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The stretching and hcnding vibrations of melhane are studied in a local anharmonic lllodcl of molecular vibrations. The use of syrnmelry-
adapted opcrators reduces the eigcnvalue prohlcm to hlock diagonal 1"01'111. f-or Ihe 44 ohservcd energies WC ohtain a fit with a standard
deviation of 0.81 cm-I (and a r.m.s. deviation of 1.16 cm-I).

Ke.n\'{)rds: Molecular vihrations: anharmonic model: methane

Se hace una descripción de las vibraciones de tensión y nexión de metano en el marco de un modelo local anannónico de vihrJciones
moleculares. El uso de operadores y funciones adaptadas por simetría permile reducir el problema de valores propios a una forma diagonal.
Para las 44 energías ohservadas se ohtiene un ajuste con una desviación Csl:ílldJr de O.R I cm -1 (correspondiente a una desviación cuadr¡ítica
media de 1.16cm-I).

[)escriptores: Vibraciones moleculJres; modelo anarmónico; metano
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2. Local anharmonic symmetrized coordinates

since il reduces the Hallliltoni:ltl to hlock diagonal formo
In lhe case of Illelhanc there is a rcJundancy betwecn the
curvilinear coonlinates \\'hi<.:hdescribe Ihe bending dcgrees
01' frecdolll. The redundanl nf spurious comhinalion can hc
removed from Ihe oulset hy reslricting Ihe labels r ami .r

The vihrationaI Hamiltonian of Illethane is usually exprcssed
in lerms of curvilinear internal coprdinatcs Si and their con-
jugate mOlllenla Pi [8,91. Both Ihe kinClic ami potenlial cn-
crgy are then cxpanded as a Taylor series around lhe equilih-
rilllll cOllfigurations. In praclicc. it is convenicnl lo introduce
sYllllTIetry-adaplcJ curvilincar inlernal coordinatcs and thcir
conjugalc 1ll0lllenta 1;) I

variahles) internal coordinates. The fundamental idea is to in-
corporatc anharmonic clfects in the local modes fromlhe oul-
sct. This is done hy suhslituting the standard crcation amI an-
nihilation opcralors associalcJ wilh Ihe inlernal coonlinalcs
hy SU(2) opcrators which carry lhe intrinsic anharmonicity of
lhc local modes. The resull can he viewcd as a sYllllllctril.cd
(and in olhcr ways illlprovcd) version 01' our pre\"iolls work
on lllell1ane [7J.

(1)Pi = L Q~,r.,.PX,r..•,
:r.r ...

IU

SI",I'., = L(l;~',I\Si,
;=1

1. Introduction

The dcvclopmcnt and rcfinemcnt of experimental techniqucs
in high resolution spectroscopy has generaletl a wcalth of
!le\\' dala on rovihrational spectra 01' polyalomic molcculcs.
Highly sYlllllletric molecules. such as tClrahcdr;¡! Xy., sys-
lcms. form an ideal lesling ground for Illodcls 01' molecu-
lar structurc. On lhe one hand. the high dcgrcc nI' symmctry
tcntls to reduce the complexity of Ihe speclrum and on lhe
olher hanJ, lhe use of syrnmctry conccpts and group theorcl-
ical tcchniques may hclp to intcrpret the tlata anJ evenlually
suggest new cxperiments [1]. A good cxample is the mcthane
moleculc, for which there exisls a large amounl 01"informa-
tion 011 vihrational energies.

Theorelically. Ihe force fleld constants 01'methane fmm
which lhe spectrum can he generalcd [21 can he ohlainetl
from anharmonic force field calculations 13J or oh illilio cal-
cu1alions. see e.g. Refs. 4, 5. In a more empirical approach,
the vihralional Jlamillonian is expressed in terrns of curvilin-
ear inlernal coordinales. which are symmclrized for Ihe hentl-
ing variahles. hui nol for thc slretching variahles. The model
paramclcrs are oplimized in a fit to experimental vibrational
cncrgics fü}.

