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High-resolution Fourier transform infrared and cw-diode laser cavity
ringdown spectroscopy of the  v,+2w; band of methane near 7510 cm
in slit jet expansions and at room temperature
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The v,+ 2v43 combination band of’CH, near 7510 cm! was studied with the recently introduced
technique of cavity ring-down spectroscopy employing a cw-diode laser in a pulsed supersonic slit
jet expansion and with Doppler-limited Fourier-transform infrared spectroscopy at room
temperaturev,+2v5 is the strongest absorption band in the high-wave-number region dfl the
=2.5 icosad of methane. First assignments of the combination band are provided. The vibrational
origin of v,+2v; at 7510.33780.0010 cm?!, the integrated band streng®=(1.3+0.2)

X104 pn? and the vibrational transition momerjiu,|=(1.0+0.1)x10 3 D have been
determined. The values represent benchmarks to test effective vibrational Hamiltoniaatsiaitico
calculations for methane. Although an isolated band analysis was possible dtValves, the
influence of strong perturbations becomes evident at higher rotational excitatiofR; \deenponent

of v,+ 2v3 interacting by a strong Coriolis resonance with the IR-achiyecomponent appears to

be a dominant perturber. @002 American Institute of Physic§DOI: 10.1063/1.1433505

I. INTRODUCTION mixed by Coriolis interactions. At sufficient spectral resolu-
tion, rovibrational transitions are found to split into compo-

The analysis of overtone spectra allows the study of innents due to the nuclear spin isomers 8€H,, ortho-
tramolecular dynamics of molecules in highly vibrationally methane with total nuclear spir=1 and relative abundance
excited states, for example, to extract mechanisms and time=9/16 at room temperature, meta-methane with2 and
scales of intramolecular vibrational redistribution x=5/16 and para-methane witk=0 andx=2/16. These iso-
processe$:® In many cases, however, homogeneous and inmers represent essentially three different modifications of
homogeneous broadening and spectral congestion gives riggethane, since approximate nuclear spin Symmetry
to unresolved, broad rotational contours preventing a lineconservatiofr?® prevents their conversion by optical transi-
by-line rovibrational assignment and analysis to extract theions and collisions at least on short time scdléscluding
more detailed dynamic information. With low moments of in a more general way also chemical reactiéhg’At longer
inertia and thus large rotational constants, overtone spectigne scales, though, nuclear spin isomers may
of methane are more easily rotationally resolved, particularlynterconver®2® Overtone spectra of methane thus contain
if supersonic jet cooling removes rotational hot-bandrich information, but they are rather complex and difficult to
congestior:® The assignment and analysis of methane isoanalyze. At present, the rovibrational analysis of overtone
topomer  spectra then allows testing effective spectra for polyads up td=1.5 is very advanced, and work
Hamiltonian§~*? and provides a database for analytical ap-is in progress to model also theN=2 polyad
plications and for modeling of spectra, for example, undentetradecay®?**°~3The analysis of higher polyads, how-
interstellar and planetary conditions. It is also feasible toever, is still at its very beginnings. To record weak overtone
perform accurate calculations in full dimensionality ebh  spectra of methane under room-temperature and jet-cooling
initio and empirically refined potential hypersurfacds’>  conditions, new experimental spectroscopic techniques are
which are to be compared with experiment. very helpful.

Considering simple harmonic oscillator and rigid spheri-  Cavity ring-down(CRD) spectroscopy with cw lasers is
cal top models, IR spectra of methane might at first be exa new technique, which combines very high resolution, ex-
pected to be rather simple. However, rotation-vibra{i@o-  treme sensitivity and the ability to measure absorbances
riolis) interactions spoil the simplicity by liting the directly>*~3" High sensitivity is an obvious requirement for
degeneracy of rovibrational level$?* In addition, strong analytical applications, but also important for certain funda-
Fermi resonances exist between CH-stretching and bendingental investigations of intramolecular dynamics, where in-
modes’?*Vibrational levels are thus grouped into resonancetrinsically very weak transitions are to be measured. Absor-
polyads, characterized by the common polyad quantum nunbances are required to quantify the concentration of
berN=v,;+v3+0.5X(v,+v,), wherev, andv; represent absorbing species, if their absorption cross section is known,
CH-stretching an@, andv, CH-bending quant&’ Each vi-  or to determine cross sections and integrated band strengths,
brational band is divided into different subbands classified bywhich are needed as data base for spectroscopic analysis, to
the T4 point group symmetry; they are in general strongly derive experimental dipole moment functiéh¥’ or to test
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ab initio calculations or model Hamiltonians. High resolu- The cw-diode lasefexternal cavity InGaAsP diode, Ra-
tion increases the selectivity of spectroscopy and allows redians Innovaprovides a few mW output in the 7465 cihto
covering most detailed molecular information, if rotational 8025 cmi* region in single frequency mode with a stability
line-resolved spectra are obtained. This will in general reclose to the intrinsic line width of 150 kHz on a ms time
quire the use of cw lasers, since pulsed laser systems haveseale, and better than 1 MHz if it is locked to an external
large bandwidth, at best Fourier-transform limited, thus lim-etalon. This corresponds thus to an effective instrumental
iting the effective resolving power of pulsed CRD resolving power of X 10° near 7500 cm'. After an optical
spectroscopy?*? High-resolution spectroscopy is best com- isolator which reduces unwanted back reflections, part of the
bined with supersonic slit jet expansions to minimize Dop-laser output is diverted to external lock and monittalens.
pler broadening, to avoid pressure broadening and to removEhe main beam passes through an acousto-optical modulator
rotational hot-band congestion by jet cooling, which will (Isomet 1205C-R and its first order deflection is coupled
greatly simplify the assignment of rotationally resolved spec-into a single mode optical fiber which transfers typically sev-
tra. eral 100uW power to the ring-down cavity within a vacuum
Recently, we introduced a new approach to cw-CRDchamber. Light is coupled into the cavity using a lens to
spectroscopy®®” which allows very sensitive high- match the geometry of the laser beam to the single transver-
resolution spectroscopy in pulsed slit jet expansions, and weal Gaussian cavity mode TE The cavity is composed of
characterized the technique by showing some nitrous oxidgvo highly reflective concave mirrors witl m radiugNew-
and methane overtone transitioddn the present study, we port SuperMirrors, B99.97% mounted on an optical
apply the technique in combination with Doppler-limited bench (Spindler & Hoyer, Mikrobank at a distancel
FTIR measurements to obtain the high-resolution absorptior-32 cm in a linear stable resonator configuration. A sole-
spectrum of thes,+2v3; combination band of methane near noid nozzlé"“**!with a 33x0.1mmslit generates pulsed
7510 cm %, and we present an analysis and first assignmentsupersonic jet expansions wital.2 ms duration. To reduce
of this band prevailing in the high-wave-number region of poppler broadening due to divergence of the gas pulse,
the N=2.5 icosad. the slit has been carefully aligned along the optical axis
of the cavity. The probe distance between the nozzle orifice
and the laser beam is 2 cm. The pump syst8600 I/s oil
diffusion pump backed by a vacuum blower with a mechani-

