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Absorption Specira of Methane in the Near Infrared
By Richard C. Nelson,! Earle K. Ply?er, and William 5. Benedict

A grefing spectrometer with a Phi cell for detector hes been used for the measurement

of the infrered absorption bends of methane in the region of 184 &,

Meny lines of the P,

&, and § branches of the 1.86-u band have been observed.

Thesa are well resolved and ave of the correct siructure and apaciog for the Fsy component,
of 2wy, The lines for values of J up to 10 are sharp; shewing no ind{cation of aplitting due to
interaction with neighboring statea or to centrifugel distortion. The rotational constaots
aobtsined for this band are B'=05.178, fy=0.0340. The lntter value iz lower than in the

vy Fundamental.
to muaiusl interaction.

In the infrared spectrum of methana there ara
two strong bands, the fundamental frequencies,
vy 86 3020,3 cm~%, and », at 1308.2 em™', Because
of the symmetry of the molecule, the other two
fundamentalz » at 29142 om~? and ». &t 1526
cm~!, are not aciive in the infrared, although
these frequencics may appear in combination
bands with the other frequencies and their over-
tones, to give bands in the near infrared. Many
previous studies, both experimental and theoret-
ical, have heen made of the methsne moleculo,
A good diseussion of the general problem, inelud-
ing referances to the literature, may he found in
Hetzberg’s book [11.? One of the unsettled
problems concerns the influence of the Coriolis
forces in the fine structure of the overtone and
combination bands. Accordingly it was thought
that further experimental date with higher resolu-
tion would be of value. The present paper reports
such data in the regions from 1.5 to0 1.7 p, snd from,
1.15 to 1.19 gz, with particular emphasis on one
band of relatively simple siructure, the F. com-
ponent of 2w, at about 6,004 cm~%.  Quite recent
studies on the atmospheric absorptionn have
revealed the presence of methane banda (2]
McMath, Mohler, and Goldberg [2] hove also
studied the 2v; band under high resolution,

In our studies, high resolution was obtained by
the use of a specially designed grating inatrument,
which employs & Fbd photo-conducting cell con-

! Research Ansociate, Morthwestern University.
! Figures in breckets indicate the Llterature references ot the and of this

paper.
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Other bands obeerved are motre complex and irregular, presumably due

gtructed by Cashman [3] as the detecting unit.
One of the authors [4] has previonsly given s
description of the instrument and only a brief
outline of the arrangement will be repeated here.

Figure 1 shows the plan of the optical parts of
the apactrometer. The system is designed ac-
cording to the arrangement deseribed by Ffund
[5]. The paraboleidsl mirrors have a focal length
of 2 m and are 12 in. in diameter. The grating
has 15,000 lines per inch and the ruled surface is
3 by 5 in., giving a theoretical resolution in the
first order of 75,000, An ellipsoidal mirrer, with
& conjugato focel ratio of 1.3, was used to focus
the energy from the exit elit onte the PhS cell.
With this magnification, spectrometer slita 18 mm
in length could be used with the PbS cell, which
possensed 4 sensitive surface 7 mm long. A
tungaten lamp was ueed as the source, and a
quariz lens focused the filament on the entrance
slit of the spectrometer. The absorption cell,
which was 80 cm in length, was placed in front of
the entrance sht., A chopper, which interrupts
the radiant energy approzimately 1,000 times a
sepond, waz placed immediately in Iront of the en-
trance slit.

‘For any selected region the grating was rotated
continucusly. The driving mechanism has five
soanming speeds, and the Speedomax recorder has
six speeds for the chart, a selection which made it
passible to havo dispersions of 50 to 0.02 Afmm on
the recording chart,

A special narrow-band-pass smplifier was used
with the PhS cell. The over-all veltage gain was
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approximately 183108, 'Tha deiails of the am-
plifier have been given in a previous publication {4].

