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Synopsis

Theinfrared speclrum of CH,D has been measured in the region 400-6000 cm—1
by means of a prism instrument (Beckman IR 3) of medium resolving power. The
band-cenlre frequencies have been derived by rotational analysis of the fundamental
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”(4,) 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.
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1. Introduction

The infrared and Raman spectra of methane and its deuterated species,
CH;D, CH:D2, CHDs, and CDy4, have been the object of several investigations.?
However, when one examines the literature, it is obvious that several of the
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 lechnique since then has improved con-
siderably, a re-investigation of all the fundamental bands of the partly
deuterated methanes appeared to be desirable.

In 1953 Boyp and Tmompson? and later ALLEN and Pryrrr® (1959) have
measured the band near 2200 em~! connected with the C-D stretching in
CHsD with high resolution. At the time when this investigation had been
started, in 1956, REa and TroMpsoN?* published normal vibration frequencies
of CHD3 obtained from infrared measurements. The assignments of two of the
fundamental bands as well as the frequency value of one more fundamental
are, however, in disagreement with infrared results of WiLMSHURST and
BernsTEINS (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® (1960) has published the results of an infrared study
of the degenerate C—H stretching fundamental of CHsD at 3016 ecm~1 using
medium resolution (~ 1 em). Only the central part and the high frequency
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 Riciarp-
soN et al.?

The present paper will deal only with CHzD. Similar results obtained
for CH2D: and CHD3 will be given in separate papers.

1*
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II. Experimental

1. Preparations

CHsD was prepared from CHsl by allowing the halogen compound to
react with a mixture of Zn-dust, acetic anhydride, and heavy water (99.83 9/,
D20) at about 30° C. The methyl iodide was carefully distilled before use.
The Zn-dust and acetic anhydride were of the highest purity commercially
available. The acetic anhydride was carefully distilled and kept for a few
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 to
the mixture of Zn-dust, acetic anhydride, and D20 (vigorous reaction!).
The CHsD evolved was collected in a gasometer and from there passed
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, was
rejected, as it would mainly consist of air. The CH3D was then distilled in
vacuo to another liquid air trap. This procedure was repealed once more.
In this way the deutero-methane was separated from less volalile impuritics
(e.g. H20 from the gasometer).

In a similar way CH2Ds and CHDj3 can be prepared from respectively
CHzIz and CHC]3.

It follows from the method of preparation that the deutero-methanes will
be contaminated by some Dz and air. These contaminants were removed
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 the
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.

Deuterated Mol halogen S\'{j:ll Mol Mol Li?rtaelfnd
compound compound 7n (CH;CO),0 D,0 of )
- 0
CH,D ...... 0.29 (CH,I) 1.26 0.54 3.75 3.5 (50)
CH,D,...... 0.21 (CH,L,) 1.33 1.00 2.50 3.7 (73)
CHD; ...... 0.05 (CHIy) 0.21 0.13 3.10 0.36 (30)
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2. Spectroscopic Procedure

The specira were taken on a slightly modified Beckman 1R3 infrared
spectromeler equipped with KBr, NaCl, and LiF prisms.® The path length
could be varied from 10 to 2000 cm. The effective slit width, s,;;,° is indicated
at each spectrum reproduced below together with values of the gas pressure
in mm Hg (p) and the path length in cm (7).

The relative positions ol the fine structure components within a single
band are believed to be accurate within +0.1-0.2 cm~!. The absolute
accuracy of the frequencies given is estimated at about +0.5 cm-1. All the
frequencies are in cm-l.

I1I. Fundamental Bands

The molecule CH3D is a symmetric top belonging to the point group Csy
and therefore has 6 normal vibrations: 3 totally symmetric of species 4
and 3 doubly degenerate of species E. They are all infrared active. The A;
vibrations give rise to parallel bands while the E vibrations appear in the
spectrum as perpendicular bands.

1. Parallel Bands (4, Fundamentals)

The parallel bands corresponding to the vibrations v,,, v3,, and » lie
in the regions 1200-1400 cm-1, 2050-2300 cm-1, and 2900—-3000 cm-! with
observed band centres at 1306, 2200, and 2970 cm-1, respeclively. The J
fine structure of the P and R branches was easily resolved because of the
high value of the rotational constant B” (~3.9 cm-), the spacing in the
branches being roughly 2B”.

On the low frequency side, the v, band at 1306 cm-! is overlapped by
the strong perpendicular band, »,,,, at 1157 cm-1, and on the high frequency
side by the weak perpendicular band, v,,;, al 1471 ecm-1. Furthermore, fine
structure components from the strong band »,(F,) of CH,, the band centre
of which nearly coincides with »;, of CH3D, were present in the spectrum
indicating a small content of CH, in the CHyD sample. However, because
ol the high intensity of the »,, band, assignment of P and R lines up to
J =11 could be made quite easily.

The 2200 em~! band (»5,) has been analvzed by Boyp and THompson,?
and recently by AvrvLen and Pryrer.® The author’s measurements of the
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Fig. 1. »1(4y) and vz, (E). 2830-53170 em™% p = 93 mm. =10 cm. Sepr = 2.1-2.3 em 1,
same band are in good agreement with their results in spitec ol the lower
resolving power of the IR 3 instrument. In this way a satisfactory check on
the speciroscopic procedure used in the present investigation was obtained.

The high intensily of the nearby overtone 2v,,, (2x1157 = 2314 cm~1)
observed at 2316 cn! indicates a Fermi resonance between the 4, com-
ponent of this overtone and »;,. I have estimated the unperturbed frequency
of »g, at 2210 £5 cm-L.

Also »; (Figs. 1 and 4) appears in the spectrum as one of the componenls
of a doublet caused by Fermi resonance with the 4; part of the overtone
2vaap (2x1471 = 2942 cm~1). The components are observed at 2970 and
2910 em—1, WiLmsaursT and BeErRNSTEIN found 2973 and 2914 cm-1. If we
assume that the anharmonicity of the overtone 2v,,, is — 10 cm-t—as seems
reasonable—then the unperturbed level »1 has been raised 22 em-1, which
means that the unperturbed frequency of »; is close to 2970 —22 = 2948
cm-1. As the most probable value, », = 2948 5 cm ™! has been adopted (see
note added in proof, p. 34).

Since the observed band at 2970 cimm~1 is of low intensity and badly over-
lapped by the strong perpendicular band, vg,,, at 3016 em -1, the assignment of
the P and R lines is rather uncertain and must be regarded as tentative only.
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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)=vy—(B'+B")J+(B —B").J? (1)
R(J)=vy+2B'+ (3B ~B")J+(B'~B")J% (2)

and

Double-primed quantities refer to the vibrational ground state, single-primed
constants to vibrationally excited levels. The combination relations are:

R(J-1D)+P(J)=2v+2(B'~B")J? (3)
Ay F"(J)=R(J-1)—P(J+1) =4 B"(J+1/2) (4)
and Ay F' (Jy=R(J)-P(J) =4 B (J+1/2). (5)

If we take centrifugal distortion into account, D; and D), being the cen-
trifugal distortion coefficients, the following relations hold:

R(J=1)+P(J) =2+ 2(B'=B") J*=2(D,~ D) J2(J2+1)  (6)
AgF" (1) =4 B (J +1]2) -8 D)y (J+1/2)° 7
Ay F' ()= 4 B' (J+1/2) ~8 D), (J +1/2)%, (8)

and

The difference between D and D} can be ignored. Eq. (6) then becomes
identical with Eq. (3). Egs. (7) and (8) can be rewritten

As F (J . " .

Ji 152) = 4B =8 Dy (J+1/2)? (9)
and ,

Ajf—l(/?:wum):,(,lﬂ/z)z. (10)

Graphical representation of Eqs. (3)(5) and (9) and (10) give the band-
cenlre frequencies »,, the rotational constants B” and B’, and the difference
B’-B”. The results are summarized in Table 2. Only for the »;, band,
values (approximate) of 1), and D/, could be obtained. For this band the
results agree well with the results of the high resolution study by ALLEN
and PLYLER. The observed frequencies of the fine structure components have
therefore been omitted. Observed frequencies and their interpretation for
two of the bands (v»; and v,,), together with calculated frequency values, are
given in Tables 3 and 4. The agrcement appears to be satisfactory.
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Table 2. Band constants obtained for parallel bands.

