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Synopsis

The infrared spectrum of C H 3 D has been measured in the region 400-6000 cm - 1
by means of a prism instrument (Beckman IR3) of medium resolving power . Th e
band-centre frequencies have been derived by rotational analysis of the fundamenta l
bands . The results are compared with previous prism and grating data, and a
slightly revised set of normal vibration frequencies is given .

A value of the rotational constant A " (AO has been obtained, which agrees
within the limits of error with a recent Raman value .

Coriolis coupling constants have been derived for the three doubly degene -
rate fundamentals .

Possible assignments of the observed combination bands are given .

Printed in Denmark
Bianco Lunos Bogtrykkeri A-S



I. Introduction

The infrared and Raman spectra of methane and ilts deuterated species ,
CH 3 D, CH2D2, CH D 3 , and C D 4, have been the object of several investigations . '

However, when one examines the literature, it is obvious that several of th e
fundamental frequencies of the partly deuterated methanes are uncertain .
As the investigations cited above' of these molecules are now more than 20
years old and the experimental technique since then has improved con-

siderably, a re-investigation of all the fundamental bands of the partl y
deuterated methanes appeared to be desirable .

In 1953 Boy') and THOMpsoN 2 and later ALLEN and PLYLER 2 (1959) hav e
measured the band near 2200 cm- i connected with the C-D stretching i n
CH 3D with high resolution . At the time when this investigation had bee n

started, in 1956, REA and THOMYSON 4 published normal vibration frequencie s

of CH D 3 obtained from infrared measurements . The assignments of two of th e
fundamental bands as well as the frequency value of one more fundamenta l

are, however, in disagreement with infrared results of WiLMSxuxsT and
BERNSTEIN 5 (1957). The latter authors have published fundamental fre-

quencies of all the deuterated methanes obtained with low resolution, the
frequency values being the position of maximum intensity in the bands
rather than the true band centre frequencies .

Recently JoNES S (1960) has published the results of an infrared study
of the degenerate C-H stretching fundamental of CH 3D at 3016 cm-' using

medium resolution 1 cm-') . Only the central part and the high frequenc y
side of the band were measured. Some of his band constants deviate some -
what from the results of a recent Raman investigation of this band by RICHARD-

SoN et al . '

The present paper will deal only with CH 3 D . Similar results obtained
for CH 2 D 2 and CHD3 will be given in separate papers .

1*
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II . Experimental

1 . Preparation s

CH 3D was prepared from CH 3I by allowing the halogen compound t o
react with a mixture of Zn-dust, acetic anhydride, and heavy water (99 .83 °/°
D 20) at about 30° C. The methyl iodide was carefully distilled before use .
The Zn-dust and acetic anhydride were of the highest purity commerciall y
available . The acetic anhydride was carefully distilled and kept for a fe w
days over metallic sodium in order to remove a small content of acetic acid .

The reaction was carried out by adding the methyl iodide dropwise t o
the mixture of Zn-dust, acetic anhydride, and D 20 (vigorous reaction!) .
The CH3D evolved was collected in a gasometer and from there passe d
through a dry ice trap and then condensed in a liquid air trap. A volume
of the gas first collected, equal to the volume of the reaction vessel, wa s
rejected, as it would mainly consist of air . The CH3D was then distilled in
cacao to another liquid air trap. This procedure was repeated once more .
In this way the deutero-methane was separated from less volatile impurities
(e .g. H2O from the gasometer) .

In a similar way CH2 D 2 and CHD3 can be prepared from respectively
CH 2 I 2 and CHCl 3 .

It follows from the method of preparation that the deutero-methanes wil l
be contaminated by some D 2 and air . These contaminants were remove d
by successively pumping off small fractions of deutero-methane kept in a
liquid air trap until an equilibrium pressure of 20-25 mm Hg was obtained .

In each sample the only spectroscopically detectable impurity was th e
nearest lower deuterated methane, the amount of this, about 5 per cent . ,
being spectrally of little significance. Table 1 gives the results from the pre -
parations .

Table 1 . Results of preparations .

Deuterate d
compound

Mol haloge n
compound

Gra m
atom

7n

Mo l
(CH 3 CO) 2 0

Mo l
D 2 0

Yield
Litre an d

CH 3D	 0 .29 (CH3 1) 1 .26 0 .54 3 .75 3 .5

	

(50 )

CH2D2	 0 .21

	

(CH2 1 2) 1 .33 1 .00 2 .50 3 .7

	

(73 )
CHD 3	 0 .05 (CI-11 3 ) 0 .21 0 .13 3 .10 0 .36 (30)
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2. Spectroscopic Procedur e

The spectra were taken on a slightly modified Beckman 1R3 infrare d
spectrometer equipped with Kßr, NaCl, and LiF prisms .' The path length
could be varied from 10 to 2000 cm . The effective slit width, seff,9 is indicated
at each spectrum reproduced below together with values of the gas pressur e
in mm Hg (p) and the path length in cm (I) .

The relative positions of the fine structure components within a singl e
band are believed to be accurate within +0 .1-0 .2 cm-1 . The absolute
accuracy of the frequencies given is estimated at about +0 .5 cm-1 . All the
frequencies are in cm- 1 .

III . Fundamental Bands

The molecule CH 3D is a symmetric top belonging to the point group C3 ,
and therefore has 6 normal vibrations : 3 totally symmetric of species Al
and 3 doubly degenerate of species E . They are all infrared active . The Al

vibrations give rise to parallel bands while the E vibrations appear in th e
spectrum as perpendicular bands .

1 . Parallel Bands (A 1 Fundamentals )

The parallel bands corresponding to the vibrations v4a, via, and pi li e
in the regions 1200-1400 cm- 1 , 2050-2300 cm- 1 , and 2900-3000 cm- 1 with
observed band centres at 1306, 2200, and 2970 cm- 1 , respectively . The J
fine structure of the P and R branches was easily resolved because of th e
high value of the rotational constant B" (R-- 3 .9 cm- 1), the spacing in the
branches being roughly 2 B " .

On the low frequency side, the v4a band at 1306 cm- 1 is overlapped by
the strong perpendicular band, v4bc, at 1157 cm-l , and on the high frequency
side by the weak perpendicular band, v2ab, at 1471 cm-1 . Furthermore, fin e
structure components from the strong band v 4 (F2 ) of CH4, the band centr e
of which nearly coincides with v4a of CH 3D, were present in the spectru m
indicating a small content of CH 4 in the CH 3D sample. However, becaus e
of the high intensity of the v4a band, assignment of P and R lines up to
J = 11 could be made quite easily.

The 2200 cm- 1 band (via) has been analyzed by Bola) and THoMnsoN, I
and recently by ALLEN and PLYLER . 3 The author's measurements of the
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saine band are in good agreement with their results in spite of the lower
resolving power of the IR 3 instrument. In this way a satisfactory check o n

the spectroscopic procedure used in the present investigation was obtained .

The high intensity of the nearby overtone 27)41, (2 x1157 = 2314 cm-1)

observed at 2316 cm-1 indicates a Fermi resonance between the A i com-

ponent of this overtone and v3a . I have estimated the unperturbed frequency

of v3a at 2210+5 cm-l .

Also v1 (Figs. 1 and 4) appears in the spectrum as one of the component s

of a doublet caused by Fermi resonance with the A i part of the overton e

2 v2 ab (2x1471 = 2942 cm-4) . The components are observed at 2970 and

2910 cm-4 , WILMSHUBST and BERNSTEIN found 2973 and 2914 cm-I. If we

assume that the anharmonicity of the overtone 2 v2ab is - 10 cm-i-as seems

reasonable-then the unperturbed level v i has been raised 22 cm-1, which

means that the unperturbed frequency of v i is close to 2970 - 22 = 2948

cm-4. As the most probable value, v 1 = 2948 i- 5 cm -1 has been adopted (se e

note added in proof, p . 34) .
Since the observed band at 2970 cm-1 is of low intensity and badly over -

lapped by the strong perpendicular band, v3bc, at 3016 cm -1, the assignment o f

the P and R lines is rather uncertain and must be regarded as tentative only .

c s

1.0

o
2900

	

3000

	

3/00

Fig . 1 . v1 (fl 1 ) and v3bc(E) . 2830-3170 mn-' . p = 93 rani . 1 = 10 cm . s
eFF = 2 .1-2 .3 cm - i .
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The analysis of the rotational structure has been carried out by means
of the well-known "method of combination differences " . Neglecting the effect
of centrifugal distortion, the P and R branches can be represented by

P(J) - vo -(B'+B")J+(B'-B") J 2

R (J) = vo +2 B' + (3 B ' -B ") J+(B ' -B ") J2 .

	

(2)

Double-primed quantities refer to the vibrational ground state, single-prime d

constants to vibrationally excited levels . The combination relations are :

R(J- 1) +P(J)=2vo +2(B'-B")J2

42F"(J) =R(J- 1) -P(J +1) = 4B"(J+1/2)

4 2 F' (J) = R (J) - P (J) = 4 B' (J +1/2) .

if we take centrifugal distortion into account, DJ and DJ being the cen-
trifugal distortion coefficients, the following relations hold :

R (J - 1) + P (J) = 2 vo +2 (B' B ")J2 -2(DJ DJ") J2 (J 2 +1)

	

(6)

4 2 F" (J) = 4 B" (J+ 1/2) - 8 DJ (J+ 1/2) 3

42 F' (J)=4B ' (J +1/2)- 8DJ (J+1/2)3 .

The difference between DJ' and DJ can be ignored . Eq . (6) then becomes
identical with Eq . (3). Eqs . (7) and (8) can be rewritten

4 2 F(J) =
4 B"- 8 DJ (J+1/2)2

J+ 1/2

4 2 F' (J)

Graphical representation of Eqs . (3)-(5) and (9) and (10) give the band-
centre frequencies vo, the rotational constants B " and B', and the differenc e
B'-B " . The results are summarized in Table 2 . Only for the via band ,
values (approximate) of DJ and DJ could be obtained . For this band the
results agree well with the results of the high resolution study by ALLE N
and PLYLER. The observed frequencies of the fine structure components hav e
therefore been omitted . Observed frequencies and their interpretation fo r
two of the bands (vl and v4 a) , together with calculated frequency values, ar e
given in Tables 3 and 4 . The agreement appears to be satisfactory .

and
(1 )

and

and ( 7 )

(8 )

and

J+1/2
=4B' -8DJ (J+1/2) 2 .

