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Iv, APPLICATIONS TO NONRIGID MOLECULES

A Intreduction _énd the Unsymmetrical Bent XH2 Molecule

A-nonrigid molecule is a molecule that can contort (i.e.,
vibrate with a large ‘amplitude) from oné conformation to another in
a-time scale short enough to be experimentally detectable (i.e.,
observable energy-level splittings or shifts are produced}. The
ammonia and dimethylacetylene molecules. are examples of molecules
that can undergo very rapid contortions; the ammonia molecule
inverts and the dimethylacetylene molecule twists, As a result of
the contortional tunneling there are usually energy-level
splittings, and the size of the MS group increases over that of
one conforﬁer. In this section we study the general principles
behind the classification of the rovibrational states in.the
enlarged MS group and the determination of overall selection rules,
It proves very useful to .separate these selection rules inte
rotational contortional, and vibrational parts; this is’also dis-
cussed.. In this section we use the molecules “unsymmetrlcal XH ',
ammonia, methanol, acetone, and dimethylacetylene as examples and
in Sec. IV.F we briefly discuss B2 4 CH3N02, ferrocene,'CHsslﬂz,
43 and H202.

Dimethylacetylene is an example of a nonrigid molecule that has

C(CH3)4, MENHB)e’ cyclobutane, cyclopentane, Y X-XY

identical coaxial rotors on.a limeat framework, and to classify
separately the rotétional, contortional, and vibrational wave-

functions of such molecules it is necessary to use an extended .

molecular symmetry group (usually just the double group).

In view of the discussion given above of the symmetry proper-
ties of the energy levels of the water molecule, a very convenient
example for'demonstrating general priﬁciples will be provided by a
hypothetlcal bent unsymmetric XH molecule {i.e., the molecule is
such that in the equilibrium conflguratlon one HX bond is longer

than the other). An excited electronic state of 802 probably pro-
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vides an example of such a bent unsymmetric: AB2 molecule [24].
Labeling the H atoms 1 and 2 we see that this unsymmetrlcal mcle-
cule exists in two dxfferent numbered conformations: the left- and
right-handed forms of Fig. 13, We further imagine that the
potential surface in thé_direction of 'the antisymmetric stretching
coordinate is as drawn in Fig. 14; the contortional tunneling
splittings in the first four ievels of the antisymmetric stretching

vibration (i.e., v, = 0, 1, 2, and 3) are all less than 0.001 en L,

One importdnt point for nonripid molecules concerns the
definition of the molecule-fixéd axes. - For a rigid unsymmetrical
XH, molecule in its equilibrium configuration We define the
.molecule-fixed axes to be the principal axes with "Bb" in the X-
direction and "a" in the Hz-directien. When the molecule is not in
its equilibrium configuration the -axes are located by the three
Eckart conditions [47]. For a nonrigid unsymmetrical XHz-moleéule
the reference configuration:is that in which only the unsymmetrical
stretching coordinate does not have its equilibrium value and then
tha molecule-fixed axes may or may not be. chosen s the principal
axes {see pagesl140—l4l‘of'[27]). _For a nonrigid unsymmetrical XH2
molecule not in its reference configuration the axes are located
by the three Eckart conditions and the value of the unsymmetrical
stretching coordinate is fixed by the Sayvetz condition., See
Eqs. (7) and (8) of [27]. o

“We will now again see how unfeasible elements of the‘CNPi
group are useless from the point of view of making symmetry
distinctions between energy'leveis. ‘In the infrared or Raman
spectrum of this XH, molecile we would not normally see levels with

Va > 3, and 'so no splittings due to tunneling would.be resolved,

The CNPI group of this mélecule is the group [E, {12), E*, tlZ)*j
(seo Table AZ) but following the prescription of Longuet-Higgiﬁs
[1] the eléments'{lzj and (12)* are unfeasible since they inté:-
'change the left- and right-handed conformations, which are

separated by an insuperable energy barrier (no splittings seen in

our infrared or Raman experiments). Thus the MS group C (M) of
. 5
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FIG. 13, The two numbered conformers of a hypothetically’
unsymmetiic XH2 molecule. The principal inertial axes of each

conformer are labeled: (2) left-handed, (b) right-handed.
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FIG, 14, The potential function of the unsymmetrical XH

