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ABSTRACT

The infrared'absorption spectrum of fluoroform
(CHF3)‘has.been observed in the region 400 to 5550 cm—1
with a Perkin-Flmer spectrometer and, in the higher
regions, a mﬁltiple”path absorption cell. The theoreti-
cal shapes 6f a parallel and a perpendicular band have
been calculated and have been confirmed by the observed
spectrum. The assignments of the fundamental frequencies
by Rank, Séhull and Pace® have been confirmed and the
épparent discrepancy in the appearance of the 507.5 cm-1l
band has been explained. The anharmonicity constant x¢é
has been calculated to be -0.08 cm—1l. A1l of the funda-
mentals except #, have been remeasured to be:

¥ 3033 em-l

V3 700.1
Y, 1375
Yy 1153

Y, 507.5
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THE INFRARED SPECTRUM OF FLUOROFORM

I INTRODUCTION

1. Previous Work
'~ The infrared spectrum of fluoroform.(CHFj).has

‘been observed.in the region of the.fundamentalé b& fricel

1

and in the region from 4340 cm — to 14050 cmflbby

Bernstein.and.Herzberg?. The Raman spectirum of l1iguid

3vand

fluoroform has been observed b& Glocker and Leader
Glocker and:Edgell&. The origihal assignment of - the
fundamental v1bra£ion’fréquencieé by Price has been
changed.by.Rank,.Schull, and Pace® who have .made depoiariza-
tion”measurements'infthe.Ramanuspectrum to assist.in the
assignment. The Ramen.line at. 1117 cm™1 which is. not
1nfrafed active was,reassigned,as.¢Q.begause of 1té
intensity and&polarization;‘ Also, the.oniginalwaSSignment
by Price of 4, and.)Q » which he later reversed, was con-
firmed. The fundamentalmasaignments'of.theée iﬁvestigators
are given in Table I, page 2.

The.rotational;coﬁstant, B,Whag.béen measured

1

by Bernstein and Herzberg2 to be 0.3451 em” ™~ and hence.the

moment of inertisa perpendicular to .the symmétry axis

I = 81.08 x.1070 g cm?. Assuming. tetrahedral angles

for F-C-F (109° 28'), the moment. of inertia parallel to

the symmé$ry axis was calculated to be Ic = 148.7 x“10f4o g em?
and the rotational constant C = 0.1887 em . The rotational
constant B has also been measured 1in the microwave region

6 1

by Gilliam, Edwards and Gardy  to. be 0.34522 cm™ —.



Table I. Fundamental Frequencies of CHF

Glockiiizsgdﬁdlgell: I(’gig? Rank, f‘(:g?:llli.daind Pace
AV Assign.. .|Infrared |Assign.. LAY As:s:ign.
508.1. Vgs 509.4 | Vg (€) 508. Y, CFx(e)
696.7 Vg 703.2 | V3 (a) 697 V3 CF5(aq)
936.8 Vy
1116.5 ) 1117 ¥ CF (a)
1152.4 | 45 CH(¢)| 1160 Vs CF (o)
1209 | 4 CF (a) -
1376.2 | Vg 1351.5 | 4 cFe)| 1376 Y4 CF (e)
3062.0 '7 Yy 3055.6 | 4, CH@)| 3062 4 cH. ('.ai)

2. Object and. .Scope.. of Present..Research

8ti1ll much discrepancy between .the infrared and. Raman data.

The most notable. d'iff.erences..,..a-r:e-;.thee_nonaappearance:,.of

the fundamental .4, in the infrared . and.the large wave number

difference between.the Raman. and.‘,infr.ared'_ values. :for L, and

Yy o

The purpose . of the present research.is. to..remeasure..

the fundamental frequencies . and. .to.observe whether or. not

the spectrum in the reglon from.l}OO..c_m‘.‘lto..‘5500 em~1 is

compatible with the. new assigmment of L, ..


http://examina.tion.-of

3.

II THEORY = The. Symmetric Top Molecule with Special Reference

The . GHF3 molecule (Fig.. l) belongs to:that
c1ass_ofpmoleculeslwhichshasma;BPfoldmaxisnoﬁwsymmetry,
andmhasmtwo.momentsssf“inertiauperpendiculamhto,themsymmetry |
axls.equal.. The .molecule..is thus.placed .in polnt.group |

Czy with three planes of .symmetry and. one. symmetry axis.

1. Rotational Levels.and: Rotation Spectraa

Classically, the motion .0of.. the . symmetrlc top.

moleculejcan be~visualized'aswa*rotation of the;molecule
about .the. symmetry axis.which.ln.turn. precesses about
another axlis pointing. in the direction of P the. total
angular momentum. The precessional. frequency..is. IP'/EnIB
and.the .frequency of. rotation about. the. figure axis is

;&{f& u.fg)PZ, where IB and. IC are the moments. of l1nertia

,penpendicular”toﬁandmabout“theAsymmetry.axiszrespec$ively,
‘and.Pyz 1s the.component of P in the direction.of the.
symmetny-axiSW. Inﬂthelquantumamechanicalwtrestmeﬁp”of
fotation,mthem,ﬁ',corresponds:tOuJ and.the P, corfesponds

to K. Thus.it is. intuitively obvious.that.K £ J.

e Rotational Energy Levels

The. rotational term.values of the symmetric tép.

meleculeware<given by

# The theory of. the.. symmetric tep molecule has.been.covered
. qulte adequately by Herzberg.' Only references -that have
not been summarized by him .will.be referred to in this section.



