

4 The Kirtman constants as initially found by the least squares fit appeared to have
reasonable values with one exception. The D gx was poorly determined. This probably arose
from the fact that the contributions from the perturbation term in question were generally
very small. An auxilliary method of finding Dxx was looked for. The normal vibration
problem of the isotopic methanols has been treated by M. Margottin-Maclou (11). In
addition to finding the potential constants she calculated Dxg , Dsx and D, for CH;OH.,
Her values, 0.39, 0.107 and 0.018 X 10~* cm™! are in good agreement with the experimental
values of Lees and Baker, namely, 0.42, 0.096 and 0.016 X 107¢. (The value of Dgx we ob-
tained was 0.38 X 10™4)

Since the D;x and D, appear to be fixed with some aceuracy for CH,OD and CD;OH
by the experiments of Lees and Baker we elected to make the relatively simple caleulation
of Dy = Dgg + Dsx + Dsyand obtain the Dgx by subtraction. For a symmetrical molecule
D, may be derived by considering the rotations of the molecule about its symmetry axis
where J = K. Standard perturbation methods (7) lead to the formula

ht C2
D= g1 Z ki
where k;is the force constant for the i-th normal vibration. C; = (8/a/8¢.)ois the derivative
of the moment of inertia with respect to the i{-th normal coordinate. Using the potential
constants of Margottin-Maclou we repeated her normal coordinate analysis and found the
values 0.505, 0.369, 0.164 and 0.129 X 10~* em™! for CH;0H, CH,0D, CD;OH and CD,;0D,
respectively.



TABLE III
OBseERVED AND CaLcunaTep @ BrancH Oricins oF CH;OD

(n'r'K’) « (nrK) Vobsd {€m™) Acc. (em™) Ay (cm™) A; (cm™)
(02 1) «— (03 0) 3.674467= 0.000033 —0.0000780 —0.000063
(01 2) « (02 1) 6.5594782 0.000033 0.0000525 0.000058
(01 1) « (02 0) 0.631205 0.000033 —0.0000827 —0.000202
@17) — (02 6) 305.49 0.03 0.07 0.33
122 3) « (03 2) 398.04 0.03 0.05 0.40
(3210) «— (13 9) 394.51 0.03 —0.01 0.17
(33 6) «— (11 5) 410.49 0.03 0.00 0.24
(3l2) « (12 1) 424.79 0.03 0.06 0.21
(2310) «— (01 9) 423.34 0.03 0.04 0.03
(21 6) « (02 5) 427.02 0.03 0.00 0.32
(32 2) « (01 3) 441.72 0.05 —0.04 0.10
(31 6) «— (03 7) 449 .26 0.03 —0.08 —0.37
(32 9) « (13 8) 441.80 0.03 —0.07 0.05
(23 9) <« (01 8) 455.77 0.03 —-0.02 0.06
33 5) « (11 4) 456 .56 0.03 —0.03 0.13
Bl1) « (12 0) 469.52 0.03 —0.01 0.08
31 5) «— (02 4) 472.69 0.03 0.16 0.31
(32 1) « (03 0) 472.59 0.03 0.07 0.38
(33 3) « (12 4) 481.01 0.03 0.02 0.02
(328) « (13 7) 487.18 0.03 —0.05 —0.02
(33 8) < (01 7) 495.58 0.03 0.13 0.35
(33 4) « (11 3) 500.85 0.03 0.00 0.10
(31 4) « (02 3) 503.69 0.03 0.03 0.38
(43 4) «— (12 5) 524.89 0.08 0.09 0.06
(32 4) «— (01 5) 526.90 0.03 —0.09 —0.18
(3111) « (1210) 516.48 0.03 —0.06 —0.32
82 7) « (13 6) 530.99 0.03 —0.05 —0.08
(33 7) < (01 6) 534.70 0.03 —0.02 0.22
(43 3) « (11 2) 544 .38 0.03 —0.01 0.04
(31 3) « (02 2) 547.08 0.03 —0.03 0.31
(43 5) «— (12 6) 572.92 0.15 0.07 —0.02
(3210) «— (03 N 565.41 0.03 —0.04 —0.13
42 6) «— (13 5) 574.76 0.03 —0.02 —0.10
(33 6) «— (01 5) 579.42 0.03 —0.04 0.23
(41 3) « (23 4) 591.05 0.03 —0.09 —0.29
43 2) <« (11 1) 590.08 0.03 0.00 0.03
31 2) — (02 1) 504.92 0.09 —0.01 0.29
(4313) « (1112) 587.85 0.03 0.06 —0.72
(42 4) <« (23 3) 605.24 0.03 —0.05 —0.33
@41 9) — (12 8) 604.35 0.03 0.01 —0.32
32 9) « (03 8) 611.31 0.03 —0.07 ~0.08
42 5) « (13 4) 622.40 0.03 0.00 —0.06
(33 5) «— (01 4) 628.46 0.05 —0.05 0.23
(41 4) «— (23 5) 636.27 0.03 0.11 0.00
43 1) « (11 0) 645.36 0.03 —0.02 —0.02
41 7) «— (22 6) 637.51 0.03 0.20 —0.32
(42 3) « (23 2) 654.69 0.04 —0.12 —0.49
(32 8) «— (03 7) 661.50 0.05 —0.06 0.00