molecule in the direction of the antisymmetric stretch, The
J = 0 energy levels are also shown,
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this molecule is- [E, E*] with character table and Cg point-group
isomorphism as shown in Table A5. All the observed rovibrational
states can be classified as A' or A" in the MS group'folldwing the
procedures discussed in Sec. III for either the left- or right-
handed molecule. All the vibrational wavefunctions are of species
A' and the rotatjonal wavefunctions for KaKc of ee or oe type are.
A', while those of oo or ¢o type are A". All four nuclear-spin
states are of A'_symmetry and the overall wavefunction can be A'! or
Aﬁ, 50 that éll‘leyels have the same statistical weight of 4 and
there will be no intensity alternations. States of the same
symmetry in the Ms'gfoup can perturb each other, and allowed dipole
transitions cccur between levels connected by the spscies A" (with
AJ = 0, £1). Also the potential function determined From the
v1brat10nal energy ‘levels would yield the result of Fig. 15,

We could also use the CNPI group to c1a551fy the levels since
it is a symmetry group of the Hamiltonian. The operations (12) and

(12)* both interchange R, and R,, and thus send p to -p (where

} I _
p = Rl - RZ};_they each have the effect of interchanging
rovibrational functions of the left- and right handed molecules, A

particular rovibrational levell(ﬁ; J } of symmetzy A', say, in

K K
a'c _
the MS group is really deubly degenerate with one wavefunction of
A' symmetry for the left-handed molecule ¥y (v; J KK, }, and one of

A' symmetry f01 the right handed molecule, w (v; 7 K ); we have

classified either ¢£ or'wr-ln the precedlng paragraph We can

write
AT A
(234, (vi Ty ¢ ) =¥, (v I )
ae ac
and
\ Al f
G2y (v Iy g ) =y (3 KK ) B (37)

ac

Thus this pair of functiou; Lransforms as (A * B ) ot the CNPI
group of Table A2; (w + wz ) being A and (w - w ) being B
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FIG. 15, The J =0 energy levels and potent1a1 curve
determined by studylng the spectrum of the unsymmetrlc XHZ molecule
with v, S 3.

Similarly the A" functlon correlates with the species (A + B ) of
the CNPI group; w " ‘Pz ) being Ay and G - '”1 3 being B,. We
could classify all the wavefunctlons in the CNPI group, but this
would add nothing new in the way of allowing us (i) to distinguish
between energy levels, (ii} to detormine which levels can perturb
each other, or (iii) to determine which levels aré connected by
allowed transitions or by electric or magnetic fields. Using the
CNPI group would simply mean that everywhere we get A' from the MS
group we would get (A + B ), and A" would become (A + B ) This
is why the unfe351b1e operatlons (12} and (12)* are useless, in
the event that tunneling splittings are not resolved no new useful
information is obtained by including them in the group.

Let us suppose that we put this XH2 into a hot long-path-
length cell and that we can ses the-va = 4 level and resolve the
tunneling splitting. To classify these split levels and the lower
unsplit levels we would now need to use the CNPI,gzoup, CZV M,
since both (12) and (12)* are feasible {some splitting has been
resolved), and .they provide useful symmetry distincticns. Onee the
splittings are résolﬁed there are four symmetry types of energy
level: wviz,, Al, Az,.Bl, and B A-level of symmetry A'(A") hav-
ing statistical weight.4 in the C (M) group splits into an Ay (A )
and a B (B ) level of the C2 (M) group with statistical walghts of
1 and 3 respectlvely. The vibrational states associated with the
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antisymmetric stretch split intd Alldnd B2 states of the tunneling
molécule; those with an even number of nodes in the wavefunction
molecule weuld he

2
,even), and those wlth an odd number 01 nodes (¢ - wz} witl be B2

(¢ + ¢ } will he A (v of the qymmctric XH

(va of the symmetric XH, molecule would be Ddd]. Allowed electric-

2
dipole transitions will occur between rovibrational states

connected by the sﬁecies A ‘with the restriction AJ = 0, %1, The
addition of the data- about the v, 4 level to those of the v, =
0-3 levels would enable the hexght of the barr1e1 to be roughly
detgrmlned, whereab data on vy = 0-3 only give the potentizl curve
of Fig. 15. The subject of correlating the species of a conformer
before tunneling with that after tunneling has been discussed in
detail by Watson [10]. A _
In the unsymmetrical § 60

A
nucleus follows Bose statistics has B very important consequeénce.

molecule the fact that the

In an unsymmetrical SQz.molecule the rovibronic levels are A and
A", and tunneling. through the barrier splits‘thