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. ABSTRACT

2 O

Fourier Transform and Diode Laser IR Spectra of
Formaldehyde and its Application to Air ‘Pollution
Monitoring. :

). \ , :

Shachar Nadler, Ph.D.
Concordia Univer51ty. 1986 ‘ L e

F ]

~High resolution " FT-IR spectra have been recorded

y With a Bomem interferometer (Ave~0. 004 cm~l) .and covered the

1 Over 3200 transitions in the

region from 890 to 1580 cm

Py .ﬁ and Y, 'bands of H,CO have been assigned / Line nosi- |

tions have been analyzed using a least-squares-fit to a

'Watson ‘reduced Hamiltonian.. Since the 3 bands have been

ifitted simultaneously, the analysis included the extensive

" * Coriolis coupling effects between the :pper‘states. The fit
‘yielded ,improved molecularr constants including, for the:
iirst time, all the sixth order coefficients and - a third

‘order Coriolis coupling constant for tﬂe interaction between:
Y and_’;. -
A tunable diode .laser (TDL) has been used to determine
absolute‘line strengths for Zé\transitions in the li and ¥
bands. These line strengths have been used to determine the
dipole moment derivatives and consequently facilitated the .

- nrediction of the " and ’g band strengths. 0

- ’ o—




Tbe TDL system has also been used to study the’kffeCEs
of pressure broadening due to collision with foreign gases.
Pressure broadening coefficients for Pir, Hz. 02 and v, have

' .beén determined. These afev;efyi similar ¢to "theoretical
’ literature values in the cases of air,.’ N, and 52; The H,-
H,CO values are in good Sgréemeng with earlier eiperimen%&i

‘e

\ . millimeter wave . regults. . -
o L A method for the measurement of small amounts of HZCO
~ . \\ in air has been developed for use in domestiqfair pollution
\\v}@gigp;ing: Convgntionai reduced pressure'#echniqueg -have
been- found‘ unsqitaple due to the Edsonptive nature of
"formaIthyde. Our sug?ested té;hniqne employs the TDQ
spectrometer coupled wiﬁh'g(multiﬁass White cell ' (4-100
:meter1 and a‘ cold\trap (lig. 82) installed between the
sample cell and the anal?%ical White cell. The cold trap
.allows the reduétion of pressure within the White cell (to

<10 torr) without loss of sample since the H,CC is frozén
but’in the tra;. The H,CO sample ié‘ subliméted by heating

) and then analyzed This m%;pod may employ relatively shorter
absorption pathlengths since most of the oricinal E,CO

p—

sample (mass) is available for the analysis. Rased on the
. A

mass of H2CO_.piesent in 5 liter air samples in a- 160"m
optical pathlength this -technigue:has demonstrated a limit
 of detection of 6x10'3‘absorpﬁion nnits and a sensitivity of
4.4:;0-5 !, For the strongest line in 903 of e (C-H
gtietchf this limits‘the detection to “7 pppv. Theﬂlimit of

N ' , - K




”

. time.

4

{

{
detection can be ‘easily reduced to < 5 “ppb by simply

increasing ‘the sample volume to 10 or 15 Itfers. ' /
cF

The = sampling

standard 5 liter grab’ bags used for air

have been kroven to be unsuitable for work with §aco. /1t '
Qhag been demonstrated that du? to adsorption and posgibly

J

polymerization these bags show a decreased H,CO conten with
Consequently the construction of a mobile "super
sniffer” has beep quggestéd since samples of H,CO cpuld not -

be <collected in the field and analyzed in the laboratory.

The design and operniionai parameters Of,§ Eﬁp’r sniffer

hnve been .outlined. This unit ma& be eaéily modified (in the-

field) to allow for .the analysis of other-air pollutants.

el

IR o
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CHAPTER 1
. INTRODUCTION - T

1.1 Introductory Remarks’

.

Formaldehyde (HZCO) is an importag} atmospheric pollu- (,'
o tant ‘both indoors and outdoors {1-3] and is also a molecule

of considerable astfophysical interest [4-7]). Knowledqe of ]

line frequencies,‘,absolute intensities and line’ shapes is
necessary.for quantitative analysis for hoth atmospheric~and
., . "laboratory experiments since pressure ,andig temperature

J e : .
.changes can lead to frequency shifte and line shape

variations. 7 - . ‘ C ' -

i

. .The, 3 um C-H stretchinq vibration-rotetion Egnds‘ of
*. ByCO- havev»been well studied at nigh resolution by seuerai ;
groups [8—11]1_ Recently the C=0 stretching band has been .

studied using diode lasers [121]. The.three low 1ying;oands

: of H2C0 43, ‘4'and 1% have been studied at‘low esolution
(AV"O 25

) by Nakaqawa and Morino [13) and at moderate
1

&

u resolution ‘AV"O 05 £m by Allegrini at al.‘ [14]. These

~ three bands are the focal point of this experimental work. . ,
s . ‘$. . ) . . " -

V' . I‘
.

' LA
This project has four experimental objectives: ’ R

/

Part A- To obtain more accurate molecular’tonstants for the

= -

r 1.2 Experimental Objectives

\ .

Var ¥, and Ve bands.

i * -
300 v f - + PO P
. , . ,




4 -
Part B To determine absolute line strengths for individual

ro-vibrational lines. . ‘
‘Part-C: To determine broggeni;;“;arameters induceg by colli- B
\ -

-~ sion with foreiqn qases.

<

_ Part D: To develop an analytical technique f%f the detection .-

~

¢ . of H,CO in ambient air at low ppb levels.,

1%;.1 Part-A:- The Molecular Constants for the V‘,-u4 and l%
. Bands of . H,CO. .

Al

High resolution FT-IR sbect}a have been recorded with.
. a Bqnem interferometer USV?O.?O{ cm’l) conering the region
from 890 to 1580 cm_l.‘ Using the qround—state-combinption-'
difference ‘technigue IR transitions in the V3, V4' ano 5”6'

. , %hhands'#ill be assigned. -The assigned transitions will then
be analyzed by mesns'oﬁ~least-squares to a sixth order

r

t =~ - Hamiltonian. The transitions for the three bands will be

!

: - fit simnltaneously. This will permit the analysis of the

‘extensive Coriolis interaction between the b;nds. The fit

LIS

« will 4ield the rotational and Coriplis interaction constants

grom'which all transitions in the region may‘be predicted.

- R [N

. '1,2.2 Part B: ' Absolute Line Strenath Determination for

. Individual Ro-Vibrational Lineg in the Vg _and_ Ve

bands of azco. , " , / ;

Using tunabke diode' lasers (TDLs) the absolute line

strengths of several transitions will be determined. , Since .,




"the TDL spectrometet allows for Doppier 1imited resolutjion,
the line strengths will be evaluated using the direct method
[15]. This - technioue allows the determination of , line
strengths from the absorption profiles of individual transi-
tions since for Dopp}er limited transitions, ln(I/IO}
directly_,prOporticnal to the lirne strength 8. At present
only band strengths are available in the literature [16,17].

The line strengths will be used to evaluate the dipole

moment - derivatives of their respective bands. - These

derivatives may in turn be uéed to predict the entire
\ sﬁectrum frem the eicenvalues and eigenvectors of the

Familtonian (obtained‘in Part A).‘ - _ . 2

1.2.3 Part C: Foreign Gas Broadening Parameters-

v \

The TDL spectrometer will also be used for the
evsluation' of pfessure broadeninq' parameters induced by
collision with foreian gases. The effects of air, Fz, 0, and
‘Nz on several transitions in the V4 and Ve bands of H2C0
. will be determined.  The broadeninq parameters will be
evaluated from plots of the absorption widths of individual

e
-transitions as a function of foreion qas pressure.
A

Pe «

L

1.2.4 part D: Trace Analysis of HZCO in Ambient Alir -

In recent years TDLs have been used extensively to

\

" monitor trace gases. ‘The 1iterature.covers a2 wide rance of

4

\ ’ . ! [y
R R N . ) g




anpiytical abplications iﬁcluéfng the detection of -NO, at <1
ppp levelg. the mehsurhént of pollutants‘(CO) at atmosphetié
preésures, ;na the aetgbtion of several gases':simultane-
/ “  ously [18-25]. ' !
. The - aim of this work is to develope an analytical
method for trace detecéion of H,CO in ambient: air. Hehée,
known analytical techniques will be modified to suit the
detection of the 'difficult:to’handle"ﬂﬁcc moIecg1es (16].
“iThese“moleculés adso;b eagily to surfaces, have a tendengy
to polymerize, and are watér solublé.' |
. ' The experimental phase will evaluate ana/or develop *
.. the following- ’
s 1. TransitiQns in the’lﬁ, 6 and vy bands suitable for trace.
ana?ysisl Transifions in the VL§Eand are several orders
. : of magnitude stronger than those in l%' and l% and
. B therefore may be useé with’ rglatively shorter optical
pathlengths or for detection of lower concentrations.
'2, The detection of~qamﬁ1es at reduced pressures in a long

| optical path cell technique.

.

Etod

3. The feasability of using 5 liter standard grah bags for
‘ fkgld work (samplé collection).
‘4. The lower limit of detectign.
5; Preparation of calibration curves suitpble for routine '
analysis

)

6. The .design of mobile TDL system capable of on-site

o

dhalysis.
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:// L o CHAPTER 2 L i ,

/ " _THEORY OF ASYMMETRIC TOP MOLECULAR SPECTRA

R

//(' The theéretical bagié for both infrared (IR) and

°‘ microwave (MW) spectroscopy is essentially the same. Uﬁing.a

Hamiltonian which represents the system under study and a

“proper set .of wavefunctions one solves the Schrodinger

equai:ion "BV =-E¥Y for the ei“genvalues | and elgenvectors.
These in turn yielg,:respectivgly) the energy levels and the
intensities of the spectral ldngs;

L)

The degree of difficulty in solving the Schrodinger

equation, however, varies with the particular system and is

a function of mofecular?siié,and éymmetry.‘ For qsymmefric
molecules the #olution cannot be written in closed form,
even in the rigid-rotor approximation. Rather, to obtain
the ‘energy levels, the Hamiltonian matrix is computeé‘ in
somé basis setiand is then‘numericéliy diqgonalized to yield

the' eigenvalues. It follows then that theladcuracy of a

“predicted spectrum is governed by the quality of the egua-

" tion of molecular ﬁotipn used to generate ' the Hamiltoﬁian~

Y

.The eguation of motion is usually based on the rigid

,roto:;;prmonic' oscillator model. However, for meahingfdil

results across a broad range of - energy levels, it is

.

L

1

-




necessary to include terms accounting ‘for .noh—rigid' and
-anharmonic behaviour. Consideration must also be given to
centfifugal distortién, and, when-applicable, to Coriolis

and Fermi interactions. .-_
g

o -

2.2  The Rigid Rotor - Harmonic Oscillatpr Hamiltonian

The gquantum mechanical Hamiltonian operator for a

polyatomic molecule can be expreésed as

]
@

H=0'4+ T + V.. + V.. +V

E N EN NN EE - (2-1)

Y

, . A ) A R
where. Té and Tﬁ/fgbtdbent, respectively, the kinetic energy
of all the electrons and all’ the . nuclei in ;termg of

momentum. -The potential energy terms VEN' VNN and VEE arise

,
from the electrostatic attraction and . repulsion between

electrons and nuclei. Consequently, the total eneréy of a

molecule can be written as

]

+ Evibration + Eelectronic

(2-2)

Beotal * Etransiation *'E
+ Etrans;rot * Birans—vib ¥ Erotfvib

rotation

The system can be greatiy. simplified by using the

Born-Oppenheimer appfoximaiion [26]. This épproximation

- assumes that the nuclei, owing td their much greater masses,

move much more sIow1§ than the électrons. + Thereforé, at any
aiven time the motion.of the electrons is the same as if the
nuclef were fixed at their present instantaneous positions.

Tbis facilitates the separation of Schrodinger's 'equation

1

«ﬂf"‘
\‘(}ﬂ—
—%
.o




C et

o " \

" into an electronic' part and a "mechanical®™ . rotation

vibration part.’Eech part may then be solved independently.
Furthef simplification may’Ee achieved by describing

'them position of the nuclei in a molecule usinq a molecule—

S
fixed coordinate- system [27]. This axis system has its

~origin at. the molecule 8 center .of mass, and is totatinq

with the molecule. The orientation of the rotating éystem

with respect to the space fixed axis may be desc:ibedlby a

-
&

set of Euler'anglés. The molecule-fixed axis system elimi-.

[N

nates "the translation-coupled te;ms and'allows the,'gepara-
tion of the translational energy from the total" enerqy
equation.. Hence, we are left with only the rotation-

! : . - )
vibration enerqy -

-

Erov T Erot f Evib ¥ Erot-vib ‘ T (2-3)

This is represented in the Hamiltonian in terms of
kinptic and potential energies

. = T + Vv

rov rov rov . (2-4)

" The rotation-vibration Hamiltonian“may now be solved, .

treating the molecule as a set of point masses representing .

' the nuclei lying in some potential field. . ’Bere.” the elec-
‘“ttonic enengy ag\a/function‘of nuclear positions, becomes
the potential energy term. |

The rotational kinetic enerqy is expressed in terms of
angular momentum, while the vibrational energy may be stated

1 “' ' ﬂi

~




)

in harmonic oscillator form. wilson and Howard [28], trans-
formed the‘hinetic energy in the space—fixed frame to the

molecple-fixed axis system. By doing.so they obtained “the

' folloﬁing classical expression for the molecular ' kinetic

energy ;

Z ' ' | 36, |
LT = & 1/2(3 = Po) Mg (I3 = Bg) + ;.Pi o - (2-5)
where the terms~are defined in Table 2-1. Molecular vibra-_',

-

tions are described relative to.the molecular axes with the
3N-6 normal vibrational coordinates Qi where N is the number"
of atoms. Bence, Pi = 817601 is the vibrational momentum
conjugate to the normal coordinates, '0 . It is assumed here
that the potential energy is a function only of the normal
coordinates. _
Stgrting with thie classical expression (Equation 2-5)
the auantum-mechanical Hamiltonian operator has been deriVed'

by Wilson and Howard [28], and later by Darling and Dennison
[29]. More recently, Watson [30] has simplified the rather

complicated. original expressions to give a more . general

Ramiltonian for non-linear polyatomic molecules
(2-6)

n-1/2 (3 = Pro) fhoe ( 5y 4125 82 4 V@) +U
2‘6““"0‘53 B it 1

The .last term, U = —1/8hz§um9 is a function only of the

-~

. vibrational coordinates and therefore can be incorporated

into the potential energy term.\ For'practical purposes this

Hamiltonian is usvally simplified by expanding V and,;qxﬁ

K4

}
!




s ‘ Table 2-1 . e
! . o _Definition of Commonly Used Symbols L
SR R ' : SR .
./ ‘ o " ,.”.,...c‘ir'cumflex,d,enotes Ope'r‘a't'or S T . .

- R .....Hamiltonian operator ) )

-~ -
A ‘ -

: .”J.....aubntum n‘umber@gfzining eiqenvalues of 'tﬁé. i:ota.i
: angular. fnomentum. J - - . .

A -

, o 'Ja ... .component of tot.'al .anqular ‘momentun, o = XsY, O 2

pa‘f....combqpent of vibrational angular momentum, o = x,ay.'i'
: M " ' N —T ’ - .

L

- L Pi'..*.linear mormentum conjuqate to the 1th nprmal S
' : coordinates B _ Do - .

'Qi' -1th normal co'prdir‘xate‘.“ T -

di' 'degen'éracy qf.\o_‘i"." Co D ' iy —

B - f t re

, quantum number.. o\f vibration of Q :
- ' ' 'v . \ . '.‘r i - rL.
' ~Ia....efféctive moment oOf inert?’a about asx,y, -or z in
. vibrational state. v @

- * . ) ’ - - : - - - -
:l .
. \ P ‘.

, \

. "#ab .’.’inverse of moment of :‘ir\ertia matri;&, Orﬂ =X,Ys2

Vi

s

'
o oy b .
] - .
' . . » + N
4, Lo Y »
- %, : -
s . . / Lol
N ° . 4 ¥
. 4
N / -
- ’ ’
[ -& ’ ‘
v ¢ ' 4 O
* o v \ v
. - 19 \
- N -
[ -
’ s . i)
' T it * ’. > , -
. Pl .. . x
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. about eguilibrium values as a Tajlor series in the normal
- - coordinstes. This ‘sefies} however, - converges relatively
- 8lowly for light asfhmetric molecules such as Héo and H,CO.

—_— e . '

A peérturbation cglculatioﬁ can be made 'using a unitary

transfoimat;oﬁ‘ on - the Hgmiltoniap making it diagonal in

vibrational gquantum numbers [31). The Hamiltonian may then
'be rewritten as | , ‘
- ;\ A' S A‘, ) . .
N H.™ Heot * Hygp L o ; (?-71
éﬁeie the rotatiégal parametefs' are a function. of the
R ’pa};ichlar ‘Qibratidn.dnder consideration. 'ghe- zero order ™~
' '_yibrational»ﬁamiltoﬁian is ‘given by
»~ . 4\2 Aé i )
gy = 172 § ({ + QD) . . e, e
This gibes .fiée to the har;:>§c oécillgpdr vibrational '
. eperg& levgls defined by ‘
¥ . : ' . . Con
. . . N » . ;1 . . , ‘ . N _ l
Eyib ‘ {v + 8/2) (cm 7) B 3 . {(2-9)
: - o ) - , — ~ .f '
5 ~ Hence the total vibrational energy of a given molecule is -
G(VIIV2I{.O) = ziwi (vi + ai/‘Z) . ‘ (2—10)
. ' ) ’ N . ‘ . ' ” ja
. where i runs over thé 3N-6 normal vibrational modes,
—_— Providing that no resonances exist between the various
. . , ) o ) ~
L yibrationai states the -rotational Hamiltonians may now be
y diagbnalized to yield the rotational energies for ‘the
i;ﬁ . iadifidual vibxaizonal bands. Thé.discﬁssion will now focus
y - r . . , o . ‘

\ =
< 1

}\lr e ';
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' ~ N ‘s
-4

on the rotational Hamilt ‘ N, apecifically for the case of
the asymmetric rotor which is characterized by three unequal '

/‘,

moments of inertia.

-

|
If the molecular axes are fixed 80 é%at they coincide
- with' the principal axes of inertia [32]1, then the lowest-
e _ order approximation for the rotational ﬁamiltonien may :be‘

stated in terms of the rigid roter as

B o=h .. =832+p5248'52 EERTEITEE .
‘rot rigid XX Yy z2°z . . , .

] -
" ‘Where the rotational constants By ~= 1/214 cm 1"(a-x,y or z)

X,
A

and Ix' Iy’ I are the principal moments of inertia of the

molecule. The angular momentum components Jy are measured

.- in unjts of ﬁ, and obey commutation relat?Lns of the type
W

whére the subscripts cyclically represent the molecule-fiied o

-

axes x,y and z. _
o . By introducing centrifugal distortion, Wilson and
| Howard [28} derived the next higher order. of approximation
to H_  4v qivingl

H rdgi )"’ 1/4 Z 7‘;[31’8 JaJBJaYJa , (2-13) ) e
* where thez%375 coefficient in the quartic terms is given to
Lo a good approximation by [33] ’ v { ' Lo *
T.\..llzz "'ozﬁ "1y “3‘5 h ;, B T (2;-(1'4')

. » . . " - . 3 : .
L , . o o
i . - . : ) R

N . - . LY - - e A * e, VY




> Q o ,, | : 2 “a
; .
‘ wher; i and j run bver the BNJﬁ-interB’l displacement coor-
* , dinates, which are used to. evaluate/both the inverse force‘
S ‘ field'(F ) and g%e mdment-of-inertia matrices. The general
‘asymmetric rotor lhas 21 non-zeroloistortion coefficients, of
* . which nine take o distinct valges while the rest vanish Que
to syhmetry. ‘The nine distinctkgalues are '
. .Eqaak,faagﬁé Bﬁqa o e )
. ' | aﬁaﬁ X aﬁﬁa 301013 [3aﬁa
" - _ wh'ére 3= X%y or. 'z - -
| By applying the commutation relations shown in eouation

«(2 -12) Kivelson and Wilson [9] have demonstrated that there

t_ \ " are really only six independent distortion coefficients, and
L] ~ ' ' , . N R
N equation (2-13) can be written in a s'impler form as
. . A =°332"+1332+B“2+1/4 3 (2-15)
- * ., ‘rot x'x vy z"z 01575 Of ﬁ
. . w’ N
‘ ' ! - ‘
’ |where Txxx = Txxxx
. 1 J N - 7_ * .
L ‘ ‘ éTl'fYYY YYYY v, _
- = & P / 2 . |
A < o A 7-zzzz 7;222 ' ! .
. , . ¥ , . .
. - = 4 CON
‘ Ta'rxyy nyy * 27;ny =
> = N .
R o Ti'(Y?z %Y * 27;723(2 ‘ ,
P / | Txxzz = Exzzf L — \ 2
LN - ;
) L e Bx * B)'t + 1/4(37;(yxy ! 27;:zxz yz) .
T “‘y =Byt 14T, - 2Tegyy = 7;'“ ) | ‘
- ‘ [} s . “ .
B, -,Bz + 1/4(37,‘("2 - 27;”}, 2T yzyz

.o ’ 4 : l e

~
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Note, however, that the new rotational constants Bx y g 8re-
[ &) B

now also corrected for distortion.\ @

©

.It was  later shown by Dowlind (35]) that for -blanar

asymmetric top molecules. such t: H,CO, the six independent
. .~ « . . “

T constants reduce to four independent coefficients. These

H

oscillator epproximation to the force field -and -For the\-

equiliorinm coefgiciente, hot the vibrntionally averaqed ‘
ones that are obgerved in practice; If the energy levels of
a molecule are known to high’ accuracy then this ; “will
yield a poor “£it because of ‘these . two approximations. Watson
“[36] has: demonstrated thaf the poor data fits obtained from '
‘the Kivelson and Wilson nodel are due to the. fact that the
'matrix elements of’ the six’ 0375 are 1inear1y dependent on
each other. COnsequently, Whtson developed a more general
Familtonian which may be expanded to high orders in angularx f
momentum operators.that insures independence of the matrix '
elements 'of the effect1ve operators. . In this thesis,. the -
. rotational uconstante . and - distoZtion coefficients for
fornaldehyde were determined from a least—squares—fit,to a
,8ixth order Watson Hamiltonian. A detailed summary of . the

development of this Bamiltonian will now follow. - N ~'-

P ! . 3 .

ot Models are however, only valig for a .\irmonic-'. R

0 .
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y:2.3" The Rotational Hemiltenian

The geneagl rotational Familtonian for a perticuler
’vibrational band may be written as a power series 'in the

,angukar momentum components J ’ Jy and J . By means of

commutatlon relations this representat1on is. reduced to the

' so—cqlled st ndard'form [36,37] given as

. | . .
P . Ap- ”» Ar .Ar q Ap ) L. _
H::ot: zlhpqr( x o Jz + Jz -y Ik . (2-16)
o /mr v C . . ' ' t
wvhere the coefficients hﬁqr can be either.real or’ complex

and p, ¢ and.r are .integers.  Fowever, molecular model,'
'Ham}ltoniane must be ;nvariant~to both time'reversal~i [38]

-ané ro~ Hermitian gonjugafionidenoted by xhe symbol * [32],

so that - . N
» ~ "'_'1 ' ~ l"* - ~ _ll *. . ’ .
Hrot = LHpoel Hpor. = (LHpoel ™) (2 17)_ﬂ

Consequently, the standarq_expression is constréined by thei

) \~ ,
"factx that Hrot ‘must be Hermitian, hpqr has to be real’ d

.hot}yoomplex. and ’the sum p+q+r is .restricted tp even
.ihtegers. For orthorhombic molecules p,a and r are all even.
}ntegers' and some of the hpqr coeﬁfioients can be .shown eo :
equal zero. "By' the pse'of unitary transformations “the
general non-orthorhombio,asymmetric £§p Bamiltonian mai be

transformed to gtheforthorhomhic form. The standard form

4 s

Hemiltonihn up to terms of sixth degree in J, can be written
-[391 as . '

Bot =az + n4 + “6 ' o - (2-18)



v

>
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o

where : .
.72
cl\ Hz = ; Ba o - ) -

- ~ —
. = Bx3x2 +By3;2 f Bzazz LR (3-19)
*; “N _2: . 2; ;, ..'- ,q L - . L
K Ba;:ﬁ Taﬁ 0‘1“3_, 3 o . | \‘ : . .‘ “
- 'f = Txxe4w4 Tyy3y4;+ Tzi3¢4 - T, (3‘2%?2 +.3y23x?’ A
i e, Tx;(3¥23'2 + J J 2, 4+ &yz(Jy2 2 +\3;23y?)' -
| h ‘ ’ (2-20)

) 2‘y2‘ 2) | .
: }l")(}':'}y.s,ﬁ+ ¢;z¥326 +7¢xgyfsx4syz + 3;23§f>‘A
#3255 + 9, (J;sza v 3,250
! . +.3 J H o+ ¢sz “x? 4}3x23é4)

R ‘4 : ~2% 2% 2 2 2% 2% 2,
350,00 + ¢ z(qx_gy 30+ 3,°9,59.%)
' " (2-21)

. A ’ -
This Hamiltonian may be expanded to'higher degrees in g,.
\‘.'“J ! )
However, in generalw for "low quantum numbers the *energy

., -contributions from the various terms are such that 92 >> H4

>> Bsm..v, so, that the power series may- be truncated

accoréing fotthe needs of the particular system. F6r Bighly -

flexible or light.moléchles, such a seiieq may not converge

N at a satisfacgofy,rate and gn,ilterﬁgtive'éreatmentemay be

i

»

A




preferable 40-42]. » ‘ S .

¢

" . The coefficients an “are rela;ed. to Kivelson and

Wilson's parameters by'z;aﬁﬁz 4TaB. et this point however,
", the Hamiltonian has 3 quadratic,. 6 quartic and 10 sextic

<\ : coefficients of which some, are-not determinable " parapeters. .

'Unité}y transformation of arot affects'only the‘coefficients

. o£ :he' momentumz operators while leaving ehe eigenvalues
unchanged :ﬁatson has pade uée of this fact and éemonétra{ed
that by a proper bhoice of unitary operators it ié‘ possible
to eliminate many terms from the Hamiltonian so iphat' it

" yields a set of determinable molecular constants. from
co%binatioﬁs'of.the in?eterminable'coefficienes.

' . 'Watsop conettucted_a uﬁftary operator by means:of the

equation
[ty o e - 7

U = exp(iS) A - C (2-22)

< ,whe;e £ is Hermitian. In-'order that U be inyariant to time

N o -
&’)revepsal, S must change sign under time reversal. FHence, s

is given as an-<odd power series-in the components of the
' angular momentum 137] , l

\ . 5= Ds (P393 4 3‘3q3p) =S, +8. + 8, +.l .
, - 2T L Brar Ty 3750 7T (a-23)

J "~

ﬁlth'p' o, and r'’all odd ,aqd real coefiicfénts qur; "As in

" _ . . the case of the standard form H this series may ‘be

rot’’
* truncated accoed;ngf to the particular case. This - work

-~

utilizes the first two terms of this series, which are
¢ ] . . [ 4 SO

-

~
Pad
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s3 = slll(Jny z + JszJx) .
AB"A3AA'¢AA3 . A;aa“naah
S5 = 8333 (T, Igd, + J3.3.7) v 8131 (IyTy g + J0,73,)
! b oByaala.3.3.3+ 3333 (2-24)
113 " x"y" 2. Z Yy X

The contact transformation‘ of the °rdta;iona1

.. Hamiltonian may be written as

Z -1 ey ~1. ~ y o
e swhere‘ the terms of the fransfopmad Hamiltonian are given by
e « ’ . ' - .
1371 : Ce e L '
’ ...! P y N . .~ :
By =B 7 e ;

<

-y ~ ‘A ~ -
- .~ ) ~ ~ ~ A ~, . <-A,‘ A '

B

1 -3

, ‘ . * For gaéh commutation of the type (A,B)sAﬁ—BA the degree of a

3

’ ~1
given term is reduced by one. The rearrangement of each Hn

—= 3

\ - to the standard form produces terms of - lower degree. The

A

w»tétms,qf the same degree are then collected to give -

' -
~

- ._L" Pe o= ; '; ' o
HR - Hz + H4 + H6 +.ll" .. ‘ ‘ (2 27)‘
N . S HR hég now the same form as Htét’ The new 'qhadratic and

'~ quartic molecular Eopsﬁahts are ghen related to the odeenés

y -~

. by
. -~ . N
- ¢ -~ / \ N -
By = By + 4.(3 - Bz)sl'n\
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. N ' B ’.w.'.
gz --Bz *iﬁ‘By - Bx)slli‘ ' ) . f*. - (2-28)
?kx",fxx ;“ i&; = T&y ’ .iz;lgiTzz ~ oo
E&; - T, + 28, —'By)sllll} ) a
'ixz'- Tep * 208 -°Bz)slli o )
E'xy:- '.rxy‘+ 2(p, - Bx75111' R ; \ ‘:(2_29)

‘The transformed sextic coefficieﬁfs are listed in Wa;son's.

(X}

papér [37), while _the higher order contributions for the
quadratic and quartic“€erms are giveﬁ'by Typke [43]. |

» Dﬁe to the fact that the determinable: constantg can
only be a‘funétion of the enerdies, an@ cannot depend on the
barticularf éhoice 6f unitaéyqtransformation; qur must not
appear in tﬁe'expression for the determinable paramgters.
Bence}» in equations (2-28) and (2-25)'5111 should be elimi-
nated by substitution. By doing so one also eliminates one
molecular parameter.,Consequently, a set of parameters which

do not depénd on the transformqfion is obtained:

B = B, - 2T,
By =By = 2Ty, )
B, =B, - 2Txy “,f . L

Txx ¢ Tyy o T

Ti = T

zz’

. i
Yz Tt T

Ty = BTy, + BT,

-

]
A

Y , | o
+ BTy ‘ - (2-30)

B
9

e

i
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/\'S@milarly} the sextio parr of the Hamiltonian may' be reduced
to seven determinable combinations of coefficients. The'
three rotationaflconstants, tne five quartic centrifugo}
Qisrortion constants, and .the seven sextic centrifugal
distortion oonétants give a total of 15 determinable para-
meters from ’a “Bixth order asymmetric Bamiltonian. In

th degree has n(n+d)/4. determin-

general, _a'Hamiltonian of n
. able parameters (remembering that here' n is an ‘even
'ihreger). ‘ ‘
| F1na11y, in order- to_reduce the complexity of thi.

matrix elements, the Hamiltonian is written in terms of th

-~

operators J2, Ji and J Where, J repregents - the total

' angular momentum, J is the component of J along the 2
z N

-~

molecular principal axis, and J = J + iJy v in the

- symmetric top basis, acts as the lowering and raising

Al

operators of the quantum number K. This representation is

]

given by [37] N .
PS _ 2 2 * " PN 2 ' P 2 v
s o W I 2,42  *2 .
@+ Tyo07 * Top07 0 it TogeTy ¥ Tap2d (95 4 3T)
T “2.°%2 "2 ~2 2.7 2
+ 1/27),, (3,7 (3,7 + 3_%) + (3,7 + q_ )3,%} .
+ T i& 4 + 3 4) + higher order terms (2-31)
004 'Y+ - : , |

vhere the'eubscripfs of the"coefficients refer to the powers

~

of the operators 3, 'J, and Jifi In _the transformed
% . . . .
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.© . -Hamiltonian the coefficients for the quadratic and qﬁart;c' Ag

»

© -~ terms then become:’
_Bgpo ™ Bago * 4Bgp28111 ‘ .

" Bgao ™ Bgao ~ 14Bpp28113

P “ Booz = Booz * 2Bgo2®111 . .
RO & Ts00 = T400 ~ 2Boosf111 - -
) . ‘
T202. = T202 - T g L
. 7 Ta20 = T220 * 12Bgpz57),
\ ! . .
' To22 = To22 ~ 2Bp20%112 | 2
Toao = Toso = 10Bpo28111 Co T
. . C v - . - . .
Too4 = Toos * Boo25111 (2-32)
v .. - o .’ !
2 - ' ' '
‘2.4 The Reduced Hamiltonian . -~ ° "
+ It was shown® in the previous section that the
'rotationgl Hamiltonianamay be rediced by a properichoﬁée of
i sbqr‘ This‘however; .can be done in many ways [39,44]. To -
. ,1limit the possibilities it is convenient to éonsidep only - \
; /those.' reductions that eliminate . specific cylindrical |
e I R ' »
e -components from the Hamiltonian. The two most commonly used
" reductions, called 58‘(asymhetr1c) and NS (nearly symmetric)
B s . are obtained. using two of Nielsen's molecular cohstants [45)
e , ! 4 ‘ C >




Ry = (1/8) (- Tyex * Tyy + 2sz--,2ryz)

 Rg = (1/16) (T, + T, - 2T ) o (233

- Under unitary transformation‘these become.

Ry = Rg - (B, - (1/2) (B, - B ))syy; .

The - NS and AS forms may be obtained by setting resﬁi@tiVely
R5 and R6 to zero vielding

-

or

PE

A

5111 = 4Rg/(B, - B,) = = Toos’Boo2 ] . (2-36)

2
‘

Obsérve that equation (2- 35) may not be used. for neariy

spherical tops, fw?ere = p = Bz leads to an infinetly .

larde 8y4,. Similarly equation {2-36) used in the AS ' case
® fin , Ad7gb) :

goes to infinity for nearly‘symmetric tops where-B.' = By'

Bence, the choice of reduction form is governed by molecular
symmetry. The Hamiltonian for formaldehyde was reduced using

t&e AS form.

The choice for 5111 using Equation (%rBG) makes T004 =0
4

so that the operator‘(J+ + J ) is eliminated. . from Equationj

(2-31), Similarly, witﬂ proper choices of 3113, 8133 and
s311 one may drop three operators from the sextic term of

H . The reduced Hamiltonian may then be written as

rot

¢ [}

.




AP S

22 - o -/
o8 = HAS + BAS A= L : o (2-3)
2 ) 6 ] .
er

8 _ 179(nPS , pAS 2, AS _ - AS BS, 7 2
CHy = 1/2(B.7 + BP)Y + (BT - 1/2(8. 7 + B M,

» o
b AS _ oASy 2 2 _ % 2
R Y S IR
“AS _ _ 202 A% 4 g2 2t 2
. Hy A B.pd%a, AKJz 8;0%a,° - 3.5
R ~ 2 -~ 2 - 2 _ A 2 ~ é
- 1;(2¢‘5R{Jz (J_‘: ) + (3, 3.3}
aés - HJJG + ﬁJKJ“J 2,m,3%3% 5at ,+‘h"3 (3.2-3 %

KJ 2 K + -

‘ 2,22 _ %2 ‘“‘2. 72 2

» ’ ‘ 3 e . | ' - |
L ~4,52_ %2 32 34534 ' B
| + 1/2hg{3, 73, % - 3.7 + (J+'. 353,71 . .

The matrix of this Hamilton{en'is in tri-diagonal for,
vhich makes it relatively easy to solve. Therefore, the-As

-

form is the one ,moet commonly used.  ° - A

2.5 Asymmetric Rotor Notation and Selection Rules

The rigid rotor Bamiltonian given in Equation (2-11)

L)

Rf

is usually rewritten as "

s f2 22 . %2 B
- R .Hrigi'd' B_aa.e +Bbe-+Bch ) o (2-38)

L

A ‘. ‘where the molecule fixed axes x.y, and z are ‘now represented
| by some- permutation of a, b and c. A further simplification
o inttoduces A=B, B=B, and C=B,. According to convention A>BXC

P .




4

since I I, <I.. 'The original ,y;"and z axes may" be. .

— AV

b "c
1dentif1eé with the new labels in the six ways [46] ahqyn in

‘Table 2-2 )
] Table 2-2 . ‘
Axis Rapré%entatian' )
right hand * left hand
- permutations | permutations . .
7 @t oIt | 0o ol B /
x b ;q;jis' . a c 2 - b [ ““
Ay c ‘\Q.a‘ b b c a
z , @& b c I a b c

&

r

B and C may ‘be used to .

‘The rotational . constants A,

dafine asymmetry parameters. These  in turn indicate to what,
extent an .asymmetric top approximates the limits of a

symmetric top, i.e., when any two rotational constant are.

equal “The Wang asymmetry parametet b is given by

= (1':3y - B-x)/(_ZBz - By f'By) | A

e

In the 1I' axis permutation b bgcohes :

-b_=*(C-B)/(28,- B~ C)
P ~
mha ranbé of b isfifgbpgo.‘ Now, for a’p:olate symmetric '
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e - .

M"N‘ Bt
PRt
b~ -

el

L

-

" The range here is Osb <1; where bo is respectively 0 .and I

~. : .- 24

top where A>B-C,}'p=0 The other limit, bp=—1 occurs for the

" oblate symmetric top .where, A¢B>C. In the $ o representatiod@&vj‘

b ie defined as . - N

'B~‘

b, = (B=A)/(2€ - A -B) | T .

-

for oblate and prolate symmetric'tops. " Phe utilizationf‘of A

the remaihinq representations i%ggot neccessary due "to

redundancy .

Another ‘useful definition is giVen in terms of Ray s

\

' asymmetry qarameter K where . - ‘ g : .
k={2B-A-C)/(A=-C) . . ST (2-42)
- . " ' . & ) ‘

[
\
/.

