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ABSTRACT

The main thrust of this study is the development and testing of

an algorithm to fit perturbed vibration-rotation molecular spectra.

The algorithm is first developed in a general form and then applied

to the vibration-rotation spectra of axially symmetric molecules

using simulated data.

13The 5 ym absorption spectrum of CD^F is very complex. There

are 24 vibrational levels in the region from 1800 cm~^ to 2250 cm~^.

There are many strong vibrational and rotational resonances linking

these states. The states included in this analysis are v^(£^=±l),

2v2(^'^0), V2+Vg(£g=±l), 2vg(£g=0,±2), V2+V2(£=0), vi(£=0) and

v3+v5(£5=±1), all of which lie above 2050 cm"^. The states omitted
in this analysis are V2+Vg(j!g=±l), Vg+Vg(£5=±l ,Vg=±l), 2v2(t=0),

2vg(£g=0,±2), all of which lie below 2025 cm"^.
These two groups of vibrational states are weakly linked by a higher

order vibration-rotation resonance between v.j and V2+Vg(£g=-1) and a

weak vibrational resonance between v.| and 2v2.
13The absorption spectrum of CD^F was recorded at a resolution

of 0.018 cm~^ and deconvolved to an effective resolution of 0.006 cm"^

The v-j, 2vg(£g=0), 2v2 and v^(£^=±l) bands were analyzed individually

to obtain estimates of the molecular parameters of these states. The

local and nonlocal resonances were characterized and interaction con

stants were estimated which gave a qualitative agreement with the

observed spectrum.
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The parameters were then refined using a Hamiltonian model which

included all possible interactions from the vibration-rotation

Hamiltonian through third order with the restriction that AK-^Ai!,=0.
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CHAPTER I

THE HAMILTONIAN FOR VIBRATION-ROTATION ENERGY

I-l. THE CLASSICAL PROBLEM

The total energy expression of a polyatomic molecule consisting

of n nuclei and m electrons is very complicated. However, for the

purpose of infrared molecular spectroscopy some simplifications can

be made. The Born-Oppenheimer approximation (Born and Oppenheimer,

1927) allows one to neglect the motion of the m electrons. The

motion of the electrons is so much faster than that of the nuclei

that the electrons can be considered as a cloud about the whole

molecule. Additionally, three degrees of freedom associated with the

translational motion of the center of mass of the molecule can be

neglected. The effect of this motion is to give an observed

transition a Gaussian profile due to the statistical spread of the

molecular velocities along the direction of a probing beam. Thus

there are 3n-3 remaining degrees of freedom to describe the positions

of the 3n nuclei. The 3n-3 degrees of freedom correspond to 3

rotational coordinates and 3n-6 vibrational coordinates. The

vibrational and rotational energies cannot be completely separated

however.

Most molecules can be considered as nearly rigid, the vibrational

amplitudes of the individual nuclei being small compared to the

average internuclear separation. For the purpose of analyzing the
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rotational motion consider a reference frame set in the equilibrium

configuration of the molecule. For convenience this system is

oriented so that the inertia tensor is diagonal. There is no unique

way of choosing the three angular coordinates needed to describe the

position of the molecule-fixed reference frame with respect to a

laboratory or space-fixed reference frame. In this development the

angles chosen are rotations about the Cartesian axes of the space-

fixed frame. The angular momentum and the angular velocity u are

related by:

P = 1 • 01 , (1-1)

where 1 is the inertia tensor of the rigid body.

Assuming harmonic vibrations, a transformation can be made

between the 3n Cartesian displacements of the nuclei and the 3n-6

normal coordinates of the form:

"sa'l '^-2'
1-1 a-x,y,z

or

(.157lc.() = I Q (1-3)
sa

where Aa,- are the mass adjusted Cartesian coordinates and is
I I Sa

the normal coordinate corresponding to the s-th vibrational mode with

a denoting the degeneracy of that mode. The mass of the i-th nucleus

is m^. and Aa^- is the displacement from equilibrium for « = x, y, and



The conjugate momentum of the coordinate is given by

P* (1-4)
3Qo
So

where T is the total kinetic energy given by:

2T = ^ P 0) + I P* 1 . (1-5)
^  a a ^ So So
a  So

With the additional definitions

P  = I (1-6)
a  ̂ So'^So

so

and

S0>
ISO

the total kinetic energy becomes

21 = WP - p )a) + Up* )^ . (1-8)
^  a a a ^ So
CL SO

It is necessary to carefully distinguish between the total

angular momentum, and £, the angular momentum due to vibration. The

angular momentum due to rotation is thus P. - £ and is related to the

angular velocity u by:

w = ̂  (^ - £) , (1-9)

or
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(. = I u JP - P ) , (1-10)
a  ̂ aS> 0. a

where the elements of ̂  are functions of the inertia tensor elements

and the 's.
so

With the addition of the potential energy V, the vibration-

rotation Hamiltonian can now be written:

otp So

It can be assumed that for small displacements from the equilibrium

position the potential energy can be expanded in a Taylor series in

the normal coordinates, Q :
sa

V = 1/2 I^sQsa"^ I I , J .,'^sas'a's"a"^sa^s'a'^s"a" +
so Sa S a s a

higher order terms. (1-12)

1-2. THE QUANTUM MECHANICAL PROBLEM

Direct substitution of quantum mechanical operators into

Eq. (1-12) does not directly yield a Hamiltonian operator in Hermitian

form. This problem has been studied by Wilson and Howard (1936),

Darling and Dennison (1946), and by Watson (1968). The formalism of

Watson yields the simplest form:

- "b'" ^ •
a3 sa

(1-13)

in which U is a function of coordinates but not momenta and is small
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compared to V. The wave equation for this operator cannot be solved

analytically due to the complicated form of H^p given in Eq. (1-13).

A systematic method of finding approximate solutions to the wave

equation, developed by Goldsmith (1956), Amat and Nielsen (1957,1958)

and specialized by Tarrago (1965) is outlined here.

The elements of the Hamiltonian are expanded in the normal

coordinates and the resulting terms are collected by order of magni

tude to yield

H = Hg + H.| + H2 + Hg + + ... (1-14)

The zero-th order term has the form

P ^
Hq = 1/2 I + 1/2 I , (1-15)

ag ag Sa

which is simply the rigid rotor-harmonic oscillator Hamiltonian. This

Hamiltonian yields a solvable wave equation that describes the gross

features of molecular vibration-rotation spectra. Specifically, for

an axial molecule (I^ = 1^ 7^ I^) the eigenfunctions may be written:

, > ...

2

(1-16)

where J and K are the angular momentum quantum numbers, the v^ are

nondegenerate vibrational quantum numbers, and v^, are the quantum

numbers for the degenerate vibrations. These zero-th order eigen-

functions form a basis set in which wave functions for a model
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Hamiltonian including higher order terms from the full Hamiltonian

are expressible.

All matrix elements appearing in H of the form

<;j;|Op|i()'> = <{V^}, {V^,^^},J,K|Op|{v^},{vJ.,£j.},J' ,K'> (1-17)

are tabulated by Amat (1957, 1958), where Op is p , p , p , P* or
X  jr il j CT

Values of matrix elements from the Hamiltonian extended through

fourth order are given by Goldsmith, Amat and Nielsen (1956) and

Amat, Nielsen and Tarrago (1971).

The zero-th order Hamiltonian matrix is diagonal in all quantum

numbers since its eigenfunctions form the basis set for the

representation. Higher order terms in the expansion of the

Hamiltonian are diagonal only in J. The off-diagonal elements of H^

will generally contribute to the energy as diagonal elements of H2^.

Thus the diagonal elements of Hg + H.| yield a good first order

approximation. Amat and Nielsen (1957, 1958, 1962), Tarrago (1965),

Goldsmith (1956), and Amat, Nielsen and Tarrago (1971) have shown

that it is possible to recast H into a form which is diagonal in

higher order terms. Their results are summarized here.

A contact transformation of the form:

h' = e^^^H e"""^^ = "*■ ^^1 ^ ^^^2 ^^^3 •* *

can be found with the proper choice of S such that Hg and h-j are

diagonal in all quantum numbers. A second such transformation can be

carried out resulting in
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h" = Hq + h] + + ... . (1-19)

Here is made diagonal in but not necessarily in K and These

off-diagonal elements generally do not contribute before fourth

order. Thus the diagonal elements of Hq, hj, h^ and hl^ yield an

energy expression good through third order. A partial fourth order

correction can be made if necessary using the diagonal elements of h)|

and a perturbation treatment of off-diagonal elements in h^. These

energy expressions are valid only in the absence of accidental

degeneracies. Table I-l, compiled by Blass (1963), gives the contri

bution to the energy for the diagonal elements of H through third

order with some fourth order corrections for an axially symmetric

molecule.

An estimate for the magnitude of the parameters used in the

energy expression listed in Table I-l can be obtained in the following

way. If J and K are set to 30 and all the v^, v^ and are set to

one, then terms in Hg contribute approximately 1000 cm"\ terms in
h^ contribute about 30 cm""', terms in h^ contribute about 1 cm~\
hg about 1/30 cm"\ etc. Thus = 1000 cm"\ = 1 cm~\

=  1/1000 cm'\ = [)K s iq"^ cm~\ etc. Here an order

of magnitude constitutes a factor of 30, starting with zero-th order

at 1000 cm~^.



TABLE 1-1

ENERGY FOR AXIALLY SYMMETRIC MOLECULES

Term Energy

"o BgO(J+l)+{A3-B^)r + I«.j(Vj+-^)

-2A^ I

h"
"2

-D^J^(J+1 )^-D^'^K^J(J+l )-dV
c  c c

"I +-^)J(J+1) -

h"
3 +I Jl^n^J(J+l )K + +-^)]K

h"
"4

+ I BsEVs +^]j2[J+1 + I gf [V3 +-f]J[J+1 ]k2 + I eKK4[v^
g^'

^ss'

{j[j+i]-r} +2-> . f ^ A r„ .^ilTw ^^iLl .A 0 0 4.Afl(3)I Ys,.[Vs+-^][v3.+-f-]+Iy;^,^_£,il,,+AA;

+ I Aa)g[v^+^] + HQj^(J+l)^ + HQ'^J^(J+l)^K^ + HQ^J(J+l)K^ + H^K®



CHAPTER II

BAND STRUCTURE

The results of the theoretical development outlined in Chapter I

can be used to predict the appearance of vibration-rotation

absorption bands of axially symmetric molecules,

II-l. TRANSITION FREQUENCY

For an axially symmetric molecule the energy of any state is

given through second order by:

EdVg}, J, K)

= Vq + BqJ(J+1) + (Aq-Bq)k2 - 2Ag I

- DqJ^(J+1)^ - D^^J(J+1)K^ -

- I CsVgJCJ+l) -I (c's-as)V2K^ , (2-1)
s  s

where {v^} represents the set of nondegenerate vibration quantum

numbers, {v^,£^} the set of degenerate vibration quantum numbers and

Vg is the vibrational energy and is a combination of first and second

order terms. For the ground vibrational state Eq. (2-1) reduces to

E({0}. {0.0}, J, K)

= BoJ(J+l) + (Ao-Bg)K^ - D^J^(J+1)^ - D^^J(J+1)K^ - .
(2-2)

9
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It is usually the case in molecular absorption spectroscopy to

observe transitions from the ground vibrational state to an excited

vibrational state, with possibly different values for the rotational

quantum numbers J and K. For such a transition:

aECIav^}, {Av^,A«,^}, J, K, aJ, aK) =

= Vq + Bq(J+aJ)(J+aJ+1) + (Aq-Bq)(K+aK)^ - 2Ag I c^AJI^(K+aK)

- Dq(J+AJ)^(J+aJ+1)^ - Dq'^(J+aJ)(J+aJ+1)(K+AK)^ - Dq(K+aK)^

- I a^AVg(J+AJ)(J+AJ+1) - I (ag-ag)AVg(K+AK)

-  (BqJ(J+1) + {Aq-Bq)K^ - ^
(2-3)

where av^ = v^, - v^, Av^ = v^, - v^, aji^ ~ Ad = J' - J

and aK = K' - K, where the primed quantum numbers refer to the upper

state. This expression can be further simplified if the summations

A  B ainvolving the a and a parameters are replaced by effective a and
g

a  parameters since normally only a few of the vibrational quanta are

involved. Further, since the ground vibrational state has = 0,

a transition originating in the ground state must have as,^ = Then

AE = Vq + Bq(2J+aJ+1)AJ + (Aq-Bq)(2K+AK)aK

- 2Ag I Ji^(K+AK) -Dq[(J+AJ)^(J+AJ+1)^-0^(0+1)^]

- D^'^[(J+AJ)(J+AJ+1)(K+aK^)-J(J+1)K^] - Dq[(K+aK)^ - K^]

-a^(J+AJ)(J+AJ+l) - a'^CK+AK)^ . (2-4)



n

This expression is good through second order but terms of higher

K  Jorder, specifically the and terms of h!^, are commonly used in

the analysis of high resolution vibration-rotation absorption spectra.

For AJ=J=0 Eq. (2-4) reduces to a subband origin expression.

\aK " ''O (Ao-Bo)(2K+AK)aK - 2Ag I

-  (a^-a^)(K+AK)^ - D^[(K+AK)^-K^] (2-5)

In the transition frequency notation often used, the values of

AK and AJ are written in a shorthand notation using letters of the

alphabet. For AK or aJ = -1, P is used, for aK or aJ = 0, Q is used

and for AK or AJ = +1, R is used, etc. Thus a transition from the

state (K,J) = (6,10) to the state (K',J') = (5,11), would be labeled

'^RgdO) or PR6,10.