(9 )

(10)



8 Nr . 1 2

Table 2 . Band constants obtained for parallel bands .

v i * va a ** v 4 a
cm- - 1 cm -1c m

vo***	 2970 .1 i0 .5 2200 .0 C1 .5

	

(2200 .03) 1306 .5

	

10 . 5
B' -B "	 - 0 .02 - 0 .040 (- 0 .0422) - 0 .088 f 0 .00 2
B "	 3 .90 +0 .02 3 .875 (3 .880o) 3 .89

	

± 0 .0 1

B '	 3 .92 ± 0 .04 3 .835 ,I- 0 .005 (3 :837 8) 3 .80

	

10 .0 1
DJ	 - 4 . 4x10- s (5x10- fi) -

DJ	 - 4 .4 x10 -5 (5 . 5 x10 -5 )

* High frequency component of a Fermi doublet . The unperturbed value of v i is close t o
2948 cm -1 (see text) .

** The values in brackets are those obtained by ALLEN and PLYLEn' (see text) .
*** In Table 14 of this paper vo values obtained by other investigators are compared t o

the author's .

Table 3 . Observed and calculated fine structure lines of y 1 (A 1) band .

P(J)

	

R (J )

J

	

Obs .
cm -1 Cale .

cm-4 A
Calc . -obs .

J Obs .

cm -1
Cale .
cm- 1

d
Calc . -obs .

0 2978 .3 2977 .9 -0 . 4
1

2
2962 . 1
2954,0

2962 . 3
2954 .5

0 . 2

0 .5

1

2
2985 . 7
2993 .5

2985 . 6
2993 .3

-0 . 1
-0 . 2

3 2946,4 2946,6 0 .2 3 3001 .0 3000 .9 -0 . 1
4 2938 .5 2938 .7 0 .2 4 3009 .0 3008 .5 -0 . 5

5 2931 .1 2930 .7 -0. 4
6 2923 .3 2922 .7 -0. 6
7 2914 .0 2914 .7 0. 7

8 2906 .7 2906 .6 -0.1

Effective slit width se rf = 1 .3-1 .4 cm- 1 .

2 . Perpendicular Bands (E Fundamentals )

The perpendicular bands arising from the normal vibrations vZab' v 3ba ,

and v4b, are, as already mentioned, observed at 1471, 3016, and 1157 cm- 1
(Figs . 1, 2, 3, 4, and 5) . The K fine structure was resolved for all three bands .
The average Q line spacings 4 v 2 ab and 4 v3 be were found to have approx-
imately the numerical values 5 .8 cin-L, respectively 1 .9 cm 1 . Each of the

spacings can be either `positive' or `negative' . If the Q line spacing of a
band is `negative ' , it implies that the R QK lines occur on the low frequency
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Table 4 . Observed and calculated fine structure lines of v4a (A i ) band .

P (J)

	

R (J)

J Obs . Cale . 4 Obs . Cale. d
cm-1 cm-1 Calc . -obs .

J

	

I
cm-1 cm-1 Calc . -obs .

0 1313 .7 1314 .1 0 . 4

1 - 1298 .7 - 1 1320 .9 1321 .5 0 . 6
2 1290 .2 1290 .8 0 .6 2 1328 .0 1328 .8 0 . 8

3 1282 .3 1282 .6 0 .3 3 1335 .8 1335 .9 0 . 1

4 1274 .4 1274 .3 - 0 .1 4 1342 .3 1342 .8 0 . 5

5 1265 .8 1265 .9 0 .1 5 1349 .5 1349 .5 0 . 0
6 1257 .6 1257 .2 - 0 .4 6 1356 .0 1356 .1 0 . 1

7 1248 .3 1248 .4 0 .1 7 1362 .4 1362 .4 0 . 0

8 1239 .5 1239 .4 -0 .1 8 1368 .6 1368 .7 0 . 1

9 1230 .0 1230 .2 0 .2 9 1374 .6 1374.7 0 . 1

10 1220 .8 1220 .8 0 .0 10 1380.7 1380 .5 - 0 . 2

11 1211 .1 1211 .3 0 .2 11 1386 .5 1386 .2 - 0 .3

EfTective slit width se r f = 1 .8-2 .4 cm-1 .

side of the band centre . For vibe the sign of the spacings can be established
in the following way . Using the approximate formula for the Coriolis couplin g
coefficient given by MEAL and PoLo1 0

(1 -cosoc)11H
3b m C + (1 - cos o) mH '

we find 'a bc = 0.10 . From the value of 3be we can calculate an approximate va -
lue for d v3bc . The average spacing, A v,, in a perpendicular band correspondin g
to the vibration v, is equal to 2 [Ai (1 - -i)-B;] . Setting A 3bc ^'A" = 5.25 cm- 1
(see page 30) and BB" = 3.88 cni-1 (see Table 2), we obtain A v3 be =
1 .7 cin-1 , which is close to the observed value . This shows that the sign of
d v 3 be is positive .

The question whether 4v2ab is positive or negative is connected with th e
magnitude of the spacing in the third perpendicular band v4bc . To a good
approximation the average Q line spacings of the perpendicular bands wil l
obey the sum ruled

4v2ab Av3bc + Av 4b~ ^ 6 A" - 7 B" = 4.34 cni-1 ,

where A " = 5 .25 cm-1 and B" = 3.88 cm-1 . From the relation it follows tha t
at least one of the bands must have a ` negative' spacing, which means tha t
S2 > 1-B~/A;^'1-B"/A" = 0 .26. Setting Av3ab = -1- 5 .8 cm l and Av3be _
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+450

	

1500

Fig . 2 . v 2ab (E) . 1430-1570 crci 1 . p = 760 mm . 1 = 10 cm. s
eff =

2 .0-2 .5 cm- I .

+1 .9 cni-1 in the sum rule, one obtains 4 v4be = - 3.4 cni-1 , while 4 v2 ab =
-5 .8 cm-1 and 4 v3 be = + 1 .9 cm-1 gives 4 v4 be = 8 .2 cm 1 . For 14 v4 be I the
value 3 .4 cni-1 is found experimentally . Consequently, the spacings of the
V2ab and v4 b, bands must he respectively ` positive' and `negative' .

This result is also supported by the observed relative intensities of th e

Q branches near the two band centres . As RQ0 is the strongest of the Q lines ,
and PQl is stronger than R Q l , the spacing in the v2 ab band (see Fig . 2) should
be positive . In the v4bc band (sec Fig . 5) it follows from the saine kind of

argument that the spacing is negative .

The rotational analysis of the bands is based on the preceding discussion .

A characteristic feature of all three perpendicular bands is the stron g

central part caused by an agglomeration of the Q lines near the band centre ,

and the complicated fine structure, consisting of PQK , R Q K , PPK (J), and

RRK (J) lines and the much weaker PRK (J) and RPK (J) lines. The K num-

bering of the Q lines was carried out in the usual way, and the observe d
frequencies are shown in Tables 8, 9, and 10 . The assignments were to som e
extent complicated by the limited resolving power of the instrument and th e

overlapping by other bands .

On the high frequency side of the band v4bc some of the fine structure
lines are masked by the strong band at 1306 cm-1 . The low frequency sid e

of the weak band v2ab is overlapped by the absorption at 1306 cm-1 . For

this reason, only a few PQ K lines and one PPK (J) line could be picked out

of this band . On the other hand, the high frequency side of the band seems
to be free from overlapping by other bands and has therefore been use d

for the evaluation of the band constants as discussed below. In the band

vibe there is an overlapping on the long wave side by the weak parallel band



3000

	

30l0

	

3020

	

3030 cm-f
Fig . 3 . v3 bc (F) . 3000-3030 cm -1 . p = 65 mm. 1 = 10 cm . seff = 1 .4 cui-1 .

at 2970 cni 1 . However, from the fine structure analysis band constants coul d
be obtained which gave satisfactory agreement between calculated and
observed frequencies .

The positions of the Q branches of a perpendicular band, neglectin g
centrifugal distortion, are given b y

PQK(J ) = [vo+A;(1-Cy)2-B;] +(Bi -B")J(J+1 )

- 2 [A¢(t-sa)-Bi]K+[(Ai' -A")-(Bi-B")] K2

	

1

	

( 11 )

and

RQx(J) = [vo +Ai(1-i)2-B~]+(Bz-B")J(J+1 )

i (1

	

2

	

( 12)
+2 [A4

	

--B;]K+[(A,;-A") -(B; -B")] K . j

Disregarding the difference between B4 and B" the following combinatio n
relations can be obtained :

A 2 r (J, K)=RQK-1-PQK+1=4 [A Az~z-B " ]K (13)

42F (J,K)=RQKPQK=4 [A' (1 - B;] K (14)

RQK+PQK=2 [r0+ Ati(1 -cå,) 2 + 2 [(A-A")-(Bz-B")] K 2 . (15)

Plotting these expressions for the bands V 31)c and W4 be, we obtain the values
of the band constants given in Table 5 .
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2950

	

3000

3050

	

. 3100

	

coi l

Fig . 4 . v1 (A 1 ) and v 3bc (E) . Upper curve : 2905-3010 cm-1 . Lower curve: 3030-3125 em-1 .
p = 152 mm . 1 = 10 cm . soff = 1 .3-1 .5 cm -1 .

Table 5 . Preliminary values of band constants for perpendicular bands .

1' 2 ab

cm

v 3 b c

cm

v 4 b c

cm- 1

Ai (1 -

	

- B'~	 2 .91

	

+ 0 .03 0 .944+0 .005 -1 .69 +0.02

A" - Ai -B"	 (2 .95) 0 .954+0 .005 -1 .68

	

+0,0 1

(AL-t4 .")-(Bit -B" )	 -0.040+0 .01 -0.011+0 .003 0 .013+0 .00 3

vQ +Ai(1 - SZ)2 - Bi	 1476 .1

	

+0 .5 3016 .8

	

_I_0 .5 1154 .6

	

+0 .5

As only two PQK lines of the band v2 ab could be utilized, another procedur e

was attempted. From the observed values of P Q ;,, PQ 6 , R Q 5 , and RQ6 we cal-

culate for A2ab( 1 -Stab)-B2ab from Eq. (14) the values 2 .905 cm-1 and

2 .913 crn-1 , the average value being 2 .91 cm-1 .
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f050

	

ffo o

ff50

	

f200

	

cm - 1

Fig . 5 . v4bc(E) . Upper curve : 1020-1110 cm-1 . p = 760 mm . Lower curve : 1110-1235 cm-1 .
p= 323 min . i= 10cm.serf =1 .3-1 .9cm 1 .