»

-~

lgomputation used in this thesis.

HEre the range is -1<vc<+lo where K. is equai to -l'inA'the
prolate limit and +1 in the oblate limit, x-O defines the
most asymmetric case. The computed Ray parameter for HZCO'
is x-—e ;;1 hence formaldehyde is a near prolate asymmetric
top. The limits of k aleo suggest that an asymmetric top may
be described in terms of its symmetric limits. A convenient

method of representation consist of the symmetric wave-a

functions ¢

Y5 R M written as |J,K, ,M>, ' The quantum numbers K

"and M represent respectively. the 2J+1 orientations of the

total angular momentum ‘in the molecule fixed axis system

(3,) and in the space fixed coordinate syster (J,). 1In the

absence of an extegnal potentiai field, all’' M values are

B}

degenerafe for. a given K "and they are not considered in the
A - .

?
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The matrices of the Bamiltonians discugSed thus far are

diagonal in J. FHence the only matrix elemegqg required for‘//

'thel éalchlption of the energy levels. are - <J, K'IHIJ,K>.
Therefore the Hamiltonian may be djagonalized individually
for  each J value. In ihe rigid rotor representation, the

only non-zero matrix elements are
: e N

© <R| B3R = (1/2) (B )34,
.+ IB, - (1/2)(8 +B )lx

L] N

<J, x+2|n iq ile K> = (1/4)(3 -B, ){[J(J+1) K(R+1)]
 xla- (x+1)(x+2)1}1/2 (2~43)

-

¢

. »
‘80 ‘that Hrigid is tri-diagonal. The calculation ofa the

rotational energy level reduces to the= diagonalization of

this matrix for each value of J. Observe, bowever. that for

[

i‘a symmetric top (B B ) or . spherical top (Bx By\Bz) the

‘ Hamiltonian*fs already diagonal.

- The numerical diagonalizatlon of asymmetric top Hamil-

-3

tonian matrices is faci&}tated by . the use of & ﬁew set of

basis function -IJ,K > created by the °Wan_g trapsformation’

[47] °
|3, ot > = ]J,o> d .
|3, &k* > = (1/2){|J > + | 3,-K>} K>0 ' i SR
. <|!r§ > = (1/2){| 3,85 - | 3,-K>} K0 ' (2-44)
R : . ) N " T

[

. Here one takes into account the symmetry properties of the ~

P asymmetric wavefunctions}whiéh'belo?g to the group v(a,b,c)

.
a e - a.
P ° //’\\ ) - - -
. .
“

.
”

o




N\ = . £ -
-~ .
¢ deg%neAD by an identity 9pera%or E and three two-fold.
. sotdfionil oT:rators cg,cg,cg, where a,b ‘and ¢ denote \the
.‘ molecular fixed axis. T@e character table for Via,b,e) is
., " given in Table.2-3 with +1 and -1 repregentinﬁbfeéﬁpctively;
i - + . . . ' :
symmetric and antisymmetric wavefunctions ‘for the given
- N ’ - < * ‘.1.
. operator. ‘ ' .
* ) q 3 ’
AN R "N\ Table 2-3
- T N !
) ) S . _
i ‘Chakacter Table :Pr the Group‘v(a'b'c) .
' operation’ : y symmetry ‘| Wang's sub-
a - b c o : : matrices
’ ' ,\,—M#?E ) C C2. Ka'Fp type Jeven Jodd
. * -~
' d 1 1 1 1 e,e a, | F E
e W 1 17 =1 -1 Poey0 B, E” ET,
c - 1 -1 1 . -1 *}‘ 0,0 By . 0 “ o
L@ "‘%1“ =1 -1 1. |7 o, B, ' | 0, °+,

- - 4

/\J .o

~ ¢ - ' , / .
. . ’ ) o
+ The  rigid-rotor ﬁamiltonian\is invariant to two-

fold rotations Cg (d =X,Yr,z) which generate the poiﬁt group

,V(a,b,c) (or D, group). "Since the xang functions are L;neap

combinations of the f£ymmetric top. wavefunctions which
trannsform ‘with V : operations, théy' may be used as a
: (a,b,c,) : . ,

basis set yielding fully symmetrized sub- matrices. . If,ﬂfot

. h

1§°now set up in this basis, then the Hamiltonian matrix for ’

. ) 3 :
each J (other then J=0 and J=1) can be partitioned i::é\inﬁf//’~:) L

gindependent tri-diagonal matrices. Thisvcapibe done becaGse

the matrix elements connecting even and odd K's vanish along

r

3 )
| .
- .
¢ . ' . \
N < °
et .
4]
; - -
s v
.
B ' . *
. . f .
1
" -

-
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with those connecting |J,k'S and l9/K>. Hesqe for a given J

 we may write ‘ ~ ( ” | R
. 4 ’ : i

J

¥

.where + and - refer to matrices with énly |J,Fﬁ> or |J,E 3

elements. the E and O labels r&fer to whether X is even or.

odd. Upon ‘computation7 one- obtains 2J+1 energy levels for

each J, The advantage of using Wang's transformation lies in

the fact that the original 2J+1 by 2J+1 matrix 'is reduced to

four much smaller matrices. A general result for thei asym-.

BN

metric top Hamiltonian matrix of a given'J is’ that for even

J the E block has dimension (J+2)/2 and the, other three

' blocks ’ have dimension” J/2, whereas for odd J the E-/:éléck

has dimension "(F1)/2 vand the other three blocks - have

dimension (J+1)/2} This.results in significant computational

) ki
efficiencies. o n
. N

The - asymmetric top rotational energy levels are

- designated <q a,K . This 1is obtained by Eonsidering a
. ‘ ¢

proccess in’ which the rotational constant By is ‘varied

smoothly from  the prolate to the oblate symmetric

conditions. Fergf Ka and Kc,)represest respectivelyv the

prolate and oblate:limibs of K. For ihtermediqte values of

Byr the energy levels for a given'q do not cross. Thus,

J

in'Figure 2- 1 ' The symmetries“o{/the wave functions with

respect to Cz\ahd C2 of V(‘j c) 2re determined by K and K

By = eV + ot + E + 0 | ' . (2-45)

Ka’xc specifies .each energy level upiquely as can be seen.

oy

s -
P
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Figure 2-1: Correlation Diagram for the Asymmetric Rri:oto.r‘~

EY

: . Eﬂ‘ergy”l.eve'ls., a“ - Lo
, The correlation of J=0,1 and 2 bnerﬁy 1eve'|s_’o_f a riqid
S f asymmetric top molecule having (A,B,C)=(10,5.5,1) cri} "1.ye.b. . ~
» ,&-0; with those for: ;he‘proTate top having.(A,B,C)=(10,1,1) 4
AR | “em on the left, and with those for the o;ﬂate' top having
(A;B,C)5(10,10,1) cm™® on thoright. B q \
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L4
' according ‘'to the,traﬁsforh&tlon Cg1J,F+>, where ax=a or c.,

—

The energy,inc}ééses with increasing Ka'and decreases with ,‘

increasing Ké. Therefore the energy levels for a gijen Jy in-

-

°

assending order’, -ha¥e the labels

(K’G'Kc) = (OIJ) r (l'J) l‘(ler-l) r (2'J-1) [ (Z'J-Z)o;t‘

eeo(J-1,2) , (3-1,1) , (3,1), (J,0) (2-46)

J

e
occurs twice 1in succession, "also that Kd+xc must eqgual

Observe that for other then zero, each value of K, or K

either J or J+l.
In the case of thé 1t representation,. sixth order

AS form Hamiltonian, the only non-zero matrix eleménts are

@

b ]

<3, ﬁgsla,x> = 1/2[B+C]J(J+1) + {A-1/2[B+C]}K?

A2 2 | N SR
<= Ag3°(I41)7 = A Jpd(J+1)E Axx .
T K 4 -
3 3 2 2,2
+-Hyd7 (J+1)7 + HypJ7 (J+1)°K
k8

A 4 . .
+ HKJJq(J-l-l)K + Hx . K ‘ , ,

<J;K.t2|Hf;S|J.x> = {1/4{B-C] - §3(3+1).

.= 1728 [ (Re2) 24K +'hJ52(J+i)2
»

: ' o2
‘+ 1/2hJKJ(J+})[(Ki2)+K ]

s 1/ e ety N

LY

X {[3(I+1)-K(Kil)] [J(J+1)l-(Ki1)(Ki:2)l}1/2
| (2-47)
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AP

K
N
N

r

] " ' [] X
J K;Ké for an upper state energy, and J K;K; for a lower

" axis (I

/ . - \
Hence, ‘the form of the energy matri; is identical to that

f for the riPid'rotor.

Transitions between energy revelé are aesignatea using

étate. ¥In an asymmetric top the type and nature of a given

~ tranhsition is governed By two seleqtion‘ {ules.» The fjirst

rule states that only transitions with AJ=J'-J"=0,#1 are
allowed. The second selection rule is a function of  the
orientation of the dipole moment (jt) along the, molecular

gxgs' a, b and c. Combinations of odd and even K, and K,

 transitions are classified as type.a, 'b and ¢ (Table 2-4).

For the case of H,CO the three vibrational bands,V3,'Q and

‘Vs investigated here are type a; type ¢ and type b

respectively and are illustrated in Figure 2-2,

The permanent dipole moment for H2€O is‘along the a

r representation); This 'gives rise to the pure

rotational spectrum of this molecule. For vibrational-

rotational transitions one must be concerned with the

instantaneous dipole moment induced by the * vibration. In

this case, the selection rules for changes in Ka and Kc are
a function of the transformafion of the components of 6 the

dipole moment for a given vibration and can be determined

from Table 2-3. Forithe direction éosihe matrix (desqribed

in the next section) to be non-zero as required for
rotationa) transitioris, the product of the characters of the -

a1
initial and final rotational wave function as well as that




A

t,

31 ¢ L - -

. Table 2-4

Asymmetric Tap Selection Rules

. - Aka Ak ciassification
) l"; | ' :q\fen odd type 2
By ' odd qdd . type‘b'
1 #e odd even | type ¢ ‘
4 - N . N
SR _ ,
. v, Figure 2-2

’4"5\ ‘.. '.a-—- n l "“‘ ;\
The V. .Vd'and '\\,6 ‘Vibra'l;ioné and Their Relation to u.

u -
- Vg vy
,oa, % S a .
o L 0
i b f——o>-
C. c®
/1 @ya/ T\ ©
HZ M H/ [ H
Ap along a axi Ap,‘ along ¢ ax.is_

this paage

Au a'longlb ax{s

. . ¢ axis 1s 1 to -
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- of the dipole moment change must be +1. This can be ' seen’
clearly if Table 2-3 is rewritten as a multiplication .table

)

in tetms of the transformation of ' the permanent dipole {."
moment along the a,b,c molecule-fixed axes [i3,49] as'shown S ——]

in Table 2-5.

. . ... b

?abie_z-s

o

- . ) ' , " ,’
- Direction. of the Dipole Moment Permitting’/ Transitions:

Between Rotational States

A B a Bb Bc , N
- . " KaKc ee eo 00 oe
A ee - a b c
B eo a - ) b | i
a o o
'Bb oo b c - a
B, oe c b a -

fof the V3,yibration’belonging tb‘the Bg symmetry species
the . instantaneous dipole moment transforms accor@ing to Ba’
g0 thé.selection rules for K and’Kc'are | .

| oe i+ 00 and eo —~ ee.. ‘d’
Similarly, v;’with Bc symmetry yields |

) ‘ eo « oo’,‘ee’- oe
= and Ve’ with B, symmetry has

L : : !’ - ee — 00 , ec ~ oé

—




-
e

- For @ givenﬂbibfationAAJ-0,+1,-1 coresponds to the (, R
and P—branches,“r%spectively. However, due to the nature of

the asymmetric top, each braﬂch splits into a series of sub-

- branches as a function of K. In the case of the near prolate

L]

top, the sub-branches are governed Ka' where, for a given
a
example, the notation P5(7) in vy represent two . possible’
transitions for K,=5 where Q means tha}:ika-O; P and 7 stand
. ]
for AJ=-1 and J =7, respectively.

K one finds a °1"3&5i\:f transitions due to J and L For

nce, the notation

"‘represent the transitions (65'j*‘7 2) and (6 "—75,3) in

B

the V3 band.,

R

2.6 Line Intensities

Accordinq to ‘the Beer—Lambert law, the transmission of

.radiation throuqh a homoqeneous gas sample is described’ by

the relatipn:

I = Ioe‘k‘”’x, ©o _ (2-48)

vhere k(») is the absorption.coefficieni;‘ ln(I/Io)'is the

absorption ratio and, ¥ is\ the optical density.. The

.abBOtptiOD cogfficient is & function of both line strength

and 1line "shape. The line strength or ibtensity, é, is

defined to: be thé integral of the absorption coefficient

-t
$




Gy

s = [ kimav S T (2-49)
Hence, is the  area 'under the curve. 1In :terms- of
fundamental molecular quantities, the strehgth of a spectral

, line ariging from the transition from state A to state B is"

given by [46,48]:

st = (87 /(3he) 1 (n/G) ¥ AREXP(~hCE, /KT)
*[1-Exp(-hc ¥ /k'r)llmhulml2 T (2-50)

where n is the.tofal number of Ebsorbing'molecules’per cm3

per atmosphere, ‘G iB the totaf partition fuhct@on and
‘|<A|u|B>|2 .is the square of the transition dipole moment.

matrix ‘element, The rotation-vibration partiiibn funqtion

is given by , :
Y ' '"' . ) . . .
G = %:gje( E,J/kT) ’ ' ,(2-—5})

where 9 is the statist1ca1 weight or degeneracy of the

energy state E of the vibratlng-rotatznq molecule.

3
The sguare of the dipole moment matrix element is
aiven by: ’ ‘E: ' - . ' o
|<A|p.|B>| = fex,y,z 1< p.flf>| L (2-52)

)

wvhere 1 and f are the initial and final state of all ¢hé
sublevels. in the transition A to B and, ¢ is the component

of the-dipole moment along.the X,Y,Z space fixed axes. 1In

the absence -of an ext i

-
“
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dipole moment are equal so that only ome component has to be
evaluaied. The chosen component can then be related to‘ the
, o ) L ' , -
dipole moment relative to the molécule-fixed axis with the

direction cosines, ‘#Fg. For example, working with the %

component yields / L ‘ ‘ ‘.,;
2 il 1ent2 . : o ean
[<aju|B>]“ = 3|<i] m lE517 ‘ _ . t2=-53)
with B ? V
'.,‘Z.=, zg“’g.

[

.t -

where g is summed ovey the 3 molecule~fixed axes -.a,b,c.
In the case of H,CO, if we assume .that there is no

mixing among the states V3, ) and Ve then v, has no cﬁhngg

fhiub and g, so only ua'ﬁeeds-to be considered in Equation

. (2-53).; similarly, for 7, and ¥ dif it is assumed that

there - is no mixing then only [ and Ky respectively need to
Bq,considered (Figure 2-1). In the case for V¥, Equation

(2-53) then becomes:

- 2 i 2 " L
'_’.|<A'|,u.|B>| = 3|<:|?Za"a|f>| a .. (2-54)

If it is assumed that there is no interaction between

" rotation and vibration, ie., where'ug does not aependlon the

rotational coordinates, then Equation (2-54) for vy may be
. N v b
written as .

"~

12 L a1 o o121 12 . .
|<A|}L|B>|. = 3[<R,|®,, | R | <l p, 1Ve>1%x8 (?-5?)

|

|Ri>|vi$ = | i> and |Rf>|Vf> = !f)




_even in the lower state. E ) oL - '
2’\ Recalling that ve are dealing with the case  where E

"
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and B ‘is. the nuclear spin degeneracy and is 3 for transi-

rions where K, is odd and is 1 for transitions where K is

there is no mixing between vibratiﬁhal states we find AV
" '.vi = ground state,’ i Ve = V3 Or Vv, Or Vg ‘
i g5,
R = Z'r NES S5 ~ | .
E:sml|a K> o - (2-56)

where § is "the eigeavectorwﬁtransformation matrix fhat .

.diagOnalizes the upper state Hamiltonian (superscript T

represents transpose of...), T is the \Jigenvector matrix
that diagonalizes the lower state Hamiltonian, and |J, F>

th

represents ° the n symmetric top basis set. Thus Equation

(2-55) may be written in more eempacp form as [13;53]
2 . ' < " .
|<A|p]B>|“ = {<vi|u|v >[ZT’£nZ s:1<a",x IMIJ',K'>]}a2 %
= (6#/60) <vi|‘Q1vf> [Ty sljm (2-57)

where [U ] is the dipole moment matrix along the a axis, "0

. is8 tgﬁ normal eoordinate matrix, and (3#/30) is the dipole

moment derivative.

In the actual case presented in tﬁis thesis there 1is
mixing between the vibrational states v3} v4 and v so that
Equation (2-55) no longer holds, in the;sense that we must

consider transition qomponents‘ilong more than one axis.