FIGURE I. THE CHF MOLECULE.
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F(J K) =BJ W+ 1) + (6 - B)K2 - D 192324 1)2
Dy J (I +1) KB - oy K4

K=0, 1, 2, ..o J = K, K+1 K+2 ' (l)
where B :.h/8ﬂ621B , G =wh/8n6 IC and the constants-
Dy, Dgx, and DK ére due‘to centnifugal;stretching of .the
ﬁoleéule due'ﬁé the rotation. .In most cases, except”for
very high resolution, only the first two terms need be
considered. » |

A Rotation levelshhavé‘either’posiﬁive or negaﬁive
symmetry depending on whether theueigenfunction‘descnibiﬁg
"the state is unchanged or changes.sign<when all.thehatomé

are reflected at the origin. The eigenfunctions are given

Tt an(B) € X @)
where:D , ¢ and X are the Eulerian angles, M 1s the
magnétic Quahtumznumben Qorrespondinéuto the different
orientations .of .J in space, .and. enw‘(ﬁ) is,_‘a..complica‘.ted
function of . The two modifications, positive and
negative, can.be transformed one to the other by passing
through:awpétentialuhill. ‘If the potential hill. is not
infinitely high, the two configurations.will have slightly
different_energies,causing.auslightvsplitting of the lines“
(inversion doubling). In most cases.this. splitting reéuires
very highﬂresoiutioﬁ to'measureuand“will.be.neglected in
furthér discussion. Apart from the inversion doubling,

" the statistical weight or degénéracy of éach level is

2J + 1 for K = 0 and 2(2J + 1) for K # 0. In addition,

there 1is a statistiéalqweightidue tb‘the_spin of the
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identical nuclei. .For-a mbleculewqf point group CBv;vthe
statistical weights“are given by: | '
For K divisible by 3 (including zero)
1/3(21 + 1) (41 + 41 + 3)
For X not.divisible: by 3 ' e (3)
C1/3(21 + 1) (412 4 41) o
where. I iSnthe‘gpinﬁbf'themthfeemidenticalAnuclei, Thuss
the levels will have“an”intensity'alteration“of.sﬁrohg,
weak, weak, strong, weak' oo ~where the ratio of.strong .
to weak is 1 + 3/4I(I+1) ::1 or 2:1 for CHF3 .
Thelpopuiétioh N}Kof the various 1evels is
dependenthén,both,theﬂstamisticalmweight and the Boltzmann

distribution factor

NJ‘K —~ 9‘7-,( e"_ E(J; K)/kT cse (4)

where g, 1s the statistical welght.

b. Rotation. Spectra

| An. 1nfrared rotation spectrum can.appear only

if the molecule has.a permanentudipolewmoment, For a
molecule of point group ij, the.dipolehmoment“will,lie
aiong;the symmetryvaxis“and the selection rulesffor.J.and
K will be | |

AK=0 AT =0, £1 \ .”(m_
In addition; the symmetry ruies will be- 4 o
‘ +—> - , +é7#—>-r — < — eee (6)
The symmetry rulemwill.always,be«fulfilled‘fof.noneplahaf
molecules since the + and - ievels alwayé_occur in pairs

(inversion doubling). Neglecting .centrifugal stretching,
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the infrared absorption lines will be glven by

ve FLT+), K] = FLT, k] = 2B(T+I) eee (7)
The intensity of a line 1s glven by the product of the
transition probability and the population of the initial

state

IR Cuo@s)=K g, e FORAT (@)

(7+1)(2T+1)
where C 1ls a. constant depending.on.the permanent. dipole

moment . The,intensities.of,the,pure rotation lines will
have. thehsame.distributionwéshin.the R branch of a parallel

band shown in Figure 3.

2. Vibrational. Energy levels .and Vibrational Spectra

8o Vibrational Energy Levels

N The naturai-ﬁibféﬁion frequencies.of a. molecule.:
can, in,principle, be.determinedwfrommclassical”mechanics
1f_the force constants of the molecﬁle,are known.. .These
frequencies.will.be.determined.by ﬁhe solution of the |

gsecular equation

v u ) " 2 IN
kxx—m‘) Ky kxz kg —— — — — — kxz
o 't . " 12 ' N
ky)‘ k’yy -m,) kyg k/x _____ — k;l
" . Iy " ’ /2 /N
Kz kzy kza= M A hpx — — — — — — kzz
. - o * e (9)

2] 21 2 22 2N
kxx *xy( kxz Kxx=tMaA — — — _ _ _ Kxz S
i 4 w/ N2 NN 2
kz:( : kll : /fzz kzx "‘z"m”

where k is the restoring force on the ¢ particle An the
r direction. due to a unit. displacement of the j” particle
in the s direction, and A=4m? V? where v is the natural

freqﬁency of vibration. This equation will have 3N roots
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glving rise to 3N - 6 normal vibration frequencies, where
N 1é the number of atoms in the molecule. |