II-2. SYMMETRY SELECTION RULES

In molecular absorption spectroscopy the observed transitions

are almost always a result of the electric dipole moment interaction

in the initial and final states with the electromagnetic field of a

passing photon. For such a transition to occur

<yif> = ̂ l-initial '^''''finad

must be nonzero, where the total eigenfunctions

for the initial and final states, and y is the electric dipole

moment operator. Since we have used the solutions to the rigid
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rotor-harmonic oscillator Hamiltonian to form a basis set, the

selection rules are those of the rigid rotor-harmonic oscillator

system. For transitions involving the dipole moment component

parallel to molecule's symmetry axis:

AK = 0

aJ = 0, ±1 if K 0 (2-7)

AO = ±1 if K = 0

For transitions involving the dipole moment component perpendicular

to the molecular symmetry axis:

AK = ±1

(2-8)
AJ = 0, ±1

The selection rules for the rigid rotor-harmonic oscillator

system apply to all molecules. However, they do not reflect the

full symmetry of the molecule. Additional selection rules are

obtained when higher order terms in the Hamiltonian are considered.

Molecules whose symmetry corresponds to the point group have been

treated in detail by Tarrago (1965).

In order to determine a more complete set of selection rules,

symmetry adapted wave functions must be used. These are given by

l+> = Uv ,J!, }, K, J> + |{v ,-il }, -K, J>s  s 5 s (2-9)

I-> = K, J> - -K, J> .

Under the operations of the point group these new wave functions
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have a definite symmetry as summarized in Table II-l for the phase

choice used throughout this development and corresponding to the con

vention of Tarrago (1965).

TABLE II-l

SYMMETRY PROPERTIES OF THE WAVE FUNCTIONS l+> AND

K - = 3p
t  ̂

K - 1 a = 39 ± ]
t  ̂

j + K + T ii. + y V
i t /ft \ nt  n(A2)

even odd

l-i-> ^  ̂2
E

l-> ^2 ^1

for p = 0, ±1, ±2, ...

Using the symmetry rules defined in Table II-l, the symmetry

selection rules listed in Table II-2 are obtained. One immediate

result of this symmetry consideration is that aK = At for fundamentals

For combinations and overtones, AK - EAt^ = 0, ±3, ±6 ... with the

restriction that |aK1 <1, since only one photon is being absorbed.

II-3. TRANSITION INTENSITIES

The intensities of allowed transitions can be calculated from

Eq. (2-6). If f(K,J,AK,AJ) is the transition dipole moment, then the

transition intensity is proportional to:

I  vgf(K,J,AK,Aj)e
■EQ(K,J)/kT

(2-10)
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TABLE I1-2

SYMMETRY SELECTION RULES FOR 03^ MOLECULES

t  n(A2)

even odd

Parallel bands

AK = 0

iM = 3p
t  ̂

aJ = 0
i+>^I->
l->^l+>

I+>^l+>

AJ = ±1
!+>->!+> l+>-)-| ->

i->^l+>

Perpendicular bands
AK = ±1

AK - = 3p
t  ̂

\>
C_I

II

0

l+>-vl+> l+>^l->
|->^|+>

AJ = ±1
1 +>^-1 +>
|->^|->

^ ̂2 A2 ̂  A^ E -> E

where v is the transition frequency, g is the statistical weight of

the ground state, Eq(J,K) is the energy of the ground state, k is

Boltzman's constant and T is the Kelvin temperature. The transition

moments have been calculated by Herzberg (1945) and are given in

Table II-3.

For molecules whose symmetry is that of the point group C3y and

having three identical nuclei, the statistical weights are tabulated

by Herzberg (1945) and written by 81 ass and Nielsen (1974).

9 " (2-6k^q)(2J+1)(1 + 4i(j+-| j 5|^^3n) (2-11)

where 6- • is the Kronecker delta function and I is the spin quantum

number of the identical nuclei.
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TABLE 11-3

TRANSITION MOMENTS f(K,J,AK,Aj)

AK = -1

1

O

11

1<

AK = +1

AJ = -1
(J-1+K)(J+K)

J(2J+1)
J^-K^
J(2J+1)

(J-1-K)(J-K)
J(2J+1)

AO = 0
(J+1-K)(J+K) (J+1+K)(J-K)

J(J+1) J(J+1) J(J+1)

AJ = +1
(J+2-K)(J+l-K) (J+l)^-K^ (J+2+K)(J+l+K)
(J+1)(2J+1) (J+1)(2J+1) (J+1)(2J+1)

This expression for the statistical weight g, causes an intensity

alternation which is useful in assigning a spectrum. For a molecule

such as ^^CD^F, 1 = 1. Thus for K ?! 0,

g = 2(20+1)(1+3/86^^3^) . (2-12)

Thus for a given 0, the transitions associated with consecutive

values of K show an alternation of intensity of the form "strong-weak-

weak-strong."

II-4. GROUND STATE COMBINATION DIFFERENCES

To any upper state with rotational quantum numbers K' and 0',

there are in general three ground states from which transitions can

occur, corresponding to the three possible values of aJ(0, ±1). These

transitions are:

AKPK,J'+1, AKQK,J', AKRK,J'-1.
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It is possible that one of these transitions would not exist because

of the limitation that J be greater than K in both the upper and

lower state. For such a group of transitions the transition fre

quencies differ only by the differences in their ground state energies,

Thus the differences in the three possible transition frequencies are

functions of the ground state energy coefficients and not the upper

state energy coefficients and are also independent of most perturba

tions in the upper state. Thus the ground state energy coefficients

can be determined if a sufficient number of transitions can be

correctly assigned and their frequencies measured (Blass, 1963; Blass

and Edwards, 1967). Ground state combination differences are also

useful in verifying transition assignments.

It is possible to represent all the possible ground state

combination differences in a single expression. This form is readily

adapted to a least-squares fitting technique to determine the ground

state energy coefficients and was developed by Blass and Edwards

(1967).

AKAJ.,K(J-AJ) - AKAJ2K(J-AJ2) = Bq(A2-A,,) - Dq(A^-A^) + Hq(A^-A^)

- Dq'^(A2-A.,)K^ - Hq'^(A2-A^)K^ + ... (2-13)

where A^ = (J-aJ^.)(J+1-aJ^.), J is the J of the common upper state and

K is the K of the lower state.

Note that some of the ground state energy coefficients such as

1/

Aq and Dq are not included in this expression. These coefficients
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cannot be directly determined by allowed electric dipole transitions.

The constants can sometimes be determined from forbidden transitions

as explained in Chapter III. Also it must be kept in mind that in

some cases the degeneracy of the upper state of a perpendicular

band may be lifted in such a way that the AO = 0 upper state differs

from the aJ = ±1 upper state. The validity of the AJ.j = +1, AJ^ = -1

(R-P) combination differences is not affected in this case.

II-5. EFFECTIVE Q-BRANCHES

Once the ground state constants have been determined they can be

used to reduce the number of transition frequencies used in deter

mining the upper state constants. This is done by converting the R-

branch transitions (aJ = +1) and P-branch transitions (aJ = -1) into

Q-branch transitions with the same upper state. This is done by

adding or subtracting the ground state energy differences. These are

termed effective Q-branch transition frequencies. If all the Q-branch

and effective Q-branch transitions for a particular J, K, and i are

averaged the number of "observations" is reduced by nearly a factor of

three and the uncertainty is reduced by a factor of For a

degenerate band, the RRq and RPq transitions are used to produce

effective Q-branches labeled "PQq" transitions.

11-6. LOOMIS-WOOD PLOTS

From Eq. (2-4), it is evident that for a fixed value of K and

aK, transitions differing in JaJ by one are separated by approximately
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2Bq. a technique developed by Loomis and Wood (1928) makes use of

this fact. In their formulation a marker is used to denote the

intensity or peak height of a transition. The position of the marker

is determined by dividing the frequency range into sections of width

2Bq in such a way that when adjacent frequency ranges are plotted

side-by-side, transitions of the same KaK form rows across the fre

quency ranges. If the transitions in a subband are separated by

slightly less than 2Bq the markers will form a row which slants

toward lower frequencies. For a subband with a separation slightly

greater than 2Bq the row of markers will slant toward higher

frequencies. By examining such a plot it is straightforward to assign

many transitions even in the case of localized resonances.

The availability of video displays and on-line plotters makes

it possible to use the Loomis-Wood technique to even greater

advantage. The markers can now better represent the transition

intensity by making the intensity of the dots on a video display or

the size of a symbol produced by a digital plotter proportional to

the peak height of the transitions. It is also possible to readily

vary the effective Bq until a satisfactory result is obtained. This

technique was used extensively in the initial phases of the

analysis.



CHAPTER III

ACCIDENTAL RESONANCES

The energy, transition frequency and transition intensity

developed in Chapters I and II are valid only where resonances can

be ignored. There are two kinds of resonances; essential resonances

between states with the same v^ and and accidental resonances

between states with different vibrational quantum numbers. The

accidental resonances have been classified by Tarrago (1965).

III-l. TYPES OF INTERACTIONS

Using the Hamiltonian outlined in Chapter I, Amat (1957, 1958)

and Tarrago (1965) determined the possible coupling terms arising

from elements in the Hamiltonian through third order. These results

are summarized in Table III-l for the six possible resonance terms.

For two vibrational states the possible coupling terms are determined

by considering the number of vibrational quanta involved in the

coupling. For two such states |{v }, {v. and |{v +Av„},
n  L) u n n

{v^+Av^,Ji^+AJi^},K+AK> the quantities p and p^ are defined by:

Pt = I lAV^l
(3-1)

P = I Iav^I + I Iav^I .
t  n

Thus p is just the total number of vibrational quanta involved in the

interaction and p^ is the total number of degenerate vibrational

19
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TABLE III-l

COUPLING TERMS

Type Matrix Element

I  Wq

r  WqJ(j+i)+w^k^4wj
II Wq /J(J+1)-KCK±I)

III WqK

IV Wg /J{.J+1)-K(K±1) /OCJ+Ij-tKiljlKiZ)

V  /J(J+1)-K(K±1) /J(J+1)-(K±1){K±2) /J(J+I)-(K±2)(K±3)
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quanta involved in the interaction. Considering elements from the

Hamiltonian through third order, p and can take on the following

values:

2 _< p £ 5
(3-2)

0 1 Pt 1 P

These possibilities are grouped into four cases as follows:

(a) p ̂  3 Pt ̂  ̂

(b) p 1 2 Pt " ̂

(c) p = 2 Pt " ̂

(d) p = 2 Pt " ° •

Up to this point we have considered only whether the Hamiltonian

contains a term of the proper form to allow a particular interaction.

The symmetry of the two states must also be considered. For molecules

of c^y symmetry, this consideration is summarized in Amat's rule

(Amat, 1960) which can be stated as follows: The matrix element

connecting two states is nonzero only if

aK - A£. = 3p = 0, ±3, ±6 ... (3-3)
t  ̂

Application of Amat's rule to the four cases leads directly to

Tables III-2 through III-5 (Tarrago, 1965). These tables give all

symmetry and Hamiltonian allowed interactions through third order.

For these tables aK is the difference in K between the interacting

states, ̂  A)i^ is the total change in for degenerate modes for
which Av^ 0, AS,^, is the total change in for those degenerate
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TABLE III-2

PERTURBATION COUPLING CASE a:

P 1 3, ^ 1

Cp1g. Order of
Matrix Elements aK

' z t ' ̂ p=3 p=4 p=5

0 "^(1,2.3) 0 0 0 I 1 2  3

'^(1,2,3) 0 0* 0 I 1 2  3

0
*^(3,4) ^±1 ±1 T2 0 II 2 3

^(3) 0 ±2 ;2 I 3

'^(5) ^±1 ^±2 ±2 ±2 0 IV 3

'^(1,2.3) 0 ±3 0 I 1 2  3

^(3,4) ̂ ±1 ±1 ±1 0 II 2.3 3

W(3)K 0 ±3 0 III 2

^(3) 0 ±1 ±2 I 3

*^(5) ^±1 ^±2 ±2 +1 0 IV 3

4
"(2,3) 0 0* 0 I 2  3

"(4) ̂ ±1 ±1 ±4 0 II 3

5 "(3) 0 ±3 0 I 3



TABLE 111-3

PERTURBATION COUPLING CASE b:
P 1 2, = 1

23

Matrix

Elements aK
Cplg.
Type

Order of

Magnitude
p=2 p=3 p=4

'(2,3,4) ̂ ±1 -"I
W
(2,3)

±1

±3

±1

0

0

±2

II

I

1,2

2

2,3

3

*^(4,5) ^±1 ^±2 0 IV



TABLE III-4

PERTURBATION COUPLING CASE c:

P = 2, = 2

24

Matrix Elements

*^(2) ^±1
W(2)K

^2)

*^(4) ^±1 ^±2

'^(6) ^±1 ^±2 ^±3

AK

±1

0

'0

_ 0_

±2

±3

^A£^ ^A£^i

+2

0*

0*

±2

±2

0

0

0

0"

_±2

0

0

Cplg.
Type

II

III

I

IV

V

Order of

Magnitude

P=2

1,2

1,2

2

2

3
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TABLE II1-5

PERTURBATION COUPLING CASE d:

p = 2, = 0

Matrix Elements AK [az ,
t' ^

Cplg.
Type

Order of

Magni tude
P=2

W(2) + Wj4)J(J+l)+W'j4)K^ 0 0 r 2

^(4) ̂ ±1 ±1 +2 II 3

*^(6) ^±1 ^±2 ̂ ±3 ±3 0 V 3
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modes for which Av^ = 0. If a^,. (or^ji.,) is zero but I |a£,.| (orz  t ^ t' t

I  1a£. i|) is not zero 0* appears under those headings. The numbers
t' ^
listed under order of magnitude give the approximate limits of the

energy shift corresponding to J = K = 30, where order of magnitude is

the same here as for terms in the energy expression of Chapter I.