In order to get a rough estimate of (A2 ab - A") - (B2ab - B"), Eq. (15) wa s
used. Taking the observed RQ0 = 1476.3 = vo + A 2 ab (1 - s2 ab) 2 - B2 ab , and using
the observed frequencies of PQ5, PQ 6 , R Q 5 , and RQ6, we obtain the values
-0.03 and -0 .05 cm-1 , the average being -0 .04 cm-1 .

In order to make use of the observed RQK lines, Eq . (12) was written
in the form

RQK -2 [ A2ab(1- ~2ab) B2ab ] 1{= [ vo -I-A2ab(1-s2ab) 2 B2a.b ]

+ [(A 2 ab
- A")

- (B 2 ab - B") ] K2 ,
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neglecting the term (B2ab - B) J (J-- 1.) . From a plot of this expression, where

A2 ab(1- C2 ab) B 2 ab = 2 .91 cm-1 , we obtain

vo + A2ab( 1--2ab) 2 B2ab = 1476 .1 cm-l

(A2ab-A")-(B2ab-B") -0 .040 cm- 1

in good agreement with the values above .

The assignment of the PPK(J) and R RK (J) lines of the three bands was
carried out in the following way .

The positions of the PPK (J) and RRK (J) lines are given by the equations

PPK (J) 1' Q K (J)-2B;J+4DJ J 3

	

(16 )

R R K (J) = R Q K (J) + 2 B ' (J+1)-4DJ(J+1)3,

	

(17 )

where the following approximations have been made : DJ = DJ - DJ ,

DJK = DJx = 0 and DK = DK = 0 . It should, however, be emphasized tha t

for higher J and K values, i . e . J? 10 and K? 6, approximately, it may not

be permissible to ignore the DJK and DK terms . The DJK and DK values
found by RICHARDSON et at . for the v ibe band show this .

In order to calculate approximate values for the PPK (J) and RRK (J) lines

of the three bands, Eqs. (16) and (17) were used together with Eqs . (11 )

and (12), the band constants given in Table 5 being inserted, and Bz = B" -

3 .88 cm-1 . DJ was taken to 5 .5 x l0-5 eni-1, which is close to the value o f

DJ and DJ for via obtained by BoYD and THOMPSON 2 and ALLEN and

PLYLER . 3 Then, calculating the relative intensities of the transitions from the

formulae quoted by HERZBERG, 12 taking B" = 3 .880 cm-1 and A" = 5.245
cm-1 (see page 30), it was possible to pick out a number of PP3 (J) and

R R 3 (J) lines in the v3 be and v4 be bands . For the analysis, the following com-
bination relations were used :

R R K (J) -- PPK (J) = 4 [A; (1. -

	

Bi] K + 4i B (J+ 1/2 )

-4DJ [(J+1)3+J 3 ]

RRK (J-1)- PPK (J+1)=4[Az(1-K+4B" (J+1/2 )

- 4DJ [J 3+(J+ 1) 3 ]

RR K (J- 1) + PPK (J)=2 [vo +A i' (1-C1)2-B,; ]

+ 2 [(A ; - A" ) - (B - B")] K2 + 2 (Bz - B" ) J 2 ,

where K = 3 . The small term 4DJ [J 3 - (J- 1) 3] has been omitted . Using the

values of Az (1 - - Bz and (A; - A") - (B; - B") from Table 5, and DJ --

5 .5 x 10-5 cm-1 , graphical representations of Eqs . (18), (19), and (20) gave

and

and

(18 )

(19)

(20)
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Table 6 . Preliminary values of band constants for v3 be and v4 be bands.

v 3 b e

cari 1

v4 be

cm- i

B'	 3 .873 +0 .005 3 .86

	

+0 .0 1

B"	 3 .882 + 0 .005 3 .88

	

± 0 .0 1
B._ B"	 - 0 .011 ± 0 .002 -0.013+0.00 5

v o + Ai (1 -

	

) 2 - Bt	 3016 .9

	

+ 0 .5 1154 .7

	

+0 . 5

DJ	 5 . 5x10- 5

the. values of Bi' , B " , Bi'

	

B" , and vo +Ai (1 --si) 2
-Bi, listed in Table 6 . For

the v3 be band, it was possible to obtain a value of DJ . Using the approx-

imation J3+(J -i- 1)3~2(J+1/2)3, Eqs . (18) and (19) were written :

RR3 (J) - PP3 (J) -12[ A i (1-	
J+ 1/2

-=4Ri -8DJ (J+l/2)2

	

(21 )

RR 3 (J-1)- PP3 (J-I-1)-12 [Ai (1-~i) -Bi]= 4B',-8DJ(J 1/2) 2 .

	

(22)
J+ 1/2

Graphical representations gave Bi, B" , and DJ (5x 1 .0-5 and 6x 10 -5 em-1 ,

see Table 6) .

For the v3ab band, it was assumed that Bz - B" _ -0 .015 cm-1 , which
then gives Bi = 3.865 cur-l .

Table 7 shows the final values of the band constants used for calculatin g

the frequencies in Tables 8, 9, and 10 . As will be seen, some of the band

constants have been slightly adjusted in order to improve the agreement be-
tween observed and calculated frequencies .

It has been possible to explain nearly all the observed lines as PQK, RQ K,

PPK (J), and R R K (J) lines . Only a few lines had to be interpreted as PRK (J)
and RPK (J) lines . Although PRK (J) and RPK (J) lines generally contribute to
the intensities of the observed lines, it was thought permissible to omit the m

in most cases because of their low intensity and the limited resolving power
of the instrument . RPK (J) lines have, however, had to be included in the low
frequency region of the v4be band in order to get reasonable agreement be-
tween observed and calculated intensities .

The frequencies of the RPK (J) and PRK (J) lines were calculated fro m
the expressions

RPK(J) RQK (J)-2BZJ+4DJ J 3

	

(23)

PR K (J) = PQ K (J) + 2 Bi (J -i 1)-4DJ (J+1)3 .

	

(24)

and
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Table 7 . Finally adopted values of band constants for perpendicular bands .

v2 ab v 3 be v4 b e

cm cm-1 c m

vo + Ai (1 - ~2 ) 2 - B'E	 1476 .1 3016 .8 1154 . 7

2	 2 .91 0 .944 -1.7 0

(A ; - A ") - (Bi -B")	 -0.040 -0.011 0 .01 3

B"	 3 .880 3 .880 3 .88 0

B,;, 	

B'

	

B/1	
3 .865

-0.0]5

3 .86 9

OAll
3 .86 5

-0 .01 5

DJ	 5 .5x10- 5 5 .5x10-5 5 .5x10- 5

For higher K and J values, deviations between observed and calculate d
frequencies can be expected due to the neglect of the DJK and DK terms in
Eqs. (16) and (17) . In those cases the assignments must be regarded a s
tentative, although they are often supported by the observed relative inten-

sities of the lines (see Table 10) . The relative intensities have been calculate d

by the author for the PPK (J), K RK (J), RPK (J), and PRK (J) lines . For the

v 2 ab and v4be bands, the relative intensities of the Q lines will not deviat e

much from the corresponding Q line intensities of the v3 be band, calculate d
by JONES . 6

Table 8 . Observed and calculated fine structure lines of v2 ab (E) band .

Obs . Cale- d Cale. relativ e
cm-1

Assignment
ern- 1

(Ca1c . -obs .) intensit y

PP I (5) 1431 .1. -1 .7 3 . 1
1432 .8 a	 {

	

1'1)2 (4) 1433 .1 0 .3 4 . 6

1435 .4	 PP 3 ( 3) 1434 .9 - 0 .5 14 . 0

P Q6 1439 .7 0 . 2
1439 .5	

PP 1 (4 ) 1439 .0 - 0 .5 3 . 1
1441 .5 a	 PP 2 ( 3) 1440 .9 - 0 .6 4 . 8

1446 .4	 f

	

'Q5 1446 .0 - 0 . 4

PP 1 ( 3) 1446.8 0 .4 2 . 9
1448 .3 a	 PP 2 ( 2 ) 1448 .8 0 .5 4 . 8
1453 .0 a	 P Q4 1452 .2 - 0 . 8
1455 .0 a	 PP 1 ( 2 ) 1454 .7 -0 .3 2 . 5

1460 .7 . . . . . . . . . . . . . . . l

	

P Q3 1458 .3 - 2 . 4

'P i ( 1 ) 1462 .4 1 .7 1 . 8
1465 .8	 PQ;2 1464 .3 -1 .5

(To be continued )
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Ohs .

em-1

1513 .1	

	

1471 .3	

	

1476 .3	

	

1481 .8	

	

1482 .9a	

	

1487 .4	

	

1492 .1	

	

1493 .O a	

	

1496 .0	

	

1498 .0a	

	

1500 .2	

	

1504 .5	

	

1506 .2	

	

1509 .4	

1548 .8	

I

Table 8 (continued) .

Assignment Gale .
em- 1

(Calc . -obs .)

Cale . relative
intensity

P Q1 1470.2 - 1 . 1
R Q0 1476 .1 - 0 . 2

R Q1 1481 .9 0 . 1
RR O ( 0) 1483 .8 0 .9 3 . 8
R Q2 1487 .6 0 . 2

RR o ( 1 ) 1491 .5 - 0 .6 5 . 5
RQ3 1493 .2 0 . 2
RR1 (1) 1497 .3 1 .3 5 . 5
R Q4 1498 .8 0 . 8
RR O (2 ) 1499 .2 - 1 .0 6 . 9
R Q5 1504 .2 - 0 . 3
RR].