In CRD spectroscopy with diode lasers, monochromaticca rogghing pumpmaintains a background pressure below
light is coupled into an optical cavity composed of high-3><10 mbar in the vacuum chamber at 1 bar stagnation
reflectivity mirrors, and then switched-off. Light intensity Pressure and 10 Hz repetition rate of the nozzle. For room-
within the cavity will then decay due to losses on the mirrorsieMPperature measurements, the chamber is filled with the

and also due to absorbing gas-phase molecules by an expdeMPle gaswithout pumps operating and high precision
nential decay with decay constakt gauges with temperature stabilization are used for measuring

the sample pressure inside the chamt®&aratron capaci-

k=ac+(1-R)c/l. (D tance gaugesThe laser frequency reading is linearised dur-
The decay is monitored outside the cavityis the speed of INg @ scan employing the fringes of a 500 MHz monitor
light. R~1 is essentially the reflectivity of the mirrors, but €alon, which is enclosed in an evacuated box. Its has a free
also includes nonresonant losses by scattering and diffraéPectral range of 0.017 127 573 chand the frequency drift
tion. SinceR is essentially constant, the second term in Eq.s less than 1 MHz per day. Théagon is calibrated to abso-
(1) is the spectral baseline. The absorption coefficiens  lute frequency reading by recording absorption spectra of HF
related to the absorption cross sectior a/C, whereC is ~ vapor or CRD spectra of water vapBr:® After calibration,
the particle density of the absorbing species inside the cavitfhe CRD spectra have an estimated absolute wave number
Light is typically reflected back and forth several thousandaccuracy of 0.001 ci.
times in the cavity during the time for the measured decay One of the cavity mirrors is mounted on a piezoelectric
signals, resulting in effective absorption path lengths of seviransducer, to which a periodical triangular shaped voltage is
eral km. The absorbance per pasg given by Eq.(2) is an applied to modulate the cavity length at a frequency of 20 Hz
appropriate quantity for jet measurements, where concentravith an amplitude, which corresponds to slightly more than
tions are not uniform and in general not known, one free spectral range of the laser frequency. The cavity is

_ thus twice in resonance with the laser during one period. In

App=In(lo/l)=al. 2 resonance, the cavity length is matched to the laser wave-

The experimental setup employed for CRD spectroscopyength and the transmitted light intensity after the cavity in-
at room temperature and in pulsed supersonic slit jet exparcreases suddenly. The resonance during the first half of one
sions has been described in detail befSr&.In short, after period is used to predict when a resonance in the first half of
coupling light from a near-infrared cw diode into an optical thefollowing period will occur. At a given delay, the solenoid
cavity and then switching-off the laser via an acousto-opticalalve is then activated before the expected resonance, and in
modulator, the decaying light intensity is observed by a phothe maximum of the ensuing gas pulse a time window of 300
todiode. Matching the cavity length to the laser wavelengthus is defined. If the expected resonance occurs during that
is achieved by a simple passive scheme, where the cavityme window, it triggers the acousto-optical switch and the
length is periodically varied using a piezoelectric transducerdata acquisition. Since the pulsed nozzle is activated once

Il. EXPERIMENT
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every second period, it has a 10 Hz repetition rate. Reso: [ \ T T

nances occurring while the nozzle is not activated are col- 0.8 - PO Q(O) RY -

lected separately to obtain the spectral baseline during th i [TTTTI ITTTTTTTITT 7

same scan, which saves time and also reduces noise sourc”a 0.6 10

by baseline drifts. Further aspects of this simple, but effec- &,

tive mode-matching scheme applicable to pulsed supersoni ~ 0.4

expansions are found in Ref. 37. L i
A fast InGaAs photodetectaiNewFocus, 125 MHgis 0.2

used to observe the time-dependent intensity after the ring

down cavity. A sudden increase of the intensity over a certain 0.0 [

threshold indicates the resonance condition. The acousto hia

optical modulator then switches-off the laser output, and the 7400 7500 7600

following exponential decay of intensity is stored into one of \ ~

two digital oscilloscopes¢Tektronix TDS 220, bandwidth re-

duced to 20 MHg, depending on whether it corresponds to a

gas pulse absorption or to the background. To increase th

signal to noise ratio, the signal bandwidth is further reduced 0.6

to 2 MHz with an electronic Butterworth/Bessel filigdodel

3945, Krohn Hite without effecting the time constant of the g 04

cavity decay. Several decay functions are averaged in the g, “*

oscilloscopes and then transferred to a computer, which de ~

termines the ring-down constaktby fitting a single expo- b 0.2

nential function to the decay curve,

[(t)=const- |y exp(—kt). 3 0.0

Cavity ringdown spectra of the absorbing species in the gas 7000 7500
pulse and of the background are obtained simultaneously by
scanning the laser frequency and measuring the corresponc
ing decay time constants. Theeldecay time of the empty
cavity is typically7~8 us, corresponding to a cavity quality FIG. 1. Doppler-limited room temperature FTIR spectrum of Me 2.5
factor Q~1X 10'° and a cavity finess&~50000. After 8 p(_)lyad (i_cosad of methane(5_.25 mbay regorded ina30m r_nultipas; cell
us, light has made 7500 passes in the cavity and has travel (']th an instrumental bandwidth of 0.01 ¢h(FWHM, Hammlng_ apodiza-