The subscripts on W in parentheses give the order of magnitude of

the interaction parameter W or the order of magnitude of the energy

shift for J % K 1. Where multiple subscripts are present, they

refer to the different possible values of p. The f coefficients
±n

of the interaction parameters are defined as:

f^1 = /J(J+1)-K(K±1)

f^2 = /J(J+1)-(K±1)(K±2) (3-4)

f^3 = /J(J+1)-(K±2)(K±3) .

In addition to the accidental resonances discussed above,

essential resonances are also important in the interpretation of

vibration-rotation spectra. Two common forms of essential resonance

correspond to (aK, A£^) = (±2, ±2) and (aK, A£^) = (±1, +2). For

essential resonances Amat's rule still holds true and the formalisms

of the preceding section need no modification. For almost all perpen

dicular bands the (±2, ±2) essential resonance produces observable

effects. The (±1, +2) essential resonance is less commonly observed,

because potentially interacting states are not in close coincidence

unless there is an accidental resonance which pushes the two states
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closer together. The (±2, ±2) resonance effect is usually only of

importance for transitions whose upper state is (K = +1, £ = +1) or

RQqj RRq and RPg transitions. In this case the interaction is

between the states (k=l, £=1) and (k=-l, £=-1). Since the energy is

independent of the sign of k£, these states are always degenerate,

hence the term essential resonance. It is also possible for an

accidental resonance to push other (K,£) states into a (±2, ±2)

resonance. Both of these essential resonances are referred to as

£-resonance and £-doubling and are considered in detail by Herzberg

(1945).

III-2. PERTURBATION EFFECTS ON THE TRANSITION FREQUENCY

To calculate the upper state energy including perturbations it

is necessary to diagonalize a Hamiltonian matrix where the unperturbed

energies are the diagonal elements and the off-diagonal elements are

taken from Tables III-2 through III-5. This is explained by the

13following example. Assume that in CD^F, v-j is coupled to vg +

Here p = 3, p^ = 1, p^ = 2 and from Table III-3 we see that a type II

or a type IV coupling is possible. (The type I coupling is rejected

because the values of I A£^ and Ja£^, cannot be attained in this

case.) Depending on the molecular parameters for v-j and vg + for
13COgF, either the type II coupling, the type IV coupling or both

will affect the appearance of the observed spectrum.

The matrix to be diagonalized for the type II coupling is

generally written as



28

W-jf.

where

/J(J+1)-K(K+1)

/J(J+1)-K(K-1)

Wif_

vi(K,0)

"if+

W,f^ (3-5)

(3-6)

If an ^-doubling essential resonance in is to be considered

then the matrix of Eq. (3-5) must be modified by setting

^13 " ̂31 ~ ^5 (3-7)

+
where is the fc-doubling parameter. To calculate a transition

frequency it is necessary to generate and diagonalize the matrix in

Eq. (3-5) for the upper state (K',J') and subtract the appropriate

ground state energy calculated in Eq. (2-2).

This process is somewhat more complicated if the type II and

type IV coupling must be considered simultaneously. Consider an

upper state in v.| with rotational quantum numbers (K,J). The type II

coupling with aK = = +1, will couple vi(K,J) to + vg(K+l,J,

Jig = +1). The type IV coupling will couple this state back to

v-|(K+3, J). Thus it is now necessary to calculate all upper state

energies in v-j and ^3+^5 for a given J and diagonal ize a matrix of

the form shown in Figure III-l. The coupling indicated in Figure III-l

continues to the left until the K > 0 limit is reached and to the
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right until the K £ J limit is reached. Fortunately the expanded

matrix can be factored into two matrices corresponding to K = 3n

and K ^ 3n where n is a non-negative integer. This factorization case

can be used to reduce computational time.

III-3. INTENSITY EFFECTS

Consider the matrix to be diagonalized in the example of the

last section, Eq. (3-5). We have for the perturbed energies

E = U'^'HU (3-8)

where E is the diagonal energy matrix and U is the product of a

number of rotation matrices. The eigenvectors of the perturbed state

are the columns of U. Thus the new eigenvectors are a linear com

bination of the old:

4'' = ^4^3+5 '^4^1 ^'^'3+5

where a, b and c are taken from the appropriate row or column of U,

4^315 is the eigenvector corresponding to (jig = ±1) and is
the eigenvector corresponding to v-j. If we call the unperturbed

intensities I3|5» I-j and I2I5 for transitions from the ground state
to + Vg (K=l, 1= -1), v.|(K), and + Vg(K+l, £= +1), respectively,

then the perturbation intensity for the state considered in Eq. (3-9)

IS

I' = + b(I^)^/^ + . (3-10)
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If more than one of the I's of Eq. (3-10) are nonzero, some care must

1 /2
be exercised in choosing the sign of I .

Typically the observed transition intensities are used primarily

as an aid in assigning a spectrum using the intensity formalisms

described in Chapter II. In the presence of perturbations however,

there are two interesting exceptions to this. These cases will be

referred to as resonance enhanced transitions and resonance allowed

transitions.

As the energy separation of the perturbing states decreases, the

resonance effects increase and the two states become more thoroughly

mixed. Thus if one of the interacting levels has insufficient intensity

to be otherwise observed, it may be observable in the region of close

resonance. Consider the last example of a type II coupling between

v-j and + Vg with AK = = 1, where ^5(1^=6, £=+1) crosses

with vi(K=5) for the parameters listed in Table III-6. The intensity

borrowed from v-j RQ5,5 would appear in as RR5,J, which is

normally allowed but may be too weak to be observed in the absence of

the interaction. This is termed a resonance enhanced transition or

RET. The intensity sharing for this example is detailed in

Table III-7 for AJ = +1, K = 5 assuming that has negligible

unperturbed intensity. The intensities have been scaled so that

QR5,5 has unit intensity.

For a type IV coupling with aK = -2, A£^ = +1, the interacting

states will be v-jCK) and + vg(K-2, = +1). This the intensity

borrowed from QR2,10 will appear in NR5,10. This transition is
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TABLE Iir-6

PARAMETERS FOR A TYPE II COUPLING EXAMPLE,
ALL VALUES EXCEPT d ̂ IN CM"!

3+5

= 2086.0

= 0.020

= 0.005

+ Vg = 2079.0

4+5 = "-"l"
4+5 =
4+5 = "•2'"'

W,35 = 0.050

Aq = 2.6033

Bq = 0.670836

Dq = 1.1004 X 10"^
Dq"^ = 7.292 X 10"®
Dq = 16.40 X 10"®
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TABLE III-7

INTENSITY BORROWING IN A TYPE II COUPLING

FOR A LOCALIZED RESONANCE

J v-j Shift (cm""')  ̂35
l"*"^
^35

5 0.00129 0.000 1.000 0.000

6 -0.00163 0.000 2.130 0.001

7 -0.00560 0.001 3.342 0.005

8 -0.01101 0.001 4.590 0.013

9 -0.01840 0.002 5.827 0.028

10 -0.02860 0.003 1.010 0.054

11 -0.04296 0.005 8.093 0.099

12 -0.06375 0.006 9.029 0.178

13 -0.09511 0.008 9.760 0.326

14 -0.14533 0.009 10.189 0.618

15 -0.23270 0.010 10.105 1.253

16 -0.40027 0.011 9.033 2.699

17 -0.73509 0.012 6.473 5.457

18 0.60959 0.013 8.351 3.606

19 0.44242 0.013 9.913 1.911

20 0.35417 0.014 10.448 1.098

21 0.30311 0.013 10.451 0.688

22 0.27099 0.013 10.166 0.461

23 0.24947 0.013 9.704 0.324

24 0.23435 0.012 9.129 0.235

25 0.22338 0.011 8.481 0.174

26 0.21520 0.010 7.791 0.131

27 0.20899 0.009 7.083 0.100

28 0.20421 0.008 6.376 0.077

29 0.20049 0.007 5.684 0.059
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normally forbidden and is labeled a resonance allowed transition or

RAT. If it is assumed that has sufficient intensity to be

observed a second RAT may be located. Here it would be TR2,10. It

is possible to use resonance allowed transitions to form other types

of ground state combination differences from which the ground state

parameters Aq and Dg may be determined (Graner, 1976). For

example.

A = RR2,10 - 0R5,10 = TR2,10 - QR5,10

=  (Ao-Bo)(5^-2^) - 0^(5^-2^) - D^'^(IO) (11)(6^-22)
= 21(Ag-BQ) - 609 Dg - 2310 Dg^ . (3-10)

This resonance scheme is depicted in Figure 111-2,

111-4. EFFECTIVE PARAMETERS

Consider a matrix of the form

A =

t2 c

6  E
(3-11)

where 6 is much smaller than either E-j or E2, 5 is positive and

E2 > E,|. If the matrix A is diagonalized the shift in E-j or E2

can be approximated for the two extreme cases. For 6 « E2 - E-i,

AE = E^ - E2 = E^ - E^' 67(E2 - E]) • (3-12)
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Shift

^^(5,n,o)

Upper State

Resonance TRp(lO)
AT lowed

Ground State

(2,10)

/

<1

QRgdO) Allowed

d ̂  ̂ 5(3,11,+l)

Shi ft

—ORg(lO) Resonance Allowed

(5,10)

RR2(10) Allowed

Figure III-2. Resonance allowed transitions for a AK = -2,
AJi = +1 interaction.
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For 6

AE 6 . (3-13)

This effect may be very subtle if aE for two interacting bands is

large or the interaction constant is small. The effects of such

interactions have been summarized by Sarka (1972).

For two nondegenerate fundamentals and v^i coupled through a

type I interaction term this effect can be absorbed into the constants

A  K
a  and g for the two bands.

= ±w2/AE = (3-14)

46^= (a«¥/AE = (3-15)

where the subscripts "true" and "observed" refer to the values of the

parameters in the absence and presence of the resonance, respectively.

The effect on other parameters will be negligible if aE is relatively

independent of J and K.

For a Coriolis resonance Uype II coupling term) between a

nondegenerate fundamental and a degenerate fundamental, the effect on

the nondegenerate band parameters is given by

4c® = ±w2/4E = (3-16)

AD^ = (a^)^/AE (3-17)

AD""^ = -ZAD"^ (3-18)
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Ad'^ = (3-19)

where W is the resonance parameter. The constants aj and aj are not
affected if AE does not depend strongly on J and K.

If the interaction effects are explicitly taken into account, the

rotational parameters determined from fitting observed frequencies are

sometimes referred to as "de-perturbed" parameters. Consider one

17example: The degenerate fundamental in CD^F lies above the three

nondegenerate fundamentals v.|, ̂2 and v^. The type II interaction

terms have been estimated by Robiette (1982) from a force field

calculation. The values of Aa^ for these interactions are listed in

Table III-8. A preliminary analysis of the band yielded

B  -]= 0.00038 cm . If the combined effects of the three interactions

B  Rare taken into account, a- would be estimated as ^
A  4 true

0.00167 cm Thus the combined effects make a contribution three

Btimes larger than itself. However the band can be analyzed

without explicitly taking this effect into account since the total

energy shift can be accommodated using effective parameters. Then

the parameters can be corrected if necessary if the interaction con

stants can be estimated.



TABLE II1-8

RESONANCE EFFECTS ON OF ^^CD3F

Total Aa^ = -0.00129 cm'^
observed = 0.00038 cm"^

38

W (cm"b (cm'b Aa^ (cm~b

1  0.0748 155 -0.00039

2  -0.4883 1127 -0.00082

3  0.1582 1255 -0.00008



CHAPTER IV

FITTING PERTURBED SPECTRA

Until recently the only proven method of fitting a perturbed

spectrum was to use trial and error to estimate the molecular

parameters. There was no viable alternative for low resolution

spectra, but as the resolving power of infrared spectrometers has

increased, the complexity of the molecular interactions has made this

approach unworkable. While it is not difficult to calculate a

vibration-rotation spectrum given the Hamiltonian model, the molecular

parameters and dipole moments of the bands involved in an analysis —

the reverse is not true. The problem of finding the molecular

parameters given a spectrum and a Hamiltonian model has recently come

under closer consideration. This problem has been studied by Graner

(1981), Champion (1982) and Betrencourt (1977) and is referred to as

the inverse spectrometric problem or inverse eigenvalue problem.

IV-1. NON-PERTURBATION TREATMENT

The transition frequency expression given in Eq. (2-4) is in a

form that is convenient for the least-squares determination of the

molecular parameters. This expression is somewhat simpler if effect

ive Q-branch frequencies are used because part of the ground state

contribution is eliminated and aJ is zero. In either case any

remaining ground state contribution can be eliminated once the

ground state parameters are known. If there are any interactions

39
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affecting the observed frequencies the parameters that are determined

must be considered effective parameters even if the fit is considered

good. If a weak localized resonance affects the observed transition

frequencies, the effect on the parameters can be minimized by weighting

the perturbed transitions less or removing these observations from

consideration. A superior method of weighting the observed fre

quencies is described by Beaton and Tukey (1974). In this weighting

scheme the data are fitted and reweighted iteratively according to

the formula:

"i<\>
0  for

where = (X|()obs~^^k^calc ^i weight at the current

iteration, is the calculated value for the k-th transition

frequency based on the results of the last fit, (X|^)Qbs

observed transition frequency, ^ is the weighted standard deviation

of the last fit and t is a parameter which controls the rate at which

observations are deweighted. The weights for the initial fit, Wq(X|^),

are generally taken to be one. After the weights have been recalcu-

2
lated the data are refitted resulting in a smaller value of a . This

process is terminated using a x-squared test of the variance. This

dynamic reweighting procedure is also helpful in removing misassigned,

mis-measured or blended lines.