(2) 1505 .0 0 .5 5. 7
'Bo (2) 1506 .8 0 .6 7. 7
R Q6 1509 .6 0 . 2

RR 2 ( 2) 1510 .7 1 .3 8 . 3

RR 0 ( 4) 1514 .3 1 .2 8 . 0
RR 1 ( 3 ) 1512 .6 - 0 .5 5 . 7
R Q7 1514 .8 1 . 7
RR1 (4) 1520 .1 2 .1 5 . 6
RR2 ( 3 ) 1518 .3 0 .3 7 . 9
RQB 1520 .0 2 . 0

RR 0 (5) 1522 .0 - 0 .7 7 . 8
R R 3 (3) 1523 .9 1 .2 20 . 2

RR 1 (5) 1527.8 0 .5 5 . 2
RR 2 ( 4) 1525.9 - 1 .4 7 . 3

RR O ( 6) 1529.5 - 1 .8 7 . 2
RR 2 ( 5) 1533 .5 2 .2 6 . 5
RR 3 ( 4) 1531 .5 0 .2 18 . 1
RR o ( 7) 1537.0 1 .2 6 . 3
RR 1 (6) 1535.3 0 .5 4 . 6
RR4 ( 4) 1537 .0 1 .2 10 . 7
RR2 ( 6 ) 1541 .0 0 .8 5 . 6
RR3 ( 5 ) 1539 .1 - 1 .1 15 . 7

RR o ( 8 ) 1544 .4 - 0 .1 5 . 2
RR 1 ( 7 ) 1542 .8 - 1 .7 3 . 9
RR 4 ( 5 ) 1544 .6 0 .1 9 . 1
RR 1 (8) 1550 .2 1 .4 3 . 2
RR 2 (7) 1548 .5 - 0 .3 4 . 7
RR 5 ( 5) 1550 .1 1 .3 10. 3
RR 3 ( 6 ) 1546 .6 - 2 .2 13.2

tilat .Fys.Dledd.Dan.Vid.Selsk. 33, no. 12 .
(To be continued )
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Table 8 (continued) .

Obs . Cale . 4 Cale, relativ e
1 Assignment -1

cm cm (Cale.-obs .) intensity

R Rp (9) 1551 .8 -1.7 4 . 1

1553 .5	 R R 3 (7) 1554 .1 0 .6 10 . 8

RR4 (6) 1552 .1 -1 .4 7 . 6

RRp (10) 1559 .2 1 .2 3 . 1

RR1 (9) 1557 .6 - 0 .4 2 . 5

1558 .0	 RR 2 (8) 1555 .9 2 .1 3 . 7

RR4 (7) 1559 .6 1 .6 6 . 1

RR5 (6) 1557 .6 0 .4 8 . 4

RR2 (9) 1563 .3 1 .7 2 . 8

1561 .6	 ) RR3 (8) 1561 .5 - 0 .1 8 . 5

RR 6 (6) 1563 .0 1 .4 18 . 2

R Rp (11) 1566.5 -1 .1 2 . 2

1567 .6	 RR 3 (9) 1568 .9 1 .3 6 . 4

RR4 (8) 1567 .0 - 0 .6 4 . 7

RRg (10) 1570 .8 - 0 .1 2 . 1

1570 .9	 ) RR5 (8) 1572 .5 1 .6 5 . 1

RR6 (7) 1570 .5 -0.4 14 . 3

a Not resolved .

'fable 9 . Observed and calculated fine structure lines of v3be(E) band .

Cale . 4 Oak . relativ e
Assignment

cm 1 (Calc .-obs .) intensity

PP4 (12) 2914 .8 0 .8 0 . 9

P ( 7) (vi) 2914 .7 0 . 7

PP 3 (12) 2916 .8 0 .2 1 . 7

PP'? (11) 2916 .7 0 .1 1 . 6

PP 8 (11) 2914 .7 - 1 .9 1 . 6

PPI (12) 2920 .6 0 .5 0 . 6

PP1o (10 ) 2918 .4 - 1 .7 1 . 2

PP5 ( 11 ) 2920 .8 - 0 .7 1 . 5

PP9 (10) 2920 .5 - 1 .0 4 . 7

PP4 (11) 2922 .8 - 0 .5 1 . 3

PP 8 (10) 2922 .6 - 0 .7 2 . 4

P (6) (vi) 2922 .7 - 0 .6

Obs .

cm 1

(To be continued )
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Obs .

cm 1

2924 .8	

	

2932 .8	

	

2934 .8	

	

2937 .1 a	

	

2938 .5	

	

2940 .6	

	

2942 .8 a	

	

2944 .2 a	

	

2946 .4	

	

2948 .2	

	

2950 .6	

	

2952 .6	

	

2954 .0	

	

2956 .4	

	

2958 .2	

Table 9 (continued) .

Cale. 4 Cale . relativ e
Assignment

cm-1 (Galt .-obs .) intensity

P P3 (11) 2924 .7 - 0.1 2 . 4
P P 7 (10) 2924 .6 - 0 .2 2 . 3

PP2 ( 11 ) 2926 .7 - 0 .3 1 . 1
P 1)6 (10) 2926 .7 - 0 .3 1 . 5
P P1 (11) 2928 .6 - 0 .8 0. 9
Pp 5 ( 10) 2928 .7 - 0 .7 2 . 1

Pp s ( 9 ) 2928 .4 -1 .0 6 . 9

Pp4 ( 10) 2930 .7 - 0 .4 1 . 9

Pp 8 (9) 2930 .5 - 0 .6 3 . 4

P (5) (v i ) 2930 .7 - 0 . 4

PP 3 (10) 2932 .6 - 0 .2 3 . 5

Pp 7 (9) 2932 .5 - 0 .3 3 . 3

Pp 2 ( 10) 2934 .6 - 0 .2 1 . 5

Pp 6 ( 9) 2934 .6 - 0 .2 6 . 3

PP 1 (1f1) 2936,5 - 0 .6 1 . 3

Pp 5 ( 9) 2936 .6 - 0 .5 2 . 9

Pp 4 ( 9) 2938 .6 0 .1 2 . 7

Pp 8 ( 8) 2938 .4 -0 .1 . 4 . 7

P (4) (vi) 2938 .6 0 . 2

Pp 3 ( 9) 2940 .5 - 0 .1 4 . 8

P h ( 8) 2940 .4 - 0 .2 4 . 6

Pp 2 ( 9) 2942 .5 - 0 .3 2 . 1

Pp 6 ( 8) 2942 .5 -0 .3 8 . 6

Pp1(9) 2944 .4 0 .2 1 . 7

PP 5 (8 ) 2944 .5 0 .3 4 . 0

PP 4 (8) 2946 .5 0 .1 3 . 6

P (3) ( 7'i) 2946 .6 0 . 2

Pp 3 (8 ) 2948 .4 0 .2 6 . 2

PP 7 (7) 2948 .3 0 .1 6 . 1

Pp 2 (8 ) 2950 .4 - 0 .2 2 . 6
Pp 6 ( 7 ) 2950 .4 - 0 .2 11 . 4

Pp 1 (8 ) 2952 .3 - 0 .3 2 . 2

Pp 5 ( 7 ) 2952 .4 - 0 .2 5 . 2

Pp4 ( 7 ) 2954 .4 0 .4 4 . 6

P ( 2 ) (v i) 2954 .5 0 . 5

PP3 ( 7 ) 2956 .3 - 0 .1 7 . 9

Pp2 ( 7 ) 2958 .3 0 .1 3 . 3

PP6 ( 6 ) 2958 .2 0 .0 14 . 7
(To be continued)

2 *
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Table 9 (continued) .

Obs .
cm 1

Cale .

cm 1
Assignment

(Cale .-obs .)
Cale . relativ e

intensit y

	

2960.2	

	

2962.1	

	

2964 .4	

	

2966 .O a	

	

2971 .9	

	

2974 .1	

	

2976 .0	

	

2978 .3	

	

2980 .2	

	

2981 .7 a	

	

2984 .0 a	

	

2985 .7	

	

2988 .2	

	

2989 .8 a	

	

2991 .9 a	

3003 .1	

3005 .0	

3007 .0	

3009 .0 a	

3010 .6	

3012 .9	
3015 .3	

3016 .7	
3018 .3	

3020 .8	

PP3 ( 6 )

PP 2 ( 6 )

PP3 ( 5 )

PP 2 ( 5)

PP 1 ( 5)

I PP 4 ( 4)
R (0) (v 1 )

PP 3 (4)

PP 2 (4)

PP1(4)
RP 0 ( 4)
R (1) (v 1 )

P P3 ( 3 )
PP2 ( 3 )

PP1( 3 )
f RP0 ( 3 )

l

	

R ( 2 ) ( v 1 )

1

	

P Q1 1
RP1(3)

P Q 9

PP 1 ( 2)

1 P Q8
R (3) ( v 1)

P Q 7
P Q 6

f P Q 5

l

{

	

PP 1 ( 1 )

Pn 4
R (4) (v 1 )

PQ 3
PQ 2

P Q) .

R Q 0
R Q 1
R Q2

2960 . 2

2960 . 2

2962 . 2

2962 . 3

2964 . 2
2966 . 1

2972 . 0
2974 . 0

2975 . 9
2977 . 9

2977 . 9

2979 . 8
2981 . 8

2983 . 7
2985 . 6

2985 . 6

2987 . 7
2989 . 6
2991 . 5

2993 .4

2993 . 3

2994 . 7

2995 . 3

2998 . 9

2999 . 4

3001 . 0
3000 . 9

3003 . 0

3005 . 1
3007 . 1

3007 . 1

3009 . 1

3008 . 5

3011 . 0

3013 . 0

3014 . 9

3016 . 8
3018 . 7

3020 .5

0 . 0

0 . 0

0 . 1

0 . 2

- 0 . 2
0 . 1

0 . 1
- 0 . 1

- 0 . 1
- 0 . 4

- 0 . 4
- 0 .4

0 . 1

- 0 . 3
- 0 . 1

- 0 . 1

- 0 . 5

- 0 . 2
- 0 . 4

- 0 . 1
- 0 . 2

- 0 . 5

0 . 1

- 0 . 3

0 . 2

0 . 0
- 0 . 1

- 0 . 1

0 . 1
0 . 1

0 . 1

0 . 1
- 0 . 5

0 . 4
0 . 1

- O A

0 . 1
0 . 4

- 0 .3

2 . 6

6 . 6

5 . 7

9 . 6

3 . 9
11 . 2

4 . 3
3 . 2

8 . 1

12 . 7
4 . 7
3 . 2

3 .8

(Ref . 6 )

	

14 .1

	

15 . 1

	

4 .8

	

5 . 2

	

3 .0

	

3 . 2

	

3 .0

	

3 . 2

0 . 8

	

0 .5

	

0 . 5

5 . 2

	

2 .5

	

2 . 7

4 . 7

70 . 0

44 . 3
52 . 4

100 107 . 5
45 . 4

36 . 0
(To be continued)
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Table 9 (continued) .