s Observed by Lees and Baker (7).
310
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TABLE 1V
OBSERVED AND CALcurATED @ Brance Origins or CD;OH

(n'7K’) « (n7K) Vobsa (cmmY) Acc. {cm™) Ay (cm™1) A, (cm™1)
02 1) < (03 0) 2.6491972 0.000033 —0.000081 —0.001507
02 1) « (01 2) 2.570416= 0.000033 0.000045 0.000354
020) < (01 1) 5.362588 0.000033 0.000035 0.000571
(03 1) «— (01 0) 7.843297» 0.000033 —0.000013 0.000146
(01 3) < (02 2) 0.577987s 0.000033 0.000054 0.000717
(2210) — (03 9) 492.40 0.03 —0.16 0.11

(22 2) <« (01 3) 504.09 0.03 0.06 —0.04

(22 9) < (03 8) 508.70 0.03 —0.13 0.08

33 1) « (12 2) 517.53 0.03 0.07 —0.16

(22 3) « (01 4) 521.64 0.03 0.08 —0.01

(22 8) « (03 7) 525.44 0.03 —0.12 0.02

(22 4) < (01 5) 539.44 0.03 0.10 0.02
®B19) « (12 8) 531.83 0.03 0.20 —0.16

(22 7) « (03 6) 542 .67 0.03 —0.08 0.00

(33 2) « (12 3) 543.54 0.03 0.04 —0.24

(32 5) < (01 6) 559.45 0.03 0.02 0.04

(22 6) < (03 5) 560.29 0.03 —0.06 —0.03
(318) «— (12 7) 5568.17 0.03 0.14 -0.16

(33 3) — (12 4) 568.90 0.03 0.03 —-0.29
326) — (OL7) 577.80 0.03 0.06 0.09

(22 5) — (03 4) 577.78 0.03 0.01 —0.06
(2116) — (0215) 580.63 0.05 —0.01 0.18
B17) «— (12 6) 583.89 0.03 0.09 —0.18

(33 4) « (12 5) 593.52 0.03 —0.01 -0.38

(32 7) « (01 8) 597.34 0.03 0.07 0.17

(32 4) < (03 3) 597.96 0.03 —0.05 -0.10
(2115) « (0214) 598.22 0.05 0.02 0.18

(31 6) < (12 5) 608.92 0.03 0.02 —0.24

(32 8) « (01 9) 617.51 0.03 0.03 0.22

(32 3) « (03 2) 616.98 0.03 —0.02 —0.12

(33 5) « (12 6) 617.30 0.03 —-0.17 —0.60

32 9) « (0110) 638.37 0.05 0.01 0.32
B22)« (031) 636.71 0.03 —0.07 —0.21

31 5) « (12 4) 633.22 0.05 —0.08 —0.33
(3113) «— (0212) 636.01 0.03 0.00 0.17
(3112) « (0211) 655.26 0.03 0.00 0.14
(Bl4) « (12 3) 656.77 0.03 —0.23 —0.50