\

L Bbwever. the _principie is the same and we may still write
the ~ intensity in the form of Fguation (2-57). But unlike
the case of Equation (2-57) the vibrational té¥ms do not

"+gimply factor out and the correct expression becomes

.2 ) ’
[<iju] £>] ZTin; c1Sif. (2-58)

where the full matrix U now has p, type term for . rotational’
basis sets in the vy=1 manifold, Jp, terms for the vg=1 mani-
‘fold and e type terms for the v4=1 manifold. "A given
't;ansition will be now governed by the expieaeion
l<ifmles|? = {<au/ao3>z3 + (/30,02 + (6#/806)26}22 .
where.z3 depends only upon the‘rotational quantum numbers in
the v3=1 manifold -and the ground state, z4 depends only upon
. the rotational quantum numbers in the'v4-1 manifold and the
':?ifgrd'étate, etc. - ?or example, 23 is represented as LT
2y = ;ai Xb. <v3=0|50|v3=1>(3",x"|Fq‘)zg‘IJ'.R")  (2-60)
' where a and b are the basis set coefficients (J&Op Yar =’
_[Za ¢ Op. Zb ¢j d7). . The %2 terms are easily calculated
_from Qatrix elements g}ven in reference [53]. ] _
Equation (2-59) may be used to determine the < 'dipole
moment derivatives from measured line strengths for several’
transitions. This is accomplished by a least—sguaees fit of
the measured strengths to Equation (2-59). Note that not

“

'bnly ‘the magnitude of the deri&atives but their relative
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signs are impoftant. Thg results,of this type of analysis
for 27 ‘lines will be presented at the end of Cﬁapier 5.
Once the dipole momeng deriggtives are determined the entire
spectrhm may be'calcﬁlqted é}om tﬁe'eigenvalues and éigen—

-

.vectors of the Hamiltonian. g

2

2.7 -Coriolis Perturbatipns

Perturbations betveen close lying enerqgy .levels are

!common bhencmena in molecular spectroscopy. These perturba-
\ + v

'tioné may be caused by-eithergFermi or 'Cq;iolis« inte-
' . N N l.
ractions. Fermi resonance is due to mixing of states by

termg in the potential“energ§ while Coriolig interaction {9

. é .
due to, mixing of states' caused by terms' in the kinetic

- energy. Cériolis interactions can occur between vibratioqa&
‘levels of,éifferent‘species while fbr Fermi resonance only

(states  of the same vibrational and rotational species ;may

v

interact. ; Since the.. effects of Fermi resonance were not

' observed in the 10 4 m bands of H,CO, "it will -not be

[4

describéé any. further in this section: ' .

e

When'S polyatomic molecule rotates and vibrates simul-

taneously,  two apparent forces can be observed. .One is the

h]

centrifugal férce; the second is the Coriolis force. The

magnitude of ‘these forces is givén by

-

3t



-

B

2
Fc‘emtrifugai s omre v : (2-56)

Fcoriolis T MV, “’F““P S : (2-57)

-
q o

where m is the ass of the particle, v; its apparent
veiocity with reSpect to the moving coordinate system, r its
distance from the axis of rotation, w the angular velocity
of ' the coordinate system with respect to a fixed coordinate .
system, and ¢ the angle between theqsxis of rotation and the
direction'of v&. The Coriolis force, unlike the centrifugal

force, occurs only for a particle moving with respect gj/the"

-

. rotatingq axis (va ¥ OL and is directed at right angles to

both the direction of motion and the axis of rotation. Tée

coupling which - has been observed between rotation and

_ vibration has been related to this Coriolis force. Coriolis

interaction can be .classified as either a rotational or

vibrational. perturbation [58]. It is a rotational pertur-

bation when the interactipn between two vibrational levels
of different species;results in a spegifft change. in the
rotational constant’'B. 1In a vibrational perturbation one
finds either a change in the rotational constant accompanied
by a shift in the vibrational lewvel or a systematic change
in theﬂrotational constant alone. A_shift of only the vibra-
tional 1level is always due to Iermi resonance [50]. - With
v, at 1500117 cn 1, . at 1167.26 cm ), and Vo-at 1249.09
cm-l, szco. is tne classic exampie of rotational pertur-
bations [45,50-52],. These sre induced by the ‘proxtmity of

¥
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the bands. The‘P-brﬁAch of Ve overlaps the R—Branch of v4,’

and its R-branch overlaps the P-branch of '¢¥,. The band

overlapgAwgggge——t6/T;;?ng>:oriolis interactions ¢ observed
previously. These are between the\K'=2 level in Ve ana the

K'-4 level in 1@ and between the K'=6 level of v and thew

\
Ko =3 level in V3¢ The rovib atlonél m96e1 for H,CO must

include the releVent Corio{ys terms»to account for these‘

perturbations. The ﬁ\}loying guantum mecban1ca1 description

‘of Coriolis interaction is based on derivations by Nlelsen

[45], Allen and Cross [46], Mills et al [53,%%] and Nakaga-
wa et.al. [13,52]. ) \

\Coriolis inQ@ractieg is caused by the coupling ;f the
totél angqular momentum components Pa‘and éhe vibrational
angular momentum p,. The main term of interection for.each

band i$ included in its first order Hamiltonian as

é o . o
H21(cor.) © -'2;28 PoaFor ‘(2 59‘
"'22 Z s!(w |/w )1/2q ps. (5-59)
x
where bg! stands for the,equilibrium rotational constant

, ) o ‘
arouhd the o axis and §;s. for the Coriolis coupling
constants éerived from thee vibration-rotation intefécfion
constants a:. The ‘normal coordf;ate, Agr the conjugate

momegé;L>gs and the angqular momentumw operators Ea are -all
. i .

-
-

- product of the symmetry species of two vibrationgl modes

“contain the species of rotation, g )@T(g )eT(3,), .
e e .

onless. According to Jahn's rule (31}, if- the

>
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St nn [(wf )/(w y1/2 \

: be obtained [56]‘by‘replacing 532. by i . -

po— , . C b
"41
Coriolis interaction may take'place between the moaes We and
Wgre orwbetween the states (v ,vs.) and (v +1,v 1).
+ ‘The first’ ‘order quiltoniqn component H21 is wusually
isolated by a perturbation method [45], andicontains’ the

5;5. terms which represent the extent of interaction between

the states in questlon. The transformed Bamiltonian may now ‘

§ -~—
<+

be written as the sum\bf two tetms
- Q]\

Hy1(s,8") = H21 + Hzl Co | “‘- (2//60).

D
’

in which §21 isnthe resonance term with noanhishing matrix

. *
.elements only between ,the resonating states, and 521 is a

..a

o

. -« ' .
term with no such matrlx elements. The contact +4ransform-

-ation kwith a praper 821 function’ (56] eliminates Hé{ from

the first order Haniltonian and transforms 521 into

[
<

-

'-' }f (q psl q. lp ); ss a o ’ . (2-61)

Tne transformation y1e1ds\a somewhat modified vibration-

rotation ineteraction constant, ‘ag. The unberturbed a:'may

3

4

{ .
e (2 ' 2 -1
($oge) (B /) (@ ~0 ) oo, (gt ) (2-62)

[}

-

The term" 521 can then. be evaluated by solving a secular

—

equation obtained from a matrix with.offfdiagonél elements

‘
H

4 - S @ ¢ ) . .

¢ . i A ] RN

»~
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e = |
\\gvv' zﬁxgﬁiulﬁvs‘/w )1/2 + (uf/w .)1/2 R p
;X [(vs-l-l)v /”1/2 ‘ (2-64)

1

. In cases of strong Coriolis resonance as for 'ﬁ with’

Pl . N
Ve of H,CO, .a second order correction constant, n,« may be
extracted from tﬁe term 522. Using a derivation %imilar to

that of gvv" ..., Mmay be obtained from the Hzé term by

vv
solving a secular matrix with off- diag7ﬁa1 elements

4 T

<y s'Vg IHZZIV v ,-1> = ﬂvv,(P&Pﬁ-i-PBPa) . (2-65)

N

The type of Coriolis interactions in H,CO are governed’
as usuai by symmetry. Formaldehyde belongs to the C2v point

group (Table 2-6). For the.InArepreeentation the axes are
! ‘ , p,

\ r -
labeled as z=a, x=b, and y=c. Therefore, since lh belongs

to the B1 representation, 56 to the B2 representation, ‘and
¢ .

¥ to the A, representation one obtains

- ‘ 2
a’type Coriolis interaction for ¥/V sifce -
v Bl®32 =1 1 -1 -1-= A2_ (P,) .

b type Coriolis interaction for‘Vé7V4 since
. A2b®B1 =1 -1 -1 1 =B, (p)

'!-

and ﬁc type Coriolis Anteraction .for l%/v3'since
. | | ; |
32‘®A2=1 -1 1 -1 =By (p) !
N

Symmetty also ;estrigté the interaction between the rotatio—
nal sgecies in each set of bands to be as shown below.

N ' 3

N
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- Band | Symmetry Angular Cov Point group -
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comp. . E Cz(a.) b (ba) " O (ca)
vy ,Al A , 1 1 1 | 1
V4 ‘I» Bl . Pb M 1 -1 -1 '. 1 -
v y: - 1 - -
| Y% B, , Po 1 1 1 1
\ Az Pa : 1 1l -1 -1 \
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- . '\ s
a . \:’ - .
v () ) *‘. 4 - ) -
. ’ ‘ ’ . '
o P
¥ . R "_
- \ - ..
o ) |
< - - - ! " ’
-~ <% Lo ' L
iy - - '
| ) ’ ,:’ . -‘ L :;’
: ‘("l‘ o ‘ et - ..\‘ i ,'.':\\.‘u:t“ ot ;,:'::ﬁ




R
.VS/V4 r A type
Coriolis

-
p £t
O-

.0 P, O

<A
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The matrix ¢1Emehts for

basis are

V3/-V4 r b type

Coriolis
"ot +
E Pb 9

E Pb 0]

¥ +
0 Pb E . o
0 Pb E

v/ Vgs © ﬁype'ﬂ

Coriolis ‘

+ - .
EE P, O

- +

E P, O

+ -

0 Pq )2

- +

0 P, E

rotation in the symmetric top

.

- gt ST 1
<3,F|P,|3,K> = K ) (2-66)
<3,K|P, |3,R£1> = 1/265) [3(3+1)-R (F£1) }}/2 (2-67)
<3,k|p_|a, k21> = £1/2¢49) 13 (3+ 1R (k1) } 172 . (2-68)

) . C

and the second 'order in the same basis hay be stated as

« ” ; _ 1/2 .
3R [(B2+R Py ) |3, Fe25 = a2 /213041) R (Re1) 12

13

L 4

X[J(3+1)-R(R£1) (£2)1Y/2  (2-69)

The Coriclis interaction is ohe of vibration-rotation. Bence

vibrational angular’ momentum must be taken into consider-

ation. It bas been shown {13 that by doing so one obtains

<v,J,¥X

<v,J,K

<v,J,K

> My >

=10 4

<v,J,K
-5

R

v, J, K> = 1£3le
v',3,R41> = 1/280 | [3(3+1)-R(Re1)11/2
v, 3, Rel> = F1/2EC T 13(3+1)-R(k£1)112 (2-70)

v',3,Ke2> = F1/215C, [3(3+1)-R(R£1)]
© X[3(3+1)- (Re1) (R#2)11/2

]

AY

o

1/2

3

(2571)
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The matrix elements shown‘dhove are imaginafy,u but they can

' be made ‘real by the proper choice 6f phase factors. The

species of the vibrational states [13, 45]1 for example, 1
for Ay, ;-i for A,, i for By, and -l for BZ‘ Iﬁtrﬁduciﬁg
these factors into the vibrational -rotational products and
labellng the interacting modes observed in yzco yields the
final matrix 1ements used by Johps (14] }n an earlier
analysis of the .Coriolis intetactiong in forma;dehfde p

Q

o . be ‘ 1/2

X[J(3+1)- (R+1) (R+2) 1172 (2-73)

'<v4,J,K|§lv3,J,Ki1$ = <1728, 133+ 1) -k (k210112 (2-73)
< HEErr. 1/2 :
Vg1 I KIH|vy,J,F1> = ¥1/2£S 36 [T (J+1)- R(K+1)) (2-74)

The first aﬁﬁhsecond order Coriol@s'interaction constants, &

and 7, are obtained from the least squares fit- to the

observed transitions. )

v
»

Tﬁe‘qbintic third order Hamiltonian term, 523, can be
used to ‘characterize the accidental Coriolis intgréction
\ ~\bet':'ween K;=3‘pf 13 and K;=6 gg V.. - For asymmetrg; tops 523
is - purely ‘off-diagonal 1in Ve and is calculated, from a
3' : l_series of other PHamiltonian te;ms including H21 and Héz

. discussed above. Hence, 523 is a mixed Coriolis Ramiltonian

{

term which allows for AR=#3 interactions needed to treat

ST e ) e

. , . —

S phase.‘factdrs may be chosen corresponding to symmetry

‘v<v423.g|n|v6,a,x>-= 2243 - " o (2=72).

»
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this particular local resonance. The éipression for'ﬁ23 is

given by Aliev and Watson [57] as

H Z gPgtB, B P , T (2-75)
23 4P £, 8" Ygg! ! a By - b

.4

where Y is the third order Coriolis coupling éonstant.‘ The

derivation of H,; and its contact tEansformation, as well as

_the evaluation of Y are described in detail in the

literature [31,56,57]. |

The molecular , symmetry and the particular Coriolis
interacéion govern the choice of axis assignment in equation
(2-75) i.e. cx,. B, and Y for ngxﬁgraﬂ As in the case for
-the first order Coriolis between V3 and v, the vibrational
anguiar momenfum P Secomes Pe (along the c axis). To get
AR=%3 couplikg one must have ‘the dondition that the axes

B-Y¥a since P, is diagonal in K (Equation (2-72)). The§

possible products are:
2 2 | o

qince the entire term should be symmetric and so terms such

2 3
vas p Pc b c must drop out yielding only pcPcPc pcPc and
pcPch. Both these products give the same J and K

dependence. Foy pure rotstional transitions using Pz one

Ay

'\an.xlpg[ > = <3,k|p |3, R£1><3J, F+1|P |3, F£2>

X \<J, R+2|P ,J F+3>
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Q,‘ = -i¥/8 [q(a+1)—x5§ii)a?/2
X [3(3+1)- (Re1) (Re2) 1172
’ T X ()~ (re2) (ke3)1Y2 (2-76)

' Introducing ¥, P, and q, from Equation (2-75), i.e. the
" interacting vibrational modes, the fihal(off-diagonal term

‘oﬁ fbe Hamiltonian takes the form

°<vg.J,F|§lvgﬁk}K13> = 236'[J(J+});foil)il/2
X [J(3+1)- (R+1) (R22))1/2
L " X [3(3+1)- (R+2) (K+3))1/2
‘ = 2, N(J,F) | c T (2=17)

where Z3¢ is a third order Coriolis coupliné constant for
the interactiSn between‘lg and Ve and may be obtained from

the least squares fit of the observed transitions.

\ B . R | . —_—

\
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‘ CHAPTER 3
INSTRUMENTATION AND DATA ACQUISITION

3.1 Introduction ‘

¥
The qualitative and quantitative analysis of H2C0 has

been carried out using two very high resolution techniques:
|

Fourier transform infrared (FT-IR), and Doppler 1limited,

tunable diode laser (TDL) spectroscopies. The FT-IR has been

used for wide range survey ‘spectroscopy, -while the diode

nlaser spectroneter has been used for the determination 6?&

individual line strengths,‘ pressure broadenedlﬁwidths, and
Snalytical trace analysis. ‘
. This ‘chapter begins with a brief description of the

FT-IR spectra. The laser spectrometer as well as the proce-

dures used to obtain a spectrum are described in the next

. " N
section. Several -examples of TDL spectra are then _shown

and discussed to illustrate the capabilities of this 'tech-

nigue and to show typical characteristics of the spectrum of

v Al .
. ~ ’
‘ l gﬁ
| . ‘
v

HzCO.

3.1 . FT-IR Survey Spectra

High resolution FT-IR spectra of H,CO from 890 to

-1

1580:cm have been recorded with a Bomem interferometer at

‘the Berzberg Institute of Astrophy®jcs in Ottawa.. . This



o

instrument has an unapodized resolution of ~0.0024 em L.
~Theespectrun reported was ‘apodized with a Happ—Genzel func~-
tion 'yielding an observed! width of ~0.004 ’cm'li' The -
‘spectpgg contained‘nearly 4000 transitions°atising from the
ig. l%,'and-V6 bands. A peak'finder program running on the
PDP-11 . computer of the Bomem . %nterferometer provided a
N - ‘ measured wavenumber listing for these transitions. A trace
of CO2 gas introduced into the sample cell provided for
absolute‘ca%ibration‘[SQI. A typical FT-IR'sﬁectrun of HZCO

‘is shownhin Figure 3-1,

o

'3.3. 'TDL Experimental Apparatus

i

' The Pb-salt tunable semiconduttor diode lasers (TDL's)
used .in thlS work were fabricated by Spectra Physics/Laser
Analytics division._ Lasing in these semiconductors results

-t

'from stimulated emission across the energy gap between the
conduction‘ and valence bands, A ﬁooulation' inversion 18-‘

\ achieved by'apply;ng a'fo;§hrd-bias current to the diodeldnd
| thereby - injecting cnarge carriers across,the p-n junction.
The recombination of these charge carriers facilitate the
.gain mechanism for laser action. The end faces of the laser
crystals nade by cleaving olong natural crystal planes form

" the laser resonator. The TDL crystals are typicaliy 400 pm
long with ;a,cross-section of 200 X 200 pm. The ‘lasing
frequencies of TDLs %s governed_byvthe‘specific composition

of the crystal. Pb,_,Sn Se lasers can be made to. operate

] +
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from about 300 to 1200 cm -1

-1

and PbS1 9e from 1200 to 2500

cm, by selective variation of x during fab{ication. poth

/
types of TDL's were used in .this exper imental work. I——

_ " The output oflany one TDL can.be tuned across a range
of 20-206 cm-l by varying the crystal temperature from 10K
to 100K, - yhich in turn changes. the band aap energv’in the
semiconductor‘ and to some extent its index-of refraction.
Most diode lasers oscillate in several modes simnltaneously,
separated .in wavelenqth by the cavity mode spacing of
several wavenumbers. In most cases, however, eingle modes
may be isolated by a grating monochromator. Several reviews
of- Pb—salt TDL's detailing their fabrication and operation
have been published [23 60].

Line parameter measuréements for H2CO were. made using a

1

T

modified Laser analytics Model LS-3 spectrometer and: the

following procedure. One of the four tunable diode lasers
nounted in a closed-cycle cryogenic refriderator is tempe-
rature tuned 'to'the desired wavelenath within the tuning
" range of the laser emission. . At this set: wavelengtn} fine
tuning of - upwto 1 em? is accomplished with small ' tempe-

~

" rature variations (12R heating) induced by the laser current

control module (LCM). The iaser current is sawtooth

modulated at ~50 Hz and is synchronized to both a sectored
blade chopper and a signal averager in a manner similar ¢to
that described by Jennings [15]. The output from the grating

spectrometer is detected with a. liquid nitrogen cooled

ol

C .