The quantumumechanical'treatment_shows-that the
molecule. can exist.only in states.thatmare.sumg”of half-
integer multipleswof thege fundamental frequencies. The
Schroedinger equation of a.systém.of N particles of masses

mi 1s, 1in Carteslan coordinates,

PA(E - L B o

This can be reduced (Pauling:and»W1lson ) to the 3N
separate equatlons m

L dz"‘ + .8_7_&2(5,- ;‘%2" E.z)=o (11)

" de-" K ‘ A
where .the Xi% are the roots. of the secular equation (9),
"E=Ey) + Ep + .00 4+ Ei.+ oo + Ezy , and the & are the normal

coordinates: The eigenfunctions of equation (1ll1l) are

B . . 2 .
W (&)= Nu e 4k /-/a,‘_(,/%f ;-') ces (12?

where ANy 1s a normalization constant and. 4, ( )is a

Hermite polynomial of thezW’* degree. The‘eigenvalueé of
equation (11l) are given by |
E; = hy (nr-'l-fz!-) wi=0,1, 2" (13)

where 4, 1s the frequency of the normal vibration ¢ and
n¢ is the vibrational quantumunumber. ‘The. total energy of

the system is

#'Thé 3N‘566té-ﬁiil-inclﬁdé thé‘sii non—genuiné vibratidhé
which correspond to rotation. and. translation and. do. not
contribute to the vibrational. energy.
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Elwr, ws) )= hi (W7 §) +hif (w5 e$)e--- eee (14)
giving the term values (in em~1 units) “
G(’u,')m;’;--)gé-(%%)"-) =M{M+é)+wz(,zfz+z-i-)+.-- LI A ) (15)

he C , .

where the uq=é§ are the classical\vibfatioanrequeﬁcies
;in cmél. If some of the levels are degenerate, thenvthe
term values will be given by |
.G(w,”/“...)=‘_2w‘~(dff+%.' eee (16)
where d; 1s the degree of degeneracy of the Zm'vibnatioh. —
If the vibratlons are anharmonic, which is always
 the case to some. extent, the term values will. be given by
(to second»order)
G(wi,nz,-w) = & u‘-“(w»-zzfz) + T E, K (v e ) (2 + G4
+‘ZKZ%. Gin Li L §17?
‘where d4, 1s the degree.of degeneracy, 2 is a quantum.npmber
of degeneraﬁEHVibrations,whiéh.assumes.the values 4*/45?;“'
lor 0,w; 1s the vibrational frequency for infinitesimal
amplitudes, and. X\ andy,-,( are anharmonicity consta‘nts‘.
For a molecule of point .group C3v,~avvibrétional
state must be either symmétnic (A) or.degeneraté (E) with
fespect to the symmetry‘axis,.andfsymmetricw(Ai) or anti-
symmetric (Ag) withnrespeet.to the planes@of:syﬁmetrym
For the.fundaﬁentalpvibrations.of CHFB, there are three.
degenerate vibrations of species. E and three. non~-degenerate
‘totally symmetric vibrations of species Az. The-selection'
.rules of the transition in absorption<spectra‘depend on |

the species (A or E) of the initlal and final states.
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The species of overtone and combination states. can be
determined from the following rules:
a] x a3 =41 a1 x a2.=‘A2 a] x e = E

2 3 :
exe‘ Ay + Ay + E (e) ==A; + B (e) = Ay + Ao + E
(e) —A1+E+E o ... (18)

b. Vibrational Spectra.:
N Normal vibrations that are accompanied by a change
in the dipole moment give rise to absorption lines: in the
'-inﬁrared.and“arefcalled"1nfraredmactiVe. All of the.
, fgndamentalméibrationswshoﬁldAbe.both infrared and Raman
. active althoughAinteractionAof rotational and vibratiqhal
energy may prevent this.
The observed frequencies of the infrared absorption
1ines will be given by :
G, (ary a5y <) = Gla, 5, )= G(0,0,-+) = Z &
*E 2 Xiwgpay + X Z Gix il

) ¢ K>t i Kt
o
where W=+ Npde + £ Z Xie di

From.this, it will be noted. that the .observed frequency

e (19)

'df the fundamental lines will be given by

¢

Vf = CJ‘D +x¢¢' + 9 PR (20)
+h ' ' -

and the r overtione

(ig) = (14,:)4,' + ap (=) Xii + Li(4o~1) gii (21)
where 4;¢ and.(ey) are the actual observed transition

”‘overtone.respectivély.

frequenciés of the fundamental and,thewaq
It can be seen from equation (21) that the higher~overtonea
of‘the.degenerate.vibrations”wiliube.split because the
'deéenerate‘quantum numbers & can take all the values g, =2,

";- /Of‘o.
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Since t.he Xm and 9, are usually negat.ive, the
overtone 1ines will tend to converge. The observed
combination .line. frequencies will also. in general be less
than. the sums of the observed. fundamental frequencies.

The observed frequency.of the.diﬁference.lines, for example
-y willnbe}exactly-the;wave;number difference of the

observed 1ines‘L{Vand,L§ eveh when anharmonicity is taken

into-account; : |

The intensities.ofwthewabsorption lines"are, as
befcre, given by the product. of theutransitionwprobability
aﬁd.tﬁe‘population;of the initial level. As a result. of
this, it can be seen.that the difference line L -4y will
have a smaller intensity thau.the summation line. 4, +44 Dby

- 4
a factor of € ;#F due .to the smaller.initial population

in the .case of the difference. line. The overtone and
combination. lines. will. have a.lower ihtensity due to a
lower transition probability.