(33 7) «— (12 8) 663.08 0.08 —0.23 —0.73

(33 0) <« (02 1) 678.45 0.03 0.04 —0.18
(3111) « (0210) 675.22 0.03 0.00 0.10
(3110) «— (02 9) 695.92 0.03 0.04 0.10

(33 1) « (02 2) 700.37 0.05 0.04 —0.20

(33 2) « (02 3) 723.08 0.05 0.05 —0.21

(31 8) «— (02 7) 739.48 0.06 0.02 —0.01

31 7) « (02 6) 762.50 0.06 0.04 —0.04

& Observed by Lees and Baker (f).
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TABLE V
OBSERVED AND CaLcULATED @ BranNcH Origins oF CD;OD
n'r’K’) «— (n7K) Vobsd (€cm™) Acc. {cm™) Ay (cm™) Az (cm™)
03 1) « (01 0) 2.74007= 0.00033 —0.00026 0.00646
01 1) « (02 0) 0.07002= 0.00033 —0.00007 —0.01136
02 2) < (03 1) 5.52600 0.00100 0.00098 —0.00165
130) < (12 1) 1.62398¢ 0.00033 0.00015 —0.00757
B11) « (12 0) 418.65 0.03 0.05 0.18
B3 7) « (11 6) 424 .84 0.03 —0.05 0.05
(31 8) «— (02 7) 429.48 0.03 0.13 0.53
(43 6) «— (12 7) 434,62 0.15 —0.07 0.14
(41 0) « (13 1) 442.37 0.15 —0.08 0.05
(31 7) « (02 6) 445.96 0.03 0.00 0.22
(33 6) « (11 5) 447.79 0.03 —0.05 0.00
43 7) « (12 8) 458.12 0.03 0.01 0.27
(33 0) «— (02 1) 458.02 0.15 —0.07 —-0.09
41 1) « (13 2) 464 .81 0.03 0.01 0.10
(43 5) « (11 4) 470.95 0.03 0.04 0.06
B3 1) « (02 2) 480.42 0.15 0.03 —0.20
(43 4) «— (11 3) 494.33 0.03 —0.05 —0.06
(4210) «— (13 9) 499.43 0.03 0.03 —0.20
(3310) « (01 9) 517.37 0.03 0.00 0.14
(42 9) <« (13 8) 523.44 0.03 0.01 —0.22
(42 8) « (13 7) 549.17 0.03 —0.01 —0.24
(33 8) «— (01 7) 565.84 0.03 —0.01 0.03
(3213) «~ (1312) 430.31 0.03 0.00 —0.10
(3313) « (0112) 455.01 0.03 —0.03 0.30
(31 6) « (02 5) 466.08 0.03 0.01 0.16
42 5) « (23 4) 555.38 0.03 0.02 —0.75
33 7) « (01 6) 591.85 0.03 —0.03 —0.05
(32 5) « (01 6) 428 .61 0.03 —0.07 —0.09

s Observed by Lees (2).

the result, L, = 0.09 X 10~*em . Clearly our values for D,,, D,k and L, are
very approximate but fortunately the effect of these terms on the evaluation
of the @ branch origins turns out to be small.

In all 24 infrared Q branch origins were found and these, together with the 4
microwave data’ were analyzed as before by nonlinear least squares and the
resulting constants appear in Table I. The observed and calculated @ branch
origins are given in Table V. Again, the agreement is very satisfactory. Taking
the 176 data points for all four isotopic molecules it is found that 72 or 41 % of
the A; are less than the corresponding experimental accuracies.

5 At the time our calculations were made Prof. Lees had determined 4 @ branch origins
and these data he kindly furnished us and are listed in Table V. Recently he informed us
that he has slightly revised his original values. The differences are, however, small and do
not appear to warrant a recalculation of our analysis.