In the region around 1,66 p, rane were made at
two dispersion scales on the recorder chart.
Measured wavelengtha are largely besed on two
rins made with slits 0.7 cm™! spectral width, the
dispersion on the chart being about 15 em~in,
A commutitor in the gear train driving the
grating actuated a pen that placed marks on the
paper corresponding to equal inerements of
motion of the nut upon the taogent screw, which
rmoves the grating,

Whovelengthe were measured with reference to
lines of the Hg spectrum. A record of the spec-
trum in all orders over the desired region was
made, Then using the lines 152952, 5460.74
{(3d order), and 4358,35 A (4th order), a quadratic
expression was obtoined for wavelength in terms
of measurements on the scale impressed on the
record, An equation of the form »=71da 4%
is obtained, where ), is the wavelength correspond-
ing to any number d, representing the difference
betwesn respective scale readings for A, and A
The M, &, and & are constants that are determined
from the scale readings of the three lines used for
calibration. During continuous operation of the
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Arrangement of the oplical somponiente of the spectromeler.

mstrument, the line 152952 A was recprded,
followed by the absorption spectrum of CH,, and
the record was completed by recording 4358.35.<4.
The measured separatione of the initial and final
Hg lines were alike, snd the previously found ex-
pression wue used for computing wavelengths of
abeorption lines.

Another run wae made with slits 0.3 cm™
speatral width, and dispersion on the chart of about
5 em~Yfin. to bring out fine detail,

Measurementa were mads both on natural gas
{809 CH,) and Matheson CH,, 99 percent pure,
in a cell 60 ¢m long. The light source in all cases
waa & fungsten Hlament,

Figure 2 showe the reaults for the 1.68-4 region.
The etrong rotstional lines of the P and B branches
of the 2»; band of methane can readily be identified.
Abcut 19 lines are observed for the B branch with
the §0-cm cell at atmospheric pressure. In addi-
tion there are present & number of less intense linea,
which appear between these lines, The less intensa
Yinea repeat well on successive runs. Bayond the
10th line of the P branch, the siructure becornes
complex. This structure may be part of another
band. There i8 & narrow region of the spociram
without any lines, followed by another sef of com-
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plex linea. Thege lines may be part of & combina-
tion band, but no term assignment fits very well.
‘When the absorption of the pas wae measured with
& apectral slit of 0.3 cm™, the zero branch showed
more structure,  Figure 3 ehows the central part
of the hand. The gas was at atmospheris pressure
for these obeervationz, When a smaller pressure
of gne was used, better separation of the stronger
components of the @ branch was obtamed, but the
less intense componenta were not present.

Absmpiicn Specira of Methane

8
WUMBER

The intensities given are messured to within 2
percent. The stronger lines may actually be more
intense then the measurements indieate. That is,
the finite alit widths may make it impossible to
find the maximuym shaprption at the center of the
lines. All faint liner that measura lezs than 3 per-
cont are arhitrarily marked 2 percent in intensity.
The intensity fignres in the table denote the par-
centage absorption of the minimum point of the
lines.
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All the observed lines of appreciable mtensity for  Tanie 1. Watelengih, wore number, and énlensdy of the