If nonlocal resonances affect the observed transition frequencies,

their effect can often be absorbed. Often higher order terms in the
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general transition frequency expression are included solely for this

purpose. The values of such parameters will of course be considered

as effective parameters, but the resonance effects on the lower order

terms should be decreased.

IV-2. FITTING PERTURBED SPECTRA

The non-perturbation biweighting method is useful for determining

"deperturbed" molecular parameters. However, in many instances it

is desirable to include the resonance in the Hamiltonian model in

order to determine the resonance parameters, the parameters of the

perturbing state or both. It is not unlikely that in a spectrum

with only a localized interaction that the few shifted transitions

and resonance allowed or resonance enhanced transitions would carry

more information than the many unperturbed transitions. The per

turbation fitting method described here has proven to be effective

in cases where the Hamiltonian model is well known. Let

H = H({a,^}) (4-2)

be the model Hamiltonian for a perturbed set of vibration-rotation

states where {aj^} represents the set of molecular parameters including

interaction terms. Then the upper state energies are given by

£ = H U or Hx= £x (4-3)

where £ is a diagonal matrix and x is a column ofUand the eigenvector
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for a particular state. Define and £ by

i=9H/3a,^ (4-4)

(4-5)

where is any one of the molecular parameters. Then the equation

(E £§=) £.(£) ~ £=(^) 2i(£) (4-6)

can be expanded in a Taylor series and like terms in the expansion

parameter e collected to yield (Wilkinson, 1965)

E  = E n ^rr, 1 (^) ■*■ 9 • (4-7)m  m,0 m,l m,2^ ^ '

where

En,,0 = EJO) = (4-8)

Eni.l = 6™ ("-5)

'""•3 ° (vVi'VEj)
and

" ^,0 -l (E -E.) (4-12)
ifm ^ m 1
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where

X  n = X (0) = X . (4-13)
m,0 ' m '

Thus if only the linear terms are kept the energy expansion is

Em = n + 3mm (4-14)m  m,0 mm '

where again

+

=  (4-15)

where U is the matrix which (iiagonalizes H. Fortunately the form of

the model Hamiltonian makes it trivial to calculate 9H/3a|^. This is

because all terms in the model Hamiltonian, including resonance terms,

can be written in the form

"ij = ̂  '"fH" C-ie)

where the F|^ are fairly simple expressions and depend only on the

vibration-rotation quantum numbers. Thus

3H. .
^ = F„(M. {V„}, (4-17)

m

=  = "k.™» • C-IS)

This is more simple expressed by noting that the partial derivative

of H with respect to any parameter in the model Hamiltonian is found

by evaluating H with that parameter set to one and all other
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parameters to zero. It should be noted that since the ground state

parameters are considered constants in most instances, the derivative

of the transition frequency is just the derivative of the upper state

energy.

m  m

Since the partial derivatives can be readily calculated, it is

in principle possible to fit a perturbed spectrum if the appropriate

Hamiltonian is known. Assume a starting value for the parameter set

{aj^} = where a^ represents an approximate value of aj^ from
previous studies, force field calculations or perhaps a biweighted

fit as described in Section IV-1. Define the residuals at the n-th

iteration as

0. = (4-20)
1,n 1 i,n

where 0. is the residual of the i-th observed energy at the
1 ,n jv- I

palp
n-th iteration and E. is the calculated energy corresponding to

1 j n

the i-th observation based on the previous values of the molecular

parameters

We can now write

,n ^ ̂  ^
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3Ei
where -r— is found in Eq. (4-19). This equation is in a form which

can be used to find the corrections to the parameters by least-

squares fitting. If the estimates to the parameters are reasonable

and the Hamiltonian model is correct the updated parameter set

defined by

aU = aU"^+6a^ (4-23)

should yield a better fit to the observed frequencies. Often the

corrections are damped and Eq. (4-23) becomes

where Pj^ is the damping factor for parameter aj^. The damping factors

are usually equal and a value of 1/2 generally yields reasonable

results. This process is repeated until the standard deviation of

the fit or root-mean-square error is approximately equal to the

uncertainty in the measured transition frequencies or until the

process yields no further correction to the parameters.

One problem in least-square fitting the residuals in this manner

is the correlation between parameters. Table IV-1 gives some of the

derivatives of the v-j frequencies for K=5 using the parameters of

Table III-7 (p. 33). There is a localized crossing in this subband

occurring between 0=17 and 0=18. Below this point the derivative

with respect to the resonance parameter W and the derivative with

p

respect to a of the perturbing band v^+vg are highly correlated.

Also if the parameters are such that no other crossings occur, then
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A  Z
3+5» 43+5 snd cannot be independently determined. In these

cases it is necessary to fix one or more of the parameters.

A recurring problem in the assignment and analysis of perturbed

spectra is the labeling of transitions in a region of strong mixing.

For example, in the region of a local resonance between v-jCK) and

2+Vg(K+l ,ii=l) a transition is labeled as v-j but is a linear combina

tion of v.j, Vg+Vg and possibly other states. The upper state of this

transition may be only 51% of v.| and 49% of v^+Vg. For a very small

change in the parameter set, causing negligible frequency shifts,

the percentages can be reversed making it necessary to reverse the

assignments also. In an interaction scheme involving many interacting

levels the calculated value of a specified transition frequency can

be shifted over 10 cm"^ for an otherwise negligible change in the

parameter set.

Computer algorithms used to diagonalize matrices generally

reduce the off-diagonal elements through a series of rotations. This

produces a reasonably correct set of eigenvalues, but the ordering

does not necessarily correspond to the original ordering particularly

where there are nearly exact degeneracies. One way to overcome this

is to reassign a transition to the closest calculated state based on

the current estimate of the molecular parameters. This approach has

been successful in fitting simulated and real data but can lead to

problems if the parameter estimates are not sufficiently accurate to

characterize the spectrum.
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IV-3. MULTIPLE RESONANCES

The perturbation analysis scheme outlined in Section IV-2 can be

applied to a wide variety of resonance schemes if the model

Hamiltonian is known. However, there are cases where it may be

practical to limit the Hamiltonian in order to limit computational

time. A weak local resonance can be omitted from the model

Hamiltonian if the transitions which are affected are omitted in the

analysis. If this resonance can be adequately treated with second

order perturbation theory computation cost can be reduced. This is

particularly true for local resonances with aK-J]a£^0 which cause

all upper states of the same J to be coupled.

Consider a weak localized resonance between one state of a

complex interaction system and a state not considered in the model

Hamiltonian. Second order perturbation theory is simple to apply

here because the states involved have very nearly the same eigen

vectors for several consecutive values of J and a fixed value of K.

Assume the weak interaction is a Coriolis (type II) coupling and

analysis of the local resonance yields an interaction parameter C ^ =
nt

0.0025 cm . Here is a degenerate band considered in the model

Hamiltonian and is a nondegenerate band which interacts with the

band but no other band in the model Hamiltonian. If in the

region of the local resonance is a mixture of several states it

cannot automatically be assumed that is interacting directly with

v^. It is possible that one of the other states in the system, say

v^i, is actually responsible for the resonance and is participating

because of its interaction with v^,. If it is assumed that the
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interaction is with v^, and not the interaction parameter can

be calculated once the eigenvalues of the complex system are known.

If a aK - f 0 interaction affects the observed spectrum, it

is necessary to diagonalize matrices of the size nxn, where

n = 3(2J+1). If this resonance is strong this cannot be avoided.

If the resonance is weak a second order perturbation approach can be

used to avoid this problem. The effects of second order interactions

for such a coupling would be difficult to predict and some care

should be exercised in using the second order perturbation approach.



CHAPTER V

RESONANCE FITTING EXAMPLES

The algorithm developed in Chapter IV is tested for a wide

variety of cases using simulated and real data.

V-1. SIMULATED CORIOLIS RESONANCE CASE:

BOTH STATES OBSERVED

The transition frequencies for a nondegenerate (parallel) band

and a degenerate (perpendicular) band with a Coriolis (type II)

coupling are generated with 1^3^=12 and J„,^=30, The parameters used
iiluA iTlclX

in the simulation are listed in the first column of Table V-1. The

parameters are defined in Table V-2. These bands exhibit a (+1 ,+l)

crossing in the K=5 and K=6 subbands with some weak effects in nearby

subbands. For this test case it is assumed that both bands have

sufficient intensity to be observed for all K and J values.

The second column of Table V-1 contains the starting value for

all the parameters. Note that the resonance parameter cannot be

initialized to zero because the first derivative of the eigenvalues

with respect to the resonance is zero for a zero resonance parameter.

The third, fourth, and fifth columns of Table V-1 give the value of

the parameters after five, ten and fifteen iterations, respectively.

The damping factors were all set to one-half for this fit. The

standard deviation at each iteration is listed in Table V-3. The

columns headed Op, oq and Op give the standard deviation for the P,

50
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TABLE V-2

PARAMETER DEFINITIONS FOR THE CORIOLIS RESONANCE TEST CASE

Parameter

Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Definition

V

^0"

A

Baj_

A
a II

3

2|i
JK
H

C  (

10^)

10^)

10^)

10^)

10^)

10^)

10^)

(10^)

10®)

10®)

(10®)

10®)

0^)

1/2 q (10-^)



TABLE V-3

STANDARD DEVIATIONS FOR CORIOLIS RESONANCE FITTING CASE 1
(i n cm-T)

53

Iteration Op
®R total

1 3.2692 0.4989 2.1461 2.7316

2 1.6354 0.4201 1.0703 1.3663

3 0.8180 0.3379 0.5414 0.6870

4 0.4090 0.3118 0.2819 0.3503

5 0.2046 0.3327 0.1607 0.1892

6 0.1024 0.3502 0.1103 0.1188

7 0.0513 0.3620 0.0931 0.0937

8 0.0257 0.3694 0.0881 0.0867
9 0.0130 0.0526 0.0205 0.0189

10 0.0066 0.0254 0.0102 0.0094
11 0.0033 0.0125 0.0051 0.0047

12 0.0017 0.0062 0.0026 0.0024

13 0.0009 0.0031 0.0013 0.0012

14 0.0005 0.0016 0.0007 0.0006

15 0.0002 0.0008 0.0003 0.0003
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Q and R branches, respectively. The column headed gives the

standard deviation for all the observations. Note that the standard

deviation initially drops by a factor of two at each iteration, slows

down for iterations six and seven, drops sharply at iterations eight

and nine, then starts decreasing by half for iterations ten through

fifteen. The recovery of the parameters is excellent in this

example.

V-2. SIMULATED CORIOLIS RESONANCE CASE 2:

PARALLEL BAND OBSERVED

The data set simulated in Section V-1 was modified by deleting

all the parallel band observations. The test was repeated with the

same starting parameters and the damping factor was kept at one-half.

The performance of the algorithm in this test was inadequate. The

parameter recovery was very poor for the parallel band parameters.

The parameters for the perpendicular band could be determined from

the nonshift frequencies much better than in this example. The

parameters from the fit are given in Table V-4. The standard

deviations are listed in Table V-5.

V-3. SIMULATED CORIOLIS RESONANCE CASE 3: PERPENDICULAR

BAND PLUS RESONANCE ENHANCED PARALLEL BAND LINES

The Coriolis resonance data set is generated for a third case.

In this simulation, the parallel band is assumed to have no intensity

in the absence of the resonance but is assumed to be observed if the

state mixing produces a resonance enhanced intensity one-tenth that
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TABLE V-5

STANDARD DERIVATIONS FOR CORIOLIS
RESONANCE FITTING CASE 2

(in cm"' except parameter 3)

56

Iteration
"P '^R ''total

1 3.2692 2.1461 2.7653

2 1.6409 1.1239 1.4064

3 0.8212 0.5685 0.7062

4 0.4110 0.2964 0.3583

5 0.2061 0.1691 0.1885

6 0.1040 0.1219 0.1133

7 0.0520 0.0963 0.0774

8 0.0295 0.0947 0.0701

9 0.0241 0.0892 0.0654

10 0.0146 0.0878 0.0629

11 0.0103 0.0874 0.0622

12 0.0084 0.0888 0.0631

13 0.0080 0.0881 0.0625

14 0.0078 0.0885 0.0628

15 0.0073 0.0879 0.0624
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of the corresponding transition in the perpendicular band. This

assumption produced a total of 16 parallel band transitions in the

two crossing regions. These additional data points are sufficient

to stabilize the fitting process. The parameters for this case are

listed in Table V-6 and the standard deviation in Table V-7.

Note that the parallel band parameters are not close to the
D

simulation values (column 2) even after five iterations. The a||

parameter is reasonably well characterized in the resonance region,

f\
but Vq II anday are determined essentially from the two crossing points

in the K=6 and K=7 subbands. Had the intensities of the two bands

been reversed, the parallel band being observed with a few resonance

enhanced perpendicular band observations, the procedure would not

have converged as well. For the reversed case three parameters,

i\Vqj^, aj^ and Ac, must be determined from the two crossing points and
flit should be expected that Vg j^, oj^ and Ac would not be well

determi ned.

V-4. FITTING SUBBANDS WITH LOCAL CROSSINGS

The data set for this test is the v^^;2v2 K=2 subbands of ̂ ^CDgF.
These states cross between J=14 and J=15. The model used has three

subband parameters for each state and one resonance parameter.