TORSICN -ROTATION SPECTRA OF METHANOL 313

IV. INTERRELATION OF THE KIRTMAN PERTURBATION
CONSTANTS

The foregoing analyses of the rotation—torsion spectra of the isotopic metha-
nols is very satisfactory in many respects. With the aid of 40 parameters (10
for each molecule) the 176 @ branch origins have been computed and are found
to agree very satisfactorily with their observed values. By using in addition
the a-type parameters (8 for each molecule) as found by Lees and Baker from
the microwave speetra it is possible to caleulate the frequencies and intensities
of all P, @ and R branch lines. More than 1000 of these can be identified in the
infrared spectra as observed by Woods and Peters. The agreement both as re-
gards frequencies and intensities 13 very good and is of the order of the experi-
mental accuracy. Moreover, there are no significantly strong lines in the meas-
ured spectra which are not accounted for.

The analyses are however unsatisfactory in two respects. In the first place
the Kirtman perturbation constants appear as purely empirical parameters and
arc not easily understood in terms of the physical properties of the molecule.
Secondly, as a consequence of the redundancy relation it is not possible to ob-
tain what may be called the true values of the perturbation constants Vs, ke
and k; nor the precise values of the large constants I,1, I.:, and V;. It appears
that the only way of resolving the difficulty is by interrelating the constants for
the various isotopic molecules. The following considerations constitute such
an approach although the resulting theory contains a number of approximations.

As a first step, which is introduced mainly for the purpose of simplifying the
calculations, we will confine our attention to those energy levels of the molecule
where the component of angular momentum along the symmetry axis is equal
to the total angular momentum, that is, those states where J = K. If one now
replaces J* + J in the energy expression by K* we will be deseribing a molecule
where all rotations, including the hindered internal rotation, lie along the sym-
metry axis. In effect this reduces the original problem of 4 degrees of rotational
freedom to one of 2 degrees of freedom.

Consider now those centrifugal distortion terms which are quartie in the ma-
trix elements of angular momenta. Referring to Eq. (10) these are seen to be

—D.K" + /K P,y + k'KXP,) + ksK(PY) + kP, (19)
where
D, = D;; + Dsx + DKK, k' =k + L, and ky = ks 4 G, .

In this description the coordinates are ¢, the angle of rotation of the total
molecule about the symmetry axis and ¥, the angle of rotation of the hydroxyl
group with respeect to the methyl group. The corresponding momentum opera-
tors are P, = (1/4)(8/6¢) and P, = (1/7)(8/8v). To a high order of approxi-
mation Py is represented by a diagonal matrix with the eigenvalues K. An al-
ternate deseription of the two dimensional model can be made which employs
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the angles ¢, and ¢ measuring, respectively, the rotation of the hydroxyl and
methyl groups relative to a fixed coordinate system. The corresponding angular
momenta will be denoted by P; and P, and the relations between the two sets
of coordinates and momenta are

<P=a<P1+ﬁ<ﬁ2, Prp=Pl+P2,
P7=6P1—0{P2,

where @ = Ia/(Ia1 + I.s) and 8 = 1 — a. A substitution vields the following
expression for the quartic terms of the perturbation energy

U(P) + ULPPy) + UyPPyY) + ULPPS) + Uy(PsY. (21)

The connections between the new and the old sets of constants are given by
the formula

—D, ot o' o6 o’ g U,
kS 40’ o’(48 — 1) 2088 — a) g1 — da) —48° U,

(20)
Y =@ ¢,

ks =16d" 3a(B —a) (1 —6aB) 38(a—g8) 68 Us | (22)
ks J 40 (1 — 4a) 2( — B) 48 —-1) —48 U,
ky 1 -1 1 -1 1 s