the region are listed in table 1. Wave numbers of abaerved lines in the 1.68-u region
some of the lines aye marked for identification. A ) =1
sufficient number of lines are numbared on the fig- Yomn | momner | Aot || Bt | oomner | tiEe™
ure 0 that the tables can be related to the experi- -
mentsl results. The band for the 1.10- to 1.13-u mrliz.? éﬁ.a PE:M !ﬁ&?&! ﬂ@i—.‘ﬁ Pw:m
region, shown in figure 4, does not have the regular le.g | E9LT £ e o | BT &
structure ns observed in the 2»; band. The wave- s | ot : s | are s
lengths and intensities of sll the lines are given in 10175.4 | 61304 2 1ot e | 150 0
tahle 2. d 1&;.3 :i?; 2 woth e | ms )
The 23, band gives sufficient data for caleulating ' ' @ 1EELE e K
some of the mnstl.ant.s of methaena, The only lines rrigl I " woess | wms |
in the CH, absorption that con be given & definita 16248 | al6h3 a By [ Sedd o
interpretation are listed in table 3. These are the el B 5 Wl | A o
strongest lines in the region, and form a band 2| buEd B el BT 20
uonsigt?;g of P, Q and R branches of simple wors | e | s youe | sems |
structure, the bund bearing a marked resemblonce il w WL e | s
to the ¥, fundamental. The vibrational transition W02 | e (Y 17M48, 4 Epe 1 a0
involved, 2w, is the first overtone of that funda- lea8. g | fET b Iadg ) se L s
mental. The theory of the structure of this band s | wma ® mers | e i
has been given by Johnston and Denniscn, [6] and S 10 Imedl | akeT 14
by Shaffer, Nielsen, and Thomas [7], The firat- GRS | 898 10 s | Sei »
named authors have peinted out that the upper e | wr | B murz | swms |15
lovel is six-fold degenerate in the zeroth-order w2 [ ero 10 TmE | e =
approximation, but that the first-order Coriolis MiTEE | S10AI i imu ﬁa "
interaction due to the internal angular mementum wssee | a0t o 10 ey | emze I
of the vibration removes the degeneracy, giving ool Il I g i §osa2 |10
six different energies for each valve of the rota- M58 | 60Tl ™ e | moeT n
tional quentum number .J. At J=0, these may YHITA | e & wmrE | 03 1
ke groupad inte three sub-bands of different laEE A | s 15 ::m: :m: ::
symmetry. Transitions are permitted from the s | s | o MS3 | smoa |2
ground etate to only ona of these sub-bands, the 5T | RS 15 e | 67ERT ®
triply-degenerate F:; and for each branch, AJ= 665 | oo » et | oas "
—1, 0, or +1, transitions are permitted to only 0B | oD a THAS | sTRe 15
one of tl_le threa components, thus giving the ey | fa - il I .
band of simple etructure, as obzerved. lesha s | ang an LD | s 10
The second-named authors have considered the Sl o rusl | mEml 15
effect of second-order interactions, which in prin- e s | &
ﬂlp].B may further remove the ngEﬂEI‘ﬂGF of the w477 1 . B -l g BREANCH:
energy lavels, splitting each . level into o number | et | W
of components of different X, and which may per- lBez.d | aEm 5 precnadll Ik
mit, transitions from the ground state to the & emes | s s 2 Wy | owad | 1w
subhand. {These authors gave selection rules WEST | Mt 5 e | Dt T
and intensities for the band which differ from i ';‘;';ﬁ - '
those of Johnston and Dennison [6], and which WL | feETd 0 1%2 ﬁ': %
appear to be i error.} The second-order infer- o5 | memd | 8
ackions are of two types; first, those due to cen- s | e | i o Il o
trifugal stretching and distortion of the moleculs; ey | omils | s
and second, those dye to resonance interactions il wAr )o@ ) e s
between the vibrational level and other neigh-
boring levels of the ssme total {vibrational plus » Thesa datu refer ta fg. 3.
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Tanee 2, Wavelenglh, wove number, ond intensily of experimental observaiion is that the lines of the
obeersed iimeq in the 1 16-p region P and R branches arc sharp snd narcow, and agres
wae | Tare ] v N I I in position and intensity with the predietions of
woniber | length oo || mureber | length | cion the first-order theory, except for ralatively small
ot | A o et 4 Fresnt correction for centrifugal stretching, up to J——TIL
weas | LukD | B0 bert | nems oW This showe thai the second-order interactions
s 2 1 N 3 . . P . .
ST | usAb | om i leading to splitting are of comparatively minor
was | nmas | » ‘ s0ao | o | s importancs in 2»;. Presumably such interactions
MBAE | TRy | 5 :
BORS | uease | w008 | 10HL9 3 sre much 3:001?3 mportant for the ther ﬂw‘rt"?nﬂ
BOLG | lezze | 6 8.3 | MELE | 1 and eombination bands in the region, resulting
ieiob A Il B in bands of much more ¢omplox strusture which

rotational) symmetry. The centrifugal splitting
is roughly independent of the particular vibra-
tional lavel in question, and is proportionsl to
F{J+1)* The resonance aplitting, proportional
t Ji{J41), is very dependent on the vibrational
atata. ‘Thug in the v, fundamental [8), the split-
ting iz experimentslly obsorvable as low as..Jf=3,
and has been well accounted for [11] by the second-
named effect.  In the »; fundamental {§] however,
and equally so in the 2v; band here stedied, the

Ahaorption Spectra of Methone

we are unable to interpret.
The following equations represent the obsarved

linee to the required accuracy:
B branch: p=w+ 2 [{T4+1} (J+2)4+
20— D)]—B"J 1} —4DJ 1)