Hii = ^4(2) + a^(2)J(J+l) + B^(2)J^(J+1)^ (5-1)

H22 = v22(2) + a22(2)J(J+l) + e22(2)J^(J+l)^ (5-2)

Hi2 = = C422 fJ(J+l)-K(K-l) (5-3)
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TABLE V-7

STANDARD DEVIATIONS FOR CORIOLIS RESONANCE FITTING CASE 3
(in cm"^)

59

Iteration Op
''O ■^R ^total

1 3.2692 0.2114 2.1461 2.2611
2 1.6346 0.1301 1.0831 1.1346
3 0.8174 0.1132 0.5559 0.5744
4 0.4088 0.0801 0.2841 0.2911
5 0.2044 0.0819 0.1616 0.1577
6 0.1022 0.0841 0.1110 0.0997
7 0.0511 0.0856 0.0940 0.0791
8 0.0256 0.0127 0.0212 0.0205
9 0.0032 0.0016 0.0026 0.0025

10 0.0016 0.0008 0.0013 0.0013
11 0.0008 0.0004 0.0007 0.0006
12 0.0004 0.0002 0.0003 0.0003
13 0.0002 0.0001 0.0002 0.0002
14 0.0001 0.0001 0.0001 0.0001
15 0.0000 0.0001 0.0000 0.0001



60

The two in parentheses is to indicate that the parameters apply to

the K=2 subband. Starting values were chosen to insure a crossing

of the two calculated states. Ten iterations were performed which

_0

reduced the unweighted standard deviation to 3.1 x 10 cm . The

2\>2 line positions, except in the resonance region, are weak and most

of the larger residuals belong to low J lines which are blended

with the K=0 and K=1 2v2 lines of the same 0. Table V-8 gives the

values of all the parameters at each iteration. Table V-9 gives the

observed and calculated transition frequency for each observation.

The columns under S and S' are the assigned state index (1 for ,

2 for 2V2) and the algorithm reassigned state, respectively. For

this case, no assignment switching was done on the last iteration.

The calculated value of the resonance induced shift is listed in the

last column of Table V-9, where negative shifts are to lower fre

quencies. Note that the standard deviations apply to the parameter

set of the previous iteration. The fit in the region of the local

resonance, 13j<j£l7 is very good with the residuals less than 1% of

the resonance induced shift.
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TABLE V-9

62

OBSERVED AND CALCULATED FREQUENCIES
FOR THE SUBBAND FIT

Observed Calculated Observed-
K J S S' Frequency Frequency Calculated Shift

2 2 1 1 2237.5532 2237.5507 0.0025 0.0008

2 3 1 1 2237.5481 2237.5500 -0.0019 0.0021

2 4 1 1 2237.5479 2237.5492 -0.0013 0.0040

2 4 2 2 2234.4315 2234.4427 -0.0112 -0.0040

2 5 1 1 2237.5481 2237.5485 -0.0004 0.0066

2 5 2 2 2234.6062 2234.5970 0.0092 -0.0066

2 6 1 1 2237.5431 2237.5480 -0.0049 0.0100

2 6 2 2 2234.7850 2234.7815 0.0035 -0.0100

2 7 1 1 2237.5490 2237.5482 0.0008 0.0147

2 7 2 2 2234.9926 2234.9959 -0.0033 -0.0147

2 8 1 1 2237.5522 2237.5496 0.0026 0.0211

2 8 2 2 2235.2408 2235.2394 0.0014 -0.0211

2 9 1 1 2237.5542 2237.5530 0.0012 0.0301

2 9 2 2 2235.5136 2235.5110 0.0026 -0.0301

2 10 1 1 2237.5590 2237.5604 -0,0014 0.0436

2 10 2 2 2235.8107 2235.8089 0.0018 -0.0436

2 11 1 1 2237.5790 2237.5751 0.0039 0.0649

2 11 2 2 2236.1278 2236.1293 -0.0015 -0.0649

2 12 1 1 2237.6079 2237.6054 0.0025 0.1021

2 12 2 2 2236.4678 2236.4640 0.0038 -0.1021

2 13 1 1 2237.6727 2237.6721 0.0006 0.1762

2 13 2 2 2236.7904 2236.7919 -0.0015 -0.1762

2 14 1 1 2237.8233 2237.8252 -0.0019 0.3370

2 14 2 2 2237.0636 2237.0628 0.0008 -0.3370

2 15 1 1 2237.2236 2237.2231 0.0005 -0.2572

2 15 2 2 2238.1164 2238.1181 -0.0017 0.2572

2 16 1 1 2237.2964 2237.2958 0.0006 -0.1763

2 16 2 2 2238.5278 2238.5276 0.0002 0.1763

2 17 1 1 2237.3278 2237.3280 -0.0002 -0.1358

2 17 2 2 2239.0072 2239.0063 0.0009 0.1358

2 18 1 1 2237.3434 2237.3426 0.0008 -0.1129

2 18 2 2 2239.5359 2239.5312 0.0047 0.1129

2 19 1 1 2237.3488 2237.3486 0.0002 -0.0985

2 19 2 2 2240.0918 2240.0929 -0.0011 0.0985

2 20 1 1 2237.3474 2237.3500 -0.0026 -0.0887

2 20 2 2 2240.6909 2240.6871 0.0038 0.0887

2 21 1 1 2237.3480 2237.3488 -0.0008 -0.0817

2 21 2 2 2241.3148 2241.3116 0.0032 0.0817

2 22 1 1 2237.3494 2237.3460 0.0034 -0.0765

2 22 2 2 2241.9652 2241.9650 0.0002 0.0765



CHAPTER VI

BACKGROUND INFORMATION FOR ^^CD3F

VI-1. THE HIGH RESOLUTION INFRARED SPECTRUM OF ^^CD3F

13The infrared spectrum of CD3F was recorded on The University

of Tennessee 5-m Littrow spectrometric system (Jennings, 1974).

The spectrometer uses a 41 x 20 cm, 31.6/mm grating blazed at 65°.

The spectrometer is computer controlled during a scan with a PDPll/20

computer used to control the grating angle, the prism predisperser

angle and the ditital filtering of the incoming data.

13The spectrum of CD3F was recorded at pressures of 0.40 Torr

and 3.00 Torr using a 1-meter sample cell. The spectrum was

recorded three times for each pressure under identical conditions and

the three runs were averaged. The signal-to-noise ratio in each scan

ranged from 30 to 80 depending on angle and grating order. The

spectrum was recorded in three approximately equal sections of

95 cm~^ for each pressure. The three sections of the spectrum were

individually calibrated using the CO fundamental recorded in 12th

order. The CO line positions were determined in a separate piecewise

scan of the entire region in which only the CO lines and selected,

13 13well-isolated lines of CD3F were scanned. The CD3F sample con-
12tains a 10% impurity of CD3F and a trace amount of 003. The

standard deviation of the calibration fits and the prediction of the

63
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CO^ line frequencies indicate that the calibration accuracy ranges

from 0.0008 cm~^ to 0.0014 cm"^ depending on angle and order.

All data were recorded with a fix nominal slit width of 400 pm

yielding a resolution of 0.016 cm~^ with 0.0012 cm~Vdata point.

The spectral records were averaged, smoothed, baseline corrected

and deconvolved in the manner described by Blass and Halsey (1981).

The resolution after deconvolution was 0.006 cm"^. The calibration

was repeated after deconvolution with no appreciable improvement

since well-isolated single lines had been used in the initial

calibration.

The transition frequencies for the entire spectral record were

computer measured using a simple peak finding routine. The peak

finding routine stored the frequency and peak height in a permanent

file. This frequency list was used primarily to produce Loomis-

Wood type plots. Many of the assigned transition frequencies

particularly those belonging to the v.| band were remeasured using a

CRT display with a light pen controlled cursor. Approximately 4000

transition frequencies were recorded with nearly one-third of these

17belonging to CD^F.

VI-2. THE GROUND STATE CONSTANTS OF ^^CD3F

1 3The ground state constants for CD^F were determined from the

v-j transition frequencies measured in both the low and high pressure

runs. The constants Bg, Dg and Dg'^ere determined from a biweighted
fit of 501 combination differences. After 8 iterations the 412 non

zero weighted combination differences fit to a standard deviation
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-2 -1
of 1.29 X 10 cm . Since the uncertainty in a combination

difference is /2 times the uncertainty in the measurement of a

transition frequency the process was terminated after this iteration.

The results are shown in Table VI-1.

TABLE VI-1

GROUND STATE CONSTANTS OF IN CM"^*

Bq = .6708360(40)

Dq = 1.1004(44) X 10"^
= 7.292(42) X 10"^

*Values in parentheses are the standard error of the parameters
in units of the last digit quoted.

Various subsets of the ground state combination differences such

as high pressure run R transitions minus low pressure run P

transitions were also fitted to see if the calibrations had any

detectable systematic error. All such combinations gave essentially

the same results. An attempt to determine the higher order

J  JK KJground state constants Hg, Hg and Hg failed. These constants were

not statistically significant in the v.| ground state combination
1/

difference fit. The ground state parameters Ag and Dg were assumed

to be the same as for ^^CD^F (Daunt, 1979).

Ag = 2.604 cm"^ (6-1)
Dg = 16.2 X 10"^ cm"^ (6-2)



66

There are no reported values for the ground state constants of

^^CD3F.

VI-3. THE MOLECULAR PARAMETERS OF ^^CD^F

One problem in interpreting and analyzing the spectrum of an

13isotopically substituted molecule such as CD^F is the lack of

previously determined molecular parameters. Four of the fundamental

13vibrations of CD^F lie in the 10 pm spectral region and have not

been studied in any detail. These bands have overtones and binary

combination bands in the 5 ym region and most participate in the

resonance network and are of interest in this work.

13The molecular parameters for CD^F can be borrowed from

^^CD^F, ^^CH^F and ^^CH^F and to a lesser extent from other methyl
halides. In many instances the methyl fluoride molecular parameters

do not resemble the parameters of other methyl halides because the

molecular geometry is different (Duncan, 1968). The CH bond length

is increased for methyl fluorides.

12The spectrum of CD^F has been studied at 10 ym. The laser

Stark data of Duxbury and Freund (1977) were reanalyzed by Blass

(1982) using a perturbation analysis method similar to the algorithm

developed in Chapter IV. These results will be used as estimates for

13V3 and Vg of CD3F.
12The V2 and vg bands of CD^F were analyzed by Caldow and Halonen

1 ?(1982). The molecular parameters for CD3F V2 and are assumed
12to be equal to the values obtained in their CD^F analysis. These
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A  B A B Z Xvalues are included in Table VI-2 for 0.2, ^2' ̂ 5' "■B' ^5 ^25'
13The parameters for v-j and of CD^F in Table VI-2 are from a

preliminary analysis of the high resolution data of this work. The
D

a-j parameters were adjusted to account for the coupling scheme
.2v^.V2'^Vg.2v2.

The band centers are obtained from three sources. A 0.2 cm~^
13resolution FTIR spectrum of CD^F gives the band centers for v^,

and
-1 132v^. A 0.3 cm resolution Raman spectrum of CD^F gives the

band center for and The Vg band center was calculated

from matrix isolation spectra studies (Gauthier-Roy, 1981). The Vg
fundamental is not well known at this time. It is assumed to be

5 cm"^ below Vg for ^^CDgF.
13The initial estimates for the molecular parameters for COgF

are listed in Table VI-2. The a and c parameters for the combination

bands and overtone bands are just the sum of the a and c parameters

for the fundamentals. The Fermi resonance parameters are estimated

from Champion (1982). The Fermi parameter W-jgg is adjusted downward
to give relative intensities for v.| and 2vg in agreement with the
estimated band strengths from the FTIR spectra I(v.j )/I(2vg) = 6.
The Fermi parameters were also scaled proportional to the vibrational

energies, i.e.,

V, +2vp(^^CD.,F)
Wi22( CD3F) = v.,+2v2(CH3F) '
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TABLE VI-2

ESTIMATED MOLECULAR PARAMETERS FOR F

(all values in cm-l except !;'s)

^0
A

a
B

a

^1 2102.1 0.0188 -0.0035

^2
1114.1 -0.0056 0.0033

^3 986.0 0.0012 0.0029

^4 2241.35 0.0120 0.0004 0.179

^5 1077 0.0142 -0.0033 -0.2969

"6 907.0 -0.0063 0.0054 0.2543

V2+V3 2092.5 -0.0044 0.0061

2v5(il=0) 2131.8 0.0284 -0.0066

2v2 2228.8 -0.0112 0.0066

Vj+Vj 2183 0.0086 0.0000 -0.2969

2058 0.0154 -0.0004 -0.2969

Vj+Ve 2021 -0.0119 0.0087 0.2543

iL = 0.5422

4=
"155 = IS-S
W^22 = 27.0

*^2255 "



CHAPTER VII

THE BAND OF

VII-1. OVERALL APPEARANCE OF THE BAND

The v-j band from 2048.75 cm~^ to 2133.0 cm'^ of ^^CD^F is shown
in a Loomis-Wood type plot in Figure VII-1. In this plot the value

of B, one-half the width of each section of the spectrum, was varied

from 0.6248 cm~^ at the bottom of the plot to 0.6712 cm"^ at the band

center to 0.7256 cm"^ at the top of the plot. This plot covers

the band from P^g through R^^. In the R-side of this band there are

many scattered lines which have been assigned to 2vg.

In Figure VII-1, the value of B was varied so that the low K

subbands formed nearly straight lines for J less than 20. The low K

subbands all bent downward at higher values of J indicating the

effects of a nonlocalized interaction. There are also several local

resonances affecting the K=5 through K=9 subbands. The v-j spectrum

has been assigned through K=16 including doubled transitions in the

K=5 through 8 subbands. There are also weaker localized interactions

in the K=0, 4, 6, 7, and 14 subbands which are not evident in the

condensed plot shown in Figure VII-1.