Obs . Cale . 4 Cale . relativ e
cm- l Assignment cm 1 (Ca1c . -obs .) intensit y

3022 .3	 R Q3 3022 .4 0 .1
(Ref. 6)

54 . 0

R Q4 3024 .2 0 .0 19 . 63024 .2a	
E RR 0 ( 0) 3024 .5 0 .3 3 .8 4 . 0

3025 .5 a	 R Q5 3026 .0 0 .5 13 . 2
3027 .5 a	 R Q6 3027 .7 0 .2 17 . 1
3029 .5 . . . . . . . . . . . . . . . RQ7 3029 .5 0 .0 5 . 2
3030 .9 . . . . . . . . . . . . . . . RQ 8 3031 .2 0 .3 3 . 0

3032 .5 . . . . . . . . . . . . . . . J RQ O 3032 .9 0 .4 3 .4 3 . 4

RR 0 ( 1 ) 3032 .3 - 0 .2 5 .5 5 . 8

3034 .3 . . . . . . . . . . . . . . . I R Q 10 3034 .6 0 .3 1 . 0

~ RR 1 ( 1 ) 3034 .2 -0 .1 5 .4 5 . 8

3036 .1 a I R Q11 3036 .2 0 .1 0 . 6.

	

.

	

.

	

.

	

.

	

.

	

.

	

.

	

.

	

.

	

.

	

.

	

.

	

.
1 PR 2 ( 2 ) 3036 .1 0 .0 0 .6 0 . 6

3037 .9 . . . . . . . . . . . . . . . PR1( 2 ) 3038 .1 0 .2 1 .7 1 . 8
3039 .9 . . . . . . . . . . . . . . . RR O ( 2 ) 3040 .0 0 .1 6 .8 7 . 2
3042 .2 . . . . . . . . . . . . . . . R R1 (2) 3041 .9 - 0 .3 5 .6 5 . 9
3043 .7 a	 RR 2 ( 2 ) 3043 .7 0 .0 8 .3 8 . 7
3045 .7 a	 PR1( 3 ) 3045 .7 0 .0 2 .3 2 . 4
3047 .8	 RR0 ( 3 ) 3047 .6 - 0 .2 7 .6 8 . 0
3049 .4	 RR 1 (3) 3049 .5 0 .1 5 .7 6 . 0
3051 .4	 RR 2 ( 3 ) 3051 .3 - 0 .1 7 .8 8 . 2
3053 .3	 RR3 ( 3 ) 3053 .2 - 0 .1 20 .1 21 . 1
3055 .4	 RR o ( 4) 3055 .3 - 0 .1 7 .9 8 . 3
3057 .4	 RR 1 ( 4 ) 3057 .2 - 0 .2 5 .5 5 . 8
3059 .0	 RR 2 ( 4 ) 3059 .0 0 .0 7 .2 7 . 5
3061 .2	 RR 3 ( 4 ) 3060 .8 - 0 .4 17 .9 18 . 7

3062 .9	 J RR 0 ( 5 ) 3062 .9 0 .0 7 .7 8 . 0

~ RR4 ( 4 ) 3062 .7 - 0 .2 10 .7 11 . 1
3064 .4	 R.% (5) 3064 .8 0 .4 5 .1 5 . 3
3066 .9	 RR 2 ( 5 ) 3066 .6 - 0 .3 6 .4 6 . 7
3068.4	 RR 3 ( 5 ) 3068 .4 0 .0 15 .5 16 . 1

RR o ( 6 ) 3070 .5 - 0 .2 7 .0 7 . 33070 .7	
If RR4 ( 5 ) 3070 .3 - 0 .4 9 .1 9 . 4

f RR 1 (6) 3072 .4 0 .1 4 .5 4 . 73072 .3 a	 k
RR 5 ( 5 ) 3072 .1 - 0 .2 10 .2 10 . 7

3074 .1 a	 RR 2 ( 6 ) 3074 .2 0 .1 5 .5 5 . 7
3076 .3	 RR3 ( 6 ) 3076 .0 -0 .3 13 .0 13 . 5

3078 .2	 J RR o ( 7 ) 3078 .0 - 0 .2 6 .1 6 . 3
l RR4 ( 6 ) 3077 .9 - 0 .3 7 .5 7 .7

(To he continued)
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Table 9 (continued) .

Obs .
cm 1

Cale, .

cm- 1Assignment
d

(Calc . -obs .)

Cale . relativ e

intensit y

RR 1 (7) 3079 .9 - 0 .2 3 .8
(Ref . 6 )

3 . 9

Rß 5 ( 6 ) 3079 .7 - 0 .4 8 .4 10 . 1

RR 2 (7) 3081 .7 - 0 .1 4 .5 4 . 7
RRo

( 6 ) 3081 .4 - 0 .4 18 .1 21 . 8
RR3 ( 7 ) 3083 .6 0 .0 10 .6 10 . 9
R.RO ( 8 ) 3085 .5 - 0 .1 5 .1 5 . 2

RR 4 ( 7 ) 3085 .4 - 0 .2 6 .0 6 . 2

RR 1( 8 ) 3087 .4 0 .0 3 .1 3 .2

RR5 ( 7 ) 3087 .2 - 0 .2 6 .6 6 . 8

RR2 ( 8 ) 3089 .2 - 0 .2 3 .6 3 . 7

RR 6 (7) 3088 .9 - 0 .5 14 .1 14 . 5

RR 3 ( 8 ) 3091 .1 - 0 .1 8 .3 8 . 5

RR 7 (7) 3090 .7 - 0 .5 7 .4 7 . 6

RR o ( 9) 3093 .0 0 .0 4 .0 4 . 1

RR 4 ( 8 ) 3092 .9 - 0 .1 4 .6 4 . 7

RR 1 ( 9) 3094 .9 - 0 .1 2 .4 2 . 4

RR 5 ( 8) 3094 .7 - 0 .3 5 .0 5 . 2

RR 2 (9 ) 3096 .7 - 0 .1 2 .8 2 . 8

RR 6 (8) 3096 .4 - 0 .4 10 .7 10 . 9

RR 3 (9 ) 3098 .6 0 .1 6 .2 6 . 4

RR 7 (8) 3098 .2 - 0 .3 5 .5 5 . 7

RRo ( 10) 3100 .5 - 0 .1 3 .0 3. 1

RR 4 ( 9 ) 3100 .4 - 0 .2 3 .4 3 . 5

RR 8 ( 8 ) 3099 .9 - 0 .7 5 .7 5 . 8

RR 1 (10) 3102 .4 0 .0 1 .8 1 . 8

RR5
(9) 3102 .2 - 0 .2 3 .7 3 . 8

RR 2 ( 10 ) 3104 .2 0 .0 2,0 2 . 1

RR 6 ( 9) 3103 .9 - 0 .3 7 .8 8 . 0

RR 3 ( 10 ) 3106 .0 - 0 .4 4 .5 4 . 5

RR 7 (9) 3105 .7 - 0 .7 4 .0 4 . 1

RR D ( 11 ) 3107 .9 0 .5 2 .2 2 . 2

RR 4 ( 10) 3107 .9 0 .5 2 .5 2 . 5

RR 8 (
9

) 3107 .4 0 .0 4 .1 4 . 2
RR]. (11) 3109 .8 0 .4 1 .3 1 . 3

RR 5 ( 10 ) 3109 .7 0 .3 2 .6 2 . 7

RR s ( 9) 3109 .1 - 0 .3 8 .1. 8 . 3

RR 2 ( 11 ) 3111 .6 - 0 .3 1 .4 1 . 4

RR6
(1o) 3111 .4 -n .5 5 .5 5 .6

3080.1	

3081 .8	

3083 .6 . . . . :	

3085 .6	

3100 .6	

3102 .4	

3104 .2	

3106 .4	

3107 .4a	

3109 .4	

3111 .9	

(To be continuer()
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Table 9 (continue d

Obs . Cale . 4 Cale . relative
1 Assignment - 1

cm cm (Cale . -obs .) intensity

(Ref . 6 )

3113 .5	 . 1

	

RR 3 (11) 3113 .4 - 0 .1 3 .1

	

3 . 2

RR7 (10) 3113 .2 - 0 .3 2 .8

	

2 . 9

RRp (12) 3115 .3 0 .0 1 .6

	

1 . 5

3115 .3	 R R 4 (11) 3115 .3 0 .0 1 .7

	

1 . 7

R R8 (10) 3114 .9 - 0 .4 2 .9

	

2 . 9

R R1(12) 3117 .2 0 .7 0 .9

	

0 . 7

3116 .5	 RR5 (11) 3117 .1 0 .6 1 .8

	

1 . 9

RR 9 (10) 3116 .6 0 .1 5 .6

	

5 . 7

1

	

R R2 (12) 3119 .0 0 .1 1 .0

	

1 . 0
3118 .9	 ~

	

R R6 (11) 3118 .8 - 0 .1 3 .8

	

4 . 5

se r f = 1 .3-1 .5 cm 1 .

a Not resolved .

Table 10 . Observed and calculated fine structure lines of v4bc(E) band .

Obs . Cale . d Cale . relativ e

con- 1
Assignment

cm 1 (Cale . -obs .) intensity

Rp2 ( 15) 1029 .2 0 .6 0 . 1
1028 .6 . . . . . . . . . . . . . . .