1)

-
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HngTe .(or.InSb) detector and is amplifie:;gy an EG&G Model
113 pre-ampliffer. The signal is then'se? o

an EG&G Model

4203 slgnal averager and transmitted either to ,éh X-Y

recosder or via an RS-232 interface to an IBM. PC computer.
The irelative calibration& ot the wavenumber sca;e ‘was
provided by a 3" solid'germanium etalon with a fringe
spacing in tne region studied of ~0.016 eml. The precise

transition wavenumbers of Hzco'and etalomfringe spacings

' were obtained by reference to welf\known N,0 lines [63].
A ' .Laser Analytics Model ‘'L0-3 multiple. traversal

.ebsorption céll was used as the sample cell., Thig cell has

White“s optical configuration 161,62], and is adjustable for

_optimal pgthleggths of 4.17 to 100.17 meters. qumaldehide

vapour .was generated by heating analytical grade para—

Iformaldehyde and introduced into the White’péll throuqh a

1iquid nitrogén trap. In order to prevent both sample poly-

nmefiistion and inspre absorption lines havinq Doppler

widths, /}he pressure of all H2C0 samples was ma1ntained at

<0.1 Torr. The optical path of the White cell &as adjusted
so as to allow 15-20% transmission for all transitions being
measured.‘i&essure'measurements were made with a Datamatrics

Model 572A capacitance manometer which was frequently

calibrated with reference to a Kontes McLeod gauge (0,001~

1,000 mm Hqg). A block diagram of the spectrometer and

support equipment is shown in Figure 3-2., »

L)
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3.4 Data Acqguisition

. Experimental data were obtained from six . sets of
sp%ctra, "taken in duplicate on three different occasfons.
Tnis allowed analysis of variance within and between runs. A
typical spectrum is shown in Figure 3-3. Maximum energy (Io)
wag recorded thrgugh the evacuated White cell B at: the
beginning .and end of each set of spectra anc compared 'nﬂ&h
the. I, obtained for the individual trg#ces. Pressure
broadening effects were evaluated usin n average of only
the initial and final I values since the 1008 transmission

‘(background) at elevated'pressures became@indeterminable., A

saturation absorption scan was made in order to verify -

whether the shutter zelo was- equivaleht to the  100%

absorption level. It has been found that the two agreed

L]

‘well, and so the&shutter zero was used ag the I=0 Ievel. me
ful//widtb at half height (FWEM) at (1/2)1n(I /I) (i.e. FWHM

at ) was measured by direct comparison with the Ge

etalon transmission peaks (fringes) nearest each . spectral

7

feature. "Etalon fringes were generally used for both the

.conversion of the ¢tuning ' current axis (X-axis) to

wavenumbers and the linearization of thise axis. The need

'for linearization arises from the' fact that the I:Eer do

not tune’ linearly with current. The spacings between the

‘fringes were calgbrated using well known Nzo Téines taken

_from Guelachvili- [63]. The separation of the interference

fringed” of the Ge etalon vary as a function of both wave

-

\
/
//
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length and temperature and therefere ‘needed freguent

calibration. The aboee procedure fbr data collection was
repeated at several different pressures- 0 to 70 mTorr B,CO

for line- intensity studies; :\d O to 25 Torr for foreign gas

broadening measurements. ' Each series of data points

éolIected' formed the  basis for 'a Beer's law plot and

'statistical evaluation of the - xesults.

.The identification of individual transition lines

prior to analysis was obtained by comparing survey (~0.5

-1) TDL scans with the-FT-IR data. Single isolated‘linps

were identified using' N20 lines and etalon fringes.’ Typicel-i

DL survey spectrq are shown in Figures 3 4 and 3-5.
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4,2 Freguency Assignments

e < ) “ L g\
) CHAPTER 4 . - ..

BXPERIMENTAL RESULTS - H2CO LINE ASSIGNMENTS, AND
DETERHINATION OF LINE STRENGTHS AND BROADENiNG COEFFICIENTS

H

4.1 .Introduction &
, P

In this chaptef, a description of the method used for

the assignment of the H2C0 transitions vwill be presented..

‘These gquantum number assignmenfs were used in the simul=-s.

taneous  analysis of the Vyr ¥ and'V6 vibration-rotation
bands discussed in Chapter‘S. The teshnfgues used for
‘evaigggion of line strengths ané foreign-gas pressure broad-
ening parameters, and the final results will also be

-
presented. -

The observed t:ansitions obtained from the FT-IR W
spectrum were assigned using the ~ground—state-combinat1on-,
difference (GSCD) technique. = This method determines the

upper state energy levels by combination of observed infra- N

"red transition wavenumbers and the appropriate calculated, '}

ground state epergy values obtained from microwave spéctra.

i

Governed by the selection rules, an upper energy state may

be reached .by several different paths. Fence, the khown

I
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parts of a combination‘may be used to pred%ét the frequen-

ciesk of the unknown parts. An example of this bowerful

technique is shown in Figure'ﬁ-l where, using the selection

W »
rules for ¥,, a transition diagram was constructed for Kl=l.

The six energy levels for the lowér.states were calcﬁlated

-from _molecular constants derived from recent microwave data

- [64]. The two'R,Q1 infrared transition energies were gelected

k4
using an educated quess. Using these values, the ehergieg

xl, Y Xqr and X, were computed. These adreed within

several milliwavenumbers with the existing FT-IR data, indi-

cating that the transition model and the original guess for

RQ1 were correct. Fencé, the transitions shown in Figure 4-1
were assigned to these six IR wavenumbers

The ground state energy levels were genetrated from the
éround state rotational constants reported by Cornet and
Winnewisser [64], using a computef pregram written by Maki
[65)]. The energy levels generated consisted of' all values up
to J"=30 and K2=10. - |

Over . 1000 assigned IR transitions given Sy Allegrini
et al. [14], for J<15 in ¥y, ¥, and'V6 of H,CO, tock much
of the guess work out of the initial utilization of the
ground state combination difference. Using the ’GSCD
tecpqiqué, 3400 transitions were assigned of which over 3000

were used in the determination of the rotational constants

for the three HZCO bands. The observed wavevenumbers and

their respective assignments are listed in Appendix A.
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‘4.3 Line.Strength Determinations -

The measurément of line strengtﬂ is simplified
considerably when performed with a laser spectrometqr; since
the instrument function defined b§~the laser profile 1is
usually much narrower iJibandwidth than typical observed
linewidths. Hence, rather than using the somewhat cumbersome
‘equivalent width techniéue [66-68], the strength of a lvne
cah be determined by ‘the direct method from the line center
‘absorption [15,69]. A brief decription of the direct method
follows. | ' ‘

- The intensity I(v), of a single absorption line is.

1

given’ by Beer's law as

I = I (9 Expl-k() X] (4-1)

. Q’ - ‘
where I  is the intensity if there is no absorption, k(v) is

the absorption coeficient, and X is the optical density i.e.
the preséure—pathlength product (PL). For a Doppler line

shape the absorption coeficient has the form

k(¥) = (8/7) (1n2/m1/2

: « B
where 7 is the Doppler half width and is equal to HWHM of

EXP[-1n2( (= 1) /)21 (4-2)

the k(¥) profile, A is the.freguency at line center, and S
is the line strength. The Dpppler half width is given by

Y, = ¥ [(2kT1n2)/(mc®)] . (4-3)
: * P /;1
where k is the Boltzmann constant, T is the temperature, m



is the molecular mass, and ¢ is' the s;eed of light. ' From
the 1line center transmission, To ™ 1(20)/10(20)‘ one can

8solve for the line strength S as

¥

S == (Ypln To)/[PL(lr;Z/‘.T)l/zﬁl (4-4)

‘ _ o S

In terms of line center wavenumbers one finds [15] “ °
s = = (mkr/me?) /2 (y /PL)ing =)
= - (0.5794) (v /L) (/M) Y/ 21mT (4-6)

t
where lg is in cm_l, P 18 the pressure.in milliTorr, L is

the absorption patﬁlength in cm, and M is the molar mass in

grams.

Y N ad
A\

The iine stréngth for the 28 Fransitibns measured were
determined -using Eguation (4-6). Each transition was
evaluated at several pressures (minimum 5) yieléiné a Beér's
" Law plot of in(l/?b) vérsus optical density‘?}L). Since thg
pathlength used was fixedt porrections‘to the pressure
reading could be calculated from the X-intercept of the
plot. Thé pressure corréctlon to the capacitance manometer
(-6 to -15 millitorr) obtained from the plot;"were in good
agreement with spot calibratigﬁs using. a McLeod‘GauQe. "All
préssure readiﬁ%s were correcte@ brior to use in tﬁe llné
intensity caiculations. A typical Beer's Law plot is shown
in Fiqure 4-2 for the for the tyansition 182'17<~<181'17 of
t@} ,

The resulting line strengths are listed in Table 4-1,
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6

Table 4-1: Observed Line Strenaths 1n3:hef U, and V.. Bands

of H

,C0- at 2431°%,
FREOUENCY o0 - TRANSITION AVERAGE INTENSITY
on KK (K o “atm
-t el ale .
1148.33511 V¢ (17, 4,14) (18, 5,13) (3.2254-0.126)x10~>
1148.34523  V, /2(11. 2, 9) (10, 3, 7) (2.1134-0.050)x1072
1148.36004  V 17, 413) (18, 5,14) (3.3954-0.151)x10~3
1148.47042 V, (3, 0,3 (4, 1,3) (4.7374-0.195)x1072
1148.50854 v, (16, 1,15) (16, 2,15) (1.8664-0.075)x1072
1159.13578 vV, (1,0, 1) (1, 1, D (2.9534-0.170)x10"2
1159.27164 * V, (2, 0,2) (25 1,.2) (4.§45+-o.3n4>x1o'2
115029738 V, (28, 2,27) (28, 1,27) | (5.936+-0.405)x10™
1159.39157 ¥, (15, 2,13) (14, 3,11) | (1.883+-0.064)x10"2
1159,41214 ° Ve 6,6, 1) (7, 7,00 | (1.4884-0.056)x1072
(6,6, 0 (7p 7, 1)
1150.43953 Vv, (9 1, 9) (8,2, 7) | (7.429+-0.32)x10"
1159.47176  V, (3,0, 3) (3, 1,3) ' | (6.663+-0.463)x10™2
1172.38603 V, (18, 217) (18, 1,17 (3.éoe+-o.0§5zx1o'2‘
1172.52555 v, (6,1, 6 (6,0, 6 (2.843+-0.148)x10™2
1160.64464 V¢ (12, 2,11) (13, 3,10) (1.898+-0.100)x10™2
1180.73250 V¢ ( 4, 4, 1) (5, 5, 0) (3.8414-0.235)x10™2
% (44,0 (5 5 1

- 1180.80804 V, (24, 0,24) (23, 1,22) . (2.613+-o.o74)x10'3

1180:83214 v, (11, 2,10) (11, 1,10) (3.4004-0.208)x10™2
" 1180.88324 vg (13, 2,11) (14, 3,18) (1;551+-o.iie)x19‘2

continued..... _ . I ’
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" Table 4-1 (cont'd)
" FREOUENCY 0o TRANSITION AVERAGE' INTENSITY o
el UPPER . LOWER el ,
) (VKLKD) (3 Ke K atm
1192.60831 V, (10, 4, 7) (10, 5, 6) (2.800+-0.091)x10"2
‘ (10, 4, 6) (10, §, 5)
- -.‘2 e
119262677V, (3,3, 1) (4, 4, 0) (2.000+-0.092)x10 .
' 6 (3,30 (4, 4,1) §
119266566 V, (9, 4, 6) (9, 55 | (2.800+-0.006)x1072
(9,4,5) (9,5, 4) ~
119271773 Vg (8, 4,5) (8, 5, 4) (2.492+-0.123)x10"2
(8 4,4) U8, 5, 3)
1192.73689. Vg (18, 1,173+ (19, 2,18) (6.010+=0.228)x10™> \
“1192:76481 Vg (7,4, 4) (7,5, 3) (2.165+-0.075)x10"2
. ) . ( 7. 4"3). ( 7. 5' 2) s ’ } .
1192.79547 V. (10,%1,10) (11, 2, ©) (5.890+=0.173)x10™> - T
o . . . , . - \
1192.80640 Vg (6, 4,3) (6, 5, 2) | (1,648+-0.060)x10"2
(6,4, 2) (6, 5 1)
1192.84237 V¢ (5,4, 2) (5,51 | - (9.7724-0.2023x1073
' ' (8, 4, 1) _( 5. ‘5, 0)
- - ) e
t .‘.. - "
—\\/ ; ‘ Pt
’_’ N , . R ’_/‘,..
» M ' ' .“J
";‘M B i ‘§' .
: . ' ]
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The  absorptivity coefficient bbta;hed,from the siope (least
. -squares £it) of the Beer's law function for a gi&én daéa set
routinely yielded a relative standard deviation of less than
3% and ,a" linear correlation of >0, 998L However. . when
absorption coefficients for a given transition obtained in
several experiments (days apart) wére averaged, the error‘“
#  increased. to between 3 and 8% of‘tﬁe mean value. ~ This 'is

.’ Cclearly demonstrated in the scatter obtained from . 3

o different H,CO samples shown in figure 4—2. ‘The - error - in

/ reproducibllity may be attributed to vibrations cauaed by

o -vfhe helium refriqerator and possibly to shifts in lasing
_modes .[15,70,71]. . . - .

The overall reliability-of the TDL system and ‘tech-

, ‘ o o
. u) ’ nquE‘used was initialy evaluated on trangitions in the Nzo

‘calibrating.gas [32]. The results obtaineé for five ;rangi-

tions in the 2v2 band were in excellent agreement with lite-

t

.rature’vqlués obtained by other techqf@ues [73,74].

4.4 Pressure Broadénning b¥7Foreign Gases

Foreign-gas collision broaden&ng parameters wvere
"ev;luated by recérding the absorption lineshapes of a fixed
amou;t ‘of H,CO at a number of differént'pressug?s of " the
broadening gas. Pressure induced widths yere.theﬁ determined
fro% a plot of lipeawidth versus the partial preséure of the
foreign-gas. The HZCO p;eséute wag again  maintained

sufficiently low (<100 milliTorr) to insure an initial

$
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A Doppler. liﬁeshape. The low sample pressure limited :the

. ‘ * -
amount of foreign ' gas used _to < .30 Torr, since the

» H absorption v lines became-weaker as they get“wider. This
,JJ -i effect is iflustrated 1h Figure 4-3, ‘
u The lineshape of a press%rg,broadened line‘is gorerned
s '. by the perturbation of exterior systems. upon thel absorber
. ‘ moleculé. A. smearing qf the energy levels results from
) \ these distu;banceé which produces a-probabllity ddstrlbution
:'t?ﬁi‘; é of the enerqy level shifts. For a collision broadened line,
the linéshape functlon t?kes the form ‘

- & s

2

. k) = /m g/ Ly 2ty L =T,

tok A .

e -

=

~ where Y the half width at half’height, , is the reciprocal
s ) ’,‘ ofaihe ‘relaxation time and is pfoportional to- thejpmessure.
~N ‘ﬂ This‘\function ﬁg .;nown . the Lorentz lineshape. The . 5
' . ;' obgerved’ spectra of of a broadened 1line hoeever, is )
_generall a{copvelurion- of Doppler and Lorentzian functions
;‘ “called a Voigt profile. At elevated preeEures the lineshape
ia. gove}ned by &be'Ldreﬁtzian functiéﬁ vielding a lineaf
relatidnehip between the BWHM ‘and the apJEied pressure
‘c ; (Pigbre 4-4), Y However, since thf pressure range used here
L was limitedwr9f<30 Torr,, the contribution of the Doppler
g .. ;. function /is\stillqsignifiéant. The Lorentzian widths wgre

< ot N
39§;a1n;d from the ehpirical relationship [(so}’
- > '

N T, = Vy{7.7258-6. 12541140, 3195(713/')1V 1/2} 1 (4-8) -

o . . o
» S ' 14 . ‘;'



——+205 torr Hy

H,CO

\v———r-l-ia.o torr Hs
0.050 torr v ° -

817 meter iq—-+ 7.4 torr H2 .

\ i
. ’a ‘
¥
> ‘ﬂ . -
1. °
S - ] | o o
v_// - ( e ¢ . ' . - - i
- -Figure 4-3: \TDL Spectra for. 'Hydrogen Pressure Broadening - )
. . % . R H . .
. . ., « Experiments on éhe 30 3-31“'3 transition at
'\ * . / \ ’ ’ ’ ',. 9.
S ' 1159.47176 en™ 1 of the) ¥, band of H,CO.
Y : . . ' o . ' : oo - -
~ : ca . : .- - - !

3 L b A . \ / N .,
* - - Kl . M
[ .
. \ . . g . . o
N . . N N ' . * a T , ‘
. ‘5:
v, . % . ‘> . '
. . . .
. . N ’ .
. .
. A
. d . - . . .
. N ’ ' . . » B
a3 . 4 .
. * 1
\'
.
,

- A
¢ ‘: 3 . - B v,
- g . . P L A A S P
o W% e " i ‘ L, P A A T E SO S SR -



s

i
1

»~y‘

e 0

.

™~
'

FULL WIDTH:

Fi

'
e

-—

T; Voigt.profile calculations,

-~

n
-]

- S o 3
T N J 5

) BEEE ) A2 16 20 24

""PRESSURE (torr) '

r . " o

. ; u . g
guge ;4-4: Plots of. Foreign Gas Broadening Collision

~ © Widths (FWHM) of X-H,CO (X=atr, N, or 0,)

"as a Function of Prbssurd. . o
,é¢ rDotted'11ne represents'fﬁe‘Lorentiiaq,fﬁ11;Wthh

" " function &f preséure for air broa&enihg derfived
." X 1 i

I




.The Lorentzian résuits obtained here were then verified by.

71

e
e

whefé’:Yv is the qilfiwidth of the observed Voigt profile.

use of a numerical convolution simulation similar to that
described by Blass and Halsey [79]. Plotting the Lorentzian

widths as a function of applied pressure yielded a linear

relationship with an intercept close to zero (10-4 to 10”6

em ).  From the slopes of these plots all pressure

broadening qoefficients were‘evaluated. A typical plot (line
’ O\

marked a) is shown in Figure‘'4-4 for air broadening. It

should be noted here that the kinetic theory of §ases doec

1

not account for all observed phenomenon concerning halfwidth

. .
measurements. It 1is necessary to treat the problem at a

~

higher level [75), where interactions such as the depe;aénce

~

of the halfwidth on J, the rotational quantum number aré.

. also considered [767. : ' DR

w' e

The results for pressure broadening due to collision’

with air, Hz, 02, and N2 at room temperature (24 1°¢) are

listed. in Table 4-2. The effect of air broadeni%g may also

be evaluated from the broadening contributions of O2 and Né

by the use of the relation
P
Y = P. ¥
air o2 0,
)

¢

+ P 7 o -
N, "N, , ; (4-9)

wheré'the Pi atlithe pértial.atmospheric’bressures of O2 and
N, (0.20946 and 0:78061’atm., respectively) and 71\are the
respectiﬁe‘ﬂwam. Using this’relatiénshiﬁ'yielded a computed
air broadening coefficient of 0.128 cm;l/atm. for the

l . v ’ / -
D ,

-
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SCUNED

‘transition 30 3~ 31 3 of V. Tliis agrees quite well with
the observed value of 0.126(10) cm™>/atm.

The results o?tained for air, O,, and N, are in reason-
able a;reement with theorétical values obfained by Tejwani
et al. [77]). ’rl":e theoretical values listed in Table: 4-2
represent average, intensity weighted ‘broadening ‘coeffi-
cients. The broadening coefficients for H,Z are 31;0 in
reasonable agreement with the results of the experimental

millimeter work reported by Nerfe [78].

—

Table 4-2 : Foreign Gas Pressure Broadening Coefficients

‘for HzCO.‘El \\ x
[]
MVT‘QER TRANSITION: BROADENING GAS \
alr B % %

1159.47176 V,: 3o

0.126(10) 0.,139(9) 0.090(8) 0.140(9)

pl

“1192.76481  ¥,:74,47 ’5,3 [0.119t10) 0.158(18) [

6.

74,37 75,2 \
8, 8 €

192,173 ¥:%,57 5, 4 10.117(7)  0.166(18) :
84,47 85,3

110593857 ¥,:14) 73715, 150.115(8) .