. . . . ton). The upper panel shows enlarged the+2v; combination band,
2.4 km, which is a measure for the effective absorptionynich is part of the icosatsee text for details of the, Q, andR assignment
length. shown in the upper panel

Methane CH (=99.5%, Pan Gasvas used without fur-

ther purification for the jet experiments. For the room tem-
perature measurements, it was purified by trap-to-trap distifhe absolute wavenumber accuracy should be about 0.001
lation and repeated freeze—pump—thaw cycles, and it was i@ * similar to the CRD spectra or slightly less accurate. In
addition dried over phosphoric anhydride. FTIR spectra athe methane FTIR spectra displayed below, water impurity
room temperature were taken on our high-resolution FTIRINes have been subtracted using a water reference spectrum
spectromete(BOMEM DA002), where the 2.5 m optical recorded under similar conditions.
path difference allows a best instrumental resolution of
0.0024 cm! without apodizationwith Hamming apodiza- |j]. RESULTS AND DISCUSSION
tion 0.004 cmY), which is, however, not quite achieved near
7500 cm L1792 With a Doppler widthA7=0.023 cm'*
[full width at half maximum(FWHM)] of room-temperature Methane'“CH, is a spherical top molecule belonging to
transitions of methane near 7510 ¢t an instrumental the cubic point grouff 4 with four normal vibrationsy,, the
bandwidth of 0.01 cm® with Hamming apodization was symmetric CH-stretching vibratiofA; symmetry observed
chosen for the FTIR spectra displayed, corresponding to aat 2916.50 cri’, v,, a CH-bending vibratiotiE symmetry
effective instrumental resolving power near 700 000. In theat 1533.33 cm’, v5, the CH-stretching vibratiofF, sym-
6500—8000 cm' spectral region, the spectrometer wasmetry) at 3019.49 cm?, andv,, a CH-bending vibratiofiF,
equipped with a halogen light source, a quartz beam splittesymmetry at 1310.76 cm'.2°=*2Vibrations of E symmetry
and a liquid nitrogen-cooled InSb detector. To increase serare doubly degenerate, and vibrationsFofymmetry triply
sitivity, the spectrometer was employed with a multipassdegenerate. Only, vibrational bands are infrared active
White cell with 1.37 m base lengttiPortmann Instruments  with allowed electric dipole transitions from th ground
which had an effective absorption path length of 30 m. Be-state.
tween about 6700—7450 ¢rh water absorptions are appar- Methane shows distinct rovibrational absorptions in the
ent in the methane FTIR spectra due to water traces preser@800 to 7700 cri® region (Fig. 1), which are presumably
which were used for ain situ wave number calibratiof®  largely due to overlapping vibrational bands of tNe=2.5

~ -1
v / cm

A. Survey of the polyad components
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TABLE I. Symmetry species in the groufis Ty, S} and the associated total nuclear spand Pauli-allowed
rovibrational species fol’CH, .

T'(T) I'(Ty) I(T)1SE ([ partition] 2 I (Pauli allowed
A Ay Al +A; ([417+[1%7) 2 (Ay)

A A, A; +AL (1417 +[4]") 2 (AD)

E E ET+E~ ([221"+12%]) 0 (ET+E")
F Fi Fi+F, ([2,221"+[3,1]7) 1 (F7)

F F, Fy+F1 ([3, " +[2,22]) 1 (F1)

polyad®” TheN= 2.5 polyad is composed of 20 overtone andB. Symmetry, selection rules, and nuclear spin
combination band§cosad, but no definitive assignment ex- isomers

ists at p_resent. In its hig_h wave number region, re_gularly The traditional symmetry assignment of rovibra-
spaced lines are apparefig. 1), which have been assigned (jonq) |evels of methane uses the rotational subgroupf

to the v,+2v3; combination band_in 193%. This assign- the point group of the molecular equilibrium config-
ment, however, has not been confirmed yet. At the low résogation, which is sufficient for describing nuclear spin iso-

lution, which was then available, a spectral assignmenfyers and nuclear spin statistical weights. It has been known
seemed to be rather straightforward: @ibranch transitions  ¢5: some time though, that the fullfy point group

merge to one single line near 7510.’(:Jmand a progre;sion species can be employed as w852 In addition, when
of regularly spaced- andR-branch lines can be easily fol- jqersion or “stereomutation® is considered, one can use
lowed from_P(l) to P(6) _and fromR(0) to R(10). More e gy permutation inversion groupS, following
recently, this spectral region has also been measured at MEanguet—Higging® 5253

: ; ; ~1
dium resolution at 77 Kin the gas phagel4 cm ™ FWHM, For convenience, Table | summarizes the situation, using