The quartic perturbation terms are the analog of the usual type of centrifugal
distortion terms which arise from the nonrigidity of the molecular framework.
They are calculated by expanding the moments of inertia as a power series in
the normal vibrational coordinates and introducing the vibrational potential
energy. For a one degree of freedom rotator, first order perturbation theory
yields a resulting term which is proportional to the expectation value of the
fourth power of the angular momentum. The proportionality factor contains
the potential energy constants and is inversely proportional to the square of
the moment of inertia. In our case which, although more complicated, has been
reduced to rotations about the symmetry axis, it is expected that the most im-
portant normal vibrations which produce these distortion terms will be those
involving mainly the motions of the hydrogen or deuterium atoms. As a conse-
quence of this assumption it would follow that U, could be written as ¢,U;’,
where U,’ is a constant common to all the isotopic methanol molecules and where
the mass factor g, would equal 1 for CH;0H and CD;0H but would be 14 for
CH;0D and CD;OD. By inverting Eq. (22) to solve for U, this conjecture can
be tested by substituting the constants appearing in Table I and using the
values of Dy, Dsx, L, and G, given by Lees and Baker. The resulting numerical
values for U, are, respectively, —79.09, —87.04, —23.49 and —25.09 X 10 ‘em .

Although the predictions of this test are only approximately satisfied, the
result is sufficiently encouraging to warrant further exploration. The generaliza-
tion would consist in letting U; = ¢.U.", i = 1, 2, 3, 4, 5 where g¢; are the mass
factors listed in the first 5 columns of Table VI.
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TABLE VI
Mass Facrors 1N THE EquatioN U; = ¢;U,;°
g1 g2 83 84 & 8 & 14
CH;0H 1 1 . 1 1 B 1 1 1 1
CH;0D A vz Y vz o1 '3 vz o1
CD,0H 1 VS T * Yve Y 1 14/2 4
CD;0D Li Y4 1 M4 14 14 ¥ 13

In a similar manner one may treat the quadratic perturbation terms. These
may be interpreted as measuring the change in barrier height V; caused by cen-
trifugal distortions of the rotating molecule.

Again by letting J = K, these have the two forms

k' K* (1 — cos 3y) + ksK(P,(1 — cos 3v)) + kAP (1 — cos3y)) or (23a)
TP (1 — cos 3y) + UPiP2(1 — cos 3v)) + Us(P*(1 — cos 3v)), (23b)

where ks’ = ks + F,. The connections between the two sets of constants are

k5' = a2Us + OlBU7 + ,32Us, (24&)
ks = 2aUs + (8 — a)Uz — 28Us, (24b)
k7 = lfﬁ -— (/77 + Us. (240)

If we employ the assumption that the most important normal vibrations are
those involving mainly the motions of the hydrogens, or deuteriums, we would
let Uy = g,Ud, k = 6,7, 8 with the mass factors listed in the last 3 columns of
Table VI. As before U’ would be taken to be the same for all four isotopic mole-
cules. Note that the constants ks’, ks snd k7 must be given what we call their true
values. In particular, ks and k; are not equal to the quantities appearing in Table
I since, as has been stated, the redundancy relation does not allow their unique
evaluation from the data for any one of the isotopic molecules. Thus it is not
possible to carry out the test for the behavior of, say, Us which was performed on
Uy.

On the basis of the foregoing tentative theory we shall attempt to determine
the constants using as data points the 176 @ branch origins observed for all four
isotopic methanols. There will be 12 primary constants, namely, fa1, f.2, and Vs
for each molecule. There are eight centrifugal distortions parameters,
U, ---, Ug. Finally there is the potential constant Vs which measures the
deviation from a sinusoidal barrier potential. Since Vs is expected to be much
smaller than ¥ it can be safely assumed that Vg will have the same value, within
the limits of experimental error, for each isotopic molecule.

The computed values of Dxx which appear in Table I could have been em-
ployed as constraints upon the constants U7y - - - , Us through the use of Eq. (22).
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However, it was considered better to introduce them as four additional data
points with estimated accuracies of 1.0, 0.6, 0.3 and 0.3 X 107° em ™', respec-
tively. Thus in all there are 180 data points to be described with the aid of 21
parameters. This is in contrast to the earlier computations which employed 40
parameters to determine 176 data points.

An appropriate nonlinear least squares program was devised which, when
applied, led to convergent values for the parameters after only a few iterations.
These are listed in Table VII. The ¢ branch origins were then recomputed and
compared with the observed origins. The last columns in Tables 11, III, IV and
V list Az = vobsd — Pealea - An inspection of these tables shows that most of the
A, are definitely larger than A; . Only 18 % of the A, are less than the experimental
accuracies whereas the corresponding figure for A; was 41%. This poorer agree-
ment might perhaps have been expected since only about half as many param-
eters are employed. However, a more important reason probably stems from
the approximations entering the tentative theory. A second method of compar-
ing the degree of agreement may be made by computing the RMS of the standard
deviation S, where S is defined as (vohsa — Vealea) divided by the experimental
accuracy. S is found to have the value 2.33 for the A; and 9.07 for the A, . Ideally
if the theory is exact and if the estimated experimental accuracies are correct the
expected value of Sis 1. (12)

Although the agreement with the measured spectrum is less good, the tentative
theory possesses some real advantages in spite of its approximate character. One
of the principal advantages is that the perturbation constants of all four isotopic
molecules have been interrelated and consequently the limitations imposed
by the redundancy relation have been eliminated. Thus the value of

Ve = —0.07 &= 0.21 should measure the true deviation from a sinusoidal
TABLE VII
VaALUEs OF THE 21 PARAMETERS
1,1 (1074%gm cem?) 1.2721 + 0.0028 Ve(em™!) —0.07 £ 0.21
CH;OH  I,,(1074°%gm c¢m?) 5.3082 &+ 0.0030 U,°(10~*cm™! —85.03 £ 0.58
T3(em™1) 372.29 + 0.21 U39(1074cm™1) 6.88 + 0.83
U,°(10~4cm™1) —0.76 = 0.86
I, (1074%gm cm?) 2.3912 + 0.0047 U,°(10~4cm™?) 1.09 & 0.32
CH;OD  I,2(1074°gm cm?) 5.2993 + 0.0041 {75910~ %em™1) —1.15 + 0.12
Vi(em™1) 364.95 + 0.13 {76%(em™1) 0.419 + 0.048
U:%ecm™?) 0.0175 + 0.0018
I, (10~4%gm cm?) 1.2762 £ 0.0028 Us%(em™Y) —0.0140 £+ 0.0032
CD;OH  [,,(1074%gm cm?) 10.5754 + 0.0045
Va(em™) 368.24 + 0.22
1.1 (10~40gm c¢m?) 2.3921 + 0.0047

CD;0D  L,2(1074%m em?) 10.5575 + 0.0088
Vi(em™) 361.19 &+ 0.20
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barrier potential. Our result indicates that the deviation is indeed very
small for methanol. One way of expressing this fact is to take the ratio
Ve/Vs = —0.0002 3 0.0006. It will be recalled that the crude electrostatic model
for the methanol molecule gave Vg/V; = —0.0016.

The values of V; are particularly interesting and show that the barrier height
decreases slightly upon deuteration. A guide to the mechanism underlying this
phenomenon is perhaps indicated by considering the electrostatic model. If
account is taken of the zero point vibrations of the hydroxyl hydrogen and the
methyl hydrogens one would obtain the barrier by calculating the mutual
potential energy of these effective clouds of charge representing the probability
distributions of the hydrogens in the staggered and eclipsed configurations. The
barrier height would be equal to the difference between these two figures. Clearly
since the potential is a very nonlinear function of the geometric dimensions the
result will depend upon the shape and extent of the hydrogenic distributions and
these will be altered by a deuterium substitution. Now the zero-point distribu-
tions can be expected to be mainly due to the vibrations of the hydrogens rather
than, for example, to the C-O vibration. Using this simple model one would
conclude that the change in V3 caused by deuteration of the hydroxyl hydrogen
alone plus the change caused by deuteration of the methyl hydrogens alone
should be equal to the change caused by complete deuteration. Referring to
Table VII it is seen that in going from CH;OH to CH;OD, V; decreases by
7.34 em™" while in going from CH,OH to CD;OH, V3 decreases by 4.05 em™".
The sum of these numbers is 11.39 cm™ and the observed decrease of V3 upon
full deuteration is 11.10 ecm ™"

As has been stated, the Dgx for the various isotopic molecules were treated as
four additional data points. The constants listed in Table VII lead to the follow-
ing values for Dgg : 0.36, 0.27, 0.10 and 0.07 X 107* cm ™, respectively. The
agreement between these numbers and those appearing in Table I is very good. It
will be recalled that the latter were based upon an independent normal coordi-
nate caleulation,

Through the use of Eqs. (22) and (24) the parameters U,, ---, ['3 can be
transformed into the Kirtman perturbation constants DKK, lcl, -+« ks . The

1t~su1u3 dlppt.d.rl 111 J.d.UlU V lll .LU bllE b'xl/t'lll, l;lld,b LIIB dpplU)&lllldblUllb Ul our tenta-
tive theory are valid, these Kirtman constants form unique sets which are not
subject to the limitations of the redundancy relation Eq. (12). It is, however,
also possible to obtain sets of constants which can be compared directly with the
parameters given in Table I. These earlier values were caleulated under the con-
ditions of Fit IT where k7 was arbitrarily set equal to zero. The appropriate rela-
tions are given by Eqgs. (13a) to (13e) and the results of the transformation are
listed in Table IX.

An inspection of the numbers in T

great similarity between the values of the parameters, the majority of the in-

Mahlag T 5+d TY ol Lot w-hila thoavas 0 o
0188 1L aflih 1A SNOWS tnat wnue inere is a
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Parameters CH,0H CH,OD CD,0H CD,0D
I,:(10~4%gm cm?) 1.2721 2.3912 1.2762 2.3921
I,2(10-+%gm cm?) 5.3082 5.2993 10.5754 10.5575
Vi(em™) 372.29 364.95 368.24 361.19
Ve(em™?) —0.07 —~0.07 —0.07 —0.07
Dxg(10~4cm™) 0.36 0.27 0.10 0.07
k1 (10~1cm™) 0.53 —0.60 0.55 0.18
k2 (10~4cm™) —21.61 —14.08 —6.25 —4.68
k3 (10—%cm=1) —57.10 —21.69 —31.21 —13.19
ka(10-5em™) —94.91 —~25.99 —90.95 —23.73
ks(10~4em™) 116.74 177.08 93.00 52.17
ks (10~ 4em™1) 1953.52 1524.74 1124.02 932.36
k7(10-%em™1) 3877.28 1832.46 3008 .47 1938.64

TABLE IX

Fit Il VaLvues oF THE b-Type PArRaMETERS DERIVED FroM TapLe VIII

Parameters CH;0H CH;0D CD;0H CD;0D
1,1 (1074%gm em?) 1.2484 2.3466 1.2526 2.3518
1.2(1074%m cm?) 5.3320 5.3439 10.5990 10.5978
Vi(em™) 374.03 365.77 370.04 362.06
Ve(ecm™) —1.39 —1.04 —1.57 —1.27
Dggr(10~fcm™) 0.36 0.27 0.10 0.07
k1 (10~tem™1) 0.53 —0.60 0.55 0.18
ka(10~*cm™") —21.61 —14.08 —6.24 —4.68
k3 (10~%em™!) —57.10 —21.69 —31.21 —13.19
k4(10~tcm™1) —94.91 —25.99 —90.95 —23.73
ks (10~tcm™1) 116.75 177.08 23.00 52.16
kg(10~4cm™") —17.55 —488.53 145.52 23.04
k7 (10~%cm™1) 0 0 0 0

dividual constants of Table IX lie outside the probable errors listed in Table 1.
This circumstance may well be a consequence of applying probability theory to
situations where the theoretical formulas are inexact. In any case they are
developments in orders of approximation with the neglect of higher order terms.
Under these conditions the differences between the calculated and observed
frequencies are not entirely due to accidental errors and hence the calculated
probable errors may not be a very good measure of the accuracy with which the
constants have been determined.

In summary we believe that the most reliable calculations of the torsion-
rotation energy levels of the various isotopic molecules of methanol will result
from employing the parameters given in Table I. On the other hand we think
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that the best description of the physical properties of the molecules will require
the use of the parameters in either Table VII or Table VIII.
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