The aim of Ihis papcr is to investigale lhe strctching
and hcnding vihrations of I1lcthane up lo Ihrec quanta in a
symmelry-adapled vihrational motleL The Illethod is hased
on the use 01' sYllllllctrized (hoth (01' bcnding :lIld slrelching
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lo lhe fundarncntalmodcs ol1ly: r = Al. F2 ror strctching
vihrations (.1' = .'l) and r = E, F:? ror hcnding vihralions
(.1' = b). Howcvcr. as a conscqucncc the ¡nverse tran-sfor-
malions 01' Eq. (1) hecome nonlinear 18,9). In the present
discussion wc prcfcr lo kccp lhe redundant coordinatc (with
s)'mrnctry lahels .1' = b, r = A¡), and lo rClllove the spuri-
ous states al a latcr stage. In this case lhe ¡nverse relations are
lincar jusI as Eq. (1) itself.

Ncxl ''''C introduce inslcad 01' Ihe symmclrizcd cOOflti-
nales ami l110mcnta 01' Eq. ()) crcalion and annihilation op-
cralors

JIJ).rs . -
2ft .r,l ••

I
~iP7rv2/3.r,rT¡. '"l

- &1
- .T,!' •• '

given hy

(] = UI (2) 0 U"(2) 0 ... 0 UIO(2). (6)

The Halllillonian and other (pCral?rS 01' interest are expressed
in lerms of the generators J¡l,i' Ni of the U¡(2) algebras in
Eq. (6). The local has;s states for eaeh oseillator are INi,Vi).
where Vi = 0,1, ... [Ni/2J denotes the number of oscillator
quanta in the i-lh oscil1ator and N¡ is related to the depth of
the anharmonie potentiallll, 12, 141.

For the CH-1 molecule there are two different boson num-
bcrs: Ns for the stretching modes and Nb for Ihe bending
modes. The tetrahedral symmetry 01' methan~ is taken into
accounl by sYlllmelrizing the local operutors .1¡l,i [71

J_13,_.rS .. + __ I__ iP -/,.
211 J,I,. J213.r,rh x,r,. - :r,I"I'

(2)
10

T~r,.- ,i ¡-
jl,X - L °z,r, 'JI,i.

i=1

(7)

- .
1. _ I -. Nj - _ . J_" _ . 1I"i' vil - "'\r. [.1-." O- - Jo.j] - -el,j "'\'. - -eli]ai.

Vi\'j - Vj~i

where.i,' = .id.i + (.Í+.,L.i + .L,;i+.¡)/2 = /Ji(ií'i +2)/4,
¡.l'. X¡/2 = j¡ 114J. Thc anharmonic operators satis!"y the
commutation relation

The coeff1cients oi- ;r are lhe sume as in Eq. (1). The sym-,,
Illetrized tensor operators nI' Eq. (7) correspond to ten dcgrees
01' freedom,tour 01' whieh (A 1 EB F") are related to stretehing
modes and six (Al EB E (fJ F") to the hendings. Con sequen tiy
we can identify lhe tensor with :r: = b and r = Al as the
operator associaled to a spurious mode. This identificalion
makes it possihlc to eliminate the spurious states exactly. This
is achievcd hy (i) ignoring the tA,1 tensor in the construction

¡I,'
ofthe Hallliltonian, and (ii) diagonalizing lhis Hamiltonian in
a syrnmctry-adapled hasis fmm which the spurious mode has
heen removed 115,16). It is important to note that, aithough
in general in the presence 01' anharmonic interactions only
approxilllatc mClhods can he developed to eliminate spurious
dcgrees 01' freedom, the particular anharmonizalion provided
hy U(2) "dmits a symmetry proeedure lO exelude the unphys-
ieal SIates exaetly 116].

The vihralional Hamiltonian for mcthane can now be con-
strueted hy repeated eouplings 01' the tensors 01' Eq. (7) to
a sealar (r = Al) under Ihe tetrahedral group T,¡. \Ve
use lhe standard lahelling ror lhe vibratianal hasis states:
(VI V~2/1;3V~4), whcre VI, VI and 1/;1, V4 denote the number of
quanla in the :\ 1, F:.? stretching modes, and in the E, F2 bend-
ing modes, respectivcly. The labcls l1 are related to the vibra-
lional angular momentum associalcd with degenerate vibra-
tions. The alJowcd values are l¡ = Vi, Vi - 2, ... ,1 or O for
Vi odd or cven 117J.