The numbering of the fundamental. absorption,
lines. of a molecule. is .according to the species .0of the
vibration causing the .absorptlon. and .the . frequency. The
largest totally symmetric’ frequency (species A, in CHF ) is
called 4, the second largest 4, snd so on up to L#.

The line with.the largest frequency in the next speciles
(the degenerate,species,E.invCHFB) is calledfzéqf and so on
untll all the fundamentals are labelled. Figure 2 shows the

three totally symmetric vibrations ¥ s M, and Jy, and one



FIGURE 2. THE FUNDAMENTAL. VIBRATIONS OF CHF;
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component of each of the three degenerate vibrations

4, Vs and L@ for CHF3.

3. Interaction of Rotatlion and Vibration

8e Energy Levels
"~ The total vibrational and rotational energy of

a symmetrié top molecule is‘given>by |

T= G (wr, 05, ) + Far (7, K) - eee (22)
where  fa (J,K) = Bar J(T+1) + (GV—B,V)KZ) _ eee (23)
neglécting ceﬁtrifugal.distortionmterms, The.rotapiohal M
constants C, and B, are slightly dependention the
vibrational level because of the. larger average dimensions
of the molecule in highly excited ‘'states. T?Aaﬂfirst |
. approximation - |

By =8 — & wifwse &) - e (24)
where £k?is the rotational constant .for zero. excitation
and o; is small compared toAﬁg. For degenerate vibrations,
the Coriolis.interactionhcausesﬂa>splitting.of the level so
that the term | ‘_

*2Co f‘ K . (25)
bmust'be.added to”theqrightusidemofAequation,(23).. The
factpr'ﬂ} can vary from.-1 to +1 and.canmonlﬁ bé calculated
if the force constants of the .molecule.are known. Ir
anharmonicity 1is neglected, the followihg fule.holdé for
any XXZ3 molecule:_ '

Q +5; +"5; ——(~o 9 for CHF3) ce (26)
where f and. §° are the Coriolis constants for the

singly exclted vibrations Y &% and i, respectively.
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b. Infrared. Spectira.
“n‘—:'.fﬁfé_féﬁétion spectra are not usually observed
in infrared spectroscopy beéauSe.of theAlongAanelengths
involvéd. The rotational. energy ié usually manifested as
fine structﬁre inrthe‘vibrationubandss. In the caselof ’
g CHFB, the fine,structure.distinguisheé,bétween.two.distinct
tybesmof absorption bands. A parallel type of band
occurs:when“the.change,of dipole moment .durling .the. transition
is in the direction of the symmetry axis. The selection-
rules for the rotational”quantum”numbersufof a transitlon
that gives rise.té a.parallel band are:
| AK =0, AJ=0,*1if K£0

AK=0, AJ=#1 18 K=0 = ... (27)
A perpendicular”band.ocpufé.when“thé change of dipo;ex |
moﬁéntAis ih a direction perpendipulan to the symmetry akis.
The selectidn rules will then be:

AK = #1 | AT =0, #1 oo (28)
The symmetry selection rules will always be fulfilled =
provided.the inversion.doubling 1is not. resolved. 1

'The detailed structure of the bands.can be
calculated by considering the allowed transitions and .the. -
theoretical . intensities.of the individual lines. Considering
first the transitions between non-degenerate (A;) levels,
that 1s the parallel bands, it. can be seen that.for each
value 6f the quantum number X there'is.a,complete,sub-band
with a P brandh (AJ = -1), a.Q branch (AJ = O)and an |

R branch (4AJ = ;1);, These sub-bands have origins at
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Ysyp =to + [(Cor - Co) - (8 -8y )] K cee (29)
where J, is the frequency of the vibrational transition, h
erefers to the.upper state"and Ch.refers to the lower
state. The rotation lines will then follow the-formula’

(AT = +_1) R branch Vé Vsub + 2B(T+1)
(AJ = 0) Q branch V=WV + (82-8,) T(r+) oo (30)
(AJ = =1) P branch ¥=lsub — 287 "
with. the added restriction.that .J »K. The variation.of B
| has been neglected in.the P and R branch formulae of
‘equation (30) because it makesmno significant difference
in the apbeafance of the band. The intensities of the lines
will be given by the H8nl London formulae | , |
1-C As o € F(f,fr)i%_ i (31)
where C is a. constant ‘depending.on the vibrational. transition,
9rw 18 the statisticalxweight including the rotational
level degeneracy of 27 + 1 for K = O and 2(2J + 1) for K # O,
and the nmuclear spin intensity ratio givenfby equétionu(B).

The factor Ajy is given by

, ‘ 2 2
AJ = +1 A = (J +j_.) - K
* K O+
: k2 - '
2.2

ad=-1 Ak = 3T D
where J and K refer to . the initial state in all of the
‘above formulae. |
The detailed structure of .a parallel band.has
been calculated for CHFB‘on,thé“basisﬁof these formulae
and is shown in Figure 3. The values G ==0.189 cm™1,

B=0.345 cm”! and [(Co~Ci)-(84-B,)] = .001 el
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FIGURE 3. SUB-BANDS AND COMPLETE PARALLEL BAND OF CHF.