VII-2. NON-PERTURBATION FIT

The assigned transition frequencies for are converted to

effective Q-branch transition frequencies using the ground state

69
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parameters from Table VI-1 (p. 65). Over 300 Q-branch frequencies

were fitted to a fourth order Hamiltonian model to yield approximate

effective molecular parameters for the v-j band. In this bi-weighted

fit a 3a cutoff was used and approximately half of the observations

were eventually given a weight of zero. The final weighted standard

-  -1deviation after 10 iterations was 2.1 x 10 cm , or approximately

twice the experimental uncertainty in a measured transition fre

quency. The parameters from this fit are given in Table VII-1. The

[/
values for the e coefficients, particularly 6 are larger than

expected from the order of magnitude estimate for h)| parameters as

described in Chapter I, indicating that the B coefficient are

accommodating a resonance effect.

TABLE VII-1

.,.,ERS FOR THE v, u.

(all values in cm"^)
EFFECTIVE PARAMETERS FOR THE v, BAND OF ^^CD.,F*

Vq = 2085.9125(21)

=  1.88120(9)

= -1.694(6)

3^ = -5.4(12) X 10"®

=  8.2(3) X 10"^

B^ = -4.85(5) X 10"®

Weighted a = 2.1 x 10"®

*Values in parentheses are the standard errors in units of the
last digit.
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VII-3. THE v-j SHIFT FOR THE v-j :2vg:v2+Vg:2v2 COUPLING

Using the estimated parameters established in Chapter VI the

v-j shift for the v-j :2vg:v2+vg:2v2 coupling can be estimated. In this

calculation the seven state Hamiltonian shown in Figure VII-2 is

diagonalized for K = 12 and = 30 and the v, shifts are
max max 1

fitted in the same manner as a set of parallel band Q-branch

transition frequencies. The results are shown in Table VII-2 for the

parameters listed in Table VII-3.

The induced rotational effects from the v-j :2vg:v2+vg:2v2

resonance chain are seen to be poorly described by this six parameter

model. The large value for the standard deviation indicates that the

v.| shift cannot be effectively absorbed into the v.| parameters even

if 3 parameters are included. The ab-j parameter is dramatically

changed when the J value for shifts included in the fit is limited to

20. In neither case do the induced ab-j terms reflect the 3i parameters

from the v-j non-perturbation fit. This might be remedied by reducing

the Fermi resonance parameters W122 and W-jgg.

VII-4. THE CROSSING

Part of the discrepancy in the v-j shift fits is due to a crossing

between v.|(K) and 2v^{K-2,i=-2). This is a curious interaction and is

indicative of the problems involved in fitting a complex system of

vibration-rotation interactions. This is termed a second order inter

action because there is no direct coupling between these states in the
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TABLE VII-2

ESTIMATE FOR THE v, SHIFT FOR THE v,rZv.iv.+v.iZv.
Hamiltonian ,

(all values in cm" )

74

J  =30
max

J  =20
max

Av-j: -16.194 -16.191

A A.Aa-j : -0.00188 -0.00064

A B.Aa-j : 0.00325 0.00315

AglJ: -5.3 X 10"^ -7.0 X 10"^

A3f: -9.2 X 10"^ -9.9 X 10"®

Ae![: -1.13 X 10"^ 2.33 X 10"®

a = 0.029 a = 0.007
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TABLE VII-3

ESTIMATED PARAMETERS FOR THE v, :2v(.:v„+vr :2v,
HAMILTONIAN ' ^ ^ ^

(all values in cm"^ except

^1 =^  2102.0943

Aai 0.018812

= -0.0034

2131.875

±2

""55 " 2139.070

=

"is =

0.024

0.0

=

-0.29

V^+Vj = 2174.5

A

°'25
B

"25 =

0.008

0.0

2v2 = 2228.785

A

"22
B

"22

-0.012

0.0

^155 = 21.6

Wi22 = 27.5

*^2255 " -3.88

•-25 0.55

^5 = 0.0025
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Hamiltonian used in the simulation. However, if the Fermi resonance

between v-| and 2v^(z=0), the ^-doubling in 2vg and the Coriolis

resonances linking 2vg, there must be a local
_2resonance effect where v.| and 2vg cross. The band center for

±2 -P2vg must be adjusted so that the crossing between v.| and 2v~

corresponds to an observed local crossing in v.|. The parameter
p

IS defined as the effective resonance parameter for the v,:2vr
I  b

second order interaction.

_2With the simulation parameters of Table VII-3 the 2v^ and v-]

states cross at K=5, J=22->23 in v.|. The crossing point is nearly

independent of for values of from -0.01 cm~^ to 0.01 cm~\ The

average shift for J=22 and J=23 is a good measure of the effective

_2resonance parameter X.|gg between v.| and 2v^ . Values of X-j^g and q^

are listed in Table VII-4. This represents an instance where if a

resonance is to be properly fitted the sign as well as the magnitude

of the resonance parameters must be correct. This resonance is

indicated as X-j^^ in Figure VII-3.

VII-5. LOCALIZED CROSSINGS IN THE v., BAND

The K=5 through K=8 subband residuals are plotted against J in

Figure VII-3 through Figure VII-6. The residuals are the observed

effective Q-branch transition frequencies minus the frequencies

calculated using the effective v.| parameters listed in Table VII-1.

There are localized resonances in each of these subbands which have

been unambiguously assigned. The band interacts with v-j with
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TABLE VII-4

EFFECTIVE RESONANCE PARAMETER Xing FOR THE 2v"^:v,
SECOND ORDER INTERACTION

1/2 qg (10~^ cm"^) X-j^g (cm"^)
-2.00 1.743

-1.50 1.647

-1.00 1.551

-0.50 1.454

0.00 1.357

0.50 1.263

1.00 1.164

1.50 1.067

2.00 0.970

2.50 0.874
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both a Coriolis (type II) and a type IV rotational resonance. The

AK=A£=±] resonance produces crossings in v, at K=6, J =10.5; K=7,
i  X

J =15.5; and K=8, J =19, where J is the approximate value of J at
X  X X

exact resonance. The effect is observed for the K=9, 10, 11, and 12

subbands also, but transitions for J>J for those interactions have
A

not yet been assigned. The ak=A£=±1 crossings are indicated by ^135

in the residual plots.

The K=5 subband of v.| exhibits a localized crossing with

= 24. This has been assigned as a ak=+2, A£=-1 (type IV) resonance

between v.| and • This resonance effect is indicated by in

the residual plots. The two resonances between v.| and ^3+^5 can only

be realized if the resonances between ^3+^5 and ^ strong

Coriolis resonance, and the resonance between v.| and ®

Fermi resonance are taken into account. Using the estimated values

A  R A R ZTon ^2+3' °'3+5' ^3+5' ̂ 5' ̂ 123 ^25 Chapter VI, the

be:band centers of ̂ 2"''^3 ^3''"^5 found by trial and error to

v^+v^ ̂  2092.8

v^+v^ 2053.4

These estimates give a reasonable agreement for the crossing J

values for both resonances. However, the crossing in the vi(K=8)

subband is not with V3+Vg but with V2+V2 for this parameter set. The

K=8 subbands of v^+v^ and v^+v^ are almost identical and the state

which actually crosses v-j is almost an equal mixture of the two

states since the C25 resonance parameter is large.
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There is one additional localized crossing which has been

assigned. This occurs in the K=8 subband at about J =25. The exact
X

crossing point is difficult to estimate since it is very near to the

aK=A£.=+1 crossing with interaction is labeled

R-]2g in the residual plots. The resonance parameters for these

interactions can be estimated from the separation of the doubled

transitions where AE ̂  0 for the two bands since the coupling types

are known. These are listed in Table VII-5.

TABLE VII-5

COUPLING CONSTANTS FOR THE LOCAL CROSSINGS IN v
1

^135 = ±0.0299 K=6

^135 = ±0.0290 K=7

^135 = ±0.0279 K=8

"^135 = ±0.00149 K=5

^^126 = ±0.00166 K=8



CHAPTER VIII

THE 2v5(£=0) band OF

The ^2 and bands of methyl halides characteristically exhibit

a strong Coriolis (type II) interaction. In addition the Fermi

resonance between v-j and 2v^(z=0) is strong. These effects combine
11to produce very strong perturbation effects in 2vg(5,=0) of CD^F.

VIII-1. SUBBAND FITS FOR 2v5(£=0)

The close proximity of both (av ^ 30 cm~^) and V2+Vg (av ̂
45 cm and the large interaction parameters (C25 ̂  0.55 cm~^ and
W155 ̂  20 cm ^) combine to produce a highly irregular band labeled
as 2vg(ji=0) but containing a substantial contribution from both v-]

and V2+Vg. The strong rotational effects induced by the Coriolis

resonance render the Loomis-Wood technique of little use for the

2v^(z=0) band. The 2vg(£=0) band has been assigned for K=0 through

14 for J up to 25 for low K values and J up to about K+6 for the

higher K values. For subbands with K<8 the strong Coriolis resonance

with V2+Vg pushes the 2v^(z=0) states downward and for subbands with

K^9 this same interaction pushes the 2vg(£=0) levels upward. The

effective a parameter for 2vg(ji=0) can be written using the effective

parameter method described in Section 111-4 as

B  ̂ B ^ ^^25^^ . ^^25'^
ctobs^"^) ^ "true aE-wK aE+wK " ^

B  BHere is the effective a parameter for the K-th subband,

84
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B  B y

"'true "'55 absence of the Coriolis resonance, - /2 B
is the interaction parameter and AE±wK the subband energy differences

between 2vg(£=0) and V2+Vg(£=±l). The parameter w is defined by

w = ZCA-B-Ae^) = 5.375 cm"^ (8-2)

for Cg = -0.29 cm \ Equation (8-1) can be rewritten

- "Le ̂ 2V(k2-k2) (8-3)

where is the estimated value of K for which 2vg(£=0) and

v2+v5(£=-1) are equal. The measured values of ct^(K) are given in
Table VIII-1. Since a^(8) ̂  -a^(9) = 8.5 is assumed. Then

Eq. (8-3) is least squares fitted to the measured values to yield

a
B  _ n nno-,0 __-l
true

-0.00018 cm (8-4)

(C25)^/w = 0.0631 cm"^ . (8-5)

From Eq. (8-5) and Eq. (8-2), C25 is determined to be -0.582 cm~^ in
agreement with the value determined by Robiette (1981), C25 = -0.514

12for CD^F in a force field calculation. The sign of C25 is taken

to be negative to agree with the force field calculation since the

argument here can only determine Since aE - wK^ = 0, aE can be

estimated.

AE = wK^ = 45.69 cm"^ . (8-6)



T
A
B
L
E
 
V
I
I
I
-
1

1
3
.

SU
BB
AN
D 

FI
TS

 F
OR
 2

vg
(J

l=
0)

 O
F 
'
 ̂C
D„

F
(a
ll
 
va
lu
es
 e
xc
ep
t 

K 
an
d 

nu
mb

er
 o
f
 l
in

es
 i

n 
c
m
"
 )

K

N
o
.
 
o
f

L
i
n
e
s

v
(
K
)

a^
(K
)

3^
(K

)

o-

0
1
7

2
1
4
2
.
8
7
3
0

0
.
2
1
1
0
E
-
0
1

-
0
.
8
8
6
6
E
 
-
0
5

2
1
4
2
.
8
7
3
0

1
2
3

2
1
4
2
.
7
4
9
4

0
.
1
3
4
2
E
-
0
1

0
.
8
6
2
5
E
 
-
0
5

2
1
4
2
.
7
4
9
4

2
2
2

2
1
4
2
.
7
2
6
8

0
.
1
4
6
9
E
-
0
1

0
.
6
8
4
9
E
 
-
0
5

2
1
4
2
.
6
9
7
4

3
2
2

2
1
4
2
.
6
5
5
1

0
.
1
5
9
6
E

-
0
1

0
.
6
8
4
4
E
 
-
0
5

2
1
4
2
.
5
5
9
6

4
2
2

2
1
4
2
.
5
6
4
4

0
.
1
8
0
2
E
-
0
1

0
.
8
2
1
7
E
 
-
0
5

2
1
4
2
.
3
4
9
4

5
2
0

2
1
4
2
.
4
6
7
9

0
.
2
1
2
6
E
-
0
1

0
.
1
1
2
8
E
 
-
0
4

2
1
4
2
.
0
4
7
1

6
1
2

2
1
4
2
.
7
5
9
9

0
.
3
2
3
5
E
-
0
1

0
.
3
4
4
0
E
 
-
0
4

2
1
4
1
.
8
2
0
2

7
8

2
1
4
3
.
4
2
9
5

0
.
5
3
6
7
E
-
0
1

0
.
9
4
2
8
E
 
-
0
4

2
1
4
1
.
3
4
1
6

8
5

2
1
4
4
.
5
8
0
6

0
.
7
5
2
4
E
-
0
1

0
.
1
1
6
6
E
 
-
0
3

2
1
4
0
.
7
3
2
8

9
1
7

2
1
3
9
.
4
6
2
7

-
0
.
3
6
6
3
E
-
0
1

-
0
.
2
2
1
6
E
 
-
0
4

2
1
4
1
.
9
8
5
1

1
0

7
2
1
3
6
.
8
7
6
2

-
0
.
4
3
1
0
E
-
0
1

-
0
.
3
7
7
3
E
 
-
0
4

2
1
4
0
.
4
4
9
8

1
1

7
2
1
3
6
.
2
5
0
9

-
0
.
3
5
5
8
E
-
0
1

-
0
.
2
9
1
2
E
 
-
0
4

2
1
3
9
.
8
1
2
9

1
2

4
2
1
3
6
.
3
6
2
5

-
0
.
2
5
0
5
E
-
0
1

-
0
.
2
3
5
9
E
 
-
0
4

2
1
3
9
.
2
5
8
5

1
3

3
2
1
3
6
.
4
4
7
3

-
0
.
1
5
7
2
E
-
0
1

-
0
.
1
2
1
4
E
 
-
0
4

2
1
3
8
.
6
0
4
1

1
4

3
2
1
3
6
.
4
7
8
7

-
0
.
8
3
1
4
E
-
0
2

-
0
.
9
2
8
0
E
 
-
0
6

2
1
3
7
.
9
6
1
2

0
0
a
\



87

The Coriolis resonance between 2vg(£=0) and V2+Vg(£=±l) cannot

be considered a localized resonance. The V2+Vg(£=+1) and V2+Vg(£=-1)

components leave nearly equal effects on 2vg(£=0) for low K subbands.