¥ Vyo** Ma
cm—t em™t cm !t

PR L 2970.1 +0.5 2200.0 0.5 (2200.03) 1306.5 105
B —-B"..... —0.02+0.02 —~0.040 £ 0.002 (—0.0422) —0.088 £ 0.002
B” ... 3.90 4 0.02 3.875 % 0.005 (3.880,) 3.80 +0.01
B 3.92 £ 0.04 3.835 -1 0.005 (3.837,) 3.80 +£0.01
Dy — 4.,%10°3 (5% 10-%) —
Dy — A.,%x1078 (5.;x10-5) —

* High frequency component of a Fermi doublet. The unperturbed value of v, is close to
2948 cm~! (see text).

** The values in brackets are those obtained by AvLeN and PLyLer® (sce lexti).

**% In Table 14 of this paper v, values obtained by other investigators are compared to
the author’s.

Table 8. Observed and calculated f{ine structure lines of »; (4;) band.

P(J) R(J)
7 Obs. ‘ Cale. ‘ A 7 Obs. Cal. 4
' cm—1 cm™? Cale.-obs. cm ' cm~—1 Calc.-obs.

0 2978.3 2977.9 —-04

1 2962.1 2962.3 0.2 1 2085.7 2985.6 — 0.1

2 29540 2954.5 0.5 2 2993.5 2993.3 -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 2031.1 2930.7 —-0.4

6 2923.3 2022.7 —0.6

7 2914.0 2914.7 0.7

8 2906.7 2906.6 — 0.1

Effective slit width sgpp = 1.3-1.4 cm—4,

2. Perpendicular Bands (E Fundamentals)"

The perpendicular bands arising from the normal vibrations ve,,, ¥4,
and v,,, are, as already mentioned, observed at 1471, 3016, and 1157 cm™"
(Figs. 1, 2, 3, 4, and 5). The K finc structure was resolved for all three bands.
The average @ line spacings dv,,, and Aw»g,, were found to have approx-
imately the numerical values 5.8 cmi !, respectively 1.9 em™'. Each of the
spacings can be either ‘positive’ or ‘negative’. If the ( line spacing of a
band is ‘negative’, it implies that the #Q lines occur on the low frequency
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Table 4. Observed and calculated fine structure lines of »;, (4;) band.

P(J) R(J)
7 Obst Calc. A J Obs. Cale. A
cm—t cm—t Calc.-obs. cm—t cm—1t Cale.-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 [ 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

Effective slit width sgpp = 1.8-2.4 em~".

side of the band centre. For vg,, the sign of the spacings can be established
in the following way. Using the approximate formula for the Coriolis coupling
coefficient given by MEeaL and Poro'®

(1 —cosaymy
mg+ (1 —cosa) my’

Z;31)(: =

we find {3,, = 0.10. From the value of {g,,we can calculate an approximate va-
lue for 4v;,,. The average spacing, 4v;, in a perpendicular band corresponding
to the vibration »; is equal to 2 [A; (1) - B;]. Setting A5,,~A" = 5.25 ¢cm™!
(see page 30) and By,,~B" = 3.88 cm™! (see Table2), we obtain Avgp, =
1.7 em™ Y, which is close to the observed value. This shows that the sign of
Avgy, 1s positive.

The question whether 4, ,, is positive or negalive is connected with the
magnitude of the spacing in the third perpendicular band v,,,. To a good
approximation the average () line spacings of the perpendicular bands will
obey the sum rule!?

Ay gyt Avgpe+ vy, ¥ 6 A" =7 B"— 4.34 cm™ 1,

where A” = 5.25 cm™" and B” = 3.88 em™ !, From the relation it follows that
at least one of the bands must have a ‘negative’ spacing, which means that
L;>1-B;/A;~1-B"[A" = 0.26. Setting Avggy = 5.8 cm™' and dwg,, =
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Vig. 2. vy . (E). 1430-1570 om L, p=760mm. ! =10 cm. Sogp = 2.0-2.5 con™ L.
+1.9 cm™" in the sum rule, one obtains A, = —3.4 cm™, while Ay, =
—5.8cm™! and Avyy, =+ 1.9em ! gives Av,,, = +8.2cm™ . For [4v,,,| the

value 3.4cm ' is found experimentally. Consequently, the spacings of the
Vo annd v,,. bands must be respectively ‘positive’ and ‘negalive’.

This result is also supported by the observed relative intensities of the
Q branches near the two band centres. As RQO is the strongest of the Q lines,
and ©Q, is stronger than ®Qy, the spacing in the »2a» band (sce Fig. 2) should
be positive. In the va5. band (sec Fig. 5) it follows from the same 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 strong
central part caused by an agglomeration of the Q lines near the band centre,
and the complicated fine structure, conmsisting of TQ, #Qy, PP (J), and
ERx (J) lines and the much weaker *R, (J) and £Py (J) lines. The K num-
bering of the  lines was carried out in the usual way, and the observed
frequencies are shown in Tables 8, 9, and 10. The assignments were to some
extent complicated by the limited resolving power of the instrument and the
overlapping by other bands.

On the high frequency side of the band v,,, some of the fine structure
lines are masked by the strong band at 1306 ¢cm™*. The low frequency side
of the weak band »,,, is overlapped by the absorption at 1306 em™*. For
this reason, only a few Q. lines and one £P.(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 used
for the evaluation of the band constants as discussed below. In the band
V35, there is an overlapping on the long wave side by the weak parallel band
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Fig. 3. Vg bc(E)' 3000-3030 cm™ L. p=65mm. {=10cm. Sg

- -1,
i = 1.4 cm

at 2970 em™t. However, from the fine structure analysis band constants could
be obtained which gave satisfactory agreement between calculated and
ohserved frequencies.
The positions of the Q branches of a perpendicular band, neglecting
centrifugal distortion, are given by
POx (1) = v+ 4, (1= 5D~ Bl + (B = B") J (J+ 1)

L , ] (11)
— 2 [A](1-) — B K+ [(A— 4"y~ (B,—- B K* |
|

and
FQu (1) = v + 4 (1~ )"~ Bl +(B; - B J (J +1) (12)
+2 [4;(1 - )~ By K+ [(4; - 4") ~ (B~ B K*. |

Disregarding the difference between B; and B” the following combination
relations can be obtained:

Ay F (LK) =50x 1 —FQpp1=4[4"- 4 -B"1 K (13)
A F' (4, K) ="Qx—"Qx =4 [A' (1 -5 - B K (14)
BOw+FQxg =2 v +4; (1 =) =B +2 [(4;~A") —(B; - B K% (15)

Plotting these expressions for the bands vz and »ape, we obtain the values
of the band constants given in Table 5.
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I 050 = ) . Jte0 em!
Fig. 4. »(4;) and vy bc(E). Upper curve: 2905-3010 em~ 1. Lower curve: 8030-3125 cm™ 1.

p=152mm. ! = 10 cm. Sapp = 1.3-1.5 em™1.

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

Y2 ab Y3 be Yape

em ! em L em™1
A ~L)- B; ............... 2.91 +£0.03 0.944 + 0.005 —1.69 +0.02
Al - 1;ci B (2.95) 0.954 £ 0.005 —1.68 +£0.01
(A; — A" —(B; —-B"y ... —0.040 +: 0.01 —0.011 +0.003 0.013 £ 0.003
vy AL ~y? ~B; .......... 1476.1  +£0.5 3016.8 +£0.5 1154.6 . +0.5

As only two PQg lines of the band v, ,, could be utilized, another procedurc
was attempted. From the observed values of PQ;, £Qq, £Q5, and £Q; we cal-
culate for Aj (1 —Clog)— Baay from Eq. (14) the values 2.905 cm ! and
2.913 em™ !, the average value being 2.91 cm ™.
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1150 1200 em™?

Fig. 5. v, ,.(E). Upper curve: 1020-1110 em~ L p = 760 mm. Lower curve: 1110-1235 em™1,
p=323mm, [ =10cm. s, =1.3-1.9 em™L

In order to get a rough estimate of (43, ~ A"") — (Bya — B), Eq. (15) was
used. Taking the observed #Qq = 1476.8 = vy + Ay 4, (1 — £345)% — Bagy» and using
the observed frequencies of £Qg, Qq, #Q5, and £Qg4, we obtain the values
—0.08 and —0.05 em™, the average being —0.04 em™L.