In this papero the Hamiltonian is taken lO be diagonal in
thc tOlal number 01"quanla \' = VI + V2 + V3 + V4. and in the
polyad \" = 2Vl + 1J.}. + 2lJ;1 + V-1. hUl does nat conlain ex-
plicit Fenni inleractions hctwcen the slretching and hending
vibrations. Fermi intcractions can hc includcd in the model
hy rneans of additional interactions which are diagonal in the
polyad V' = 2v¡ + v'}. + 2v3 + 1.1,1 antl exchange quanta
helwcen the strelching and hending modes. In that case the
numher 01' quanta \' ceases lo he conserved.

3. The vibratinnal hamiltonian

(4)

(3)
10

'O~r bi.L "
i=1

1 , _ L.i
lJi -+ 0j = rv-.'vA¡

10

1I - L' bt, l' - Oc [' ,' •.r, ,. -, ,.

i=1

The operators Jjt,j with 11 = I, O logcther wilh the numher
operalor f\"j are the gener<llors of Uj(2). In the limit j\'¡i -+ 00

\vc recovcr the harlllonic dcscription in lerms 01' bl. Vi and
1\ = bIl'i. \Vith each inlernal coordinale we associate a U(2)
algehra. For the methane molecule this leads to four U(2) al-
gchras for lhe slretching degrees 01' frecdom ami six more for
lhe hending degrees 01' freedom (ofthe lauer, one linear com-
hinalion is spurious). The molecular dynamical group is then

As lllenlioneJ he fore , the basic idea 01' the present ap-
proach is lo explicitly incorporate anharmonic cffects in the
local molles. It has heen shown that the anharmonicities in-
dllced hy pOlenlials such as Ihe Morse and Püschl- Teller os-
cillatofS can he deserihed in lerOlS 01' U(2) algehras 110, 11].
HerelO we construcl an anharmonic representation 01' the lo-
cal operalors hI ano bi Ihrollgh the correspondence [13, 14J

Thc cocflkicnts ,13.1,1' represent scaling factors ror each vihra-
tional moJe. AccorJing to the discussion following El). (1)
the sYllllllelrizeJ operators can he expanJed in Icrms 01' local
operators as

Ni'I'. Me.\". Ft'l. 45 (2) (1999) 125-131
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According lo the ahoye procedure. wc naw construct lhe
Tri. invariant intcractions that are al most quadratic in lhe gen-
cralors and conserve lhe total number al' quanta

Hcre r = Al, F2 ror lhe stretching vibrations x s and
r = E, F, for the hending vibrations x = b, In addilion to
Eq. (8), lhere are IwOslretehing-bending inleraetions

H. - 1"(tF', tF" + tF" tF,,)s¡' ') l"fiTV L- -,s +,b +,s -,b '
-VH,"¡' "Y

has already been exeluded in order to remove lhe spurious Al
bending mode. The subscripts of the parameters correspond
lO the (VIV~2V~3V~4) labeling of a set 01'basis states for the
vihrationallevels of CH,.

In the harmonie limil Ihe interaelions of Eqs. (8) and (9)
attain a parlicularly simple formo which can be directly rc-
lated to eonfiguralion spaee interaelions [2,6]. This limil is
oblained by interpreling Eq. (4) in lhe Opposile sense [13, 14],
and eorresponds group lheoretieally to lhe eontraetion of the
SU(2) algebra to lhe Weyl algebra. In the harmonie limit the
interaetions of Eqs. (8) and (9) can be expressed in terms of
lhe symmetrized harmonic operators of Eq. (3)

(8)V __ 1" t.r, t.r,
X,r - V L D,:!: O,x'

i x o

(9)

The zcroth order vibrational Hamiltonian is now writlcn as

lim Vx r =0,
ll/,,-.oo .,

From Eq. (12) we find a direet physieal interpretation for
the intemction terms. The ilx,r terms represent the anhar-
monic counterpart of the harmonic interactions, while the
Vx,r terms are purely anharmonic contributions which van-
ish in lhe harmonic limil.