. . . . 46 .
Ref. 49 and in liquid argon solution95 K),™ but without  yhe systematic nomenclature of Ref. 25 which assigns well-

providing a more detailed analysis. defined permutation group species in the symmetric g&up
Combinations with two CH-stretching and one CH- (Ay=[4], A,=[1%], E=[2%], F,=[2,22], F,=[3,1], see

bending vibrational quanta are chromophore states ifthe pqo¢g 25, 54 for the partition notatipand parity(+ or —) in
=2.5 polyad in a zeroth-order description. Other bands gaify, s inversion grous* ={E,E*}. S} is the direct product of
their intensity mainly by mixing with chromophore states. S, andS* . For the four protons in Citthe spin functions are
The band in the high wave number region has the strongegjf symmetry specied\, for total nuclear spid =2, F, for
peak intensities within the polyad. It is therefore reasonablg _ 1, andE for 1=0 in S,. The total Pauli allowed species
to assume that it approximately belongs to a chromophorsre the totally antisymmetrid, in S, (andA," andA, in
transition. Among themy,+2vs is highest in energy. Tak- gy 504 thus we obtain the combinations of nuclear spin

ing the sum of the obser\{ed positions of (Ref. 32 apd functions with Pauli-allowed rovibrational species as shown
2v (Ref. 47 as an estimate fow,+2v; and adding i, tapje | It is clear from Table | thad,, A,, F;, andF,

—~ —1
6G.33_-8ng-8T23.~ 33cm - to take account of the subband g, 6/5 inT, have a well defined parity and permutation sym-
splitting®® (details see beloy 7535 cmi! is then the esti- metry iS¢ , whereasE in T4 corresponds to a closely de-

mated position of the IR-activE, component ofy,+2v5. enerate doubleE* andE~ in S . Effective nuclear spin
Since anharmonicities have been neglected, this estimatiq%eights are thug, =5 for A-levels,g,=2 for E-levels, and

will be slightly too high, and the observed position near 7510 /=3 for F-levels. The frequency of occurrendé of T

C.m_l is thus in reasonable agreement with the proposed a pecies for a gived has been given by Ref. 55 in the form of
S|gnme1r(1)tb Otﬁf: chromo;()jhg/re statesdw;)vuldr@& vat V3'd equations and in Ref. 56 in general tabular form. Since Ref.
about cm™ lower, and &+ v, an s+ vs expecte 55 contains nontrivial misprints, the corrected equations are

around 7300 cm. ,
L .. _reproduced below for convenience,
The 12-fold vibrational degeneracy of the combination P

band v,+ 2v5 is distributed among its six vibrational sub- 2AM(J,A,p)=2]+1+3(— 1)+ (—1)*"[6+91(I)]
bands(componentsof A;, A,, E, E, F;, andF, symmetry,

which are all coupled by vibration-rotation interactions. Only +92(9),

the F_z vi_brational subband is IR-active in _zeroth_-order_ ap- 24M (J,E)=4J+2+6(—1)°—g,(J),

proximation, but other subbands also acquire IR intensity by

mixing with the F, component. At low rotational energies 24M(J,F,p)=6J+3—-3(—1)’+(—1)*"[6—g,(I)],
andJ-values, Coriolis interactions are not very effective, and (4)
the transitions to thes,+2v3; combination band will thus

resemble a regulaunperturbeli F ,-band[compare the dis- With  auxiliary  functions  g;(3)=6(—1)’[sinzIm)
cussion for 25 (Ref. 49]. At higher J-values, the Coriolis +cos@Jm)] and g,(J)=8[3?sinZm)+cos@ln)]. p=1
perturbation will become more important, and a rovibrationaffor A, or F,, andp=2 for A; or F,.

analysis has then to include all components of the combina- The triply degeneratE, vibrational level has three com-
tion band. ponents, denotel(™), F(®, andF(*), which are coupled by
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FIG. 2. Species of rotational levels BCH, (T4/ S} symmetry, see text(a) A, vibrational statdas the ground state(b) F,, vibrational statéIR active statg

Coriolis interaction(see Fig. 2%” An IR absorption band TI' denotes the rotational symmetry species, andistin-
from the vibrational ground state h&gbranch transitions guishes levels having identic&l within a given rotational
(AJ=0) only to theF(® componenfthus denotedQ(®],  quantum numbed. E is the rotational term energy. For ther-
R-branch transitions XJ=1) to F() [denotedR()], and  modynamical calculations, the tetrahedral tensor splitting of
P-branch transitions XJ=—1) to F(*) [denotedP{")]. A a rotational level can be neglected to a very good approxi-
regular F,-band has therefore onB, Q, and R-branch, mation (except for extremely low temperatujesnd E is
respectively’ These are only approximate selection rules,then approximated by the scalar contribution,

however, since the three components of Ehevibrational

level are mixed by Coriolis interaction particularly for higher ~ Es=BgJd(J+1)—DgJ?(J+1)2+HgI3(J+1)3, (8)
J-values. The more rigorous electric dipole selection rules in i . ]

St are very simply given by the principle of conservation of WNereBy is the rotational constani) the quartic, and the
nuclear spin symmetf and the change of parity, hence in sextic distortion constant listed in Refs. 58, 59,E By, vo

S; we have allowed transitions, =~ Ds,mo=Hy). N _ _
The question of collisional relaxation of the different
A=A, nuclear spin isomers has been discussed in considerable de-
. B tail elsewher€.We refer to this previous discussion without
ET—E", ©) repeating it here in detail, as our present results in this re-
FroF;. spect are perfectly consistent with Ref. 7. In brief, in a su-

personic expansion, there will be in general an insufficient
In thermal equilibrium, the fractional population number of collisions to establish thermal equilibrium be-
pi(J,T',t) of a ground state level is given by a Boltzmann tween the three nuclear spin isomers; the nuclear spin sym-

distribution (“relaxed” distribution’), metry is approximately conserved, and the mole fractions
of isomers retain their values before the expan$idfr.The
pi(J, I, 1) =gy(I')(23+ L)exp(—E(J,I",t)/KT)/ Qo relative population of rotational levels for a given nuclear
©®) spin isomer, however, is rather well described by a Boltz-
with the rotational partition functio®,.;, Eq. (7), mann distribution at low rotational temperature. In a jet ex-
pansion, methane is thus effectively a mixture of three dif-
Q= > 9,(T)(23+ 1)exp —E(J,T,1)/KT). @ fergnt speci.e's, which do n(.)t.intercha'r(@arity, howgver, is
JTt quickly equilibrated by collisior. This nuclear spin sym-
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The scalar rovibrational term values of Brvibrational
level are approximately given by E¢Q), where centrifugal
distortion and tetrahedral splitting of rotational levels have
been neglected,