In order to make use of the observed £Qy lines, Eq. (12) was written

in the form

RQK =2 [A;ab (1 - é-‘Za,b) - B:‘z ab] K= [1’0 + A’zab (1 - CZ ab)sz;arb]
+ [(Agap —A") ~ (Byay= BN K?,
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neglecting the term (By,, — B”)J (J - 1). From a plot of this expression, where
Ay up(1=Caap) — Baap = 2.91 cm™, we obtain

o+ Ay gy (1= Coup)® —Bagy = 1476.1 cm™

and , ., ” ”
(Agyy —A ) —(Byy —B ) =—-0.040 em”t

in good agreement with the values above.

The assignment of the PP, (J) and #R,(J) lines of the threc bands was
carried out in the following way.

The positions of the Py (J) and BR, (J) lines are given by the equations

PP (Jy=%Qr(J)-2B,J+4D,J3 (16)

and R 2 , 3 _
w (J)y="0Qg(J)Y+2B (J+1)—4D,;(J+1), an

where the following approximations have been made: D} =D, = D,,
Dyg = Dyg =0 and Dy = Dy = 0. It should, however, be emphasized that
for higher J and K values, i.e. J>10 and K> 6, approximately, it may not
be permissible to ignore the D;, and Dy terms. The D;, and D, values
found by RicHarDsoN et al. for the v;,, band show this.

In order to calculate approximate values for the PPy (J) and £R (J) lines
of the three bands, Eqs. (16) and (17) were used together with Egs. (11)
and (12), the band constants given in Table 5 being inserted, and B; = B” =
3.88 em™. D, was taken to 5.5x107% em !, which is close to the value of
D, and D} for v, obtained by Bovp and Tuompson® and ALLEN and
PrLyLER.? Then, calculating the relative intensities of the transitions from the
formulae quoted by HEerzrrre,'® taking B” = 3.880 cm™ and A" = 5.245
em ! (see page 30), it was possible to pick out a number of P, (J) and
ERy (J) lines in the »3,, and »,,, bands. For the analysis, the following com-
bination relations were used:

BR (1)~ PPu(J) = 4 [A;(1-0) — Bl K+ 4, B(J+1/2) | 18)
‘ -4 D, [(J+1)3+ 3] [ (
AR (J~1) =PPL(J+1) =4[4;(1- ) - B K+4B" (J+1/2) | 19)
— 4D, [P+ (J+1)?] jou

RRy (T~ 1)+ TP (J) =2 [vy+A; (1-{)* - By } 20)
+2 (A~ A" —(B{-B") ] K*+2(B;-B")J*, )

where K = 3. The small term 4D, [J3~ (J-1)?] has been omitted. Using the

values of A;(1-¢)~B; and (A;-A")~(B;~B") from Table 5, and D, =

5.5x107% em™, graphical representations of Eqs. (18), (19), and (20) gave
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Table 6. Preliminary values of band constants for vg,, and »,,, bands.

3 be Y4 pe

em™1 em™1
B 3.873 £0.005 3.86 +0.01
B 3.882+£0.005 3.88 £0.01
B =B : - 0.011 % 0.002 —0.013 £ 0.005
vt A= E)E B 3016.9  £0.5 . 11547 +0.5
Dy v 5.5x1078 —

the values of B;, B”, B;— B”, and »y+ 4;(1 - &) - B;, listed in Table 6. For
the »4,,. band, it was possible to obtain a value of D,. Using the approx-
imation J2+(J +1)*~2(J+1/2)%, Egs. (18) and (19) were written:

R _P _ 1=y -8B
R3(JF)_ P3(JJ)+ 11/2‘){A¢(1 Cz) BIL]*=4BiI~8DJ(J+1/2)2 (21)

and

RR (J-1) =P (J+1)—12 [A, (1 -£)— B, "
B () 3(J’+)1/~2 A (125 J—Lw —8D, (J+1/2)%  (22)

Graphical representations gave B;, B”, and D, (5x107° and 6x107% em™,
see Table 6).

For the »,,, band, it was assamed that B;~B” = —0.015 cm™", which
then gives B; = 3.865 cm™.

Table 7 shows the final values of the band constants used for calculating
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 “Qy, Q,
PP (J), and ®R,(J) lines. Only a few lines had to be interpreted as PR, (J)
and #P (J) lines. Although Ry (J) and £P, (J) lines generally contribute to
the intensities of the observed lines, it was thought permissible to omit them
in most cases because of their low intensity and the limited resolving power
of the instrument. £Py (J) lines have, however, had to be included in the low
frequency region of the »,,, band in order to get reasonable agreement be-
tween observed and calculated intensities.

The frequencies of the #P, (J) and PR, (J) lines were calculated from
the expressions

Bpe (J) =RQ,(J)—-2B;J+4D,J? (23)
PRy (N =PQx () +2B;(J+1)=4D,; (J+1)%. (24)
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Table 7. Finally adopted values of band constants for perpendicular bands.

Y2 ab Y3 be Yabe

em™ b em™1 em?
,,0+A;(1—Ci)2—B; .......... 1476.1 3016.8 1154.7
A;(l —éi)—B; ............... 2.91 0.944 —1.70
(A; — AN — (B; —-B"y ... —0.040 —-0.011 0.013
B 3.880 3.880 3.880
B; ......................... 3.865 3.869 3.865
B;—B" .................... —0.015 —0.011 —0.015
Dy oot 5.5x10~3 5.5%10—5 5.5%x 105

For higher K and J values, deviations between observed and calculated
frequencies can be expected due to the neglect of the D;, and Dy terms in
Eqgs. (16) and (17). In those cases the assignments must be regarded as
tentative, although they are often supported by the observed relative inten-
sities of the lines (see Table 10). The relative intensitics have been calculated
by the author for the Py (J), ER, (J), BP, (J), and PR (J) lines. For the
Voup and vy, bands, the relative intensities of the @ lines will not deviate
much from the corresponding @ line intensities of the vy, band, calculated

by JonEs.®

Table 8. Observed and calculated fine structure lines of v, ., (E) band.

Obs. A Calc. A Calc. relative
1 Assignment -1 . o
cm cm (Calc.-obs.) intensity
PPy (5) 1431.1 —1.7 3.1
1432.8% .. ... ... :
PPy (4) 1433.1 0.3 4.6
14354 ..., Pps(3) 1434.9 —0.5 14.0
PQe 1439.7 0.2
4395 ... ...,
1439.5 Ppq(4) 1439.0 —0.5 3.1
1441.5% . ... ... Ppa(3) 1440.9 —0.6 4.8
Qs 1446.0 —0.4
14464 ..o, i
6 Ppq(3) 1446.8 0.4 2.9
1448.3% ... ... ... PPs(2) 1448.8 0.5 4.8
1453.0% .. . .ol Py 1452.2 -0.8
1455.02 ., ..o ... Ppy(2) 1454.7 -0.3 2.5
PQg 1458.3 —-2.4
1460.7 ..o PPy (1) 14624 L7 s
1465.8 ... ...l POy 1464.3 —1.5

(To be continued)
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Table 8 (continued).