Millimeter ' . , b

' broadening (ava.) ' —" 0.139
Theoretical - {0.107° _ 0.062°  0.120€

Broadening (avg.) ’; o

~ - ’
* - . ‘

. Theee values are half width at half height and for a temp. of 24+1°C.
.b. From Nerfe (78) ( . -

c. Prom Tejwani et al. [77] .

N
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CHAPTER 5

. ~

30 V4 AND 1’6 BANDS OF FORMALDERYDE
£y 9 .

5.1 Introduction .

<7 e

In this Chapter, the least~sgquares analvsis of the

ROTATIONAL ANALYSIS OF- ».

observed transxtions of the l% Vgr and q& bands of H,CO-

will be presented. The aim of this -analysis is to find a’set.

of molecular constants that can most accurately , reproduce

the measured wavenumbers for a given Hamiltonian model.

. Generally, if sets of data for a molecule exist for both

ultraviolet and microwave transitions or both infrared and '

microwéve transitions, then the data sets can be combined to

determine more accurate molecular constants for the . common

—vibrational level(s)Q subsequent predictions’and identifica-

tions of previously unassigned transitions are then aided.

In this study the molecular constants were evaluated using a
combination“ of wvibrational (IR) and pure rotational

, » ~ i
(microwave) data.

The analysis technique involves an iterative process
in which thé'RMS (root-mean-sauare) differences between the
observed and calculated wavenumbers are minimized using- the
least-squares technique. The RMS minimization is obtained
by iterative . Fdjustment of the parameters of the
Hamiltonian; A block diagram of the,process_is shbwn - in

\ t .
Figure 5-1. To predict- the transityons (calculated values)

S

ar

k'Y

e




. ) - 2 . .
Calculate transitions- , Adjust pam11to fan . .
" g based on graund and upper i parameters usiri
Lot . state enerqy least-sauares -
. ] X
-— % ,& - ey
A » Compare calculated with e _
observed transition wavenumber
5 ’ ) 2 ) -\ ;
+ ' “> -
- N o “ .
- ‘ N ) . . \‘
R Print: line 1ist; upper .
e ' .| state eneray levels;
. | final rotational
4 ' ‘ constantsi’.: etcetera. -
& o T . : g
. Q. ’ . \’) s . /’ * e
— Figure 5-1: Block/diagram of computer proaram used for the
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Input observea transition:
wavenumbers and assionmentd.

}nput around state
molecular constants |,

Ca1cu1ate'pround
state energies

l.
Input trial values for

upper state constants
appearing in the Hamiltontian,

Calculate uppser

< .-

1 — .

a

state eneragfies

_defeﬁmination of ésymmatﬁjc‘ tdb'mo]ecu1ar constants ‘9&

L3 - .
least-squares fitting. oy ‘

« L : ' )
N . . - i



75

,one needs both the ground and uppér vibrational ' state

) moieculat constants. The . upper state seé of constants are
the quantities being adjustéd and optimized in the fit.

The least-squares fitting techéique was also applied tb

the obsgrved line strengths. This fit computed the dipole

moments for thé three bands under study and facilitated the

prediction of their spectra.

+

~

. 5.2 Least-Square Fitting to the Model Hamiltoniaﬁ

Least-squares fitting to the rotational ﬁamilfonian of
o -
“the transition wavenumbers was performed simultaneously for

the ZY A and Ve bands using a cémputer prograh writtgn
and ‘éisc;ibeé by Johns [14] and modified by Reuter [81].
'Hence.only a summary will be presented here, strééging those
points important for the interpretation of the results.

The aim of the program is to find a set of statis-

tically significant molecular constants, Ci' that can most

accurately predict the .measured wavenumbers from the'

4 I i

Hamiltonian

Fp = ;C;[Qi ’ - (5-1)

-

“where Qi is a 'guantum mechanical operator{ . An iterative

approach is used in tﬁe least-squaree’ fitting routine since

the calculated wavenhmbegs,'-vgal, are not a linear function

\ h 1
hY

';-\
r

==
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of the Ci': This is done by making an initial “guess" ‘for

. the C, and then finding the set of corrections, 6C,, that

best solve the linear equations .
obs _ ,cal _ _ ' _
vy vy Zk:xik 6ck - (5-2)

obs

where vy is tbhe observed freguency, i runs over N tran-
sitions, k runs over M coefficients, and X;, is the wave-

number derivative of transition i witbh respect to coeffi-

cient k (3¥S?1/3C. ). . The best set of corrections, 6C,, in a
i k k

.least-squares sense are those that minimize the goodness Qf

‘fit (RMS) relationship

) ‘
2 obs_ cal,2 o
(rus)? = x? = 2 v 0gh - o (5-3)

vhere wi-lﬁgi'is the weight of the ith}transition, and oy is
the error assigned to that transition. The weighting is
patticulafly‘importanf when the fitting involves mixed data

sources. e.g. microwave and IR; where the 0 in the microwave

data is wusually several orders of magnitude smaller than .

that for IR data. Upé% minimization of X2 a new® set of

constants are generated,X'Ci(new)zci(old)+5ci, which in turn
' cal

‘are used to genérate-a new. set. of vi—". The iteration

- <
procedure is repeated to convergence, when the changes 6Ci

are smallgr than some desiréd‘heasure of precision. In this

anglysis Gdi had to satisfy the relationship |5Ci|<01ci),

where G(Ci) is the least-squares estimate of the standard
. A .

dgviatidn of the Ci constants.

In order to‘minimize the - RMS given by éduation (5-3)

£
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.the fitting proaram hee tO'ébmpute Vgal

, 8¢y, and dv/jdc,.  /
The fitting prooram uses a full Wang factorizition described
in Chapter 2, and using the Hellman-Feynmano theorem [82) »
..  calculates the required Jacobian natrix  of partial
. derivatives 'of wavenumbers with respect to molecular’ para-

meters (0v/0C) by the eigenvector transformation method. The

wavenumber derivatives are differences between the energy

derivatives OE, /6C . Since the eneray levels are "eigen-

-, values of HR which is a linear function of the Ci para-
L]
.meters, the frequency derivatives may be given as follows.

T © Starting with the reduced Hamiltonian aiven by Equation :
‘ ECka, where Ck is the kth moleculet constant and .

-4 is the kth guantum mechanical operator, the ith eigen- |
| \, -
‘ value, %4' is then ' .
- v Ey = Z~Ck <i|Q |8 . . (5-4)-.

rwhere i is the ith upper state eigenfunction. The derivative

‘° of Ei with respect to the kth molecular constant is
dev/0C, = §i|Qk|i> ) 7 ' (5-5)
Now, for pure rotational transitions, the ith frequency is
y cal _ - ' ’ = - . .
Vi] Ei Ej . , : ] ' #
, »
therefore o
c‘]' = \ _'l i
. avij /9¢, asi{ac_:k 8Ej4ack . .
) SR L LR LA E L | - (5-6) )
. ‘ L
e ° - .
h) . : ! + ﬁ

. . . - . ' . . b -
o . . . VLo . . . \ ’ X \y‘tvg
- . . B N IR T e T s b e et F e
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N ' ~ ~( N 5
where j is the jth upper state wavefunction. For vibrational

transitions the ith frequency is given by"
= | I ] -
Vij Vo,n * Ef Ej | S (5-7)

The band center is represented by Vo and is the separation
r ;

n
between the J'=0 and J"=0 ievels. The rotational .eigen-
values Ei and E; are measured relative to the J¥=0 and J"=0
levels, respectiveiy. 1In addition, the derivatives of the
lower stéte enerqy are a function of the ground stéte
molecular parameters which are kept fixed in the fit. Thus,
"the derivative with réspect_to molecular parameter k becomes
sinply ' e

/8¢, = dE}/0c, = ‘<ilﬂk|i> _ . (5-8)

- In sunmmary, the diagonalization process vields both—the
eigenvalues and the eigenvectors. The latter quantities are
hqed for the construction of Ehe Jacobian matrix ha;ing éhe
elementé describéd by Equatio;s (5-6) and (5-8).

To find the set of C; that minimizes X2 one generates
the needed norma1\¥quatipns from the conditions’(axz/acj)zo.

t

The normal eqﬁations arg.[83,84]
¥ = ndc ERRR (5-9)
where . B - r
R A
SR A W T

.. . \
' 4
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A . .
The corrections 5Ci may be found by inverting the normal

matrix A to give

- . 4

dc = Ay | c (5-10)

The inverse of ‘A can be determined rapidly by matrix
inversion teéhnfques designed for ‘the computer. However, if
the determinant of A is very small, numerical errors may

creep into the calculation of the inverse. This can be due

"to near linear dependence in the independent variables [85]
or from a lack of sufficient experimental data to determine

some of the Ci independent of the others. This analysis.

1 \

used matrix inversion to solve Equation (5-9) although other

technigues are available, e.g. the Graham-Schmidt ortho-

normalization procedure [84,86,87]. Problems which ¢Eould

have arised from matrix inversion were eliminated by inser-
ting a numerical ridge, i.e. the diagonal elements of A were

not allowed to drop below a certain value.

Quantities determined for each fit were: the best fit

values for fhe'Hamiltonian coefficients, C,; the estimated

a

standar deviation of each coefficient, G(Ci); the

—

_ correlation coefficient matrix, Q;,; the calculated wave-

céi obs _cal

number, V773 the residuals, Vi "-¥v;"" the— standard

.-
deviation of the f{fit, Op? and the weighted standard

deviation of the fit, éF’ The standard deviation of the fit

is given as - : ' . -
. N ‘
= (inemy—1 . (pOP8_ ,c21,2,1/2 . : -
op = {(N-M) 1‘:‘:‘1 - h 5 e o (s-11a)
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the weighted standard deviation of the fit is inen‘by‘

N L
-] obs .cal,2,1/2
op = {(N-M)_ El gy v % o (5-11b)

A reasonable fit for a set of accuereiy weféhted observa-

4

tions will yeild a value near unity for Ope

5.3 ¢ Input To The Fitting Program

The input data consisted of the following.
1. Ground state molecular constants. "
2. Initial values for the upper:staté'molecular constanésa
. . 3. The cbserved FT-IR transition w;venumpers, their assigned
quantum numbers'énd their respective weights, - and .
4. Some observed excited state mictowavg transitions for
the vy=1, G4=1, and vc=1 states.
: The'rbtationéi constaﬁfg'for the around state of ﬁnzéo
were taken from Cornet and Winnewisser [64]. The constanés
inclpded all the{sextic coefficients. The initial upper
: states constanté ?for féhe three bands 'were taken ftqm

Allegrini at al. [?4]. " These included quartic terms and 15t

?f,_* " and 2nd order Corfolis'coefficients./ Both ground and upper
-state constants are ligfed in Table SLl A totalf;fi 3214
e "  '~..i observed IR transitions in the ¥;, ¥, and ¥ bands were
o used in the fit. Althqugh the FT—IR"spectE? contained

several hundred additional absorptions, we decided to limit

L d
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Table 5~1i~ Ground State, and Initial Upper States

Rotational Constants. *

—

qipund State® Upper states® in am* B
in MHz vg=1 vgml o _vy=1
-
- 1167.258 1249.091 1500,176 N
. . s ERPE ,
A | 281970.5723 9,2890 . 9.4881 "9.46697 _ -
B 38836.04557 1.287243  1.208244  °1.300078
- R * , v
c 34002.20344 1.135716  1.129886 1.129318,
\ ) .Y . _
Ag|_ --19.42374 2.346 11,861 7.586  x074"
Ag|. ~ 1.29050 2.413 8.025 2421 x0T
A, 0.0752953 2.412 2.539 . 2.825 ')(10'6 o
S 1.0260307 © 2.33 4.64 5.00  xi0®
LN .
- ' ' ' =7
5, 0.01%567 2.7 3.5 311 W0
By 4.499%1073 o !
B -1.1218x10™ - ~
. ' -5 . . <
Hoy 2.901910 o | :
H, . 3.143501078
hy 1.372131073 , R
. _5 °
hg 81.5666x107 | v -
by | 4.2300x1078
. _ ~ -
£2, 10.0728 u
be. ,
e 0.002498
524 : T 7 1,26841 o
c ' ‘
- 0.75368 -
© " a) From Reference 64." b) Fro ference 14." SRR
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the fit to transitions with J<29. fhese €ransitions were
: <

the. most accurately measured and were sufficient to yield an

[v]
e

‘accurate- and reliabre set of molecular constants which in °

‘turn  could be used to predict all the transjitions in their™ Tt

respective bands. The observations used (V:bs) along with

4w .

their respective quantgm numbers and weights are listed in W

Table A-1 of Appendix A. v ' - . L

t!
n

The observed microwave transitions for the v3-1, v4-1,
. [
and v6=1 excited vibrational states were. taken from Oka et

;al.[88]' Chardon et al [89], and Dangoisse et al [90). -The
~6bseryations included 14 transitions in u,, 31 trariitions

< in v;; and 29 transitions intlk.f These.transitions -along

with their respective quantum~numbers'and_weigpts are 1isted

at the end of Table el o Appendix A. 'The microwave data

‘'which were given in MHz were-bonverted to wavenumbers "using
a value for the speed of 1iuht Jf c=2.99792458x101°

cm/sec. .

b 4

pd

Lo
- [

5.4 Wavenumbers Fit; Résults and Discussion

s .

In this séction the results of two separate fits are

;\ discussed. \These fits-are hereafter called fit A and fit B.‘

Fit A was obtained using ‘the input '‘described in' the

f?;:\ious section ang included- in the fit all transTtions up

'\fo.lo standard deviations from the fit The results obtained

ﬁgom this'fit are listed in Table A~1 of Appendix A. Out of//f~\\_~’
the 3214 IR transitions fitted, 187 lines had residuals >

Y

»
@ . «
f -

.
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0.002 ‘cm 3y and only 45 linet haB -residuals > 0.005° cm ~.

§ -

~Most of these transition were blended lines ‘qr , transitions

| wf%h high J and K values. Overall this fit yielded exce—

llent results with a RMS standard dev1ation of R
. oy = 0.00093 cm 1 . ’

and a weidhtéd standard deviation of Op=1.13.

[s]

The ‘rotationalrﬁaraneters'obtained'from this ;simultaneoos

analysis of the v, 12, and Ys bands (fit A) are 1isted in

I N .
- Table 5l2, IThe correlation matrix for fit A shown in Table

23 reveals, however, that Bome of the 53 fitted constants .

are . dependent on'each other. There are 26 dependencies

Ay

(underscored "in the ‘Table) ) with correlations > 0.890.

Allearini _[14] also noted- these dependenqies and reported -

very high correlations bétween rotational ‘parameters‘of )

and Ve and their Coriolis couplinq constants EG4 and M4 -

The relevence of high corfplations between the- independent

variables in least squares fits ig discussed in detail” by
-

Albritton et?als [83] and .will not. be dealt with here. From
o

~ theg.point of view of our Hamiltonian model, however, it

N

means~ that different sets of coefficients (rotational ?conﬁ

stants) might yield equivalent fits. This prompted a series

[

of additional least squares fits culminating in fit B.
Fit B differs from fit A only in its initial upper

state constants. “The ,initial parameters for £it B wére

obtdined from the results of a fit A modified to fit only

transitions up to J'=15 and K!=5. The resulting rotational
N _ , S

?



‘Table 5-2:
£~ .

i

. Bands of ﬂzco.
. “Results of fit A and Fit B\\

The constant® are qiven in om

theses 'are 1

\

) 'Mglecﬁlar

' 84

from the lqut-squares fits; -

" N . c|

Constants‘for the Ve ¥

t

to the last digit of the parameter.

1. The unéertaintieé in paren-.

right-adjisted

1

*k Theso'parameters vere. fixed to the qround state values.

continueS..ees

o} rita - Fit B
., . - B ':‘n &~
V.4 = 1 ;.V4 = 1
y | 1167.25657 (6) 1167.25652 (6) -
» ¢ * ' ‘ ! ' .
A '9.287915 (27) - © 9.274998. (27) | °
B | 1.288481 (4). 1..288096. (2)
c 1.1356828 (7). . 1/1356943 (7)
- L L N
Ay 1.0116 (61) .0.7293 (61) |.x10™
 Aget .7 3.5932 (70 13,4893 (69) | x107>"
T . ) R . N . ""6
A, 2.383} (15)- , 2.3772 15) | x107°
L by 1.963 (20).. 1.750- (20) 107> 5
§ x| . x4
8, .| - 2.7902.(52) 2:7559 (52). | xi0™"
iy -7.818 (78) » v-9.224 (76) | x1077
. . 8
Bey | -¢.65 a7 -3.92 * (18) | x107®
B | -2.3¢  (35) o .-aa2,, (35), |x107?
By | o 17 i x10™12
.8 ) . . : " ‘a -12
hJ , kK ‘** X=10
.o . ) o -0 _9
hag|  2.20. (42) . (42) | x10
he |- . 1.07 (23 (23) [ x077,
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. ‘rable 5-2: Contihued . >,

-

- .

"\

.
. N f
' v
.
. ’
. u N

Fit A - ~.°

L?&;:B’y -.;"

. - ~ | ;;> B
V6-51 ) ' ’Y6=1‘ P
w | 1249.09454 (6) | ,}%49:09465'(6y[_.
A 9.473186 (27) . -* [ 79.501472-(26)
B 1.2981327 (8) 1.2981322 (8)| .
c 1.1314955, (9) ) 1;13165751191
A | 1.2008 (6) < e 1.23§8,(6?° | x1073
"Age|  5.2081°(58), g 5.3599 (57)" X107
Ay | 2.5598 (13). ' 2.5589 (13). | x107°
5 | 4.156 (26) 4.166 (26) | x1075 .
5, |  3.6950 (66) ° 3.675  (66). | x1077
CHg | 1.007 )~ 1.236 '(7i)' x107°
He s 7.28. (15)" ' 5,90 ' (14) 'ilg'?
B| o 348 ) 450 '36) | x107°
Hy | .. TS x10~13
hy | e | ' 10711
hag| -0.235 o) . -1.6534 (70) | x10710
he -f . . 5.757 (d8) 7.38° (10) | x1078.
3contgﬁuea.;... ,
1\
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‘T§b1é’5-2: Continued-

\.”