Rpo ( 16) 1027 .8 - 0 .8 0 . 2

PPI (16) 1031 .2 0 .5 0 . 1

1030 .7	 PP 3 ( 17 ) 1030 .1 -0.6 0 . 1

RP 4 (14) 1030 .5 - 0 .2 0 . 1ii

PP4 ( 77) 1033 .6 0 .6 0 . 1

PP 6 (18) 1031 .3 -1.7 0 . 1

1033 .0	 Rp l (15 ) 1032 .5 - 0 .5 0 . 1
Rp3 (14) 1033 .8 0 .8 0 . 3

RP 6 (13) 1032 .1 - 0 .9 0 . 1

PP 2 ( 16 ) 1034 .7 - 0 .3 0 . 1

1035 .0	 R Pp (15) 1035 .9 0 .9 0 . 3
il

RP 5 ( 13 )

PP3 ( 16 )

1035 . 3

1038 .1

0 . 3

0 .2

0 . 1

0 . 2

PP 5 (17) 1037 .1 - 0 .8 0 . 1
1037 .9	

RP2 ( 14) 1037 .2 - 0 .7 0 . 2

Rp4 ( 13) 1038 .6 0 .7 0 . 1

PPI (15) 1039 .3 - 0 .7 0 . 2

1040 .0	 Rp 1 (14) 1040 .5 0 .5 0 . 2

RP 6 ( 12) 1040 .1 0 .1 0 .2

(To be continued )
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Table 10 (continued) .

AssignmeiiC
Cale .

em- 1
d

(Cale.-ohs .)

Cale . relativ e

intensity

PP 2 ( 15) 1042 .8 0 .2 0 . 2

PP 4 (16) 1041 .6 - 1 .0 0 . 1

PP s ( 17 ) 1040 .7 - 1 .9 0 . 1

RPo (14) 1043 .9 1 .3 0 . 4
Rp3 (13) 1041 .9 - 0 .7 0. 4

RP5 ( 12) 1043 .3 0 .7 0. 1

P P1 (14) 1047 .3 0 .2 0 . 3

PP3 ( 15 ) 1046 .2 - 0 .9 0 . 4
PP5 (16) 1045 .1 - 2 .0 0 . 1
R P4 (12) 1046 .6 - 0 .5 0 . 2

P P4 (15) 1049 .7 0 .3 0 . 2
BPI ( 1 3) 1048 .6 - 0 .8 0 . 3

P P2 (14) 1050 .8 - 0 .6 0 . 3

PP 6 ( 1 6) 1048 .7 - 2 .4 0 . 3
P Pg (17) 1047 .8 - 3 .6 0 . 1

RP o ( 1 3) 1052 .0 0 .6 0 . 7

RP 3 (12 ) 1049 .9 - 1 .5 0 . 5
RP 5 (11 ) 1051 .3 - 0 .1 0 . 2

PP 3 (14 ) 1054 .2 1 .2 0 . 6

PP 5 (15) 1053 .2 0 .2 0 . 2
PP7 (16) 1052 .2 - 0 .8 0 . 1
Rp2

(12) 1053.3 0 .3 0 . 3
R.p4 (11) 1054.6 1 .6 0 . 3

PP ]. (13) 1055 .4 - 0 .6 0 . 4

PP 9 ( 17) 1051 .5 - 4 .5 0 . 1

RPi ( 12) 1056 .6 0 .6 0 . 4

PP 2 (13) 1058 .9 - 0 .1 0 . 5

PP 4 ( 14 ) 1057 .7 -- 1 .3 0 . 3

PP6 ( 15 ) 1056 .8 - 2 .2 0 . 4
P Pg (1.6) 1055 .8 - 3 .2 0 . 1

RP3 ( 11 ) 1057 .9 - 1 .1 0 . 7

RP5 ( 10 ) 1059 .3 0 .3 0 . 2

PP 3 ( 13 ) 1062 .3 0 .8 1 . 0

PP 5 ( 14 ) 1061 .2 - 0 .3 0 . 4

PP7 ( 15 ) 1060 .3 - 1 .2 0 . 2
P P9 (16) 1058 .6 - 2 .9 0 . 2
R Po (12) 1060 .0 - 1 .5 1 . 0
Rp 2 (11) 1061 .3 - 0 .2 0 . 5
R P4 (10) 1062 .6 1 .1 0 .3

obs .
cm- 1

	

1042 .6	

	

1047.1	

	

1049 .4	

	

1051 .4 a	

1061 .5	

(To he continued)
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Table 10 (continued) .

Cale . 4 Cale . relativ e
Assignment

crri-1 (Cals .-obs ) intensity

PP 1 (12) 1063 .4 - 1 .1 0 . 6

PP 6 ( 1.4 ) 1064 .8 0 .3 0 . 8
Bpi (11) 1064 .6 0 .1 0 . 6

PP2 (12) 1066 .5 - 1 .1 0 . 7

PP4 (13) 1065 .8 - 1 .8 0 . 6
P Pg (15) 1063 .9 - 3 .7 0 . 2
R P0 (11) 1068 .0 0 .4 1 . 5

P P3 (12) 1070 .3 0 .1 1 . 6

PP5 ( 1 3) 1069 .3 - 0 .9 0 . 6
P P7 (14) 1068 .3 - 1 .9 0. 4
PP9 (15) 1067 .6 2 .6 0 . 4

RP2 (1.0) 1069 .3 - 0 .9 0 . 6

RP4 (
9

) 1070 .5 0 .3 0 . 3

PPi ( 11 ) 1071 .4 0 .4 0 . 9
PP4 (12) 1073 .9 0 .8 0 . 9
PP6 (13) 1072 .9 -0.2 1 . 2
P P8 (14) 1071 .9 - 1 .2 0 . 4
R.P1 (10) 1072 .6 - 0 . .5 0 . 8

RP3 (9) 1073 .8 0 .7 1 . 0

PP2 (11) 1074 .9 - 1 .4 1 . 0

PP5 (12) 1076 .9 0 .6 0 . 9

RP0 ( 10 ) 1076 .0 - 0 .3 2 . 0
RP2 ( 9 ) 1077 .2 0 .9 0 . 8

PP3 ( 11 ) 1078 .3 -- 0 .2 2 . 4
PP7 (13) 1076 .4 - 2 .1 0 . 6
P P9 (14) 1075 .6 - 2 .9 0 . 8

RP4 ( 8 ) 1078 .5 0 .0 0 . 3

PP1 ( 10 ) 1079 .4 - 0 .5 1 . 2
RPi ( 9 ) 1080 .5 0 .6 L 0

PP2 (10) 1082 .9 1 .0 1 . 5

P P4 ( 11 ) 1081 .8 - 0 .1 1 . 3

PP6 (12) 1081 .2 - 0 .7 2 . 0
P Pg (13) 1080 .0 - 1 .9 0 . 6

RP3 ( 8 ) 1081 .8 - 0 .1 1 . 1

PP5 (11) 1085 .3 0 .7 1 . 4

RP0 ( 9 ) 1083 .9 - 0 .7 2 . 7
RP2 ( 8 ) 1085 .2 0 .6 0 . 9

'Pi ( 9 ) 1087 .3 0 .2 1 . 7
PP3 (10) 1086.3 - 0 .8 3 .4

Obs .

cm- 1

	

1064 .5	

	

1067 .6	

1076 .3	

	

1084 .6	

	

1087 .1	

(To be continued )
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Table 10 (continued) .

obs . Cale . d Cale . relative
cm-1

Assignment
em - l (Cale . -obs .) intensity

1087 .1	 PP 7 (12) 1084 .4 - 2 .7 1 . 0
PP 9 (13) 1083 .7 - 3 .4 1 . 3

PP4 ( 10) 1089 .8 0 .5 1 . 9
PP6 (11) 1088 .9 - 0 .4 3 . 0

1089 .3	 PP8 (12) 1088 .0 - 1 .3 1 . 0
RP1( 8 ) 1088 .5 - 0 .8 1 . 2
RP3 ( 7 ) 1089 .7 0 .4 1 . 0

1091 .2	 PP2 ( 9 ) 1090 .8 - 0.4 2 . 0
RP0 ( 8 ) 1091 .9 0 .7 0 . 9

PP5 (10) 1093 .3 0 .5 2 . 1
PP7 (11) 1092 .4 - 0 .4 1 . 51092 .8	
PP 9 ( 12 ) 1091 .7 - 1 .1 2 . 0
RP 2 ( 7) 1093 .1 0 .3 0 . 9

PP 1 ( 8) 1095 .3 - 0 .5 2 . 1
PP 3 ( 9) 1094 .2 - 1 .6 4 . 61095 .8	
PP 6 (1 0) 1096 .9 1 .1 4 . 4
'PI ( 7) 1096 .4 0 .6 1 . 3

PP 2 ( 8 ) 1098 .8 0 .8 2 . 6
1098 .0	 PP 4 ( 9) 1097 .7 - 0 .3 2 . 6

PP 5 (11) 1096 .0 - 2 .0 1 . 6

PP5 ( 9 ) 1101 .2 0 .7 2 . 9
PP 7 ( 10) 1100 .4 - 0 .1 2 . 31100 .5 a	
PP9 (11) 1099 .7 - 0 .8 3 . 1
RPO ( 7 ) 1099 .8 - 0 .7 3 . 8

1101 .5 a	 PP3 ( 8 ) 1102 .2 0 .7 6 . 1
"Pi ( 7 ) 1103 .2 - 1 .4 2 . 5

1104 .6	 " Ps ( 9 ) 1104 .8 0 .2 6 . 2

'P s ( 10 ) 1104 .0 - 0.6 2 . 3

1'P 2 ( 7) 1106 .7 0 .4 3 . 21106 .3 a	
PP 4 (8) 1105 .7 - 0 .6 3 . 5

PP 3 ( 7) 1110 .1 1 .0 7 . 7
PP 5 ( 8) 1109 .2 0 .1 3 . 91109 .1	
PP 7 (9) 1108 .3 - 0 .8 3 . 3
PP 9 (10) 1107 .7 - 1 .4 4 . 7
PP 4 (7) 1113 .6 0 .4 4 . 5

1113 .2	 PP 6 ( 8) 1112 .8 -0 .4 8 . 5
Pp ß (9) 1111 .9 - 1 .3 3 . 4
PP 2 ( 6) 1114 .6 - 0 .2 3 . 8

1114 .8	 "P s ( 9) 1115 .6 0 .8 6. 8
RP 0 ( 5) 1115 .6 0 .8 4.2

(To be continued)
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Table 10 (continued) .