17

Obs. . Calc. A Calc. relative
em™1 Assignment em™L (Cale.-obs.) intensity

4713 0. PO,y 1470.2 -1.1
14763 ..o RQy 1476.1 -0.2
14818 ... ... ..... Ry 1481.9 0.1

148208 . ... RRq (D) 1483.8 0.9 3.8
14874 ... ... ... By 1487.6 0.2

14921 ... ... RRy (1) 1491.5 -0.6 5.5
1493.02 ... ... L. RQq 1493.2 0.2

1496.0 ............ ... RRy (1) 1497.3 1.3 5.5
1498.08 . ............. ROy 1498.8 0.8

1500.2 ... ... RRy (2) 1499.2 —1.0 6.9
15045 ... [ RQs 1504.2 —0.3

| 2BRy(2) 1505.0 0.5 5.7

15062 ............... BRo (2) 1506.8 0.6 7.7
RQg 1509.6 0.2

15094 ..., { ER, (2) 1510.7 13 5.3

BRy (4) 1514.3 1.2 8.0

15181 ..o BRy (3) 1512.6 -0.5 5.7
EQ, 1514.8 1.7

ER; (4) 1520.1 2.1 5.6

1518.0 ...l RRy (3) 1518.3 0.3 7.9
RQg 1520.0 2.0

- RRy (5) 1522,0 -0.7 7.8

15227 ... ..., U ZRy(3) 1523.9 Lo 902

RRy (5) 1527.8 0.5 5.2

1527.3 ..ol { Ry (4) 1525.9 14 73

RRo (6) 1529.5 —1.8 7.2

15813 .. ... .. ERs (5) 1533.5 2.2 6.5

ER3 (4) 1531.5 0.2 18.1

RRo (7) 1537.0 1.2 6.3

15358 ............. .. RRy (6) 1535.3 0.5 4.6

BR,4(4) 1537.0 1.2 10.7

RRq (6) 1541.0 0.8 5.6

15402 ... L { Ry (5) 1539 1 14 150

BRy (8) 1544.4 -0.1 5.2

15445 ... ..., RRy (7) 1542.8 —1.7 3.9

ER, (5) 1544.6 0.1 9.1

I RR1(8) 1550.2 1.4 3.2

RRo (7) 1548.5 —0.3 4.7

188 . o BR;5 (5) 1550.1 1.3 10.3

l BR3 (6) 1546.6 -2.2 13.2

Mat.Fys.Medd.Dan. Vid.Selsk. 33, no. 12.

(To be continued)
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Table 8 (continued).

Nr.12

Obsl. ‘ Assignment Cale. A Cale. relative
cm- = em~1 (Calc.-obs.) intensity
RRq (9) 1551.8 —1.7 4.1
15535 .. BRs (7) 1554.1 0.6 10.8
ER4(6) 1552.1 —1.4 7.6
BRq (10) 1559.2 1.2 34
[ ER1(9) 1557.6 —0.4 2.5
1558.0 00, ERs (8) 1555.9 -2.1 3.7
l RR4 (7) 1559.6 1.6 6.1
RR; (6) 1557.6 —0.4 8.4
J ERg (9) 1563.3 1.7 2.8
1561.6 ... oovevnnnn., RRg(8) 1561.5 -01 8.5
l RRg (6) 1563.0 1.4 18.2
ERg (11) 1566.5 -11 2.2
1567.6 .00 iiiianns ER3 (9) 1568.9 1.3 6.4
BR, (8) 1567.0 -0.6 4.7
J’ RRs (10) 1570.8 -0.1 2.1
1570.9 i RRx5(8) 1572.5 1.6 5.1
l RRe (7) 1570.5 ~0.4 14.3

Sepe = 2.0-2.5 cm L,

2 Nol resolved.

Table 9. Observed and calculated fine structure lines of v3,, (Z) band.

Obs. Assignment Cale. A Cale!relative
em™1 g em~ 1 (Calc.-obs.) intensity
2014.0 [ PPy(12) 2914.8 0.8 0.9
e 1 2™ 2014.7 0.7
[ Ppg(12) 2916.8 0.2 1.7
20166 ... v, Ppq(11) 2016.7 0.1 1.6
l Ppg(11) 2014.7 -1.9 1.6
9920 1 | PP1(12) 2920.6 0.5 0.6
e | PProQ0) 2918.4 -1.7 1.2
0991 58 [ PPs(11) 2020.8 -0.7 1.5
oy | PPy(10) 2920.5 -1.0 4.7
I Ppy(11) 2022.8 -0.5 1.3
20233 .. ..., Ppg(10) 29226 -0.7 2.4
[ P (6) (v1) 2922.7 —0.6

(To be continued)



Table 9 (conlinued).
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Obs. Assienment Calc. A Cale. relative
em~ ! & ] cm—1 (Calc.-obs.) intensity
Pps (11 2024.7 —0.1 2.4
3 (11)
2024.8 ... ... PP (10) 9624 6 02 a3
Ppg (11) 2926.7 -0.3 1.1
20270 Ppe(10) 2026.7 -0.3 4.5
Ppy1) 2028.6 —0.8 0.9
20204 ... ..., Ppg 10y 2028.7 -0.7 2.1
PPy (9) 2928.4 —1.0 6.9
Pp,(10) 2030.7 —0.4 1.9
20311 ... Ppg(9) 2930.5 ~0.6 3.4
P (5) (v1) 2930.7 -0.4
Pps(10) 2932.6 -0.2 3.5
2.8
2932.8 PPy (9) 20932.5 -0.3 3.3
PPy (10) 2934.6 -0.2 1.5
2034.8 ..., PPg () 29346 oo 6.3
Ppy(10) 2936,5 ~0.6 1.3
a b
2037.12 ... ... ... Ppg(9) 9036.6 o5 2.9
PPy 2038.6 0.1 2.7
208385 it PPg(8) 2038.4 -0.1 4.7
P (4) (v1) 2938.6 0.2
Ppa (9 2940.5 -0.1 4.8
20406 ... PPy (8) 299404 o p
Ppy (9) 2042.5 - 0.3 2.1
42.8% ... .. ... ... =
2042.8 Prg(8) 2042.5 —0.3 8.6
994422 Ppi(9) 2944.4 0.2 1.7
e Pps(8) 2944.5 0.3 4.0
9046 4 Pp,(8) 2046.5 0.1 3.6
T e P (3) (»1) 2046.6 0.2
Pp3(8) 2048.4 0.2 6.2
2 R
2048 Ppa(T) 2948.3 0.1 6.1
PPy (8) 2950.4 —0.2 2.6
29506 ... ..
Ppg(7) 2950.4 —0.2 11.4
PPy (8) 2952.3 -0.3 2.2
29526 ... 0.,
952.6 Pps(7) 2052.4 -0.2 5.2
2954.0 PPy 2054.4 0.4 4.6
oo P(2) (»1) 2054.5 0.5
20564 . o Pps(7) 2956.3 -0.1 7.9
9058, Ppy(7) 2958.3 0.1 3.3
TR e Ppg (6) 2958.2 0.0 14.7

(7o be continued)
9 *



20 Nr. 12
Table 9 (continued).

Obs. Assignment Cale. A Calc. relative
em™? & em™! (Calc.-obs.) intensity
[ PPy(D) 2960.2 0.0 2.6
2960.2 ... ... ..., L Prso) 5060 2 0.0 66
99691 | PPy 2962.2 0.1 5.7
B L P@ e 2062.3 0o
2064.4 ... P pg(6) 2064.2 -0.2 9.8
2066.0% . ... ... . ..., P Py (6) 2966.1 0.1 3.9
2971.9 . Ppg (5) 2972.0 0.1 11.2
20741 ... Ppy(5) 2974.0 -0.1 4.3
2076.0 ... i Ppy(5) 2075.9 —0.1 3.2
Pp,4 77. —0. .
2978.3 .t [ PPsd) 2977.9 0.4 8.1
| RO (D 2977.9 —0.4
2080.2 ... ... Ppg(4) 2979.8 —0.4 12.7
2081.78 ., . . ... .. Ppy (4) 2081.8 0.1 4.7
2984.0% ... ... ... ... £pi(4) 2983.7 ~0.3 3.2
Rp, (4 2085, — 0. 3.
2085.7 / “Po (1) 950? 0.1 3.8
\ R @) 2985.6 -0.1
(Rel. 6)
2088.2 .......... ... Ppg(3) 2987.7 -0.5 14.1 15,1
2089.8% ... .......... Ppo(3) 2989.6 —0.2 4.8 5.2
2001.9% ... ... ... ... Ppi(3 2991.5 ~0.4 3.0 3.2
R B _ . « 9
200585 ... [ Po(3) 2093.4 0.1 3.0 3.2
I B@ 6D 2993.3 —0.2
P 2994. —0.! .
299528 ., ... ... .. [ Poun 994.7 0.5 0.8
| ERPi3) 2005.3 0.1 0.5 0.5
Phg 2998.9 -0.3 5.2
p 12,
2999. { Pp(2) 2099.4 0.2 2.5
P
30010 ... oveeiin.. .. Cg ,3001‘0 0.0
R(3) (v1) 3000.9 —0.1
30031 ... PO, 3003.0 —0.1 7.7
30000 .o PQg 3005.1 0.1 24.5
P 07.1 0.1 .
3007.0 .. ..oi, f s 30 18.3
| Pri() 3007.1 0.1 1.8 1.9
Pg 3009.1 0. .
3000.08 ... .......... o4 0 ! 26.0
R(4) (v1) 3008.5 —0.5
30106 ... PQq 3011.0 0.4 70.0
30129 ... Py 3013.0 0.1 44.3
30153 ... iieiia POy 3014.9 -0.4 52.4
3016.7 ..ot EQ, 3016.8 0.1 100 107.5
30183 ...l R, 3018.7 0.4 45.4
30208 ... ... RQq 3020.5 —-0.3 36.0

(Tao be continued)
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Table 9 (continued).