The zeroth order Hamiltonian of Eq. (10), however, is
nol sullieien! lo obtain a high-quality fit of the vibrations of
melhane (see also [6]). The use of symmetrized operalors of
Eq. (7) makes il possible to eonstruel higher order (quartie)
terms in a straightforward and systematic way. For (he study
01'the vibrational cxcitations 01'methane we propose to use
the following Tri invariant quartie Hamiltonian

+ O, Vb,E + 03 V"F, + o, Vb,F, + O" V,b' (10)

The interaction terms of Ho can be rewriuen in terms of {he
Casimir operalOrs of suhgroups of Eq. (6) whieh were used
in [7]. The interaetion VAL. has not been included sinee the
combination ,
I: (Ji"r + V,.r) = 4J~ I: ll;(ll; + 2), (11)

r=A¡,F2 s 1=1

corrcsponds to a constan! Na + 2. A similar rclation holds for
lhe bending interaClions, but in this case lhe interaction Vb,A¡

I

Iim Vsb =0.
,V.,;Vb-.oo

( 12)

Eaeh one al' (he intemetion terms of the Hamiltonian of
Eq. (13) has a direet physieal interpretation and a speeifie ae-
tion on the various modes. The Wi and 03 terms have already
heen diseussed in Eq. (12). The X;j (erms are quadralie in the
opcrators ii.x,r and hence represent anharmonic vibra(ional
interactions. The gij terms are related to the vibrational an-
gular morncn(a associatcd with the degenerate vibralions (2)
and give rise to a splitting 01'vibrationallcvcls with the same
values of (VI V, V3 v,) hUI wilh different 1" 13 and/or 1,.
They can be expressed in terms of the symmetrized (ensors

I
of Eq. (7) as

¡A, = -i J2-1[tE x tE ]A"
N/¡ -,b +,b

¡F" = +i J2_I_[tF' x tF, (" (14)x JV
z

-,x +,x .

The square hraekets in Eq. (14) denote lhe tensor eoupling
under Ihe poinl group Tri [7]. In lhe harmonie limil, lhe ex-
peclation valuc 01'the Wi. 03. Xij and gij terms in Eq. (13)

Re" Mex. Fú. 45 (2) (1999) 125-13t
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Icaus lo lhe familiar Dunham expansion [17J

"" ( di) "". ( di) ( d) )L-W¡ lJi+ 2 +L,Xij vi+2" Vj+2
i i~j

TABLE 1. Paramctcrs in cm-1 ohlaincd in the lit (o the vibrational
energies ofCIl.t. Thc Iast enlumn shows thc results in the harmonic
I¡mil (Ns -t oo. XI. -t oo).

- .1 ""[tI', x tF, ]F" [tI', x té', 1/.,,)L -,r -,y +,y +,2' 1

o

wherc di is lhe dcgencracy of lhe vibralion. Thc ti} tcrms are
quartie operalors of the Iype diseussed hy Heehl [21 and give
r¡se lo furthcr splittings of lhe vibrationallevcls (VIV2V:¡V.t}

inlO its possiblc suhlcvels. Thcy can be cxprcsscd in lerms 01'
lhe tensor opcrators 01'Eq. (7) as

Ó = __1_ (G""[tF, x tF, lE, [tI', X tI', lE,
'Y IV i'H L -,2' -,y +,y +,x

rl'y ")'

- 8 ¿[t.:'., x t.:\I'" [tf, x t~\II,,). (16)
o

In lhe harmonic I¡mil lhe tij lerms have lhe saine intcrprc.
lalion as in [2, Gl. Thc 6S5' QM. and 6sb lcnns givc r¡se
lo a splitling of lhe E and F2 vibrations belonging lo lhe
('" ,,;',,;',",') = (00°2'0°), (00°0°221.und (00°1'1') levels,
rcspcctivcly. Similarly. lhe O:.!s and Olf, Icrms split lhe FI
and F, vihralions helonging lo Ihe (01'1'0°) und (01'0°1')
()\'~r1ones. respcclively.

\Ve rClIlark that. whercas the Wi. O'~Jand Xij Icnns can hc
rewrilten in Icrms 01' (he Casimir invariants 01' [7) <lndproJ.
lIcts lhcreof. lhe Yij and tij lerms cannol he expressed in
Ihis way. Thesc interaClions involve intcnnediate couplings
wilh r = .ti:!, FI• E. F'1 symmelry. Ihat are nol symmelric
(r = Al) as is the casc ror the invariant operators.