The intensity of the Q branches increases up to K=24 gand then decreases.

Total Q braonch intensity should be greater than indicated. T=300°K.



were used 1n'thése*ca1culations. The separation between
the envelope peaks of the P and R branches is 37 cm'l in

contrast to Gerhard and Denmison's® value of 33 cm™*

calculated from the formﬁla#

_ 5(8) %7
Av = — VT _ (33)
where logjg S$(B) = o.72! and B=% |
(”+4_)IIJ B

Transitions between a non-degenerate .(A) and a
dégeneratellevel(E) glve rise to perpendlcular ﬁype.bands.
This condition appiieswto\the:fundamentals.of thé4degenerate
vibrationé.» The origins of the subzbands.for each value. of
X are'given'bj: |
Vi = bo + [(Ca)1-2§) = 8] 2 2LCw (1= 7) = B K

r [(cv-8))- (c,,, -BL)] K* | (34)
where the .+ sign refers. to the transition for which
OK = +1 and the - sign refers to AK = -=1. The P, Q and R
branches. of the sub-bands are then érranged the same way as
in the parallel. bands. lTheAintensities of the lines in the
| perpendicular bands will be givén.by equation (31) where

the intensity factor Aj, 1s glven by:

AT = =+ 22 K)(J+ 1 %K)
=l bk = =G i DG+ 1)
_ (I +12K)(IFK)
47 =0 Ao = T+ 1) S B9
— - —_ K)(J
AJ = =1 . A = T
# Equaﬁidh‘(33) was given as AY= 509 " in reference (9).
. The right. side must be Zb

multiplied by the factor 1l/c¢ to make it dimensionally correct

and numerically reasonable.
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where the upper sign refers to AKX = +1, the lower sign
refers to AKX = -1, and.J'and_K refer to the.initiai}state.
The values for the K = O sub-band must be multiplied by
" two. Figure 4 shows.a.perpendicular band .of CHF calculaﬁed
with the aid of these formulae. The value -of f in equation
(34) was taken to be zero for convenience.» This constant
different from zero would tend to increase or decrease the
spread of the origins of the subqbaﬁds~depending.on
whether {1 was positive or negative. If the constant

(i = -0.8, then the factor [CL(1-f)-A2] in equation (34)
would. be approximately zero and the origlns of. the. sub-
bands would not vary with K. In such .a case, the appearance
of a perpendicular band would be approximately the same as
that of a parallel band.

_ Transitions between two degenerate (E) levels

will éive fise to.both.panallelnandmperééﬁdicﬁiér,bands"
accérding to the species.rules:giﬁen,in.equationn(lB).
Theitwo bands. will .in generalmhave.veryvdifferent'mééniiudes
éo.thatuonly.one.of the two,components;williéontribute o

the appearance of the absorption band.
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FIGURE 4. SUB-BANDS AND COMPLETE PERPENDICULAR BAND OF CHF,. The peaks

of the P and R branches increase up to K=23 and then decrease.

Calculations are for a temperature of

300°K and 0.

S
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I1T EXPERIMENTAL PROCEDURE

l.‘ Apparatus
8 The Spectrograph

“ The infrared spectrograph used was.a Perkin-
Elmer model 12-B with LiF, KBr and NaCl prisms, and . a.d.c.
thermocouplevdetector." This.particular instrument has been .

more.fully describedwby.Rosslo and: Littlell

The sample
cells used were a 10 cm. cell, a standard Perkin—Elmer
meter cell, and a multiple path absorption-cell.described

in_section Pe

b. The Multiple Path Absorption Cell.

In order to measure weak absorption bands, a
long path length.ls. necessary if the pressure 1is to be
kept low enough to‘preventrpressure broadening. and pressure.
shifts of some of the bands. The;most”prscticable4way of
getting a.longﬂabsorption.pathswithoutuhavingnextremely
large sample cells is by means. of avmultipie path absorption
cell as first conceived by Whitel?, The optical arrangement
of'theﬂcell, shown in Figure 5, is thevonly type'now used
which will allow a. large effective aperture. |

It can be seen from Figure 5 that.none of the
light is lost . by successive traﬁersals., The light from
the entrance slit is. imaged by mirror A on point 1 .of mirror
C. Mirror C then images mirror A on mirror B and so on
until the entrance slit 1s finally imaged on the exit slit.
Due to the’large number of off-axis reflections of thefbeam,

1t was suspected that the astigmatism of the final.image'