<

* 86

Fit A

V3 =:I

I

1500.17414((7)

9.467042 (11)

“1.298742 (4)

1.127668' (1)
'6.8277 (37)
4.2596 (70) -
‘2,7§6o.(f4)
" 5.628  (42) ]
‘ 4.7252'(75) .
1.966 (37)
i1.12; (19)
1.422 (7;&_
i ‘
k&
2036 (36)

! 9.98

' 10.069126 (98)
-1.43933

-

(44)

¢

Coriolis Constants

(45)

0.978624 (38)

. —-0.0032417(29)

-4.02 (16) x10°6

Fit B
el
1500.17456 (7)
9.467124 (11)
1.299127 (4) o
1.127517 (1)
. 6.8755 (37) x10~4
4.2387 (65) - | x1075
5\L;gizsé5:114) x10~6
5.510 (44) " | x107>
4786 (757 | x10”7
2,083 (45) | x10™7"
~0,753. (22) | x1077
1,073 (76) | x107% .
e x10-12
e x10”12
‘2.90  (36) | x1079_
7.90 (47 | xw077
10.016327 (98)
-1,39372 . (45) Vo
0.999699 (39) ’
-0.0033324(29)
-5.82 (16) Xlo'sl. R
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- converged in the fit to yield values of the order of

N\

C - L
constants from fit B are also listed in Table 5-2. These are
sipnificantly different from the results obtained from f£it

4

A. Yet, the standard deviation of fit B is nearly identical

to that “of fit A (0,=0.00091 cm 1) and both sets of con-

stants predict the same calculated freguencies. Rence, the

high correlation between® the parameters doés allow for

=

similar results from different sets of molecular constants.

- Bothﬁh and B fittings were also tried where only tran-
sitions ¥ within four standard deviations of the fit vere

" included. The resultina rotational constants in these cases

were again siqnificéntly different but had an improved

gfandard éeviation of UR<0.0006 cm_l. These attempts turned

‘out not to be very useful since to6 many transitions were

excluded from the fitting process. ‘
The continuing discussion refers to ﬁhe parémetefs

obtained from £it A as the final results, althéugh at this

'poin€ either one of the two sets may be presented as such.
Using the sextic Hamiltonian terms significantly improved’

thgéﬁ?erall fit reducing the 0, of the fit by a factotr of 5..

The improvements were noticed for transition series with
high J and Ka valués; Without the sextic terms these series
showed ' an  incremental divergence in the rqsidualé as a

function of J for J>15. However, preliminary fittings

. indicated that not all the sextic coefficients *could be used

in the fit. Two of these coefficients, namely, F; and hy
10-12
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en . From the matrix elements shown in Equation (2-47) one
can see that HJ and hJ are the coefficients of J3(J+1)3 ,aﬁd
J2(J+172 respectively. . As such, even for the hiqhest J used

]
(J=29), tge products ylglded contributions on the order of
1074 and 1077 ecml.  These valives are of no significance

since they are smaller than the resolution of the FT-IR
- -1

spectrometer used (-0, 004 cm ). - Consequently, these two

‘coeffic1ents were f1xed durinq the fit to the morqf accurate

M

ground state values as indIcated in Table 5-2. '

The 3rd order Coriolis constent, 236,:haé a ;uprisingly
émall effect on the local resonanie between l% and l%. - It
improved the calculated valuea.for many ﬁransitions haviné
J>15 by an average of 0.4imiiliwévehumbers.’ Basiéally,it is
difficult at this point.to estimate the real contribution

Of 236. 1 [

The high correlations between the coefficients of the

Hamiltonian' are due in large pé}t to the symmeffy- of the

formaldehyde molecule. The near symmetric top ( l(=-0.961)'

» ¢haracter of HZCO cohﬁled with the strong Co}iolis inter-

actions between the bands is the main cause for the observed

-

correlations.: These in turn, allow for some of the fitted

”ﬁamiltonian constants to -compensate for or contribute to
other constants. This being manifestedlin multiple sets of

gotational constants (e.g. fits A and.B) and the apparent

-—

+

small contribution of some of the coefficients.’

/Preséntly we are searching among the .unassigpned
1 VA} had ’
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transifién;“.of the FT5IR spéctra for series having..high. J
?qd K, (Ka>8). . Pitting such series might cause a .conver-
gence "to-only oneﬁseg of‘mdlécular‘cgnétgnts. HoéEVer, even

without these extra transitions'tﬁe best set of constants

cmay be determined graphicélly from a predicted spectra, i.e..

wheﬁ both the eigenvalues and eigenvectors.obtéingd from ' a

given fit are used simultaneously.

A}

5.5 ' Intensity fittingt

The 27 observed line stfengths for Y and vs'discussed

-and listed 1in chapter:4 along with eleven ratibl estimated

line strengths for V, were used to determine the dipole’

moment derivatives'all-/aox (x=3,4 or 6). These derivatives
may in.turn be used to predict the entire spectrum from- the

eigenvalues and eigenvectors of the Hamiltonian.

The derivatives aunao3,' /30, , ~and (?Il/ao6 were.

evaluated using a least-squares fitting 'piogrém. The

fiiting - involved an iterative process similar to that used

for the transition wavenumbers fit, The weighted RMS

' differences to be minimized is given by v .
v N g . ) . : ' i
(Res)? = x2 = T w,(sOP8 - 532 (5-13)
’ i~ ' .

+

where wi-l/liz ie the weight of the ith line stfengtﬁ, and,

e

|

wl'
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oy is tt_;e error assigned to that obae'rvution.J Sgal is

""obtained from \E;quation (2-59), _ The iterative process

. involves generating estimates of 3#/30‘ -such that

dn/dq, (new) = 0p/30  (o1d) + 6(6Mﬁ80 )

These in turn are used to qenerate a new set of Sial. 'rhe

-

h:.t;eratlve _Process-continues until 6(8/1/30 )<a(6p./60 ) where

0(3#/80 ) is the estimated sta}dard deviation of the dipole

_ moment derivative. The cérrection factor 6(du/d0,) 1is

evaluated ag follows. / From Equation (2-59) one obtains

[
5571 = @r/00,)%2, %+ @u/dg) zg? + (au/ao3)2z32

+ 2(8p/d@,) (OR/006) 2,2g + 2(01/80,) (0p/8045) 742

+ 2(31/30g) (01/004) 225, S »(5-14)

ﬁence, the normal equations may be written as

, 4 i - A
wDTAS = DTwDOP .. (5-15)

-~

. where AS _/ci:/al obs, SP? (3;1/30 ) and D, tfe Jacobian
“matrix is given by D, =BScal/8(3IL/aO b and is evaluated from

Equat1on (5-14) where i runs over the numbet of observations

u,a-and x=3, 4 or 6, i.e. the three contributing dipole moment

derivatives. For example, " the, it»:h " row of th~ matrix -
TS d" . PR

contains the followmq 3 elements

asialxa(au/ao ) = 2(6#/604)111 + 2(au/606)z Zg
- + 2(6#/603)2423

-~



‘ energy mixing between the bands.

e
e

as‘;“/a(au/aos) - :z(au/aos)z6 + z(<’9;z/<3(54)z4z6

elements drop'out.

i N

-
1

5.6 4Intensity fitting; Results and Discussion

The results of the least-équares fitting of the 1line
sérgngthéiare listed in Tab1e15-4. This.fft which was -based
on the eigenvectors obtained from fit A {descfibed above)
yielded a standard deviation of 0k=0.00404;cm-2atmi1,: This
is a good fit;with aﬁ RMS prorortional to the experiﬁental

Q .
error. The 0p is somewhat smaller when the 11 ~€stimated

line strengths for V; are not used. However, éhese’were'

cal 2
asi /a<au/ao3> = 2(6#/303)23 + 2(0pn/00,)2,24
> .+ 2(9p/004) 2524
It should be noticed here that in the absence® of inter-
actions. between the bands the 2nd andv3rd terms of all the

1

needed for the evatuation of the dipole moment of V3 which -

in turn was used in the evaluatién of the magnitude of

3

.The values fo;-ﬁhe effective dipole moments obtained
i -~ -
from this fit.are-/
) -3 -1/2
(au/ao4) = 2.408(44)x107> cn latm
43#/606) =-3.092(40)x10™3 emYatm™1/2

.13u/ao3) = 1.69 (187310 -3 172

y

. o v R \
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JU KAU KCU VU _ JL KAL KCL ¥ © OBS INT 0BS-CAL Y FREQ “NT
a PUEEATSEN
177 46 14 2 18 5 13 0.3225E~02. -0.8798E-03 1148.3347 4.7383
11 2 9 1 10 3 7 0.2} 3E~01 0.2987E-03 . 1148.3452 0.3009
17 % 13 2 18 5 14 0.3395E-02. ~0.7146E-D3 1148.34602 3.2992
3 1] 3 1 -4 1 3 0.4737€E-01 0.6102E-02 - 1148.4702 0.0198
o 16 1 15 1 16 2 15 0.1866E-01 0.2189E-02 1148,5083 0,1337
1.0 1. 1 1 1 1} 0.2953E-01 0.6159E-03  11869.1356 0.0260
2 0 2 .1 2 1 -2 1] 0.4866E-01  0.9827E-03 1159.2716 0.0031
28 2 27 Y .28 1 27 (.0.5936E~02 0.6334E-03 1159.2876 0.4586
, 15 2 13" .1 14 3 11 0.1883E-01 =0.6959E-03 1159.3920 0.1337
95 "1 9 1 .8 2 7 0.7429E~-02 0.1965E~-03 1159.4396 0.7035
3 0 3 1l . 3 1 3 0.6663E-01 0.1642E-02. %1 9.4715 0.0035
18 2 17 1 18 1 17. | 0.3208E-01 0.3744E-02 -1172.3859 '0.1957
.6 1 6 1 6. O 6 0.2843E-0] 0.6681E-03 ° 1172.5255 0.0343
12 2 11 2 13 ° 3 10 | 0.1898E-01 -~0.1705E-02 1180.6443 0:0752
' G [ 1 2 55 0 0.1921E-01 ~0.2606E-03 1180.7330 0.0540
29 0 264 1 23 "1 22 | 0.2613E-02 -0.7444E-03 1180.8080 13.7373
11 Z 10 1 11 -1 10 0.3400E-01 -0.1982E-02 1180.8324 \0N0174
13 2 11 2 14 3 -12 | 0.1651E-01 -0.368BE-02 1130.3851 00559 °
10 4 7. 2 10 5 6 0.1400E-0 0.1403E-02 1192.6082 0.3555
3 3 1.2 6 & .0 | 0.1000E=0] 0.4628E-03 1192.6270 0.3555
9 4§ 6 2. 9 55| 0.1400E-01 0.1930E-02 1192:6657 0.3265
8 4 5 2 8 5 % 0.1246E~-01 ., 0.1405Ej02 1192.7181 0.1957
18 1 17 2 19 2 18 {.0. 60105—02} -0.1123E-02 1192.7374 1.4471
7 4 & 2 7 5 "3 | 0.10836-01 0.1358E-02. 1192.7652 0.5209
10°, 1 10 2 11 2 9 | 0.5890E-02| '-0.4981E-03  1192.7954¢ - 2.5135
6 -6 3 2 6 5, 2 | 0.8260E<02, 0.1029E-02 .1192.8068 0.8358
“+ 5 4 2 2 5 5 1 |' 0.4886E~02 0.7429E-03, -1192.8428 7.3743
16 3 14 3 17 3 15 0.3260E-01 0.4423E-02 1460.5795 0.0018
10 l 10 3 11 1 11 |.0.6260E-01 - -0.9457E-02 1474.5636 ' 0.0005
7 1 .6 3 +8 1l 7 0.7070E-01+ 0.2707E-02 1480.5772 0.,0004
[ 0 -6 3 7 0 7 0.3010E-01 0.6901E-02 .1483.64343. 0.0021
3 3 1 3 ‘'3 3 0| 0.3250E-01 -0.1104E-01 1500.7334 0.0018
« 9 B 5 3 9 5 4 0.1860E-01 . 0.2022E-02 1502.0204 0.0058
7 7.1 e 7 7 0 | 0.2010E-01 0.2710E-02 1503.1104 0.0047
9 1 8 3 8 1 7 | 0.5524E-01 -0.683¢E-02 1523.3220 0.0q06
13 0 13 _ 3 12 0 12 | 0.2450E-01 0.6134E-02 1531.2509 0.0031
16 2 1373 13 2 12 | 0.2067E-01 ©0.6708E-02 - 1534.9392 . 0.0047
{ 20 3 17 3 19 3 16 0. }9815-01 0.6861E~02 -1552.1402 " 0.0047
NUMBER OF LINES FIT = 38 . ‘)
~
ROTATIONAL PARTITION FUNCTION = . 0.282333D+04
N N Ciacd
/ . o

RN

. L3

2. l

¢

-

“a

Table 5-4: Results From Least-squares Fitting of Lire
Strenqths. o
-8, The numbers 1,2 and 3 represent respective]y lg. y%
and v3 .
C . "

Lw
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The ratio'df'(aﬂlad4)/(3y/306)=-0.779112) representing the

.. magnitude ‘of Perturbation [54] -between the %wo bands,

&

compares well with the valpe of ~0,5{1) obtained byNakagawa

and Morino [13]. Theﬂeffect‘ve dipole moments vere convet-

1/2

ted to conyentional .units (Debye/amu These compare

) /favorably (within +15%) with litetature values (Tabl® 5 -4),

partfition , function yielding&G=2823 83. This value is (in

- . The 1east-squares f1t al\so computed the rbtational

}
;

agood agreement with G, =2832 91 obt~amed from the empirical

" e

relatiogship [91}]. 4
c G, € 1/0[(7F/ABC) (kT/h 1/2 : (5-16)
L F3 /\ ) ) .

where A, ~B,. and C are the ground state rotet'ional constants

e -
o’

" (MHz), ST 1is the temperature (K), and Uis a —measure of-

’

symmetry and is equal to 2 for,the C2v qroup.o
-

* 'I‘he "band strengths were computed by summation!s, using ‘

ou; ! g - ®

4 B ' o ' : .
.4Bx‘=’ }i: k(v)xi . 0 ‘ (5-17)

<,

- where i ruhS‘over all calculated line strenqfhs within a

A% .
—"
- n
-
¢ -
- L]
: »
+
[
. -
4
*
‘ ®
-
-
»
N #

(.

-

given band, x (x=3,4, or 6) ' Tpese"' cumr%ations y_ielded. the .

following band strbngéhs ;

By = 16.013 cn “2atml -,

'Bg =35.424 cm 2atm rl

2 -1 N S '

83-11632 cmﬂ 5 ; | . , .

‘These values were converted to conventional units of km/mole

-2

using the ifeal gas law (cm atm 1='rx8 2056x10"'1km/atm [48])

and are compared t:o literature values ‘.17] in.Table 5-5.
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Table 5- 51 CalcuIated Dipole Moment~Derivatives and Band
Strenqths. ) .
. , "
Dipole Moment derivatives . . e
I .. L
| (Debyp/amu 1/73 ‘A) e - _ : j/ﬂg‘
. " . This Nakanaga - A .
o de“‘”’ti"e work et al [16]
- (8r/dg,) CL0.332(6)%, 039 e T 7
: (6#/606 0.4a206) | 0,47 .
KPR C: 771,70 B o 264(28) ~
~ .
). . \ N N - .'
. « .- R
-~ L1 . i - . i *
Band. Strergth
i ‘(kg/molg\ '
- - - A .. . . 4
- .| This Nakagana et al [16] Ristasune . . .
- work cal. . _p!y. .| and Eagers [17] -
. Vs V[P 12.53¢84)°|  16.83 | -16.41(65) 9.9(5) R
- v, | .3.90037) |- -7.5%, " 6.49(64) | - - C
vs | 8.63(82) 9.30 . . 9.94(97) |+ - , |
n| 2.83(27) ;12,00 11.1(1.0) |
'L R .,.,w"“ ‘
a. The uncertainties in parenthses are 1 standard .’ .
deviagion, .right adjusted-to the last digit.
. ‘. .) ‘
-2 - .‘ﬂ B °
LN ~ - . ‘:.« t
8 | V) ; o



diagram of such a comparieon is presented in Figuré 5- 2

Y ) “‘97‘ A : ‘

3

It should be noted here that none of the literature values '
: o

. for elther the dipole moments or band strengths were

!

obtained from direct line stsength measurments. For example,

the. values quoted from Nakanaga et al [16] were -obtained
r: . e 4 . 4

‘-'from low resolution (0.25 cm_l) FT-IR band measuréments ?and

band simulation. . - . Cs

4
-

\{ Since in this work . fthe line strengths vere not

’ ‘ ’
meaEured directly- fo? transitions in ¥,, we have 1little

_confidence in the values of 46#/3037 and By. However, when
in  several calulations thls dipole moment was varied in

- maqnitude from 1/10 to xlO 1ts current value, little .change

has been noticed in the band strenqths of lq\and Vg This.
\pdicates . that l% has a'relatively -weak interaction ;with

thg otgrr bands.. It is estimated that'B3 should be about 3 .

times the .reported value. This will increase (3#/303) by =

factor af V3 which iN turn will cause only 1.8% change in B

and <1% change in Bg. Basbd on this reasonina we have high

N
confidence in the values presented here for ’ﬁ and V..

The goodness of the fit was checked by comparing the“

-

wavenumbers and relative line strenqths of the predicted.

transitions to thOSe of the observed (FT—IR). 'A_ stick

‘
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] CHAPTER 6 , ‘
TRACE QNADYSIS OF‘FORHALDEHYDE'iN AHBIBNT AIR.
6.1 - Introduction s ] -

“In this Chapter, hthe.potzntiql appliéation of tpé TDL
' spectrometer tp‘trace_analysis'of hzco in ambient air will
be discussed. The aim here is to'aevelob a rapiad angl&sis
. b technique‘fcapaﬁle of measuring air saﬁplgs‘containiﬁg' Hzéo
concentrations ;t the 19w ppﬁ lével. '
) ' In the past decade, bDi‘sysfems have peen&used in a
wide range of analytical applications, from trace anaIQéis
of gases at the <1 ppb'level to fully automated op-ling‘
;- ~ monitoring of gases and liquids [1§-25,9£;§3]. -Since the
tebhnqups and‘wmethodolégy a;é covered in the literéture,
@he task® here is rather heavily oriented to sﬁmple collec—'-
. tion aﬁ6~handling prior ég and adr;ng analysis; The éaéé (
,‘ : Qith" wvhich. H,CO pélymetiies and agsorbs‘ to §urfacgs‘
cémplicates its routine analysis. 1In add;tion, due to pres-
) s@éé broadening effect thg spectroséopic.teChnique' rgquires
, " reduced samplé‘pfessures. These three factors\reducé the
aﬁalyté 6qpqéntration'by several oréers of magnitude. " Ana-
lyte 1loss may be*cqmpeﬁsated'by increasing the optical path -
lengfh. This, howéver, is limitea by hardware cost and ste.'
. ‘ The results obtained from the. TDL determinations were -
| always comp;rba witb results obtained from the Laser Thermal .

P 4 " - M . v \
S . . . Y




‘A

tion monitoring [100-102). . .

‘6.2 ‘Preliminary Analysie

100

Lens (LTL) [94-98] techhique,-and to'those'obtaineﬁ from the

N

well established NIOSH cplorimetrié techhique [99]. The

LTI, technique is curtently'aiso evaluated and developed at

Concordia University by Dr. Langford's group for air pollu-

™

The initial attempts at determining B,CO in-air were

' carried out. .using a conventional spect:oscopic technique.