Paramctcr Pi) 1 Pit 2
j\,s 43 00

.VI> 150 00

w, 2977.1'{1 2967.40

w, 1554.R3 155R.3R

w, 3076.45 30RI.34

w, 1332.22 1337.51

01 5R2.R7

XII 3.69 -21.30

Xn 1.30 -1.17

X31 5.43 -10.79

.\H -3.47 -Q.26

XI2 -3.60 -3.39

Xll

XI~ -2.R6 -3.10

.\:.n -11.14 -7.97

.\21 LOO -5.37

.\:H -5.60 -3.46

f}n -H46 0.37

913 0.19 -435

f}H 4.07 4.9R

(/.ll -ü.65 -0.74

t3J 0.40 -1.25

tH I.lX) 0.56

t31 0.21 0.24

tn -0.39 -0.39

t24 0.13 0.91

r.m.s. 1.16 20.42

( 15)+ L!Jij1i1jl
i'.Si

terlllS of the r.1l1.S.deviatioll
4. Reslllts

The Hallliltonian of Eq. (13) involves 23 interaction strenglhs
and Ihe Iwo hoson numbers, N.~ and N/,. The vibron numher
associatcd wilh lhe slrclching vibrations is determined frolll
the spectroscopic conslants w•.and .1~('Wc for lhe eH molecule
to he N.~= .1:.{[11, 7). The vioron Humocr for the oellding
vihralions, which me far more harmonic lhan the slretching
vihrations, is takcn to be NI. = 150. We have carried out
i\ leasl-squar~ lil to the vihrational spcclrllm 01' IIlcthane in-
duding 4-1- experimental energics from 16. 18-221 wilh equal
weights.

The \'allles 01"Ihe fltted paramelers are prcsented in Ihe
second column ofTahle 1(Fit 1). In Tahle 11wc compare Ihe
results 01"our l'a!Cuiation wilh the cxperimcntally ohserved
cncrgics. Al! prcdiclcd levels up 10 \1 = 1/1+ V:.!+11:1 + V1 = 3
quanla are incJuded. Thc qllality 01' the lit is cxprcssed in

( 17)

whcre Npxp is Ihe lotal Ilumher 01'experimenlal energies and
Nl'i\r the nu'mber 01'paralllcters uscd in the fit. Wc fino a good
overall tlt to the ohserved Icvels with a r.m.s. ocviation of
6 = 1.16 cm-I for 44 cnergies (and a stanoard deviation of
a = 0.81 CI11-1). The deviatiolls wilh experiment are fairly
constanl over the entire energy range up lo 9000 cm-l, lhe
Jargest (lne hcing.o.E = -2.22 CI11-1. A slatistical anaiysis
01' the error in lhe paramcters (i.e. the variation in a given
paramelcr such lhat the r.m.s. does not increase more than a
cerlain fraction) shows thal the tilled paramelers are well de-
Icnnined. The cross-anharrnonicity X 13 was nol includcd in
Ihe fit, due lo Iack ofdala for lhe (1110V30) vihrations.

Re\'. Me.\". Fú. 45(2)(1999) 125-131
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TAHI.E 11. Fil to vibralional cxcitations of C11.1. The vnlues of the p.:lramCICrsare givcn in lhe sccond eolurnn of Tahle4. Here ó.E =
EI'I\I - Ef'xp, The experimental cncrgies are tnkcn from [6,18-22]. The [cvels markcd with :In astcrisk are lakcn fmm [23]. hu! wcrc not
includcd in lhe lit. The wavc numocrs are givcn in cm-l.

r (VI1l2J/3V4) ECld Eup c,E r (1111/2I1:JI1'1) Eeal Eup óE
A, ( 1(00) 2916.32 2916.48 -0.16 1(111) 5844.98

E (0100) 1533.46 1533.33 0.13 (1200) 5974.81

F2 (0001 ) 1309.86 1310.76 -0.90 (1011 ) 7147.49
(IXJIO) 31J18.09 JO I 9A.lJ -1.40 (IX)21) 7303.38

(2 J(X») 7315.60
A, (0002) 2587.77 2587.t).l 0.73 (0120) 7479.48

(0200) 3063.66 3063.65 0.01 1(120) 7557.17
(0011) 4323.81 4322.72 1.09 ( 1020) 8833.05
(2000) 5790.13 5790 0.13 F, (IXKl3) 3920.46 3920.50 -íl.04
(IX)20) 5966.57 596X.1 -1.53 (0102) 4128.38 4128.57 -0.19