The effects of the AK=A£=+1 resonance decrease gradually as K

increases while the AK=A£=-1 resonance increases markedly as K

approaches K =8.5. The upper state of the 2vr(£=0) transitions
X  V

for K=J are not perturbed by the aK=A£=+1 interaction since the

interaction term C25 /J(J+1)-K(K+l) goes to zero. The aK=A£=-1

resonance term /J(J+1)-K(K-l) is not zero until J=K-1, which is

not possible since J must not be less than K. However the resonance

effect smoothly approaches zero as J decreases toward K. If the

"QK,K-1" transition is calculated based on the subband fit and Vq

can be estimated from the equation

QK.K-l 5 4 . (8-7)

B  BThe aggK term is neglected since is very small. Equation (8-7)
A

IS least-squares fitted to determine Vq and a for 2vg(£=0). In this

fit the QK,K-1 value for the K=8 and K=9 subbands do not fit because

the approximations break down where the resonance is nearly exact.

These values are excluded from the final fit used to determine Vq
A

and a for 2vg(£=0).

vg = 2142,80 cm~^ (8-8)

= 0.0247 cm"^ . (8-9)
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A  A 12The a value is in good agreement with the value of for CD^F

determined by Caldow and Halonen (1982) in fitting the and

fundamentals. This value yields

"55 " ̂"5 " 2(0.0142 cm"^ = 0.0284 cm"^ . (8-10)

The frequencies of the Q-branch transitions are shown in

Figure VIII-1 for K_<8. In this representation a dot is placed at the

coordinates (K ,V(J,K)). The QK,K-1 pseudo frequencies are indicated

with an open circle and the line connecting the open circles

represents Eq. (8-7) for the parameter values given in Eq. (8-8) and

Eq. (8-9). The K=0 and K=1 subbands were omitted in Figure VIII-1
D

to avoid crowding but were included in both the a and QK,K-1 fits.

fl

The agreement in and C25 and the quality of the QK,K-1 fit indi

cate that the 2vg(£=0) assignments are correct. It is possible that

the transitions for the K=8 and K=9 subbands but not both might

later be reassigned to V2+Vg(t=-1). The parameters determined in

this analysis are summarized in Table VI1-2.

VIII-2. OTHER INTERACTIONS IN THE 2v5(t=0) BAND

In the subband analysis in the preceding section some

simplifications had to be made. The Fermi resonances between

2vg(j!,=0) and and between 2vg(t=0) and 2v2 were ignored. The

2vg(£=0) spectrum is also affected by the Coriolis resonances

between 2v2 and V2'''^5 between ^2+^^ and 2vg(£=±2). The inter

action constant for these Coriolis resonances should be approximately
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equal to the value of C„_ determined from the 2vr(ji=0) subband

analysis. Since the Coriolis and Fermi resonance parameters are

large it is likely that higher order interaction terms may be

necessary to define these resonances. These terms have proven to be

significant in the analysis of CH^F (Champion, 1982).

ESTIMATED PARAMETERSTERS

TABLE VIII-2

13.FOR THE 2vc(il=0) BAND OF '•^CD3F
(all values in cm"^)

Vq = 2142.80

/  = 0.0247

=  -0.00018

C25 = -0.582

V2+V5 = 2185.80

The parameters listed in Table VIII-2 were used to estimate the

total rotational perturbation shift for the 2vg(£=0) effective Q-

branch transitions. These are used to generate Figure VIII-2. The

solid lines of Figure VIII-2 represent lines of constant rotational

perturbation shift a,for a = -1, -2, ... , -10 cm"\ where a negative

shift implies a shift to lower frequencies. For each value of K

the value of J corresponding to each value of a is determined using

a linear interpolation between J values. That is, if the shift is

-3.4 at K=2, J=13 and the shift is -4.2 at K=2, J=14, the shift is
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assumed to be -4.0 for 0=13.75. The shifts are plotted only for K^S

because the number of observations for K^9 (a>0) is not sufficient to

produce a meaningful plot.

The K=0 and K=1 subbands are seen to behave differently than the

other subbands for K_<8. This is evident in the a(K) and e(K) values

in Table VIII-1 and in the perturbation plot of Figure VIII-2. Since

no vibrational levels other than 2vg(±2) are near 2vg(£=0) for K=0 or

1, this can only be explained as an Ji-resonance effect. There are

two possibilities for an Ji-resonance corresponding to aK=A2,=±2 and

aK=±1 , aj!,=+2. The (K,Ji) = (0,0) subband would be linked to the (K,£) =

(2,2) and (K,£)=(l,-2) subbands, respectively, for these two cases.

The difference in the subband energies for the aK=aji=±2 case is

aE^2 +2 ̂  2v^(K=2,Z=2) - 2v^(K=0,Si=0)

-  - fl55 " ■ 2A?5'2'(2)

= Gg - + 13.77 cm"^ , (8-10)

where Gg is the difference between 2vg(j,=±2) and 2vg(s,=0) in the

absence of any resonance and F^j^g is the shift in 2vg(£=0) due to the

v-|:2vg(£=0) Fermi resonance. The parameters in Table VI-2 (p. 68) give

an estimate of F.jgg = 8 cm~^. For aE in Eq. (8-10) to be near zero
Gg must be approximately -5.8 cm"^. Normally the E band (az=±2) of
the overtone of a degenerate fundamental lies above the A band (aji=0).

The subband energy difference for the aK=±1, az=+2 ^-resonance

is given by
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-'5 " '^155 " • (8-n)

This gives an estimate of Gr ^ 9.1 cm"^ for aE , 0. This is in
0  ±I ,+c

agreement with the value of determined by Champion (1982) for

CH^F where G^ was found to be 9.35 cm"^. For a value of G^ = 9.1 cm~^
the (K=1,£=0) subband lies just above the (K=2,=£-2) subband possibly

causing the high J states of the (K=1,£=0) subband to be pushed up

ward explaining the K=1 shifts seen in Figure VIII-2. It seems clear

that the (±l,+2) ̂ -resonance is important in describing the 2vg(5,=0)

band but this resonance parameter is difficult to estimate since both

states are highly perturbed by the strong Coriolis resonances. The

value of Gg = 9.35 cm~^ is consistent with the crossing of 2v^(z=-2)
and v-j occurring in the K=6 subband of .



CHAPTER IX

THE BAND OF

IX-1. OVERALL APPEARANCE OF THE BAND

The band of ̂ ^CD^F from 2160 cm~^ to 2220 cm"^ is shown in
Figure IX-1 and from 2200 cm~^ to 2300 cm~^ is shown in Figure IX-2.

The B value for these Loomis-Wood type plots was not varied across

the band and was equal to Bq, the ground state B value. Several

conclusions can be immediately drawn from the plots in Figure IX-1

and Figure IX-2. First, the band is relatively unperturbed com-

13pared to other bands of CD^F in this region. Second, the value of
p

ot^ must be relatively small.

There are several local resonances seen in v^. The RRO,J and

RPO,J transitions are pushed to higher frequency while RQO,J is

pushed downward indicating a (±2,±2) Ji-resonance. There is a strong

local interaction affecting the KAK=-1 and KAK=-2 subbands. The

KAK=-6 subband is pushed to high frequencies and there are weak

crossings in subbands for KAK=-7, -8, -9, -10, -11, +9, and +10.

These interactions are the result of a Coriolis (type II) interaction

with 2v2 and a type IV, AK=Aii=±2 interaction with V2+Vg. An additional

coupling term is needed to explain the crossings at high K. The 2v2

and interact through a very strong Coriolis resonance.

For K less than seven 2v2(K) is pushed to higher frequencies and

'^2^^5 ) is pushed to lower frequencies. For K greater than

94
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seven the subband order is reversed for these two bands. This

allows Vo+vt^ to cross from below for K=5 and from above for K^6.
C O 4

Thus PQg of is crossed from below and PQ^^pq.|.j are crossed from

above. This second order interaction causes the weak splittings in

RQg and RQ-jg also. The band has been assigned for KaK from -18

to +16. In addition about 130 Zv^ transitions have been assigned

for K£6, mostly in the regions where Zv^ and have local

interactions.

IX-2. NON-PERTURBATION FIT OF

The observed transition frequencies for were converted to

effective Q-branch transitions and fitted to an energy expression

using elements from the Hamiltonian through h^ and the g terms from

h^, This was a biweighted fit with J„3„=30 and K„-^=16. The
H  max nicix

-3 -1
weighted standard deviation was reduced to 1.4 x 10 cm when

approximately half of the 600 observations were zero weighted

after 30 iterations. The results of this fit are listed in

Table IX-1.

The values of the parameters are in agreement with the

assumption that is relatively unperturbed. The n and g parameters

are not indicative of global resonance effects.

IX-3. LOCAL RESONANCES

The ^,-resonance in affects only the K=0 subband. The

residuals from the non-perturbation fit of for the RRg and RPg
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TABLE IX-1

EFFECTIVE PARAMETERS FOR V4 OF ^^CD3F FROM
A NONPERTURBATION FIT

(al 1 values in cm"^)

Vq = 2242.4408

A?J = 0.45952
aj = 1.2022 X 10"^
^  - 3.4994 X 10"^

-6
=

<^4

 -6.026 X 10

nl^ = 2.003 X 10"^

-  5.036 X 10"^

64'^ = 2.790 X 10"^
^  - 6.23 X 10"®

1 '4 X 10"®weighted

upper state (effective PQq transitions) are plotted in Figure IX-3.

The RQq subband assignment is based on the assumption that the two

subbands are symmetrically perturbed for lower values of J. This is

not the case for J>20 as the RRg subband is pushed up at high J by

the Coriolis interaction with 2v2. The ii-doubling parameter is

estimated from the shift at J=10 to be

= ±0.74 X 10"® cm"^ . (9-1)

The v4:2v2 Coriolis interaction is difficult to analyze because

of the nature of the 2v2 band. The 2v2 band is part of the
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2v2:v2+v^:2vg:v-| interaction system. The effective interaction

constants when only and 2^^ are considered exhibit a decrease as K

increases. The individual subbands can be fitted with a simple

model however. The resonance parameter from the K=2 subband fit

where the overall fit is good is

0^22 = 0.0263 cm"^ . (9-2)

For the secondary resonance effect producing crossings in the PQy,

PQg, PQg, PQ.|q and PQ.ji subbands the resonance parameter is seen to

become smaller as K increases. This parameter is estimated from

the doubled transitions in PQg.

R425 = 0.00072 cm"^ . (9-3)

This resonance produces crossings in RQg and RQ.jg but the resonance

parameter is difficult to estimate for this case because the RR sub-

band structure is overlapped for K=8 through 14. For the localized

resonance in the ii=-l component of v^, the intensity sharing is such

as to deplete 2v2 below the crossing point and enhance 2v2 above the

crossing point. There is a second crossing in the PQ2 subband at J=25

which has been assigned as a AK=-2, aj!,=+1 resonance with 2v2. The

interaction parameter from doubled transitions is estimated to be

R^22 = 0.00030 cm"^ . (9-4)

The PQ.| and PQ2 subband resonance shifts are plotted in Figure IX-4.
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IX-4. THE 2v2 band

The 2^2 band has been assigned for K=0 through K=5. These

subbands have been fitted separately along with the subbands.

The 2v2 results are listed in Table IX-2. A three state Coriolis

analysis was not successful for and 2^2 because of the strong

Fermi and Coriolis effects in 2vo.

TABLE IX-2

SUBBAND FITS FOR OF ^^CD^F

K  # Lines Vq(K) a^(K)xlO^ B^(K)xlO^
0  18 2234.1560 -14.61 0.87
1* 22 2234.1642 -14.96 -0.82
2* 19 2234.1358 -15.72 -0.74
3* 25 2234.0988 -17.14 -1.09
4  16 2233.9123 -18.33 -1.91
5  12 2233.7626 -23.41 -3.08

-l.o., r.. .„-l;2v cm2 crossing included in fit. All values in

A  AThe estimated value for a22 'f'^om the subband fits is 0.22 "

-0.0165 cm~^ in modest agreement with the value obtained from the
1 ?analysis of V2 of OD^F (Caldow and Halonen, 1982)

a22 = 2 • a2 = -0.0112 cm"^ . (9-5)
g

The a22 values from the subband fits does not agree with the value
B  -1of a22 ̂  0.0066 cm" from the ^2 analysis because of the strong

Coriolis resonance with V2+Vg(x,=±l). The resonance parameter linking
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these states differs from the resonance parameter for the

2vg(j!,=0):V2+Vg(£=+1) coupling by a factor of /2. When the 2v2:v2+vg
g

coupling is considered the 0^2 subband values are not unreasonable.