- 0% E+R,
400

200 FM () =vy+B,J(J+1)+2B,¢,J,
FO)=vy+B,J(J+1)—2B,Z,, 9

FO(J)=vy+B,J(J+1)—2B,{,(J+1),

408
300
200
100

0

L . where ¢, is the Coriolis interaction paramet®&r’’ B, is an
effective rotational constant with different values in &
andF(*) subsystem&4° 1, is the vibrational origin; it cor-
responds to the term value of the lowest quantum level,
F()(0). In thelowest order of approximation, the tetrahe-
dral splitting of a rotational level is proportional to the
Clebsch—Gordan coefficierfE{\i, where R=(J+1), J

and @—1) for F(), F© andF(7), respectively, and where

p labels the rotational symmetry specf881-7“A linear fit of

0.6 7 the term values of tetrahedrally split components versus the

corresponding={*RR) coefficients therefore yields as slope
0.4

A4 /10°

A1PpP
the proportionality factor and as intercept the scalar term
value of the rotational level. Equatia®) holds for an iso-
lated fundamental band, with one quantum of the triply de-
generate--vibration excited. Vibrational overtone and com-
bination bands (as v,+2v3) split into components
! (subbandgof different symmetry, which are mixed by Cori-
7509.5 7510.0 7510.5 olis interactions. An isolated band description of term values
as in Eq.(9) is then approximately valid provided that the
7/ em perturbations are not very effectiff.
With tabulated ground state term valffeand the above,
FIG-I3- é}br?nclh r?tgié)r'l: %th{h@ﬁtZw cotmbination band O*ZCdth}- Lower  gimple expressions for excited state term values, transi-
ﬁf‘gﬁel-); e [')'2:];: CW_C;%eZg:Erinzogp A Zﬁpjirtagg;r:s'%?f;imbar tions energies can be calculated. Using these values and, fur-
methane; upper panel: simulated spectrum corresponding to a rotationdhermore, line strengthgésee below as guidance, it was
temperature of 45 Ksee text for details rather straightforward to assign the low-lying lines in fRe
and P-branches observed in high-resolution room-tempera-
ture FTIR and slit jet cw-CRD spectra. All components of
metry “conserved” distributionis derived similar to Eq6),  R()(0) to R(")(3) andP(*)(1) to P(*)(3) could thus be
except thatp; has in addition to be multiplied by the corre- determinedJ-values in parenthesgsThe Q-branch at room
sponding mole fractiom of the nuclear spin isomer at room temperature, however, is very congested, since components
temperature, and the summation in the rotational partitiorof different rotational levels are overlapping. Jet cooling was
function Q,. extends only over the allowed rotational levels in this case essential to identify the low-lying lines of the
of the corresponding isomer. Q-branch, fromQ(©(1) to Q(®(4). In this notation, the su-
perscript(—), (0) or (+) denotes a transition to thie(™),
F© or F(*)-component, respectively. Since the strongly al-
lowed P, Q, and R-branches terminate in different compo-

In the present work, th&-branch region ofv,+2v, nents of theF-vibrational state, the method of identifying
around 7510 cm, and also some select® andR-branch  “combination differences,®’ which often greatly facilitates
lines have been recorded employing cw-CRD in a pulsed slithe assignment of rotationally resolved IR spectra, is not
jet expansion of 1 bar methane and combined with thevery useful in the present case. In the upper panel of Fig. 3,
Doppler-limited FTIR spectra at room temperature. Figure 3a simulation of theQ-branch transitions is shown assuming a
shows theQ-branch region ofv,+2v5;. The Doppler width  nuclear spin symmetry conserving rotational distribution at
of the rotationally resolved transitions decreases fidih 45 K. The agreement between the simulation and the jet
=0.0233cm?! (FWHM) at room temperature to 0.0098 experiment is very satisfactory, which supports the assign-
cm 1 in the slit jet expansion, which corresponds to 54 K asment. The assigned rovibrational transitions mof+2vs,

a formal Doppler temperature. It is clearly evident from Fig.transition energies and term values are finally summarized
3 that rotational cooling in the jet expansion simplifies thefor convenience in Table Il. InJ-levels with several
spectrum and improves the spectral resolution; this is a pre=-components, the order of the sequence=afomponents
requisite for an assignment of the congesztiranch. cannot be decided with intensity arguments. In the assign-

o /fm’
I T

0.2

0.0 F .

C. Assignment of the rovibrational line spectra
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TABLE II. Assigned transitions from the ground state and term values/er2v; of *?CH,. (a) The F()
sublevel ofv,+2v;. (b) The F(© sublevel ofv,+2v;. (c) The F(*) level of v,+2v;.