E (0002) 2624.14 2624,62 -0.48 (0201) 4364.39 4363.31 1.08
(0200) 3065.22 3065.14 008 (XII2) 5620.08
(JO 11) 4323.09 4322.15 0.94 (XJl2) 5630.76
(11(0) 4446.41 4446.41 O.IX) (1101) 5755.58
(IJ020) (,).l5.11T (,().jJ.8 1.23 (0111) 5829.79

F, (0101) 2845.35 2X46.0R -0.73 (0111) 5848.94
(IXJlI) 4323.15 4322.5X 0.57 1(210) 6061.57
(0110) 4537.57 4537.57 O.(X) ( 1(11) 7147.53

F, (0002) 2612.93 2úI4.2(1 -l..13 (IX)21) 7303.29

(0101) 2830.61 2X30.32 O.2lJ (Iml) 7343.21

(1001) 4223.46 4223.46 O.IX) 11110) 7361.79

((XJlI) 4321.02 43(9.21 I.XI (0120) 7518.70
(0110) 4543.76 4543.76 o.m (1Kl30) X947.65 8947.95 -0.30
(1010) 5845.53 F, ((XK)3) 3R71.29 3X70.49 O.XO
(IX)20) 6003.65 60(}..l.65 -I.IX) ((XX).1) 3931.36 3930.92 0.44

(0102) 4 143.O<J 4142.86 0.23

:\1 (IXX)3) 3909.20 3909.18 0.02 (0201 ) 4349.01 4348.77 0.24

(0102) 4131.92 4132.99 -1.07 102(1) 4378.3X 4379.10 -0.72
103(0) 4595.26 4595.55 -O.2t) ( IIK)2) 5523.80
( 1002) 5498.66 (IXI12) SSlJ4.92 5597.14 -2.22

(0012) 5617.16 (IKI12) 5620.6X

(OI I 1) 5836.11 (IK1I2) 56J2.J6

( 12IX») 597J.26 (1101 ) 5740.86
( 1011) 7147.56 (O1I 1) 5X30.28
(IXI21) 73IX).85 (0111) 5X48.46
(0120) 7562.91 1(210) 6054.5X
(3(XX») X583.81 (0210) (,(167.03

(1020) 8727.97 (21XlI) 7m4.16
1(030) 8975.64 8975.34 IDO ( 1011) 7145.X4

..h (0102) 4161.51 41(01.H7 -035 (IXI21) 7266.11
(03(X») 4595.28 4595.J2 --11.04 (IKI21) 7303.38
10111) 5844.61 (X)21) 7344.87
(0120) 7550.5.1 (1110) 7.165.83

E (0102) 4105.22 4105.15 0.07 (0120) 7514.67 7514.)

(0102) 4152.15 4151.22 O.9J (2010) H594.90 8(040
)

(0300) 4592. D 4592.()J 0.10 (1020) 8786.05 8807")
( 1002) 5535.1).l I(WO) 8907.9 I R906.78 1.13
(Xll2) 5620.36 (1X)30) 9045.36 9().l5.92 --1).56
(0111) 5836.45

Re". Me.\'. Fí.<.45(2)(1999) 125-131
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TABLA 111.Standard and r,m.s. devialions in cm-1 ofsame recent
calculations ol' vibrational energies of CH4•

Rcfcrcncc l\'up iVpar " Ó

Lcmlls and Frank [7] 19 8 950 12.16
~lael al. [24l 19 8 9.08 11.61
Xic ('1 al. [25] 19 7 8.26 10.12
L. Wicscnfcld [281 35 9 8.80 1021
Haloncn [6] 39 24 U.99 1.58
prcscnt 44 23 0.81 1.16