CHAPTER X

FITTING THE 5 urn SPECTRUM OF ^^CD3F

X-1. THE HAMILTONIAN

1 3At this point only twelve of the 24 vibrational levels of CD^F

near 5 ym are under consideration. These levels are v^(i!,=±l), 2v2,

v2+v5(£=±1), 2v3(]1=0,±2) , V2+V3, v-j and V3+V3(£=±l). The omitted

levels are V2+Vg(ji=±l), Vg+Vg(£3=±l ,£g=±l), V3+Vg(£=±l) and

2vg(£=0,±2) and are found at lower frequencies. The omitted levels

are coupled to the levels being considered through several inter

actions, but only the aK=+2,A£=-1 interaction between v-j and

v2+v6(£=-1) produces a directly observable effect. The observed

transition frequencies above 2045 cm"^ are assigned principally to

V"!, v^, 2vg(£=0) and 2v2. Local resonances give rise to transitions

assigned to V2+V3, V2+Vg, 2vg(£=-2) and V3+Vg(£=+1). The Hamiltonian

describing the twelve states under consideration is very complex and

in this work only interactions with aK-za£=0 are considered. The

Hamiltonian used in this analysis does include all possible

aK-i:a£=0 interaction terms which result in a local resonance or a

strong global resonance. Some weaker global resonances are being

omitted at this time.

The Hamiltonian model used in this analysis is found in

Table X-1 and Table X-2. In Table X-2, C^^ is symbolic for a

aK=A£=±1 Coriolis resonance parameter, is symbolic for a

104
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TABLE X-1

DIAGONAL TERMS IN THE 12 STATE HAMILTONIAN

FOR AK-^A^=0

Ti
~

I

II

r—
1

'2,2 = v^(K+l, ̂ -^=+1)

3,3
= 2v2(K)

'4,4 = v2+v5(K-1 , £g=-l)

'5,5 = v2+V5(K+1, ̂ 5=+1)

6,6
= 2v5(K-2, £^=-2)

7,7
= 2v5(K, £5=0)

8,8
= 2vg(K+2, £5=+2)

9,9
= v-,(K)

10,10
= V2+V2(K)

11,11
= ^^3+^^5(K-"I .

12,12
=
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TABLE X-2

OFF-DIAGONAL TERMS IN THE 12 STATE HAMILTONIAN

FOR AK-^A£=0

'l,2
=

^4 ̂ +1^-1

'l,3
=

^224 ^-1

'l.4 =

*^245

'1,7 = ^455 ^-1

'2,3 =
P  "f
^224 +1

2,5
=

*^245

2,7
= ^455 ^+1

3,4
= (025-0^50(0+1

3,5
= (025-0^50(0+1

4,5
=

^5 ̂ +1^-1

4,6
= (025-0^50(0+1

4,7
= (025-0250(0+1

4,9
= ^125 ^-1

5,7
= (0^5-0^^0(0+1)-025K^

5,8
= (025-0^50(0+1)-0^5K^

5,9
=

^125 ^+1

6,7
= ^5 ̂ -1^-2

6,11
=

•^35

7,8
=

^5 ̂ +1^+2

7,9
= W,55-W^550(J+1)-W^55

7,10
= *^2255

7,11
= ^35 ̂ -1

'+1
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TABLE X-2 (continued)

^7,12 =

^35 ^+1

^8,12 = ^35 ^+2"^

^3,9
=

^3,7 = *^2255

•^10,11
= 45 f-1

^10,12 = 45 ̂ 2

^11,12
=

4 4i^-i

^9,12 =

^135 4l

^9,11 =

^135 ^-1

^9,10 = ^123

^1.5 = 425 41^-2

^2,4
=

425 4i42

^1,9
=

^14 ̂ -1

^2,9
=

^14 4l

^ij
=

4i
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aK=A2,=±2 ^-resonance parameter, and is symbolic for a aK=A£=±2

type IV coupling parameter. The functions f^^ are defined by

f^^ = /J(J+1)-K(K±1) (10-1)

f^2 = /J(J+1)-(K±1)(K±2) (10-2)

The strong Coriolis coupling between states with V2 and components

and the strong Fermi resonances coupling v-j, 2vg(ji=0) and 2v2 were

expanded to include the first higher order terms with coefficients

J(J+1) and K , where K is the K of the i!,=0 states. The ^25 Coriolis

parameter is separated for the various V2'^5 "'nts'^actions since the

coupling parameters may differ slightly. Note that the Coriolis

couplings for 2v2:v2+vg, V2+Vg:2v^(£=±2) and v2+Vg;2vg(ji=-2) have an
A  R

additional factor of /2 (Grenier-Besson, 1960). The a and a

parameters for 2v2, constrained to force

internal consistency among these parameters. There are a total of

54 parameters used in the Hamiltonian model. Of these 28 are diagonal

and 26 are off-diagonal or resonance parameters.

X-2. RESULTS

The diagonal and off-diagonal parameters estimated in

Chapters VI, VII, VIII, and IX give a qualitative fit to the observed

135 ym spectrum of CD^F when the Hamiltonian of Table X-1 and

Table X-2 is used. The standard deviation is 3.72 cm"^ with the

largest residuals corresponding to transitions affected by resonances

with aK-ea£=±3 which are not included in the model Hamiltonian. The
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region of close resonance between V2+Vg(ji=-1) and 2vg(s,=0) exhibits

large residuals also but there are many terms in the model Hamiltonian

which can affect these transitions and it is reasonable to assume

that these residuals can be greatly reduced with the restricted

Hamiltonian model through the process of refining the parameter set.

For all the parameter refinements reported in this work only

transitions with and K£l2 were considered. Also, those

transitions noticeably shifted by resonances with AK-EAii^O are

excluded.

1  KIn the first attempt to refine the parameter set, all n and n

parameters and the higher order Coriolis and Fermi resonance

parameters were initialized to zero. All parameters were refined

simultaneously using a damping factor of one-half. This refinement

process was generally successful when fitting simulated data, but was

13not successful for the 5 ym CD^F observations. In fact the refine

ment process diverged in only a few iterations with most of the

parameter values becoming unreasonable. Failure to converge when all

parameters are simultaneously refined is not surprising when the

complexity of the model Hamiltonian is considered. The high degree

of correlation between the Fermi parameters and the 5,=0 band centers

is a problem since these parameters seem to diverge most rapidly.

In additional attempts to refine the parameter set, the

problems encountered when simultaneously refining all the parameters

were minimized by refining the parameters in subsets. One effective

method of dividing the parameters into subsets is to refine only
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diagonal or only off-diagonal parameters. This greatly stabilized

the refinement process. The parameters for V2'''^3

still unstable. When these parameters were held constant and the

remaining diagonal and off-diagonal parameters alternately refined

the standard deviation was reduced to less than 0.1 cm"^ in 20

iterations. At this point most of the parameters had reasonable

A  B Zvalues except 0-2^, 025 and Other parameters which had reasonable

size values did not agree well with their initial values. The

largest residuals for this refinement are in possibly because the

V2+V3 and V3+V3 parameters have not been refined. The v-j observations

account for two-thirds of the total variance. The refinement process

Z  A Bwas repeated with , a2^ and 02^ fixed. The standard deviation after

the diagonal and off-diagonal parameters were alternately refined

three times was 0.82 cm"^. These parameters are listed in Table X-3.

X-3. CONCLUSIONS

An algorithm for fitting perturbed spectra of axially symmetric

molecules has been developed and tested. This method has been tested

with simulated and real spectra. The tests are not completely con

clusive at this time but the results are encouraging. The algorithm

was able to fit a simulated spectrum where the Hamiltonian included

12 vibrational states with local resonances and strong global

resonances. The algorithm gave satisfying results when the local

13resonances between v^(£=-l) and 2v2 of CD^F were fitted. The local

resonances between v.| and could not be fitted satisfactorily

due to the complex state mixing for both these states.
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TABLE X-3

REFINED VALUES FOR THE

(all values in cnr

13CD3F PARAMETER SET
1  except

Vq a^xlO^ a^xlO^ ^
V4 2242.4096 11.05 1.35 0.1755
2v2 2227.3695 -6.14 10.29
V2+V3 2178.7252 8.60* 0.00 -0.2970*
2v5(ji=0) 2135.9357 12.36 8.73
2v5(^=±2) 2146.3620 12.36 8.73 -0.2970*
V2+V3 2092.8000* -4.40* 6.10
V-, 2099.3803 11.83 -17.49
V3+V3 2053.4000* 15.56 -0.40* -0.2970*

= 8.01x10"^ 04 = -8.13x10"^
n| = 0.0* = 0.0*

C25 = -0.5435 C25 = -3.56x10"^ 0^5 = -2.07x10"^
0^5 = -0.9203 = -1.21x10"^ C^K = -8.05x10"^
C^' = -0.5422*

= 24.49 = 8.29x10"^ = -3.21x10"^
W^22 = 21.58 WJ22 = 9.44 x 10"^ WK22 = -1.09x10"^
*^2255 ^

0^4 = 0.310* R425 = 7.2x10"^*
C224 " 2.75x10"^* Q4 = -2.34x10"^
0^35 = 3.00x10"^* Qg = -1.05x10"^*
^455 ̂  -9.20*

*Parameter fixed at this value.
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1 3The 5 ym absorption spectrum of CD^F was recorded at high

resolution. Over 1400 effective Q-branch transition frequencies have

been determined. The v-j, 2vg(£=0), and bands have been individually

analyzed to give approximate values for their diagonal parameters.

Rotational resonance parameters have been determined for all local

resonances. The Fermi parameters linking v.|, 2vg(£=0), and 2v2 were

estimated from reported values of these parameters for CH^F. The v.|,
A  B2vg(£=0), and 2v2 band centers, a-i and a.j, were adjusted to take the

Fermi resonances into account.

The initial parameter set describing the 5 ym spectrum of

13CD^F gives a qualitative fit to the observed spectrum. The standard

deviation for observations with 0^27 and K£l2 is 2.81 cm~^. This

parameter set was refined using the technique discussed in Chapter IV.

The procedure did not produce satisfactory results unless 24 of the

54 parameters were held constant. The magnitude of all the refined

parameters remained reasonable although some of the parameters were

not close to their initial values. The final results of this

parameter refinement were used to create Appendix A and Appendix B.

There are three ways in which the analysis of the 5 ym region of

13CD^F could be further improved. In fitting the spectrum of CH^F,

Champion (1982) used a novel approach to constrain the parameters in

a manner which ties the parameters to their initial values with a

"spring-like" restoring force. The method was developed by Bartel

(1975) and seeks to minimize the quantity

r  /rObs rCalC\2 , r ,1 / 0 „n\2Jw.(E. - E. ) +pj(Pj -Pj)
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n  -
where p. is the initial value of the j-th parameter, p. is the value

J  J

of p. at the n-th iteration, W. is a weight which controls the
vi J

strength of the spring tying p. to p®, E0'3S_^calc residual for
J  J I I

the i-th observation and w^ is the weight for that observation. This

damping method would be easy to implement but it is not clear how one

should chose the W. values.

Secondly, there are several resonance terms with aK-aji= 3 which

have been excluded in this analysis. The first order effect of these

resonances have been minimized by excluding the affected transitions

in the parameter refinement process. The second order effects of

these resonances are difficult to predict.

13The third suggestion for improving the analysis of the CD^F
13spectrum is to improve the data set. The spectrum of CD^F is

difficult to analyze partly because only five of the twelve states

included in this analysis are observed over a range of K and J

13values. The V2+V2 band of CD^F lies very close to the v-j band and

exhibits a Raman intensity approximately 1% of the v.| Raman intensity.

If this region could be recorded with a high resolution Raman

spectrometer (av^O.01 cm"^) it would seem likely that many v^+v^
Raman transitions could be assigned. The band is important in

unraveling the 5 ym spectrum because it is linked to v.| with a Fermi

resonance, to ^35 Coriolis resonance, and with

with the C25 Coriolis resonance,

resonance.
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APPENDIX A

CURRENT RESULTS FOR THE ANALYSIS OF THE

5 ym SPECTRUM OF ''^CD3F

The current results for the analysis of the 5 ym spectrum of

13CD3F are tabulated in Appendix A. The values listed under J and K

are the ground state rotational quantum numbers for the Q-branch

transition frequencies listed under observed. The numbers in the

columns headed S and S' refer to the initial vibrational state

assignment and the reassigned vibrational state based on the

assumption that the correct assignment corresponds to the state with

the calculated value closest to the observed value. Here state 1 is

state 2 is state 3 is 2v2, state 4 is » state 5 is
+1 -2 0 +2V2+Vg , state 6 is 2V3 , state 7 is 2v^, state 8 is 2vg , state 9 is

v-j, state 10 is V2+V3, state 11 is and state 12 is

The calculated frequencies listed under calculated are based on the

parameter set found in Table X-3 (p. 111). The column headed 0-C

contains the observed Q-branch frequency minus the calculated value.

Under total shift are the calculated transition frequencies minus the

calculated transition frequencies when all resonance parameters are

set to zero. The total shift values give an estimate of the total

perturbation for a given state but can be misleading for states such

as 2vg(ji=0) which is pushed to higher frequencies by the vibrational

resonance with v-^ and to lower frequencies for K^B by the Coriolis

interaction with V2+V3.
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APPENDIX B

THE DISTRIBUTION OF INTENSITY

1 3The complexity of the 5 ym spectrum of CD^F can be further

demonstrated by examining the intensity borrowing from the v-j band.

The interactions between v-j, 2vg(ji=0) and probably give rise to

nearly all of the intensity observed in 2vg(2.=0) and 2v2. The other

fundamental in the 5 ym region, v^, does not produce such intensity

sharing except for local interactions. The v.| intensity sharing for

the twelve states considered in this work is calculated using the

parameters found in Table X-3 (p. 111). The fractional intensities

are plotted for K=4 through K=10 for 0^30. The numbers in these

plots refer to the vibrational states using the same notation as in

Appendix A.
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