Obs. Assignment Cale. A Cale. relative
em™ ! ° em~1 (Calc.-obs.) intensity
(Ref. 6)
3022.3 ... RQ)g 3022.4 0.1 54.0
3024.92 [ By 3024.2 0.0 19.6
T | ERe(0) 3024.5 0.3 3.8 4.0
3025.5% ... ... ... Ry 3026.0 0.5 13.2
3027.5% ..., R, 3027.7 0.2 17.1
3029.5 ... ... RQq 3029.5 0.0 5.2
30309 ... R()g 3031.2 0.3 3.0
30825 ..., | Ry 3082.9 0.4 3.4 34
’ L ERe(1) 3032.3 ~-0.2 55 5.8
30343 ... ... [ 0w 3034.6 0.3 1.0
RAE L BRi(1) 3034.2 —0.1 5.4 5.8
303612 .. ... ...l [ Eon 3036.2 0-1 0.6
’ | PRy(2) 3036.1 0.0 0.6 0.6
3037.9 ..o C PRI(2) 3038.1 0.2 1.7 1.8
3039.9 ... RRy (2) 3040.0 0.1 . 6.8 7.2
30422 .. ... ... BRy (2) 3041.9 ~0.3 5.6 5.9
3043.78 ... ... .. BRs (2) 3048.7 0.0 8.3 8.7
3045.78 ... ... ... PRy (3) 3045.7 0.0 2.3 2.4
3047.8 ... ... RRy (3) 3047.6 —0.2 7.6 8.0
30494 ... RRy(3) 3049.5 0.1 5.7 6.0
30514 ... .. BRy (3) 3051.3 —~0.1 7.8 8.2
30633 ... ..., RR3(3) 3053.2 -0.1 20.1  21.1
3055.4 ...l RRg (4) 3055.3 -0.1 7.9 8.3
30574 .ol BRy (4) 3057.2 ~0.2 5.5 5.8
3059.0 ............... BRy (4) 3059.0 0.0 7.2 7.5
3061.2 ... .. ERg (4) 3060.8 —0.4 17.9  18.7
30629 .. ..ol I BRo(3) 3062.9 0.0 .7 80
’ | Bry(d) 3062.7 —0.2 10.7  11.1
30644 ... ... ... RR1 (5) 3064.8 0.4 5.1 5.3
3066.9 . .............. BRy (5) 3066.6 -0.3 6.4 6.7
3068.4 . .............. RRg (5) 3068.4 0.0 15.5  16.1
[ BRy(6) 3070.5 -0.2 7.0 7.3
BOT0T | BR4(®) 3070.3 —0.4 9.1 9.4
307238 [ BRy(®) 3072.4 0.1 4.5 4.7
' | ER5(5) 3072.1 -0.2 10.2  10.7
307413 L., RRy (6) 3074.2 0.1 5.5 5.7
3076.3 ... ... © BRs(6) 3076.0 -0.3 13.0 135
3078.9 { BRy(7) 3078.0 -0.2 6.1 6.3
o U BR4(e) 3077.9 -0.3 75 7.7

(T'a be continued)



Table 9 (continued).

Nr.12

Obs. R Calc. A Cale. relative
1 Assignment _1 R
et cm (Cale.-obs.) intensity
(Ret. 6)
RR () 3079.9 -0.2 3.8 3.9
(1% SN .

308 { RRe (6) 3079.7 -0.4 84 1041
20815 [ RRy(D 3081.7 ~0.1 4.5 4.7
Tt |  BR¢(6) 3081.4 ~0.4 18.1  21.8
30836 ... ittt RR3 (7) 3083.6 0.0 10.6  10.9
RRo (8) 3085.5 —0.1 5.1 5.2

3085.6 ... ihiienas
{ BR4(T) 3085.4 -0.2 6.0 6.2
3087.4 [ BRi(B) 3087.4 0.0 3.1 3.2
o | ®Rs(D 3087.2 —-0.2 6.6 6.8
BRo (8) 3089.2 -0.2 3.6 3.7

94 .
308 { RRe (7) 3088.9 —0.5 141 14.5
3001.2 | BR3(8) 3091.1 -01 8.3 8.5
oo | ERo(7) 3090.7 —0.5 7.4 7.6
3093.0 [ BRy(® 3093.0 0.0 4.0 4.1
Tttty | BR.(®) 3092.9 -0.1 4.6 4.7
3095.0 | ERy (9 3094.9 -0.1 2.4 2.4
T | BR5(8) . 3094.7 -0.3 5.0 5.2
3096.8 | ERy(9) 3096.7 —0.1 2.8 2.8
oot | ERg(8) 3096.4 —0.4 10.7  10.9
3098.5 | ER3(9) 3008.6 0.1 6.2 6.4
ooy | BR7(8) 3008.2 -0.3 56 5.7
[ ER( (10) 3100.5 —0.1 3.0 341
31006 ...l ER4(9) 3100.4 -0.2 3.4 3.5
l RRg (8) 3099.9 ~0.7 5.7 5.8
3102.4 [ ER (10 3102.4 0.0 1.8 1.8
Rt | FRs(9) 3102.2 -0.2 3.7 3.8
3104.9 | £Rs(10) 3104.2 0.0 2.0 2.1
B | ERg(® 3103.9 —0.3 7.8 8.0
3106.4 f  BRg(10) 3106.0 -0.4 4.5 45
et | BRq(9) 3105.7 -0.7 4.0 4.1
BRry(11) 3107.9 0.5 2.2 2.2
3107.4% ... .. ... BR4(10) 3107.9 0.5 2.5 2.5
RRg (9) 3107.4 0.0 4.1 4.2
[ RR;(11) 3109.8 0.4 1.3 1.3
31094 ... RRg (10) 3109.7 0.3 2.6 2.7
1 RRgy(9) 3109.1 -0.3 8.1 8.3
111.9 [ BRy(11) 3111.6 ~0.3 1.4 1.4
""""""""" | BRg(10) 3111.4 —0.5 5.5 5.6

(7o be continued)
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Table 9 (continued).y

Obs. . Cale. A Calc. relative
em™1 Assignment et (Calc.-obs.) intensity
. (Ref. 6)
Q185 { RRg(11) 3113.4 —0.1 3.1 3.2
"""" RR7 (10) 3113.2 -0.3 2.8 2.9
BRq (12) 3115.3 0.0 1.6 1.5
3153 .o { RR, (11) 3115.3 0.0 1.7 1.7
BRg (10) 3114.9 —0.4 2.9 2.9
BRy (12) 3117.2 0.7 0.9 0.7
B116.5 .o ieee et { BRs(11) 3117.1 0.6 1.8 1.9
RRg(10) .3116.6 0.1 5.6 5.7
31489 o [ BRa(12) 3119.0 0.1 1.0 1.0
' "N BRe(11) 3118.8 -0.1 3.8 45

Sepr = 1.3-1.5 cm ",
2 Not resolved.