Term values/cm’

Transition I'(Ty) Plem 12 Lower stat8 Upper state
(@
R()(0) A, 7520.8565 0 7520.8565
R()(1) Fi 7531.4174 10.481649 7541.8990
R()(2) E,F,° 7542.0682 31.4422 7573.5104
R()(3) A, 7552.7361 62.878173 7615.6143

F, 7552.8059 62.876845 7615.6827

F. 7552.9779 62.875783 7615.8537

7615.75232)/—0.6(2)¢
(b)

Q1) Fi 7510.2873 10.481649 7520.7689
QO(2) E,F,° 7510.1531 31.4432 7541.5953
QO(3) A, 7510.1902 62.878173 7573.0684

F, 7510.0533 62.876845 7572.9301

= 7509.9636 62.875783 7572.8394

7572.9126)/0.623)°

Q) (4) F, 7510.0309 104.78002 7614.8109

E 7509.8820 104.77604 7614.6580

Fi 7509.7682 104.77471 7614.5429

A, 7509.5727 104.77285 7614.3456

7614.63134)/—1.43)¢
(0

P(H)(1) = 7499.8562 10.481649 7510.3378
P(+)(2) F, 7489.3359 31.442389 7520.7783
E 7489.2936 31.442123 7520.7357
7520.761+0.14
P()(3) A, 7479.0013 62.878173 7541.8795
F, 7478.7163 62.876845 7541.5931
= 7478.6296 62.875783 7541.5054
7541.60839)/1.0(2)¢

3Gaussian line profile fits with 0.001 crhestimated uncertainty, fd?- andR-lines to room-temperature FTIR
spectra and fof)-lines to the cw-CRD-jet spectra.

From Ref. 62.

°E andF,-components not resolved. For the ground state, a mean term value was chosen.

dScalar term value/proportionality factor from a linear fit of tetrahedral splittings vs the correspd?ﬁélm
coefficients(see text In parentheses are standard deviations in the unit of the last figure quoted, except for
P(*)(2). Thevalues given below the horizontal lines correspond to a weighted average of those term values
given just above it, which relate to the same valudl.of

ment of tetrahedral splittings, the order is consistent with thehe excited vibrational stat&(™)(0). With ameasured tran-
sequence of the:%l?)? coefficients?®®! The scalar term sition at 7499.8562 cm and a known ground state term
value and proportionality factor obtained from a linear fit of value of 10.481649 cnt,*? the term value ofF(")(0) is
tetrahedral splittings versus the correspond#ifyy) coeffi- ~ then 7510.3378 et with an estimated uncertainty of 0.001
cients is also included in Table II. cm This value is the vibrational origimg of the combi-
As a further example of slit jet cw-CRD, Fig. 4 shows nation bandv,+2v5; it represents a benchmark for calcula-

; ; ; o 22
the P(*)(1) transition from theJ=1 ground state level tions of vibrational level positions.
of ortho-methane and the two resolved components o
P(*)(2) from theJ=2 ground state levels of ortho- and
para-methaneJ=2 is the lowest quantum level for para- The regular appearance of low-resolution spectra and
methane, while for ortho-methane ald3e 1 is allowed. In a the successful analysis and assignment of the low-lying
nuclear spin symmetry conserving distribution, the intensityrotational levels may create the impression that the com-
ratio of bothP(2) components thus allows a determinationbination band v,+2v5 can be treated as an isolated,
of the rotational temperature of the jet expansifrin the  regularF-band transition. A preliminary fit of rotational term
present case an estimate of about 40 K is obtained in agregalues(Table 1)) to Eq. (9) yielded vo,=7510.25(3) cm?,
ment with the simulation of the jet-coole@-branch. The ¢,=—0.006(2) cm?, andB,=5.216(1) cm* for F(®) and
P(*)(1) transition terminates in the lowest quantum level ofB,=5.256(3) cm* for F(*), where the values in parenthe-

B. Perturbations
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FIG. 4. P-branch transitions of the,+ 2v; combination band ot’CH,, 0.2 - 7]
observed by cw-CRD spectroscopy in a slit jet expansion of 1 bar methane | J
Lower panel:P{*)(1) line (F;-component The fit line is a Gaussian curve ﬂMy
with A$=0.00984(2) cm* (FWHM), corresponding to a Doppler tem- 00 MM ! : ,L,,J}M,m,,l . / . M:J\Am
perature of Tpyppe=53.7(2) K. Upper panel: Both components of the
P(t)(2) line. The relative intensities of tHe- and F,-components can be 7508 7510 7512 7514 7516

used as a thermometer for the rotational tempergge text - R
v /cm

ses are estimated standard deviations in the units of the las q'1_6+r%bJ;Sg?t?;gges’ﬁ:vvzs"fhzogcﬁg;tg’ Zli??:tdsgfgm“magu;ndezspgasion
figure quoted. Compared to the ground state VAIt®EB,  of 1 bar methane. For comparison, the lower trace shows the Doppler-
=5.24104 cm !, the effective rotational constants appear tolimited room temperature FTIR spectrum of 5.25 mbar methane recorded in
be rather largésee also a related finding fowg in Ref. 63. a 30 m multipass cell with 0.01 ¢ instrumental bandwidtfFWHM,

. Hamming apodization
The parameters are presumably effected by perturbations and
should be considered as fit parameters, only. With a standard
deviation 0.07 cm? of the 11 calculated term values, the fit
is not very satisfactory; this also indicates the presence ofomponents ofP(*)(3) are easily assigned; they are the
strong perturbations. On closer inspection of the spectra, inost dominant transitions in the expected region around
becomes obvious that higher rotational levels are heavilyf479 cmi?, and they have the expected intensity ratio. In the
perturbed, with additional transitions and irregular intensi-7468 cm ! region, however, thé\;, F,, E, andF, compo-
ties. An assignment of levels with=5 and higher(rota-  nents of a regulaP(*)(4) transition would be expected with
tional terms higher than 100 ¢y was thus not possible. an approximate intensity ratio of 5:3:2:3, respectively, but
Such an assignment must include also the perturbing vibrahis pattern is not found in the spectrufffig. 5). For both
tional states. As example, Fig. 5 shows the range ofPif8)  P(*)(3) andP(")(4), additional transitions grouped around
and P(4) transitions of thev,+2v; combination band of 3—4 cm! higher in wave number are apparent, which be-
12CH,, observed by Doppler-limited Fourier transform infra- come stronger compared to the “regular” transitions with
red (FTIR) spectroscopy at room temperature. The thredncreasingl. This could indicate perturbations due to a Co-