MOVABLE MIRROR ENTRANGE SLIT—__

FIGURE 5. OPTICAL ARRANGEMENT OF ABSORPTION CELL SET FOR
8 TRAVERSALS.
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would be sgo large that the intensity would be reduced. 
Calcula.‘bionsl3 showed however, that if the entrance slit
of the cell were made longer than the entrance slit of
the spectrometer, there would be no loss..in lntensity due
to astigmatism. This calculation is given in the appendix-.
' The entire optical system of the.cell is mounted
on an.aluminuﬁuchannel and .placed indélde an eight inch
dlameter pilpe with.NéCI windows for entrance and. exit
beams.. Figure 6 shows the ingtrument with the optical
part"takénkoutside the tank. All the mirrors have the
neqesséry‘adjusting screws for horizontal and angular adjust-
ment so. that the mirrors can be adjusted while free of the
tank and then placed inside. The channel rests on.a thfee
point suspension. inslde théﬂtank.so that any distortion of
the tank due to evacuation will not affect the focus of
the beam. The number of traversals of ﬁhe beam 1s changed
by turning‘é.micrometer screw mounted on the outside of |
the tank. This rotates mirror A by means of a connecting
shaft which passes through the side of the tank. A vacuum
gseal. is maintained. by mounting an "0" ring on the~movable
-shaft so that the gas sample need ﬁo£ be disturbed when
the number of traversals 1s changed. This feature has been
found to be very conveniént.in'practicé. |

One eight-inch dlameter pyrex mirror was polished
and cut as shown in Figure.7. Thls method . of cutting
ensures é cheaper and moré efficient use of the mirror
surfaces than by polishiné two separate mirrors. The>

pyrex surfaces were coated with aluminum and magnesium

i


http://can.be

FIGURE 6. THE MULTIPLE PATH ABSORPTION CELL.



- 18 -

‘fluoride which gave a measured reflection coefficient of

0.96 in the nean.infraréd.

13.3
>
o

Figure T7. Cell Mirrorszcut for most Efficient Use.

c. Sources.

""""" A globar was used.with the 10 cm and. meter cells
but a brighter source was. desirable for. the multiple path
cell because of the lower aperture of the allowed beam
when this cell waé used (£/6 compared to £/4.5 of the
‘spectrograph)f A large 2.5 mm. diameter Nernst . glower was
‘used with-this cell.. This‘source was more stable than
elther the carbon arc or the smaller 1.3 mm dlameter
glower. The glower was placed in the position of the
entrance élit, 8o that no mechanical entrance orlexit.slits

were needed as the dimensions of the glower were of the

proper size to act as an entrance slit.
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2. Calibration

The method of calibration was that developed by

14

Ross and Little~ '« The calibration points were.fitted to

the formula

2
1/ :1}02 -+

v cee (36)
e S

where T 1s the wave drive reading and the.calculated.
constahts.pf, a and. To have no .real significance. Above
4000 em™1, formula. (36) does not. fit. over a large
'.enoughrregion,tombeiuséful,so.a“calibration,curﬁe was
drawn 1in. this.region. |

Theuchiefjobstacie in the calibration was in
the choosihgwof sultable calibration points.. In most
regions, the accuracy of theﬁmegsurementstas:iimited
by the calibration. polnts themselves: It.would be desir-
able -to have accurate callibration pointéal;sted.to>O.1_cm“l
instead of to the nearest wave number as is given 1in the
Perkin-Elmer calibration datas

The KBr reglon was.callbrated using:the.wétérn‘
vapour‘datawofﬁRandall,,Dennison,”Ginsburg.andNWeberl5,
the CO, data of Martin and Barkerl®, and the 1-2-4 tri- |
chlorobenzene. and. polystyrene polnts of Plyler and Petersi’,
Although the grating spectra. of water vapour had.a. much
higher dispersion than could.be. obtained from the. Perkin-
Elmer spectrograph,.thenpointswcpuldweasily,be.correlated.
This calibration for KBr was found.to.be far better than

~the calibration given in the Perkin&Elﬁer,manualls.
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The callibration points used in all regions are.
listedTin.Table~II. In addition to these, some of thé
points;supplied B&.Plyler and‘Peters;7 were used in all
threézregibns.. The main.objection to these callbration
points (17) is that‘they‘are'notfspaced closely enough

and some of the lines are broad.

Table II Calibration Polnts

LiF Regilon | ' | NaCl Region

Hg'ArclT H,0

1-2-4-Trichlorobenzene'7 .| NHg 18

Hy0t? | co,

AN

cH, |- | KBr Region

HER { B0

Co, 1 ) ‘ 1-2-4 Trichlorobenzenel!
| co 3 : Polystjrenel7 |

H;0 J - , co, 16
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- IV RESULTS ,
" In the region from 400 o 5540 cm 1, over.
forty absorptidn bands were found. These bands with their
assignments-and.calculated”values.aré listed . in Table.III.
All of the.bands above 1700 cm™t withwihtensitieéwmarkéd
as very. very weak (v.v.w.), were found by using the multiple
path .absorption cell. | ‘ |

. Before -discussing the analysis of the results,
it is profitable to examine.the appearance of the
theoretlcal parallel anawperpendicularwbandswshown in
Figure 3 and Figure 4. First the appearance of the
parallel band: It should be noted that the séparation
of the.maxima.of the P and R branches is 37 om™' and the.
dip on. the high frequency side'of the central.qQ branch is
deeper than.on the low ffequency side. Also, the lntensity
of the R branch is slightly greater.than that of the P branéh.
Figure. 8(b) shows aabandwwith these definite characteristics.
The.perpénéiculan band has,lessldistinguishing characteristiéé;
Under low resolution, 1t would show up as.amsinglénline
with no charscteristic structure.or at best as a slightly
non-symmetrical band, as shown in. the . .theoretical trace of
Figure:4 and.also in.the 1153 em™1 1ine in Figure.8(a),
‘with the steeper: slope on.the high frequency side. .The
perpendicular band may have an altogether: different
appearance depending on the value.of the constant.f? #s

was pointed out in Section II-3-b.
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Table III Infrared Absorption Bands of CHFy