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

ObsA1 Assignment Calci A Calc. relative
cm”™ cm~ (Calc.-obs.) intensity

10286 ... { :PZ (13) 1029.2 0.6 0-1
Py (16) 1027.8 —-0.8 0.2
Ppi(16) 1031.2 0.5 0.1
103007 ..o Pps(17) 1030.1 —0.6 0.1
Ep,(14) 1030.5 —0.2 0.1
Pp,17) 1033.6 0.6 0.1
Ppe(18) 1031.3 —1.7 0.1
1033.0 ... Bpy15) 1032.5 —0.5 0.1
Epg(14) 1033.8 0.8 0.3
Rpg (13) 1032.1 —0.9 0.1
P pg (16) 1034.7 —0.3 0.1
1035.0 .0 veiinnniinnnn { Rpg (15) 1035.9 0.9 0.3
Rpg (13) 1035.3 0.3 0.1
Pps(16) 1038.1 0.2 0.2
. Ppg17) 1037.1 -0.8 0.1
1037.9 oot P, (14) 10372 o 0.0
Bpy(13) 1038.6 0.7 0.1
Pp(15) 1039.3 -0.7 0.2
1040.0 ..ol { Bp,(14) 1040.5 0.5 0.2
Bpg(12) 10490.1 0.1 0.2

(To be continued)
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Table 10 (conlinued).

Nr.12

Obs. \ Calc. A Calc. relative
-1 Assignmenl 1 . . .
cm cm (Cale.-obs.) intensity
PPy (15) 1042.8 0.2 0.2
Ppy(16) 1041.6 —1.0 0.1
Ppe17) 1040.7 -1.9 0.1
10426 ...l

Epg14) 1043.9 1.3 0.4
Rpg(13) 1041.9 —0.7 0.4
Bpg(12) 1043.3 0.7 0.1
Ppi14) 1047.3 0.2 0.3
Pps(15) 1046.2 -0.9 0.4

3
TATL P pg (16) 1045.1 -2.0 0.1
Bpg(12) 1046.6 —0.5 0.2
Ppy(15) 1049.7 0.3 0.2

494 ..o
1049.4 £py(13) 1048.6 -0.8 0.3
Ppy(14) 1050.8 -0.6 0.3
Ppe(18) 1048.7 —2.4 0.3
Ppg(17) 1047.8 —-3.6 0.1
a

105148 Epg(13) 1052.0 0.6 0.7
Bpg(12) 1049.9 —1.5 0.5
Bpg(11) 1051.3 —0.1 0.2
Fpg(14) 1054.2 1.2 0.6
Pps5) 1053.2 0.2 0.2
1063.0%, ... . ... Ppy,(16) 1052.2 -0.8 0.1
Rpgy (12) 1053.3 0.3 0.3
Rp,(11) 1054.6 1.6 0.3
Ppy(18) 1055.4 -0.6 0.4
1056.0 ............... PPy (17) 1051.5 —4.5 0.1
Rpi(12) 1056.6 0.6 0.4
PPy (13) 1058.9 -0.1 0.5
Ppy4) 1057.7 —~1.3 0.3
P peg(15) 1056.8 -2.2 0.4

1059.08 . ... ..., .. .. 6
»9.0 Ppg(16) 1055.8 -3.2 0.1
Bpg(11) 1057.9 -1.1 0.7
Bpy (10) 1059.3 0.3 0.2
Ppg(13) 1062.3 0.8 1.0
PPy (14) 1061.2 -0.3 0.4
PPy (15) -1060.3 -1.2 0.2
10615 ... ... ... P pg(16) 1058.6 -2.9 0.2
Bpq(12) 1060.0 ~1.5 1.0
Epy (11) 1061.3 -0.2 0.5
Bp,(10) 1062.6 1.1 0.3

(1o be continued)
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Table 10 (continued).

25

Obs. Assienment Cale. A Calc. relative
ot
em™! ssig em™1 (Calc.-obs.) intensity
[ Ppi(12) 1063.4 -1.1 0.6
10645 .o, Ppg(14) 1064.8 0.3 0.8
1 Bpy(11) 1064.6 0.1 0.6
Ppsy(12) 1066.5 -1.1 0.7
. Pp,(13) 1065.8 -1.8 0.6
1067.6 . ooveninnn.. Ppg (15) 1063.9 Py 0.9
Bpy(11) 1068.0 0.4 1.5
Pps(12) 1070.3 0.1 1.6
Ppg (13) 1069.3 —0.9 0.6
PP (14) 1068.3 —1.9 0.4
9a {

107028 ... ... ... PPy (15) 1067.6 s o4
R py (10) 1069.3 —0.9 0.6
Bp, (9) 1070.5 0.3 0.3
107108 ... ... ..., Ppi(11) 1071.4 0.4 0.9
Pp,(12) 1073.9 0.8 0.9
Ppe(13) 1072.9 - 0.2 1.2
1073.1 0oL Ppg (14) 1071.9 —1.2 0.4
Rpqy(10) 1072.6 ~0.5 0.8
Bpg(9) 1073.8 0.7 1.0
[ Pps(11) 1074.9 ~1.4 1.0
Ppg (12) 1076.9 0.6 0.9
10763 ...oviii .. Rpg (10) 1076.0 o3 20
Rpy(9) 1077.2 0.9 0.8
Pps(11) 1078.3 ~ 0.2 2.4
Pps(13) 1076.4 -241 0.6

10785 oo
078.5 PPy (14) 1075.6 ~2.9 0.8
Rpy(8) 1078.5 0.0 0.3
P E _ n
w0199 f Py (10) 1079.4 0.5 1.2
| Brio) 1080.5 0.6 1.0
[ Ppe(10) 1082.9 1.0 1.5
Ppy11) 1081.8 -0.1 1.3
10819 ..., o.as. Ppe(12) 1081.2 -0.7 2.0
Ppg(13) 1080.0 —1.9 0.6
Bpg (8) 1081.8 -01 1.1
PPy (11) 1085.3 0.7 1.4
1084.6 ..., Epg(9) 1083.9 —0.7 2.7
Bps (8) 1085.2 0.6 0.9
Ppi(9) 1087.3 0.2 1.7

10871 .o
{ Pps(10) 1086.3 -0.8 3.4

(1o be continued)



Table 10 (continued).

Nr.12

. Cale. A Calc. relative

Assignment -1 : :
cm (Calc.-obs.) inlensity

Ppq(12) 1084.4 —2.7 1.0
""""""" { PPy (13) 1083.7 ~3.4 1.3
Ppg(10) 1089.8 0.5 1.9
[ Ppg(11) 1088.9 —0.4 3.0
............... Ppg(12) 1088.0 -1.3 1.0
l Bp,(8) 1088.5 —0.8 1.2
Eps(7) 1089.7 0.4 1.0
Ppy(9) 1090.8 —0.4 2.0
"""""""" { BPy (8) 1091.9 0.7 0.9
Lpg(10) 1093.3 0.5 2.1
Ppe11) 1092.4 - 0.4 1.5
"""""""" Ppg(12) 1091.7 —1.1 2.0
Bpg (7) 1093.1 0.3 0.9
Ppq(8) 1095.3 —0.5 2.1
P pg(9) 1094.2 —1.6 1.6
"""""""" P pg10) 1096.9 1.1 4.4
Rp(7) 1096.4 0.6 1.3
Ppy(8) 1098.8 0.8 2,6
............... { PpPy(9) 1097.7 -0.3 2.6
Ppg(11) 1096.0 —2.0 1.6
Ppg (9) 1101.2 0.7 2.9
Ppq 10y 1100.4 -0.1 2.3
""""""" Ppg(11) 1099.7 —0.8 3.1
Rpo(7) 1099.8 —0.7 3.8
.............. Ppg(8) 1102.2 0.7 6.1
PP 1103.2 —1.4 2.5
............... Ppg (9) 1104.8 0.2 6.2
P pg (10) 1104.0 ~0.6 2.3
Lpy(7) 1106.7 0.4 3.2
""""""" { PP,(8) 1105.7 —0.6 3.5
Ppg () 1110.1 1.0 7.7
[ P pg (8) 1109.2 0.1 3.9
"""""""" Ppg(9) 1108.3 -0.8 3.3
Ppg (10) 1107.7 —1.4 4.7
PPy (7) 1113.6 0.4 4.5
............... Ppe(8) 1112.8 —0.4 8.5
P g (9) 1111.9 -1.3 3.4
Ppy(6) 1114.6 -0.2 3.8
............... PPy (9) 1115.6 0.8 6.8
Bpy (5) 1115.6 0.8 4.2