0.8 T L _; 1 1 1 1 L] I 1 1 L +l | T 1 L)
- PP4) PY3) -
0.6 —
e i 4, ]
3 04 F;Fz —
5 - 2 ]
02+ ~ —
0.0 I WJMWW
7465 7470 7475 7480

~ -1
v /cm

FIG. 5. P-branch transitions of the,+ 2v; combination band of’CH,, observed by FTIR spectroscopy at room temperature and Doppler-limited resolution
(5.25 mbar methane, 30 m multipass cell, 0.01 &instrumental bandwidth FWHM, Hamming apodization
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TABLE Ill. Symmetry splitting in some overtone and combination bands of a tetrahedral molecule and vibra-
tional positions of methane.

State Splitting termfollowing Ref. 48 Observed position/cit
v, E Gy 1533.33(Ref. 32
2vs Ay 0 5968.1(Ref. 63

E 6Gast 12T 33 6043.8(Ref. 69

F2 6G33—8Ta3 6004.99(Ref. 47
Vot vy F, Gyt 2G5+ 8T 4543.76(Ref. 66

F1 Gt 2G33— 8Ty 4537.57(Ref. 66
v, +2v;, Ay Goot 6Ggat 12T 55+ 16Ty 7559

A, Gyt 6G33t+ 12T 33— 16T 03 7546

Fq Gyt 6G33—8T33+8Tys 7516.%

F2 Gopt 6Gg3—8T33—8Ty3 7510.3378

E Gopt 3G+ 6Tagt (3Gaat 6T50) %+ 256T5, 7553

E Gyt 3Gggt 6T 5~ V(3G3a+ 6T53) >+ 25672, 7476

Calculated, using the shift relative to the observed position oftieomponent.
bPresent work.

riolis resonance. Figure 6 shows as a further example ththese components can be expected. It is thus very likely that
spectral region around th®-branch ofv,+2v;, observed additional transitions, which have been observed about 3
by room-temperature FTIR and cw-CRD spectroscopy in @m™* higher in wave number than the “regularF,
supersonic slit-jet expansion. The rovibrational lines around)-branch, are due to thd=;-component, which gains
7510 cm! are assigned to the regul&r, Q-branch. The intensity by Coriolis interaction and mixing with,. In ad-
additional lines grouped around 7513 cthtannot presently dition, further Coriolis resonances and anharmonic reso-
be assigned; they are indicative of a resonance. The naturences with other members of tNe=2.5 icosad system may
and identity of the relevant perturbing states is unknown, butlso be effective. A more extensive rovibrational analysis of
it would be very reasonable to assume that the various symw,+ 2v5 including these perturbations is in progress.

metry components of,+ 2v4 interact very strongly by Co-
riolis resonances, which become more effective with highe
J-values. Such interactions have been observed before in all The integrated vibrational band strength,

lower polyads of methane, for example in the;2and 2v,

bands!® where the interaction between th&- and G:f o(v)dinw, (10)
F,-component has to be considered, orvist+ v5,%* where band

the F, and F,-vibrational components are strongly interact-

E. Line strengths and integrated band strength

ing. In all these cases and presumably also in the present 0.10 Fr———r
combination band, an isolated band analysis of the L 008y 3
F,-component can only be an approximation valid for low £ 006} ]
J-values. o 0.04F ]
Using perturbation theory, Hecht has derived expressions 0.02F ]
for the symmetry splitting of various combination bands of 0.00 f= L e
tetrahedral moleculetsee Table 111.*8 The coefficients are, 7499.80 7499.85 7499.90 7499.95
in the corresponding order of theory, functions of potential ¥ /em’
terms of methané but it is probably more practical to con- 04—
sider them as effective parameters, which can be obtained . O03f R7(0), 4,
from a fit to observed vibrational term values. To obtain the g 02f i
relative splitting in the combination bang,+2v3, the co- Ta o1k ]
efficients Ga3, T3, and T,g are required.G;3~8.7 cmi't '
andT33~2.0 cni ! are obtained from the spacing of the2 0.0] . : X
component8/®3%and T,3~0.4 cm ! from the splitting of 7520.80 752085 7520.90
the F4- and F,-components inv,+ v3 (Refs. 64, 66 (see v/em”

'I_'able III.)..W|th these coefficients an_d the opseryed vibra-p, ;. Absorption cross sections ®()(0), A, (lower panel and
tional origin of theF,-component, estimated vibrational po- p(+)(1), F, (upper pandlof v,+ 25 of *CH, obtained by cw-CRD at 299
sitions of the symmetry components Bf+2v5 have been K. Data points for the(0)-line represent two independent measurements at

calculated; they are also listed in Table Ill. It can be seen thal-022 and ?)-024 mbgrozam%eoF)ZFSGSSléfesvTindf_fﬁPmS_ -“nerOUf mea-