Obs . Cale . d Cale . relative
cm 1

Assignment
Cm- 1 (Ca1c . -obs .) intensity

PP 3 ( 6 ) 1118 .0 0 .4 9 . 4
1117 .6	 PP 5 ( 7) 1117 .1 -0 .5 5 . 1

PP 7 ( 8 ) 1116 .3 -1 .3 4 . 5
1119 .1 a	 PP 1 ( 5 ) 1119 .0 - 0 .1 3 . 1

PP 2 ( 5 ) 1122 .5 0 .7 4 . 3

1121 .8	
PP4 ( 6 )

i
PP6 ( 7 )

1121 . 5
1120 .7

- 0 . 3
- 1 .1

5 . 6
11 . 4

PP8 ( 8 )i

	

R Q10

1119 . 9
1122 .0

-1 . 9
0 .2

4 . 7

1122 .8 4	 RPO ( 4 ) 1123 .5 0 .7 3 . 8
1123 .4 a	

PP7 ( 7 ) 1124 .2 0 .8 6 . 1
PP3 ( 5 ) 1125 .9 - 0 .2 11 . 1

1126 .1	 PP5 ( 6 ) 1125 .0 - 1 .1 6 . 5
R Q 9

Î

	

PP I ( 4 )

1125 . 2
1126 .9

- 0 . 9
-0 .1

3 . 3
3 . 11127 .0 4	

RQ8 1128 .3 1 . 3
PP 2 ( 4 ) 1130 .3 0 .3 4 . 6

1130 .1	 Pp4 ( 5 ) 1129 .4 - 0 .7 6 . 8
PPG (6) 1128 .6 - 1 .5 14 . 6
R Q7 1131 .5 0 . 0

1131 .5 a	 PP 5 ( 5 ) 1132 .9 1 .4 8 . 1
RP o ( 3) 1131 .3 - 0 .2 3 . 0
RQ 6 1134 .8 0 . 3

1134 .5	 PP 1. ( 3 ) 1134 .7 0 .2 2 . 9
PP 3 ( 4) 1133 .8 - 0 .7 12 . 6
R Q5 1138 .0 - 0 . 5

1138 .5	 PP 2 (3) 1138 .2 - 0 .3 4 . 8
PP 4 (4) 1137 .3 -1 .2 8 . 1
R Q4 1141 .3 - 1 . 5

1142 .8	 PP 1 (2 ) 1142 .6 - 0 .2 2 . 5
PP3 ( 3 ) 1141 .6 --1 .2 14 . 0

1144 .4	 R Q3 1144 .6 0 . 2
1147 .Oa	 PP2 ( 2 ) 1146 .1 - 0.9 4 . 9
1148 .0 4	 R Q2 1148 .0 0 . 0

R Q1 1151 .3 0. 0
1151 .3 . . . . . . . . . . . . . . .

PP7 (1) 1150 .3 - 1 .0 1 . 8
1154 .8	

R Q0 1154 .7 - 0 .1 100
1158 .0	 P Q1 1158 .1 0 . 1

1161 .3 /

	

P Q2 1161 .6 0 . 3. . . . . . . . . . . . . . .
l

	

Rß 0 (0) 1162 .4 1 .1 3 .8
(1'o be continued)
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Table 10 (continued) .
Obs .
cm 1

Cale .
cm

Assignment ~

(Gale . -obs .)
Cale . relative

intensit y

	

1164 .9	

	

1167 .7	

	

1171 .4	

	

1174 .7 a	

	

1175 .2a	

	

1175 .7	

	

1177 .8	

	

1179 .0a	

	

1180 .7 a	

	

1182 .8	

	

1185 .0	

	

1186 .1 a	

	

1187 .6	

1189 .4	

	

1201 .3a	

	

1203 .5	

PQ 3

P Q 4
R R 1 (1 )

P Q 5

RR 2 ( 2)

RR o ( 1 )

RR1( 2)

RR 3 (3)

P Q 6

RRO ( 2 )

RR2 ( 3 )

P Q 7
RR 4 ( 4 )

RR l ( 3 )

RR 3 (4)

P Q8

'R o ( 3)

RR 2 ( 4)

RR 5 ( 5)

P Q 9
RR4 ( 5 )

RR1 ( 4 )

RR 3 ( 5 )

RR 6 ( 6 )

P Q1o

RR 5 (6 )

RR 7 (7)
P (13) ( v 3a)

RR o ( 4)

RR 2 (5 )
RR4 ( 6 )

RR1 . ( 5 )

RR6 ( 7 )

RR 8 ( 8)

RR 3 ( 6)

RR 5 ( 7)

RR o (5)

RR 2 ( 6)

RR 4 ( 7)

RR 7 ( 8)
P (12) ( v 3a )

RR 6 ( 8)

1165 . 0

1168 . 5
1166 . 7

1172 . 0
1171 . 1

1170 . 1

1174 . 4
1175 . 3

1175 . 6
1177 . 8
1178 . 7

1179 . 1
1179 . 6

1182 . 0
1182 . 9

1182 . 7

1185 . 4
1186 . 3
1183 . 9
1186 .4

1187 . 2

1189 . 6
1190 . 5

1188 . 2
1190 . 0

1191 . 3

1192 . 4
1191 . 7
1193 . 0

1193 . 9
1194 . 6

1197 . 2
1195 . 7

1196 . 6

1197 . 9
1198 . 9
1200 . 6
1201 . 5
1202 . 2

1199 . 8
1201 . 6

1203 .1

0 . 1

0 . 8
- 1 . 0

0 . 6
- 0 . 3
- 1 . 3

- 0 . 3
0. 1

- 0 . 1

0 . 0
0 . 9

0. 1
- 1 . 1

- 0 . 8
0 . 1

- 0 . 1

0 . 4
1 . 3

- 1 . 1
0 . 3

- 0 . 4

0 . 2
1 . 1

- 1 . 2

0 . 6
- 0 . 9

0 . 2
- 0 . 5
- 0 . 7

0 . 2
0 . 9

0 . 6
- 0. 9

0. 0

- 0. 7

0. 3
- 0. 7

0 . 2
0 . 9

- 1 . 5
0 . 3

- 0 .4

5 . 5

8 . 3
5 . 5

5 . 7
20. 2

6 . 9
7 . 9

10 . 7
5 . 7

18 . 1

7 . 7
7 . 3

10 . 3

9 . 1

5 . 6
15 . 7
18 . 2

8 . 4

7 . 5

8 . 0

6 . 5
7 . 6

5 . 2
14 .3

5 . 7

13 . 2

6 . 7
7 . 8
5 . 6
6 . 1

5 . 6

10 . 8

(To be continued)
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Table 10 (continued) .

Obs . Calc . A Cale . relativ e
1cm

Assignment
cm (Ca1c .-obs .) intensity

R R 1 (6) 1204 .7 - 0 .3 4 . 6

1205 .0	 R R3 (7) 1205 .5 0 .5 10 . 8

R Rg (9) 1204 .0 -- 1 .0 4 . 1

R R0 (6) 1208 .1 0 .4 7 . 2
R R 2 (7 )

J
1208 .9 1 .2 4 . 7

1207 .7	 R R5 (8) 1206 .3 - 1 .4 5 . 1

RR 7 (9 )

~

1207 .2 - 0 .5 4 . 1

RR 1 (7) 1212 .2 0 .8 3 . 9

RR3 (8) 1212 .9 1 .5 8 . 5
R R4 (8) 1209 .6 -1 .8 4 . 7

1211 .4	 RR6 (9) 1210 .5 - 0.9 8 .11

RRg (10) 1211 .4 0.0 2 : 9
RR 9 (10) 1208 .3 - 3-1 5 . 7

P (11) (v3a) 1211 .3 - 0 . 1
RRp (7) 1215 .6 1 .1 6 . 3

1214 .5	 ~

	

RR5(9) 1213 .7 -0.8 3 . 8
RR7 (10) 1214 .6 0 .1 2 . 9

RR 2 (8) 1216 .3 -1 .4 3 . 7
RR4 (9) 1217 .0 - 0 .7 3 . 5

1217 .7	 ' RRg (10) 1217 .9 0 .2 5 . 6
RR9 (11) 1215 .6 - 2 .1 3 . 9
Ri11 (8) 1219 .6 -1 .2 3 . 2

RR3 (9) 1220 .3 - 0 .5 6 . 4
1220 .8	 R R5 (10) 1221 .1 0 .3 2 . 7

R Rg (11) 1218 .7 - 2 .1 2 . 0
P (10) (v 3 a ,) 1220 .8 0 . 0

R R0 (8) 1223 .1 -1 .0 5 . 2

R R2 (9) 1223 .7 - 0 .4 2. 8

RR4 (10) 1224 .4 0 .3 2 . 5
1224 .1	 R R 6 (11) 1225 .2 1 .1 3 . 9

R R 7 (11) 1221 .9 - 2 .2 2 . 0
R R9 (12) 1222 .9 -1.2 2 . 5

RR 1 (9) 1227 .0 -1 .0 2 . 5
1228 .0 a	 R R 3 (10) 1227 .7 - 0 .3 4 . 7

R Rg (12) 1226 .0 - 2 .0 1 . 3
P (9) (v3a) 1230 .2 0 . 1

R R0 (9) 1230 .4 0 .3 4 . 1
1230 .1	 R R 2 (10) 1231 .1 1 .0 2 . 1

R R5 (11) 1228 .4 -1 .7 1 . 9
R R 7 (12) 1229 .2 - 0 .9 1 . 3
R R 3 (11) 1235 .0 - 0 .9 3 . 31235 .9	 ~
R R 5 (12) 1235 .7 - 0 .2 1 .2

S eff = 1 .3-1 .9 cm-1 .

	

a Not resolved .
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3 . Results

From the rotational analysis values have been derived for the rotationa l
constants A" and Az, the Coriolis coupling factors and the band-centr e
frequencies vo . It can be shown 13 that to a good approximation the following
expression is valid :

A"-3[A;(1-~z)-B2]-

	

[(A-A„)_(B~_B„)]+6B „

As the magnitude of B " is known (3.880e cm-1), A " can be calculated .
From the known values of Bz - B", (A_-A'')-(B;-B"), and A" , Ai can be
evaluated for the three perpendicular bands . The values of A;, Bi' , and
A ; (1- ' i) - B; have then been used for the calculation of the values .