'Qamples of 10 ppm B Cco wﬁ air prepared in a one liter glads-

bulb by passing dty‘air over a pellet of reagent grade

-paraformalgehyde [101] were introduced into the qute cell.

The cell pressure was then reduced to <10 Torr and the path
length adjusted to iOO 17 meters.. ' The result ftom moni-
toring several strong transitions in the 10 um region (V4

and Ve bands) were. always negative, i.e. no absorption‘was

observed.

o The next step was to install the cold trap (liquid N2)

shown iQ‘Figure 6-1 between the sample cell ahd the White

‘cell. This- allowed for the reduction of pressure without

loss of -sample since the Hzcb was frozen out in the cold

‘trap. This yielded detectiens as low as 1 ppm (Figure 6-2).

It was observed, however, that identical sahples yielded a

.variety of fabsorption‘vaiues. We attributed thie to the

following,potential'causes:’ polymerization,fsurface adsorp-

tion and/or poor trapping mechanism of sample. The steps

L - .‘ .

]

.}



A
4

101

/
- r’
3
" el
c e
.
’
.
+
L]
.
»
»
1
.
-
L4
. -
2
€ .
e .
~
&
L
-
o 3
’ -
- , Figure 6~1%
s
b -
.
: -
%
PR !
.
N
o
-
P K
¢t
a
» .
[
3 v
~
«,
’ N .
T e
. 7 - .
- .'5, [ .'C." :

A

LIQUID N,
. 4 b J

2

h)
N »
.
4 " -
; . (A
. . v 4
s N o

& INPUT:
“AIR

CO from a Fixed ‘Yolume of Air.

~
¢
~
'
'
]
1S
e oy

o

‘SAMPLE

Forma1dehyde Samp11nq Apparatus for Trappt

r’.

.



1177.46855 cm-1 o KR ‘.

 Figure 6-2: First Efforts at Determining H,CO {n Afr =
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taken to eliminate or reduce these probleﬁs as well as the
measures taken to.improve the lower limit of ‘detection are

described in the- fol owing sectien.

6.3 Experimental

'

Two, steps were takeﬁ to improve the loeer limit of
detection. ,The first was to switch to the 3 ﬂm spectnal
‘region. Transitions ih the Vl (C-H é@retch)uband are much
stronger than those f,the ’ﬁ apd Vg bandsf [103]. The
eeconé step was to use|standard 5 liter.grab bags. Since
“the colé trap aliows the analysis to be .mass based rather
than volume based, this increesed 5 fold the -the number of
lmolecules'introduced into the White ‘cell for analysis. The
L reusable multile&er (polyethylene inner layer) géé sampling ‘
bags were 'obta{ned %rom Apklied Research Products Ltd,,/f
Quebec. Samples,wefe 6btaiped rdutinely ffom environmental
chambefs at Technitrol Canada Ltd, from the McCill Univer-
sity Laboratory for 0ccupat10na1 Hygiene, and from several
| sites\\l Concordia .University. !

Several survey spectra were taken in the “pi band
(Figure 6-3). The strong transitions in the QO3 sub—branch
were selected for monitoring. Analytlcal measurenents were
taken only from the transitlon 33 1 33 0 (the strongest
line in the branch).. It should be noted here ‘that ' the

gelection of monitoring lines in the », band is also
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aoverned. by their distance from i'nterfering’ Hz"o lines.

Hence, the QQ3 s'ub-branch has been chosen ot only for its

-1

""0.4 cm avay [104]. Working with these transitions allowed

— o ,determinations of <1 pbm./,‘l.‘he results obtained from "iden~

\ . * e . 4‘ ' * “ ’ ﬂ.' .‘
‘ tical sample bage however, demonstrated very poor repro-

ducibflity. Grab bags containing 1 ppm H CO have yielded
0.170 ppm ‘on LTL analysis and "0 03 ppm on 'I‘DL detetrnin-

b

'ations. More importantly, the TDL results never agreed’ with -

the NIOSH determinations and it was’ impossible to construct

calibration ‘curves. Poor results were st111 obtained - even

L3

after the White cell and access ports were heated (80°C) to

reduce adsorption.

/

"Since. the cold trap yielded the mass of Hzco from a

éiven ~volume of air, it was decided . to prepare 1iquid '

standards containing equivalent masses (1 ppb in 5 liter =
6.131x10" -9 grams). The standard solutions were prepared by
dissolving parafOrmaldehyde in water -at 120°C (in an auto—;
clave [1051). The concentrat ions were such that 1 liter
contained the equivalent mass of 10 or 20 ppb in S liters of

: e calr. 'rhese standards produced excellent calibration curves

 strong transitions but also chause the nearest H20 line is

~

¢
(Figures 6- 4 and 6~5) with linear correlation @efficients’

of R= 0, 999 From the spectra—observed detection limits of

. : T i .
SO -6x10"3 - absorbance units (twice the signal ‘to noise rﬁio)
e L ivere determined. . The sensitivity determined from the slope

. ’ 'of the Beer's plots for a 100 meter Optical path 1ength "is
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aaq InT

— 7 ——=
200 300 400 - 00 - 800 ' 700
pPb in100m. cell 4 o S

Figure. * Analyt;cal Detection Curve (Beer 8 plbﬁ) for

the’ Transition 33 <—33 0 of ¥ Using standard Solutions.

The plot was constructed fxcm ‘the following data. ;

. Conc. (ppb) Cdndr /I) \ o g
> 50 . 0.039 (5) ‘
- 100 0.060 (6) o o
250 . ' -0,142(3) T ; '
- 400 . 0,218 (15) -
o 500 0.273 (18).
o . 700 . 0.381(3)

0
“*', Error bars represent l standard‘deviationsk'
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3

_ _ co ' A
4.4x107° n" !,  For the strongest ‘line in.qQ3 of ¥, this

limits the detection to ~7 ppb/v. This lower limit of'detec-v

tion, is-baeed on 5 liter Samples. With the use. of larger
trap designs and by sampling larger volumes such as .10
liters or more the detection limit 'would come down to 5-ppb.

Note, however.‘that the choice of sample volume is governed
\ ‘ -

by the 'design of the cold trap,' since ice (moisture ffom'

air) .Jmust be prevented from clogqing the trap. .

« -

The  attention wés then focused on the grab bags.

Using the samelstandard solution.' an equivalent amount of

were analyzed‘as a functionfof time spent within each bag.

) 100 (and 200) ppb was evaporated'into several 'oags.- These

The 100 ppb bags. were evaluated about 1/2 hour - after the:

f111 yielding an absbrption of about 20 ppb. The 200 - ppb

~
D)

Fand

bags were evaluated_es shown below: ] '1
STARTING WITE 200 ppb  * ‘ S
- , > . . i'
TIME (hrs)  YIELD
0.5 « . ~75 ppb- o ,
, 3.0 ~80 ppb o o ) v o
6.0. . . ~60 ppb - T
24.0 s ~12- ppb . L o

v : <

-

o -
3 . 2]

]

‘cause for sample loss is due to adsorption and/or polymeri-°

i

\zation. ~ This Aopinion was reinforced by proving that the '

cold trap fb quite efficient in both trapping and delivering

H2C0 molecules. The combined volume of the White. cell and

connecting hoses 1is about 16.5 Iiters.' This volume was " .

Y

- It becomes evident from this behaviour that the ‘main“
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evacuatedt and laboratory air (room air) was. introduced

. through the cold trap to a final room pressure. ‘Upon anal- _
ysiB (figure 6 -6) the trapped sample yielded an. absorption
of ln(Io/I) = 0.04515). From the calibrationh curve (Figure

6-5) rthis 1is eéuivalent t9/\80(9) ppba' Converting. this
result to‘tne eQuivalénb %ass in 5 liters yields 24+3 ppb.

- This was in qood aqreement with botb the NIOSH. analysis (22

ppb) and the LTL (20 ppb) results. L

The formaldehyde adsorbs 50 readily to most surfeces'

~—
that remote sampling using bulbs, orab bags, etc. seems very

suspect (see trace c of Figure 6-6). If the samples are -

"immediately processed on. the " site by being ‘put into solution

' as in both the LTL and NIOSH techniques or  via’a trap in the

TDL method they willfbe acceptable. However, storage and

i

sﬂbsequent\‘transportation for even a few hours will giye .

, misleading low: results as demonstrated above. ‘Eventually

‘all 1results.appear to show 10-20 ppb ‘which is unfortunately.

close to. ambient room air levels and'would be interpreted as U:

acceptable..

v

.This problem of sampling means that a mobile system~

would be the optimum setup for TDL air sampling, especially

for Hzcog#mk layout for a proposed "Super Sniffer"™ system is
N ~ * . o

given in the following section

4
-»

6.4 The Mobile TDL;'Super Sniffer" System ' o,

1

The proposed mobile TDL spectrometer is illustrated in

A
-

Le]
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"Figure 6-6:

_Trace a.

System Using the Cold Trap and Lno 17 meter
Optical ‘Path Length.,

the H,CO absdption peaks due to

d

-~

o)

N

Deteetion of azco in Laborato:y air. by the TDL

° RN

Q3‘ transitions. E

‘Measurements were taken only for the tranaition 33 1-—-33 0
(strongest‘ lipe).

desorption

-~

spectra

" unde¥ vacuum.

Trace bs: the’ backgnound.

. o

_ after‘é hrs of heating the

H

Y

"rrace C:

£

T

the .
White cell
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" mical and txopospheric monitors [15,106}.

113

Figuree 3-7,8,9. This Super Sniffer is a double beam,’ freg+
) . o . . v
tency locked system and completely self contained. It is

. flexible enough ‘to allow flowing air ‘methods such as have

q€ . ' ’

been - proposed .-by other workers for NO* and sox. problems

[18,19,24] as well as for a trapping system. The frequency .
locking alIows a simpler etup than in our ?laboratory

system. The system is double beam so that the diode lasers

<

. can be locked to a monitoring frequency from the reference

cell to prevent drifting. If one wishes to apply tﬁis

system to other gases besides HZCO this is easily done. The
) .
proposed system would even allYow use as a laboratory system

by the installation. of a small 0.25 meter monochromatqr\ if

needed for selectlng new monitorinq frequencies. Once the

_proper frequencies have been chosen it could be removed for

the ‘remote field work. Systems of this type hage been

- - ! _‘J// .
demonstrated already by other groups for mobile astrono-

- P

,, ,
An integral alignment system containing a HeNe

: laserﬂ and pellical beam splitter is also included. This .
N facilitetes quick"elignment andi_peaking up the system
w(gobile units are in need of frequent alignment). The align-
ment system will also permi{ rapid swfgching of monitoring
" lasers. Four lasers can;be mounted in the refrigerator cold
khead allowing the monitoring of up to four gases. Tbe\White

cell can be either 0 Svor 1. 0 meter in base’ length depending

-

on how small a cart one wishes to qonstruct. The analytical

-
:,
.
.
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-

pressures would be monitored by several capacitance ‘mano-
‘ 14

meters, covering the desired workinq range.
The electronic system (Figure 6-9) provides for feed-

back stabilization yof the diode wavelength and if‘one wishes

to incorporate’a microcomputer then it wolld be possible . to

automate the switchinq between diodes to monitor more than
’ﬁone gas automatically. The system would use HquTe detectors
‘for work in the 5-16 ym range and InSb detectors in the 3-5
pm recion. '

i4

In summary, the:proposed~mobile Super Sniffer would be

a multi-purpose . state-of-the-art analytical spectrometer.

/
The system.could, be easily upgraded and/or modified to meet

_specific ' needs. The size of the unit would be goyerned
' mainly by the choice of White cell. e:g; ‘using al meter
cell the dimensions would be 1=1.5 m, h=1.0 m, and w=0 85 m.
The system has been designed to bL self contained except for
~plugging in to the electrical outlet where‘ it 1is used.
Reqairements are for 110V for everything except the helium
compressor whicn requires 220V, The éesign is more elabo-

rate than that used by other groups with the intention that

it can double as the‘laboratory'system.

o \
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Figure 6-7: ' Top .Viéew of .thg Pi:obosed Mobile TDL System; The

"'Super. Sniffer"™.

The labels are interpreted as: detectors (D1, D2), diode lagers (IDL),
capacitance manometer (CM), formaldehyde sampling apparatus (FSA), flat
mirrors- (F1-F7), spherical mirrors (Sl-S4), pellical beam splitter
(¢BS1), 2nSe beam splittér (FBS2), chopper (C), KBr lens (Ll), and
preamplifiers (PA). The scale’ is mainly detetmined by the base length
of theWhite cell (0.5 mor 1.0 m)." .
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Figqre 6-9: Schematic of the System Electronic Connections.

These in  fact can bé varied in several ways so that ‘the
system can operate with a chopper in slow scan modes or with

freguency modulation at 1f or 2f. LI1-LI3 are the lock-in -

amplifiers. In this configuration, LI3 is used‘for freguency
locking while LIl and LI2 are used for 2f point monitoring
of sample and reference signal.
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. CHAPTER 7 : - (\\ B
'GENERAL CONCLUSIONS AND SUGGESTIONS  FOR FUTURE.RESEARCH

-

7.1 Conclusions

. »
7.1.1 The Molecular Constants of Formaldehyde. .

73
-~

The simultanebus least-squares fitting of transitions

in’ the vé' Vy and y, bands yielded excellent ‘redults

(0,=0.00093 ém-l). Both the sixth order (Hamiltonian) and

the third order Coriolis interaction constants are reported
for the first time. Fﬁah correlation between some”of the
rotat10na1 constant lead to redgpdancy in " the fi?tinq
prdcess. That is to say, di;férent sets of molecular cons-
tants yleld the same results va Fach set, however, may be
used to predict with great accuracy all the wavenumbers for
transitions ‘up to Jr=30 anﬂ'Ké=8., _Means 'tq 'éeduce the
computational redundancies are proposed in éqction 7.2,

In Jight of thése redundanqgéé‘as well as the fact
that <direct mgasurements of dine strengtﬁs ir the Vq band
were not avaiiable, the dipbie moment\derivhtiyes obtainéd'
in this work should be conéidered tentative. Similar con-

«éide;ationl should be givéh to the reported ba;d 4qtreﬁpths,i
remémberiﬁg that these depend both oh the dipole moment
,derivatlves and the eiqenvectors ohtained- from the least- '

-

squares fittinqs. N
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.1.2 Line Streﬁgths and Fereign—Gas Pressure Broadening

A I

‘several transitionsNin the 24 and z% bands of BZCO} Line

strengths and foreign-gas .(air, N2, 02 and Bzf broadening

coefficiente for these bahds are reported for the first

’time. The Doppler-limited spectra obtained using the diode

' laser apectrometer facilitated stgaightforward data analysis

and .evaluation of absorption parameters. The broadening

* coefficients for air, Nﬁ,'oz, and H, compare favorably with

Al

repbrted microwave and theoretical values.

7.1.3  Analytical ;

¢

The . trace analysis . technidue developed. here is
: a. h

capable of detecting fbrmaldehyde in ambient air at the:.low

ppb levels. The massjbased technique allows for analysis/inl
" relatively shorter optical path lengths; The lower limits
of detection ('7'ppb),for,formaldehydé obtained in this work .
is similar to the resulte obtained by ofher~workers_for N,0
([107,108], o, end 50, 18,19,24}.  Sampling and calib-

ration problems have been reported for these gases as well,
although they are are,not as difficult to handle as HZCO. )

Based on existing technology the’construqtior of a
mobile TDL "Super Sniffer" system is proposed. This is a

multi—faeeted system easily modified to Euit’the particuiar

'needs. fOr the specific application Of ﬁzco detection the

0 . L}

h)

This study'reports tunable -diode laser measurements of ...
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sniffer may be equipped with éeveral detachable cold traps
,aé@ a.sémpiing'pump (with control for the rate of intake),
This will facilitate analysis at locations with difficult

£y
access. ’

Y B W

7.2 Suggestions for Future Research

From the results and conclusions drawn in this theeis,
Y well as .from tﬂe work of othéf researche:s;,thq scépe $nd
-range of¢ application of TDL's is~ob§ious. . The fol}owipg
suggéstioﬁs pertain speciﬁically té the étudy of the’_Hzco
moiechle. In orQér to close.the preéent stage of work on
the 10 um region of HéCO we sugdest the folloﬁing additional
research. | | | )

Line strené?ﬁs for transitions inithe ?3 band should
be measured. This would allow an accurate eyaluation of the

dipole moment de:ivativé for.this band. That in turn, would

give a more accuréfe value of the'V3’band strenath and the
extent 'qf its interaction with lﬁ'and Ve At that point a
c0mp1ete{~%pectrum for the 10 pm‘regfbn could be generated.-
’Ehis, would redﬁce xhe préblem encountered in the leqsf— .
squares fitting by pinpointing the mpst suitable molécular e

constants for the three'bands, i;e.‘ help.find the set "of °

.constants that yields a calculated spectrum closest to the ’
observed: S - .
. ) Pl ( ' v
‘ : . \..
N ' . ' \ ~
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£

_Both sets 'of rotational constenfs oBthi;ed and .
descrfbed in this thesis yielded similar results.‘ For high”
" J values and K, >8 these -sets of constants also differ in'
theit ptediction of transition wayeggmbets. These are weak'
transitions and consequently did not appear ‘in  the FT~IR
spectra studied in this thesis.. Thus, ‘'we suggest that the
.spectra of\ several selected sections of the 10,¢m reaion
. should . be recoFded at higher sample (HZCp) pressur-
\pathlendsh.: This will faciliiate thé identification.of the
weaker transitions and agaiu'help to isolate a final ‘set of

© o, . .

. molgculat constaﬁts.. .
> A -

- . -
- N Y . LSS

¢
' 4 - .(_/
. L M ',
AN |
' L}
- A
. oy
. co ) - Poe .
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- were estlmated to be 0.001 cm ~.
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Appendix A,

A.l Least-Squares-Fitting: kesules fpr‘Fit A L :

The molecular constanes’obtéined froﬁ fit A’ were

Qesqribed in chapter 5 _/ Consequeﬁtly. The'following per-

tains enly'.to the comﬁarison of observed and calculated

'wavenumbers'obbﬂined from this fit.

: 's} The obseryed and calculated wavenumbers are listed in .

.

Table Azl ' Thé observed transitions were assianed theit )

» .

respective weights as follows: a11~£ransitions up to J'-15

.and K'=5 were assigned a standard deviation of 0.0005 cm-l.

the standard dev1ation for the higher J and K transitions

-1

A
¢

]

Table A-1l: Cbserved vs. Calculated Resuiés From Fit A.
- . ’ - " ‘4" i3
-%.,

a. Number in bra et is the band identifier. -

b. PREC. refers X0 the standatd deviation of the

observation.

c. RESID = Observed-Calculated.

d. The symbol * denotee blended ttansitions.- ":, al‘

These lines were not 1nc1uded in the fit.

Continues ....
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