. . surements between 0.08 and 0.28 mbar. The fit lines are Gaussians corre-
the Fi compqn_e_nt is  rather C_r']fse to . the  IR-active sponding to effective Doppler temperatures of 2@%and 31%12 K for
F,-component; it is only abg‘?t 6c¢ hlgher IN Wave NUM-  the R and P-line, respectively(uncertainties estimated from the scatter of
ber, and analogous t@,+ v3,”" a strong interaction between single data sejs
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is a very characteristic property of a vibrational interactions. The extrapolation thus allows the determination
transition'*>®” G is defined as the integrated absorptionof the unperturbed vibrational transiton moment ofv,
cross section over all rotational transitions belonging to thet+ 2v;.
band, making appropriate corrections for vibrational level  Figure 7 shows the absorption cross sections of
populations and stimulated emission, if necessary. If it isR(™)(0) andP(*)(1) of v,+ 2w, of >CH, obtained by cw-
known, the absolute intensities of rovibrational lines at anyCRD spectroscopy at a measured temperature of-29Q
temperature can be calculated, and concentrations of the abnd at different sample pressures ranging from 0.022 to
sorbing species can be evaluated. The integrated bar@?28 mbar. The data points are well represented by Gaussians
strength also allows the determination of the vibrational trancorresponding to a room-temperature Doppler width.
sition moment u,| that can be compared witib initio cal-  For R(7)(0), an integrated rovibrational line strength
culations of dipole moment functiodg31>1867.68Fgr the  of G;;=(1.03+0.02)x10 ¢ pn? is obtained, and for
triply degenerate vibration, the integrated band strer@th P(*)(1), G =(0.237+0.003)x 10 8 pm?. The estimated
is related to the vibrational transition moment via EQ.uncertainties are dominated by the uncertainty of the sample
(11),87:69.70 pressure measurement. With a calculated rotational partition
3 function Q,,=595.8 at 299 K, the population of the
= L 813“.1, 12=124.87|1,|/D)? pn? (11) J;=0 ground state levelA;-symmetry is p;=0.00839.
4meg 3he T " ’ J;=1 (F;-symmetry has a rotational term value of 10.48

_1 _ . .
where the first part is in Sl units. In the second part, the™ andp;=0.014 36. Using Eq(12), an integrated band

— 4 _li
constants have been inserted with the vibrational transitioﬁtren,g}hG of 1.21x10 pmz. from theR(0)-line anc_i 1.48
moment] .| in the unit D (Debye X 10 * pn? from the P(1)-line is extrapolated, giving a

The integrated absorption strendhy; of a rovibrational cqmblned_ valgé}: 1.34x10"* pnv* with abp ut 10% uncer- .
absorption line from the initial lower Staig%g% ginal excited 2:;2/’ V\\;\rl]ilt(;\h Eqm (lei()celgen\t/igrgargg:;?nirg::iﬁt:ﬁ ?é?nss: -
statef is approximately given by Ed12), |u,|=1.04x10"3 D is then evaluated with about 3%

uncertainty(the sign is undetermingdCombining the cw-

Gfi:flmef’(”)dln”:piGRfiFd- (12 CRD with the FTIR data and allowing for various sys-

tematic uncertainties, we may quote as a final estimate
p; is the fractional population of the ground sta@,s the  G=(1.3+0.2)x10 * pn? and |u,|=(1.0+0.1)x 10 D.
vibrational band strength, anfl is a factor similar to the Previously,|u,|=0.0534(3) D has been determined for the
Herman—Wallis factor for diatomic molecules. It is empiri- fundamentalv;.%” The combination band,+2v; is thus
cally given asF =1+ a;m+ a,m?+---, wherem=—1J;, 0,  about 3000 times weakeffor the ratios ofG), which is
andJ;+1 for P, Q, andR-branches, respectively-">F con-  within expectation. The experimental band strength values
siders the transformation of the dipole moment operator duare necessary for modeling intensities #p+2v5 and for
to rotation-vibration interactionsd takes account of the di- analytical applications. They also represent benchmarks for
lution of line strength by admixing dark state character byab initio calculationst®—2!
Coriolis interactions. At lowJ values, Coriolis interactions
are not very effectivel- andd are then close to 1 and can be IV. CONCLUSIONS
neglected.R;; is the rotational line strength factor for the

F-o A, transition®?69.70 The complex [oyibrational spectrum of methane between
27 : 6600 and 7700 cmt is a typical example, where an IR spec-

12J3+1 trum contains rich information about the anharmonic poten-

Ryi =3 23+1° (13 tial and dipole moment functions. The absorptions are due to

theN=2.5 icosad of methane, and the+ 2v; combination

cw-CRD spectroscopy at room temperature has beeband at its high-wave-number region near 7510 twas
employed to measure very accurately the integrated absorgtudied here in detail both by FTIR spectroscopy at room
tion cross sections of selected rovibrational transitions of theemperature and Doppler-limited resolution and by cw-CRD
v,+2v5 combination band under well-defined temperaturespectroscopy at room temperature and in a supersonic slit jet
and sample pressure conditions; this corresponds to the dexpansion. The increased spectral resolution due to the re-
termination ofG;; . The result has then been extrapolated toduced Doppler width of rovibrational transitions in the slit jet
the total integrated vibrational band stren@lusing calcu- and the spectral simplification afforded by the rotational
lated populations;. A direct integration over all rovibra- cooling of the supersonic expansion allowed for an assign-
tional lines of v,+2v3; might introduce systematic errors, ment of the transitions at lodrvalues. The vibrational origin
since many transitions in the range of the combination bandf v,+ 2v, at 7510.3378 cit', the integrated band strength
belong to other members of the polyde=2.5. Nevertheless, G=1.3x10 % pn? and the vibrational transition moment
in order to provide an estimate independent from the cw{u,|=1.0x10 3 D have been determined. The values repre-
CRD measurements, such a direct integration was performezsent benchmarks to test the quality of effective vibrational
on the room-temperature FTIR spectryfig. 1), giving G Hamiltonians andab initio potentials and dipole moment
=1.22x10"* pn? (integration from 7400 to 7650 cml).  functions'®®Although an isolated band analysis is possible
The cw-CRD measurements are performed for transitionst low J-values, the influence of strong perturbations be-
with low J; values, which are not effected much by Coriolis comes evident at higher rotational excitation. The
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F,-component ofv,+ 2v5 interacting by a strong Coriolis
coupling with the IR-active-,-component appears to be a

dominant perturber. A more detailed rovibrational analysis;
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