Observed. cm™t Assignment# Calculateds
507.5  m. oy, E J—
700.1 m. / A A ————

. 869 VeVeWe | Vg - Vg A+ E 8675
11015 VeWe 2y, A+ E 1015
11153 VeSe L Vi E. ———

1209 m. Y+ Y, E 1208

1375 8s A E | ————

1658 w. Vs + Vg A+E 1661

1716 Ve | 2,4 A+ E 1715

1818 VeV.W,. - Yp + Yy A 1817

1849 . L YUr +l E 1853

1909 VoW L2y E 1..905

2029  V.V.W. 44, A + 2E 2030

2076 (double) we | L My + 44 E 2075

2161(d) v.w. Vs ;2//6 A -+ 2E 2168

2281 8. Y, + ¥y E 2270

2292

2303 8. 2 Vs A+ E 23064

2315 J on COp

2408 } ' S | ’ |

VW 2Yy + 2V, A+ E 2415

2415 : : -

25177 VS Yy + Vs A+ E '2528

# The species given 1s the species of %& wahich is obtaineds
by the multiplication rules (18). In all cases.except
. for the difference bands, 1t .is. the species of the upper
state. ‘
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Table III - Continued

Observed cm™+ ﬂ >Assignment‘ ".Calculated

2692
2709 ¢ s. 205, + U, E 2742
2728 | |
2754 me 21, A+E 2750
2778 me Y, + 2/, E . 2775 -
13033 ves. |/ Y ‘A I
3041 W Yy + )/5 + Y, A+ 3E 3036
3183 v.w. Uy + Uy *4p  E 3192
3207 VoV.W. Us + Ul + i A+E 3228
3255 VeVeWe 2l + Vg A + 3E 3258

| 5406+ W . Vs + 2Us A+E | 3423
3438 W, 2u, t Uy A+E 3450
3483 . 34y + E 3475
3545 Vevaw.| U+ E 3541

’ 3645‘ L W Vo + U4 + Uy A+ E 5645
3740 211210 W Y+ Vs A 3733

bands , -
3850 We Yzt 24 A+E 3867
Lo4s } o | |
: VeVWe Y+ 2V, A+ E 4048

4056
“171} - U o+l E 4186
4186 ’
4210 | VeWe Y FVa+l, E - 4241
4342 V.VeW. Y +Vy + by v A4+ E 4345
4405 (&) s Y r iy E 4408
4515 VeV eWe Yz + Vs E 4504
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Table III -« Continued

Observed cm™+ | _Aséignment. _ .Ce.lculafbedv
4550  V.vew. u,'+§u6 | A+ E 4556
4691 VoVoWe Y, +Us+i A+ E -4694
4716 VoV.W. Yy rlg+ 2, A.,. E 4748
4770 VeVeWe 2oty + Vs A+ E 4752
48TT VovoW.|  Yriy ot E 4886
4987 VeVeWe Yy + iy iy E 5108
5185 We Y, + s+ 2, A + 2E 5201
5340 We Y, v 2U5 A+E| 5339
5541 We Y+ Uy + Vs A+E| 5561

The. band. at.700.1 cm™+ has. the ‘appearance. of the.

parallel band shown in Figure 3. This is contrary to the
statement. by Pricel that the 700.1 en”t band had.an
indifferent appearance. 'The 507.5 em=1 band. also. has. the
appearance. of a paral]_.el,‘,band-‘ but in view of the. depolar-
ization measurements. of Rank, Schull and ,Pa.ce5, it 1is
considered to be -2 perpendicul-art .babnd‘ wilth .the .coriolis.
cox'ls'.‘c,afrt.‘“j"6 = -0.8. This assignment is consistant with the
bands ¥-4, , H+i, 5 20, + 1, and 2/ + 4 all of which are.
perpené.icular bands 'bﬁ'b hé.v_e the. appearance of parallel
bands: |

The bands 2709, 2754 and 2778 cm~L are d1fficult
to assign. .There is. probably some displacement of all.
1

three due to.Fermi. resonance, and in addition, the 2778 cm™

band could.edﬁally well be Y+ by +ty, or Yy+2), . because the
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interaction'constantsmaresnot well:enoughnknown~to;help_
décidenbetween.them;;.The.group;of_band§"3183,.3207 and”32555
cm?l,shownwinuFigune 8(d)'is:also.difficultwto assighnbecguse
of Fermi,resonénceuaﬁdﬁoﬁerlapping;structurega  |

The..3033 om™+

‘band . shown.in Figure 8(c) was.
identified as & perallel band.with the R branch peak at