A partieularly imp0r1ant role is played hy the o, lerm.
Eq. (5) shows that this lype 01' lerms can he rewri!ten as par-
liculJf highcr arder inleracrions in lhe operators Jr.,i' In or-
del' lo address lhe importance 01' this term, we have carricJ
out a lil in lhe harmonic ¡¡mit (I'ls -+ 00, N/I -+ (0). In Ihis
limil Ihe 03 (crm vanishes and lhe Hamiltonian DI' Eq. (13)
is cquivalcnl lo lhe vibrational Hamiltonian 01' {2], lhe har-
monie frcqucncics w¡ and anharmonic constants Xij, gil ami
f ij having lhe S<lmc ITIcaning. A comparison between lhe pa-
rameler values anJ Ihe r.m.s. Jeviations ol' Pits 1 anJ 2 in
Tahle Il shows Ih~llhe 03 lerm and lhe anharmonic effeets in
the interaelion terms 01'Eq. (13) can only he eompensated for
in pan hy the anh;:umonicity conslants Xij. The r.m.s. dcvi-
ation incrcascs from 6 = 1.16 c01-1 ror Fit I lo 6"= 20.42
cm-I for Fil 2.

For comparison wc show in Table III the results 01' so me
other recent moJel calculations.

5. Slll11l11aryand conclllsions

In summary, in this paper we have studicd lhe vibrational
cxcilations 01' mClhanc in a moJel hased on lhe use of
sYI1l111clry-adaptcd internal coordinates, in which anharmonic
ctTcclS arc inlroduceJ in the local modes. We find an over-

1. B. Bobin and J. t\loret-Bailly, Spectrochim. Acta 51A (1995)
12J l.

2. K.T Hccht. 1. Mol. Sr>eetr. 5 (1960) 355; 5 (1960) 390.
3. DL Groy ond A.G. Robiene. Mol. Pltys. 37 (1979) 1901.
..¡ W.T. Raynes ef al. Mol. Phys. 60 (1987) 509.

3. T.J. Lee. J.M.L. t\lmtin, and P.R. Taylor, 1. Chem. Phys. 102
(1995) 254.

G. L.llalonen. 1. Chel1l. Phys. 106 (1997) 831.
7. R. Lemus and A. Frank. J. Chem Phys. 101 (1994) 8321.

S. A.R. Hoy. I.M. Milis. ond G. Slrcy. Mol. Phys. 24 (1972) 1265.
9. E.B. Wilson. J.c. Decius. and P.e. Cross. Molecular vibraliollJ.

(Dover. New York. 1980).
10. Y. Alhassid. F. Gürsey and F. lachello, Ann. Phy.5. (N.Y) 14M

(1983) 346

al! lit to the 44 ohscrved levels wilh a cm.s. devialion 01'
6 = l.lGem-1 (andastandarddeviationofa = 0.81em-1).
whieh can he eonsidercd 01'speetroseopie qualily. We pointed
out that the o, lerm in eomhination with lhe anharmonie ef-
fects in the other interaction terms plays an important role
in ohlaining a fil 01' (his quality. Physically, these contribu-
tions arise from the anharmonic character of lhe local modes.
They play an important role to descrihe the anharmonicities,
especially l'or highcr numhcr ol' quanta. This conclusion is
supportcd by earlier applications of this model to the Be4
cluster [13, 2G]. Ihe Hj. Be, and Na; moleeules [141. and
Iwo isotopes 01' (he Olone molccule [27].

The prcsent calcu1alions only include interaction terms
Ihat are simuitaneously diagonal in lhe tOlal numher 01'quanla
F = "1 + V, + v, + "4. and in lhe polyad F' = 2(1'1 + v,) +
v'] + 11.1. OUIdo nol contain cxplicil Fermi inleractions be-
twccn the slrelching and hending vihrations. It is interesting
to nole that despite the ahsenee 01' lhese interaelions which
are g:encrally considered to he nccessary l'or an adequale de-
scriplion 01' methane, we do obtain a high quality fit. Fermi
intcr¡.lctions can he includcd in lhe present model hy con-
strucling a Hami!tonian which is slill diagonal in the polyad
F' = 2v¡ + V'l + 2V3 + V.¡ hUI lhal mixcs the strelching and
hending modes [29]. It is \l,'el1-known that encrgies only are
nol sufflcicnt to distinguish betwcen various model calcula-
liollS. Other quanlitics, such as infrared ami Raman transi-
lions or Franck-Condon l'actors are more scnsitivc to details
in the Wi:lvefunclions Ihan cnergics, and provide a hetter test
of ditTcrcllt modcls 01' molecular SlruClurC. Work along these
dirccliolls is in progrcss [29].
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