(To be continued)
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Table 10 (continued).
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Obs. . Calc. A Calc. relative
em™ ! Assignment em™! (Cale.-obs.) intensity
Ppg (6) 1118.0 0.4 9.4
1176 0. Pps(7) 1117.1 —0.5 5.1
Ppy(8) 1116.3 -1.3 4.5
111918 .. PPy (5) 1119.0 —0.1 3.1
E Py (5) 1122.5 0.7 4.3
Ppy(e) 1121.5 —-0.3 5.6
11218 ... Ppe(7) 1120.7 -1.1 11.4
Ppg(8) 1119.9 -1.9 4.7
BQ10 1122.0 0.2
112283 .. .. ..., Rpgy (4) 1123.5 0.7 3.8
112348 .. ... Ppo(7) 1124.2 0.8 6.1
[ Ppg (5) 1125.9 —0.2 111
11261 ... Ppg (6) 1125.0 -1.1 6.5
l RQyg 1125.2 -0.9 3.3
[ PP 1126.9 -0.1 3.1
1127.08 ..., U o 1128.3 13
Ppy(4) 1130.3 0.3 4.6
11301 oo { Pp,(5) 1129.4 -0.7 6.8
Ppg(6) 1128.6 -1.5 14.6
RQ, 1131.5 0.0
113152 . ... { PPy (5) 1132.9 1.4 3.1
Bpg (3) 1131.3 —0.2 3.0
BQg 1134.8 0.3
11345 ..ol { PPi(3) 1134.7 0.2 2.9
Ppy(4) 1133.8 -0.7 12.6
Ry 1138.0 -0.5
11385 oo, { Ppg (3) 1138.2 -0.3 4.8
Pp,(4) 1137.3 -1.2 8.1
RQ, 1141.3 -1.5 )
11428 .o { Pp1(2) 1142.6 -0.2 2.5
Ppg(3) 1141.6 -1.2 14.0
11444 .o, EQg 1144.6 0.2
1147.0% ... Ppo(2) 1146.1 -0.9 4.9
1148.08 .. ... .. ..., RQ)g 1148.0 0.0
R0y 1151.3 0.0
11513 v { PPy (1) 1150.3 1.0 1.8
1154.8 o0 vvniinn.., RQy, 1154.7 -0.1 100
1158.0 .o vveinv e POy 1158.1 0.1
11613 ooeeieienins [ T 1161.6 03
1 ERp(0) 1162.4 1.1 3.8

(T’ be continued)
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Table 10 (continued).

Nr. 12

Obf'l Assignment Calci A Calc. relative
cm cm” (Cale.-obs.) intensily
1164.9 ... ... ... PO 1165.0 0.1
1167.7 .. o [ “e 1168.5 0.8
| BRi1) 1166.7 —1.0 5.5
Pos 1172.0 0.6
M7ed oo RRy (2) 1171.1 ~0.3 8.3
ERy (1) 1170.1 -1.3 5.5
117472 RRy (2) 1174.4 -0.3 5.7
17528 ... ..., BR3 (3) 1175.3 0.1 20.2
757 oo PQe 1175.6 —0.1
. RRy (2) 1177.8 0.0 6.9
M77.8 ..o, { Ry (3) 1178 7 0.0 9
1179.08 . . ... Pg, 1179.1 0.1
118078 ., L, RRy (4) 1179.6 —1.1 10.7
RRy (3) 1182.0 -0.8 5.7
11828 ......... ..., { ER3 (4) 1182.9 0.1 18.1
PQg 1182.7 -0.1
BRo (3) 1185.4 0.4 7.7
1185.0 ............... { RRo (4) 1186.3 1.3 7.3
RR5 (5) 1183.9 —1.1 10.3
1186.18 ... ... PQg 1186.4 0.3
1187.6 ............... RRy (5) 1187.2 —0.4 9.1
BR; (4) 1189.6 0.2 5.6
Ry (5) 1190.5 1.1 15.7
11894 ... ... ..., ERg (6) 1188.9 1o 189
P01 1190.0 0.6
RR;5 (6) 1191.3 -0.9 8.4
1192.2 ... L. Ry (7) 1192.4 0.2 7.5
P (13) (v3y) 1191.7 ~0.5
RRq (4) 1193.0 —0.7 8.0
1193.7 ... ... R (5) 1193.9 0.2 6.5
RR4(6) 1194.6 0.9 7.6
RR1 (5) 1197.2 0.6 5.2
1196.6 ............... { RRg (7 1195.7 ~0.9 14.3
BRg (8) 1196.6 0.0 5.7
1198.6 ... .......... [ HRs(©) 1197.9 —07 13.2
| BR5 (D 1198.9 0.3 6.7
BRq (5) 1200.6 —0.7 7.8
Ry (6) 1201.5 0.2 5.6
120032, ....... . ..., BR4(7) 1202.2 0.9 6.1
RR,(8) 1199.8 —~1.5 5.6
P (12) (v3a) 1201.6 0.3
12035 ... Ll BR¢ (8) 1203.1 ~0.4 10.8

(To be continued)
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Obs. , Calc. A Calc. relative
em™1 Assignment em™1 (Cale.-obs.) intensity
BR1 (6) 1204.7 -0.3 4.6
12050 ... ... { BR3(7) 1205.5 0.5 10.8
BRg (9) 1204.0 ~1.0 1.1
l RRq (6) 1208.1 0.4 7.2
. BRo (7) 1208.9 1.2 4.7
L2077 e ER;5 (8) 1206.3 —1.4 5.1
l RRo (D) 1207.2 -0.5 4.1
RR1(T) 1212.2 0.8 3.9
ERg (8) 1212.9 1.5 8.5
ER4(8) 1209.6 -1.8 4.7
12114 ... BRg (9) 1210.5 -0.9 8.0
RRg (10) 1211.4 0.0 2:9
RRg (10) 1208.3 -3.1 5.7
P (11) (vay) 1211.3 -0.1
] BRo (7) 1215.6 1.1 6.3
12145 oo { BR5(9) 1213.7 -0.8 3.8
l RR7 (10) 1214.6 0.1 2.9
ERy (8) 1216.3 ~1.4 3.7
; RR4(9) 1217.0 —0.7 3.5
1207.7 .o RRq (10) 1917.9 0.2 5.6
RRg (11) 1215.6 -21 3.9
RRq (8) 1219.6 —-1.2 3.2
RR3(9) 1220.3 -0.5 6.4
122008 .o BRx (10) 1221.1 0.3 2.7
RRg (11) 1218.7 -2.1 2.0
P (10) (ray) 1220.8 0.0
ERg (8) 1223.1 —1.0 5.2
BRqa (9 1223.7 — 0.4 2.8
) RR4(10) 1224.4 0.3 2.5
12240 ... Ll ERg (11) 19959 1 3.9
ER, (11) 1221.9 -2.2 2.0
BRg (12) 1222.9 -1.2 2.5
ERy (9) 1227.0 -1.0 2.5
1228.02 ... ..., RR3 (10) 1227.7 —0.3 4.7
BRg (12) 1226.0 —2.0 1.3
P(9) (3q) 1230.2 0.1
RRq(9) 1230.4 0.3 4.1
12301 ... ., BRg (10) 1231.1 1.0 2.1
ERy (11) 1228.4 —1.7 1.9
ER7(12) 1229.2 —0.9 1.3
1235.9 0o { ERg (11) 1235.0 =09 5.3
ER5(12) 1235.7 —0.2 1.2

Sepp = 1.3-1.9 cm™2,

% Not resolved.
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3. Results

From the rotational analysis values have been derived for the rotational
constants 4”7 and A;-, the Coriolis coupling factors {;, and the band-centre
frequencies »,. It can be shown?!® that to a good approximation the following
expression is valid:

1 ’ v 1 ’ ” 4 " 7 "
=§Z [4; (1-&;) - By] “gz [(4;-A")—(B;- B )]+EB .

As the magnitude of B" is known (3.880, cm™), A” can be calculaled.
From the known values of B;—B”, (A;—A")—(B;—B"), and A", 4; can be
evaluated [or the three perpendicular bands. The values of A;, B,, and

3

A;(1-¢;)— B, have then been used for the calculation of the ¢ values.
Finally, the band-centre frequencies were obtained from v,+ 4;(1-¢)%— B;.
The results are given in Table 11. The value A" = 5.25,0.02 cm™! derived
here from the analysis of the three perpendicular bands is close to the one
(5.245 cm™) calculated from B”, assuming rqyy = rop and regular tetrahedral
structure, and it also compares well with the value 5.243 cm™! obtained from
the Raman study of the #;,, band.”