L h: vy=wn+B [FJ4+1—6¢]—

P branch: r=w+B[{J—1J—25(J1+2)]—
B JW 14D,

€19
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The following combinations of eq. 1 are useful
in deriving the wvaluez of the constants:

RN—PLH__ o,
e =R {148 —200H S+ l}fll {2)

BDIPD _gun+ B atsn = )
vt BY(1—80) + (B — BYJI+ 1),

In thesa equations, »; is the band origin, B and
B are the effective reciprocal momenta of inertia
for the upper and ground vibrational levels, re-
spectively, J i3 the rotational quantum number of
the lower level, { is the constant representing the
angular momentum due to the upper-state vibra-

 tion, and I is the constant representing the correc-
tion due to centrifugsal stretching. As explained

nhove, the effect of the centrifugal forees is both,

to stretch the moleculs, resulting in an equal low-
aring of all levels of equal J, and to distort it, re-
sulting in & splitting of those levels. We have cal-

620

culated both effeets Jor the ground vibrational
state, making use of the published formulas [7];
the former effect is larger by a factor of about 5.
Hence it is pertmissible, for linea where the experi-
mental splitting is unobservable, to make use of &
single constent I to correct for the centrifugal
stretching, as is the common practice with dia-
tomie or linear molecules.

In Figure 5 are plotted the waluea of the lefi-

hand sides of eq 2 and 3 as a function of J{J4-1).
The points fall quite well on straight lines, up to
J=11, the slopes and intercepts yialding the fol-
Jowing combinations of econstants: B(1+{)=
5357 em~!, P=1.9<10" cm™!, »+ B (1-8=
801045 em™!, (B'—B*1=0.066 cm™.
The value of I’ is not well determined by the data
of figure &; the slope as drawn is the theoretically
ealculated value, and also fits the data for the v
fundamental.

In order to obtain the values of the individual
constants, use iz made of dats from other bands
to obtain B, the rotationa! constant of the ground
state, common to all bands. By working up in
sn analogous way the data of Nielsen snd Nielsen
[8] on the »; fundamental, and of Dickinson, Dillen,
and Basetti [3] on the Raman lines of the same
band, we obtain B”=5.244 em~'. (This com-
pares favorably with the velue proposed by Childs
(10, 5.252 em™Y, from an analysiz of the » and w,
fundementals. The perfurbations in the latter
band, however, make it somewhat less suitable
{or & precise evaluation). This yields for the 5
sub-band of 2 », B'=5.178 cm™', {=0.0346,
#=>0005.81 ecm~". The eorrezponding values for
» are B'—F.207 cm=!, ;=00538, n=3018236
em~, If there were only harmonic terms in the
potential energy, the value of ¢ for the two bands
should be the same. The observed difference is
far beyond the experimental error and muwst be
due to anharmonic terms in the potential energy.

Acecording to eq 3, there should be & constant
difference of B(13875)=572 cm™ between
[REDFPENZ and QL. This is very neatly
what is observed, although the lines in the
branch, being not quita fully resolved, are not
known with great aceuracy. There is, however,
a slight hut definite anomaly near J=19, as shown
by the differences in table 3. It would appesr
that the § branch is weakly perturbed by another
vibrational level with zero internal engular mo-
mentum and a different value of B*, so that cross-
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ing with the F;° component occurs near this point.,
The perturking level may be the 4, sublevel of 2
¥y, or possibly some other combination band with
A} symmetry.

In addition to the good agreement between the
observed and celeulsted frequencies, the ralative
intensities of the lines, especiglly in the P and B
branches, show ezcellent agresment with those
calculated Ly dJsho [11]. In particular, the
relative weakness of the lines with J''=5 and
strength of those with /=6 is markedly apparent.

‘Phe ultimate goal of & study of the CH, spec-
trum is to derive constants that will yield the
observed positionsz, effective moments of mmertia,
and affective {'s of all observable overtone and
combination bands, and to explain these in torms

Ebacrption Spectra of Muthune

of a potential function. From the amall number
of completely interpreted bande this = not yet
possible, although the present work is a short step
in that direction, Further expecrimental study
under high resolution of CH, and its deuterated
derivatives, and further theoretical studies using
a potential function of somewhat greater simplicity
than that of Shaffer, Nielsen aad Thomas [7], are
required. A simplification of the experimental
hand struciure may be expoacted if measurements
are made at low temparatyres,
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