Finally, the band-centre frequencies were obtained from v0 + A;(1- co' - Bi' .
The results are given in Table 11 . The value A" = 5 .25 7 ± 0 .02 cm

-1 derived
here from the analysis of the three perpendicular bands is close to the on e
(5 .245 c1n-1) calculated from B " , assuming rcn = rCD and regular tetrahedral

structure, and it also compares well with the value 5.243 cm-1 obtained from
the Raman study of the v3 be band . '

Table 11 . Rotational constants A', Coriolis coupling factors

	

and band -

centre frequencies vo for perpendicular bands .

v 2 ab v 3 be "4 b c

A; (cm- 1)	 5 .20 2 5 .23, 5 .25 5
. . . . . . . . . . . . . . . . . . . . . . . . - 0 .302 0 .081 0 .58 8

vp(cm- 1 )	 1471 .2 3016 .2 1157 .7

In Table 12 the results for the vibe band are compared with the values

obtained from the Raman investigation by RICHARDSON et al . (E.H .R.) and
the infrared study by JONES (L.H .J .) . It is seen that the author's result s

are in somewhat better agreement with the Raman investigation than wit h

the infrared study .

In Table 13, experimental values are compared with theoretical value s

calculated recently from force constants by JONES and yfcDowELL,14 and
by Mint.s . 1j The agreement between the values obtained by the present in-

vestigations and the theoretical work seems satisfactory, except in the cas e

of '3bc •
The sum of the zetas must satisfy the sum rule : 16 X~2 = Be/2 Ae, as far

as anharmonicity can be neglected, and no resonances occur . As the "equili-

brium" rotational constants, A e and B e , are not known, one has to use th e
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Table 1 2 . Band constant values for the v3 be band in cm 1 .

Raman '
E.H.R . eL al .

Infrared 1 4
L .H.J . This invest .

A' (1 --B '	 0 .955 0.924 0 .944

A " - A' - B "	 0 .961 0 .920 0 .95 4
(A' - A") - (B'- B ")	 - 0 .0058 0 .004 -0.01 1

ve - - .4 ' ( l - S)2 -B'	 3017 .17 3017 .4 3016 . 8

A'	 5 .223 5 .24 5 .23 5

B '	 3 .863 3 .865 3 .872

B "	 3 .877 3 .88 2

B' - B"	 - 0 .0138 -0.013 -0 .01 1

. . . . . . . . . . . . . . . . . . . . . . . . . . 0 .0775 0 .08 8 0 .08 1

v 8	 3016 .59 3016 .9 3016 . 2

5x10 - 5
DD

',;'j 4 .7x10-5
5 .5x10-5 a 5 . 5 x10-5

a Assumed value .

Table 1 3 . Experimental and theoretical values for doubly degenerat e

normal vibrations .

.tab 3bc ' 4b c

Experimental values :

N . GINSBURG and E . F. BARKER - 0 .218 to - 0 .312 0 .261 to 0 .213 0 .625 to 0 .69 2

L. H . JONES	 0 .08 e

E . H . RICHARDSON eL al	 0 .077 5

This investigation	 -0 .302 0 .081 0 .588

Theoretical values :

L. H . JONES and R . S . MCDOWELL - 0 .260 0 .040 0 .58 9

I . M . MILLS	 -0.263 0 .044 0 .58 8

values for the vibrational ground slate . This must, however, be considered

a rather good approximation . Thus, the sum rule may he written : E~2 =
B " /2A " = 0 .370. The sum of the zetas is 0 .367, which should be compared
with 0 .668 Lo 0 .593 found earlier by GINSBURG and BARKER . 1 7

A comparison between the present fundamental frequencies and values

from' previous investigations is given in Table 14 . The values adopte d

here mean a revision of the results of WILMSIIURST and BERNSTEIN re-
garding the fundamentals v3a' v 4a , v35e' and v4be .
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Table 14 . Comparison of the present results with previous grating or
prism data (cm1 ) .

Symmetry
Normal

vibration
Present

investigation
Other

investigations
Adopte d
value s

1 2948* 2945 a 294 8

A
vi a 2210* 2200 a 221 0

1 2200 .03 b
v4 a 1306 .5 1306 .8 e 1306 . 5

1300 a
v 2 ab 1471 .2 1477 .1 0 1471 . 2

1471 a
v3 be 3016 .2 3021 a 3016 . 6

F. 3016 .9 d
3016 .59 e

v4bc 1157 .7 1156 .3 e 1157 . 7
1155 a

a See Ref. 5 .
b See Ref . 3 .

e See Ref . 17 .

d See Ref . 6 .

• See Ref . 7 .

* Estimated unperturbed frequency (see page 6) .

IV. Overtones and Combination s

Overtone and combination bands have been observed in the regio n
2000-6000 cm-1. Thirty-six pronounced absorption bands have bee n
measured and interpreted as summation bands . It was possible to explain
sixteen bands as binary combinations, whereas the rest of the bands have
been interpreted as ternary and quaternary summation bands . Only in three
cases, however, it has been necessary to make use of quaternary com-

binations .

The results are given in Table 15 . In the column with observed fre-

quencies square brackets indicate the possible presence of Fermi resonance ,
which makes definite assignments uncertain .

Only below 5000 cm-1 the bands have been characterized as paralle l

(II) or perpendicular (1) bands . The reason for this is the limited resolving

power of the spectrograph at high frequencies and the increased possibilit y
of interactions between bands, which may change the shape of the band s
considerably .

For the calculation of the combination frequencies, observed frequencie s
have been used rather than calculated values. In some cases this gives more
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Table 15 . Possible assignments of overtones and combinations .

Assignment Symmetry
Band

structure Intensity
Frequency (cm -1 ) A

(Cale. -
obs . Obs . Cale . obs . )

1bc+4bc	 A 1 +E II s 2316 a 2315 - 1

l a+ 4 bc	 E vw ca . 2460 2464 ca . -I- 4

4a+4a	 A l II w 2597 2613 +16

2ab+2ab	 Al +E s 2910a 2942 +32

3 a + 4 bc	 E I

	

I w 3337 3358 ;- 2 1

3 a + 4 a	 A, m 3498 3506 -I- 8

4a +4bc+4bc	 A 1 +E vw 3617 3622 + 5

2 ab + 3a	 E vw 3670 3671 + 1

4a+4a+4bc	 E 1 vw ca . 3750 3771 ca .+2 1

2ab+4bc+4bc	 A l -FA2+2E 1 vw ca . 3795 3787 ca .

	

- 8

4a+la+4a	 A, vw 3874 3919 +45

2ab +4a +4a	 E w 4056 4084 -I-28

2ab+2ab+4bc	 A i+A 2 +2E w 4072 4100 +28
1 +4bc	 E 1 w ca . 4126 4128 + 2

2ab+2ab+4a	 A 1 +E II vw 4216 b 4249 -I-3 3

3bc+4a	 E 1 w 4313 4323 + 1 0

3 a -I- 3 a	 A, I

	

I vw 4342 4400 -I- 5 8

2ab+3bc	 Al +A 2 +E w 4474 4488 -I-1 4

3 a + 4 a + 4 a	 A, vvw 4783 4813 -I- 3 0

4a+4a +4bc-F4bc	 A 1 + F
4902 1

	

4928 +26

2ab-+-4bc+4bc -I- 4bc	 A 1 +A 2 +3E
vvw

4944 -;-42

2ab + 3 a +4u	 E 1 vvw 4962 4978 + 1 6

2ab+2ab +3a	 A 1 +E vw 5105 5142 -

1 + 3a	 A l II vw 5164 5170 -

3a+3bc	 E vw 5223 5217 -

1+4bc+4bc	 A l - - E vw 5257 5285 -
3bc+4bc+4bc	 A 1 +A 2 +2E vw 5311 5332 --

2ab ;- 4a+4a+4a	 E vw 5367 5391 +26

3a+3a+4bc	 E vvw -5494 5558 -

2ah+2ab +4a+4a	 A, +E 555 5

2ab+2ab -+ -2ab-+ -4bc	 A 1 - -A 2 +3E
vvw 55~8 {

	

5571 -

1 +4a+4a	 A, 5583 -

1+2ab+4bc	 A,+A2+E J
vw 5585

559 9
3 bc + 4 a -I 4a	 E vw _5626 5630 -

3a -I 3e + 4 a	 A, vvw 5692 5706 + 1 4
1-I-1	 A l w -5762 5940 -

2ab-F3a-1 -3u	 E w 5860 5871 -

1~-3bc	 E w 5983 5987 -

3bc+3bc	 A 1 +E . w 6024 6033 --

a Displaced by Fermi resonance with fundamental .

b CIi4 ?

3
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reasonable agreement between calculated and observed frequencies . Also
from a theoretical point of view this procedure is the more correct .

In general quite large negative anharmonicities are observed, e .g . th e
difference vaa1a .-nobs . is positive . However, a few of the observed combination
frequencies show small positive anharmonicities .

The prominent absorption at 6024 cm-1 has been interpreted as the first
overtone of the carbon-hydrogen stretching frequency, 3 be + 3 be, the an-
harmonicity being - 7 cm-1 . This anharmonicity is, however, much smaller
than one should expect for the first overtone of a C-H stretching frequency ,
in which case an anharmonicity of the magnitude of -100 to - 200 cm -1
would seem reasonable . A probable explanation is that the hand, because
of Fermi resonance, has been displaced towards higher wave-numbers .
Another possibility would be that the band is the quaternary combination
3 a + 4a + 4a + 4 a, the calculated frequency being 6120 cm 1 . The observed
intensity of the band, however, seems too high for a quaternary combination ,
although Fermi resonance may have increased it .

Generally, it must be emphasized that on account of the great anhar-

monicities and the possible effects of Fermi resonance and other interactions ,
the assignment of the bands to specific combinations, especially in the regio n
5000-6000 cm-1 , is only tentative .
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Noie added in proof : A calculation of the unperturbed frequencies using first -
order perturbation theory" and assuming that the intensity ratio 1(2 v2 abb)/I (v1 )
= 0.5 (see Fig. 1) gives 2 v2 ab = 2930 cm- 1 and il = 2950 cm- 1 .
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