Al/

Table 11. Rotational constants 4’, Coriolis coupling factors £, and band-
centre frequencies v, for perpendicular bands.

Y2 ab Y3be Y4 be
Agem=D. .o 5.20, 5.23, 5.25,
o —0.302 0.081 0.588
wolem=1y oL 1471.2 3016.2 1157.7

In Table 12 the results for the »3s5. band are compared with the values
obtained from the Raman investigation by RicHarpson ef al. (E.H.R.) and
the infrared study by Jones (L.H.J.). It is seen that the author’s results
arc in somewhat better agreement with the Raman investigation than with
the infrared study.

In Table 13, experimental { values are compared with theoretical values
calculated recently from force constants by Jones and McDowerr, and
by MiLLs.?® The agreement between the values obtained by the present in-
vestigations and the theoretical work seems satisfactory, except in the case
of é~-3bc'

The sum of the zetas must satisty the ¢ sum rule:?® X7, = B,/24,, as far
as anharmonicity can be neglected, and no resonances occur. As the “‘equili-
brium’’ rotational constants, 4, and B,, are not known, one has to use the
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Table 12. Band constant values for the »3,, band in cm™".
Raman” Infrared™ Thie
E.H.R. et al. LH.J. This mvest.
AA-0-B... .. 0.955 0.924 0.944
A"—A'C-B" ... 0.961 0.920 0.954
(A= A"y — (B —=B"y. ..o, —0.0058 0.004 —0.011
Vot AP -DB". . ... ... 3017.17 3017.4 3016.8
A 5.223 5.24 5,234
B e 3.863 3.865 3.87,
B 3.877 — 3.88,
B —B". . i —-0.0138 —0.013 -0.011
C o 0.0775 0.08, 0.081
Vet e 3016.59 3016.9 3016.2
Dy 5x10-5
O in—ba a5
DI 4.7%10-5 } P10 35410

& Agsumed value.

Tahle 13. Experimenlal

and theorelical { values for doubly Edegenerate
normal vibrations.

{a ab

é_3 be

C4 be

Bxperimental values:

N. GiNsrURG and E. V. BARKER
L. H. JoNES
E. H. RicuarpsonN et al
This investigation

Theoretical values:

L.H.Jo~ngs and R.S. McDowzLL!
I. M. MiLLs

—0.218 to —0.312

—-0.302

—0.260
—0.263

0.261 Lo 0.213
0.08,
0.0775
0.081

0.040
0.044

0.625 to 0.692

0.588

0.589
0.588

values for the vibrational ground state. This must, however, be considered
a rather good approximation. Thus, the { sum rule may be written: 2%, =
B"[2A" = 0.370. The sum of the zetas is 0.367, which should be compared
with 0.668 to 0.593 found earlier by GinsBurc and BARkER.Y?

A comparison between the present fundamental frequencies and values
from' previous investigations is given in Table 14. The values adopted
here mean a revision of the results of WiLmsnurst and BERNSTEIN re-
garding the fundamentals vg,, v5,, Va5, and v,,,.
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Table 14. Comparison of the present results with previous grating or

prism data (em™).

Nr. 12

Normal sent q
Symmetry vib(;’a?iin imils"f;;;}ion inve(s)tti}g]fr!tion 5 Awdzﬁlslt:d
1 20948%* 29453 2948
Ay 734 2210%* 22002 2210
’ 2200.03b
Yia 1306.5 1306.8¢ 1306.5
13002
Y2 ab 1471.2 1477.1¢ 1471.2
14712
v3 be 3016.2 30218 3016.6
E 3016.9d
3016.59¢
Y4 be 1157.7 1156.3¢ 1157.7
11558
2 See Ref. 5. * Estimated unperturbed frequency (see page 6).
b See Rel. 3.
¢ See Ref. 17.
4 See Ref. 6.
€ See Ref. 7.

IV. Overtones and Combinalions

Overtone and combination bands have been observed in the region
2000-6000 cm™'.  Thirty-six pronounced absorption bands have been
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™" the bands have been characterized as parallel
() or perpendicular (1) bands. The reason for this is the limited resolving
power of the spectrograph at high frequencies and the increased possibility
of interactions between bands, which may change the shape of the hands-
considerably.

For the calculation of the combination frequencies, observed [requencies
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.
Band TFrequency (cm—7) 4
Assignment Symmetry | structure | Intensity (Cale.-
obs. Obs. l Calc. obs.)
dbe+4be... ...l A+ E 11 5 23162 2315 -1
da+4be ..o E VW ca, 2460 2464 ca. +4
datda ... A, t w 2597 2613 +16
2ab+2ab ..., A+ E 5 29102 2942 +32
Sa+4be ... B il W 3337 3358 +21
3a+4a ... Ay m 3498 3506 +8
4a+4be+dbe. . ... A+ E VW 3617 3622 +5
2ab4+3a ... .o FE VW 3670 3671 41
4a+4a-+4be ... E 1 VW ca. 3750 3771 ca.+21
2ab+4be+4dbe........ .. A+ A+2E 1 VW ca. 3795 3787 ca. -8
da+4atda.. ... 4, vw 3874 3919 +45
2ab+da+da. ... .. E w 4056 4084 +28
2ab+2ab+4be ... .. .. A+ A,+2F w 4072 4100 +28
Trdbe. .. .o E 1 W ca. 4126 4128 + 2
2ab+2ab+4da ... A+ E i vw 42162 | 4249 +33
be+da ..o E 1 W 4313 4323 +10
Ba+3a o A, 7l vw 4342 4400 + 58
Qab+3be. .. ... A+ A+ B w 4474 4488 +14
Ja+da+4a.. ... ... Ay VVW 4783 4813 -+ 30
da+4a+4be+4dbe ... ... A+ E 4928 +26
2abt 4be+4be - 4be . . ... Ayt A2+3E} VW 1902 4044 +42
2ab+3a+-4u ... ... E 1 vvw 4962 4978 +16
2ab+2ab+3a .. .. ...... A+ E vw | 5105 5142 —
T4+3a ..o A, 11 VW 5164 5170 —
3a+3be ... . E vw 5223 5217 —
1+4be+4dbe............ A+ E W 5257 5285 —
3bc+4be+4be. . ... A+A,+2E VW 5311 5332 —
2ab+da+datda. ... ... E vw 75367 | 5391 +26
3a+3a+4be ... ... E VVW 5494 5558 —
2ab+2ab+4a+4a. ... .. A+ E . . 5555 —
Qab+2ab + 2ab+ Abe . ... A1+A2+3E} YV 558 N sem1 —
lrda+da........... .. A, 5583 —
L+ 2ab+dbe. ... oo A+ A E | W 5585 1) 5509 —
3be+da-r4a ... ... E vw |_5626 5630 —
Sa+3a+da... ... A, VVW 5692 5706 414
L Ay w | 5762 5940 —
2ab+3a+3w ... ... ... E w 5860 5871 —
1+3be...oovii . E w 5983 5987 —
3bc+3bc. ... ... A +E. w | 6024 6033 —

% Displaced by Fermi resonance with fundamental.

b CH,?
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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. the
difference v,,;, —vops. is positive. However, a few of the observed combination
frequencies show small positive anharmonicities.

The prominent absorption at 6024 cm™" has been interpreted as the first
overtone of the carbon-hydrogen stretching frequency, 3bc+ 3be, the an-
harmonicity being —7 em™t. This anharmonicity is, however, much smaller
than one should expect for the first overtone of a C—H slretching frequency,
in which case an anharmonicity of the magnitude of —100 to —200 em™*
would seem reasonable. A probable explanation is that the band, because
of Fermi resonance, has been displaced towards higher wave-numbers.
Another possibility would be that the band is the quaternary combination
3a+4a+4a+4a, the calculated frequency being 6120 em L. 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 region
5000-6000 cm™?, is only tentative.
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Nole added in proof: A calculation of the unperturbed frequencies using first-
order perturbation theory'® and assuming that the intensity ratio 7 (2wvg4)/7 (¥1)
= (1.5 (see Fig. 1) gives 2wy 4 = 2930 em~1 and » = 2950 cm—1.
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