" 420 cm~1 and the.P branch~peakvatw—17'cmfl,from.themband
centre. Thismassignmentuis;mostmprobablewbecausemthis
frequency.iswcharactefisticwofmthéagc-H stretchinngibration.
1nmother;moleculeswand“wouldmgive.rise~to.a\strongmparallel
band,muTheséxtra;lineubetween“thenQ and R branches.at
30A1.cmfl,isvconsidered'to be due to.an entirely different
transii%on; | |

| The.onlY-overtone‘series;found“wasapg,.2L¢1and
4J,., The line 3y, would be.difficult.to find because it .
woﬁ1d 1ie~on.the.HZOﬂrotaﬁionwbandsawhichﬂareJalways"pre§ent
in. the. spectrogram. The anharmonielity. term. X, would then

1 according to equation (21).

be X = -0.08 cm” |
The;&ssignmentwof.bandsmwithmhighen:wavewnumbers
becbmesuinéreasingly difficultwbedauseﬁthewresolutioq is
usuallyhnoh_high”enoughytowgive,any;observableﬁstrucxurewthat |
might help. in.the assignment. Also .the anharmonicity terms
are.not. known well.enough towcalculatewmofeJcloselyuthev
eXpéctedﬁbandmfrequency,. An.attempt,wasmmadeatoucalcu;ate
all. the anharmonicity constantswbutvitﬂwas found that . there

were too .many .lnconsistencles wlth the.data.avallable.

énly 14 of the 21 double combination bands, which would
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FIGURE 8. ABSORPTION BANDS OF - CHF,
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give the anharmonidity:constants;directiy, were -found.
Even-sbme%oflthese mayvhave-been=affected.byfFermi-resonance.

| It.waSmhdpedgthatTOne;of the: difference bands.
Yy =¥ s .Vz;Vs s Or even L, -}, could.be found to establish
a moré"direct measurement for 4, fhanmthe:Raman:valuefof
1117'§m7l for 1liquid fluoroform.. As.none of these .bands
were-found;vthe.value¢of01117.cmfl'waSuusedxfor Y in.all.
-assignments. . Altogether, Y, was assigned. in seven.combina-
tion bands, the most. certain. of which was the‘1818'cm-l ,.

band. .

V CONCLUSION

The .assignment.of the fundamental: vibrations.
by Renk, Schull and Pace® has.been found consistent .with
thevobserveduspectrum, .The apparent. dlscrepancy in. the
appearance. of.. ., asvaupaﬁallelmband,has”beenmexplained
and.the"anharmonicityfconstant‘x“ was..caleulated.to be
-0.08 em™L. The other anharmonicity.and.interaction
constants.weré,sufficientlyhuncertain.asmtowréquire an
examinationnunder.higherﬂdispersionatoMéalculatsnyhem.
.withmany.degpeewof.certainty. The“fundamentalhvibration
lines were remeasured to be: :

Y, 3033wcm‘1

v, umns
V3 MX7OO;1v
Yy 1375
Ve 1153

Ve 507.5



APPENDIX

The. Astigmatism of a Multlple. Path Absorption Cell

‘The number of traversals, N of the light beam

through the.,,-.lengt.h.w of. the cell.is: given by N =.2d/Mr ,where
d, M and. r are shown in Figure 5. The astigmatism.can

‘be calculated. AaS».fO:LlOWS..; For the irert.ical_line,imgge,

2

_S_+-S, Fcosd where S . .vertical line image distance,

g = object distance = radius .of. curvature, r, and.

¢ = off-axis angle. For the horizontal line image,

'§" + 73'. = 259 yhere S, = horizontal.line Amage. distance,
2 - r ‘
I\ 1 _ L o _2 _ 2cosé - BS

A(S)" s, S r cosd r S

where A S = distance between horizental and vertical line
images.

AS:-_Z_’L_——Zrcos¢ zr[(l+2+-5'¢+) =(1- Q,.__ ]~+2r¢
cos ¢

The astigmatism is addit_ive on each reflection since

L4l =2 e+s simple mirror formula
P e r
4p +AL¢ =<0
pt 22
2
bp = '('?E) (ag) = - (Ag) since p=g=r

»Ther'*efore the 'a.stigmatism”i.s. additive if the distance
between. the horizontal and vertical line images is small

' 2
compared to r. Therefore. AS = 2'__(¢'z+_ 4,224__ - d’”z)

where the d7¢ are the succesgsive off-axlis angles.
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" FIGURE 9. ASTIGMATISM- OF ABSORPTION CELL.
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By calculating the success.ive angle,é &, it is

easy to show that

) ‘
iZf @2 =[/+21+3z*:“. +(—§_—’)2]M2—' 2(1+2+ -4+ ﬁY)Ma + é"_ 6*

where @= angle between source and axis of fixed mirror.
Using M = 24/rN and. 6= 4/2r (may be slightly greater:
.dependingfon the.geometrieal.sét up), 'the formula can be

further simplifiled to As = _Zﬁz[ig/zﬁ _ _Ai L
r tNZ F ¢

The measured. and.calculated.values.of astigmatism up to
_32 traversals are. shown in Figure 9. 1In low aperture
instruments. the agreement wéuld be even better than. thé.t.
shown. "

One. wouid expect some loss in inten-s:it.y of the
exit beam.due to the astignia.‘bisma By using simple geome,try.,‘
howeverp it can be. seen that.if. the . lnstrument is adjusted

to be in focus for the. vertical line imagéy and the

entrance slit 1s made longer than the exit slit.by an

amount Ai_q , then there will be no loss.in intensity due

" to astigmatism.
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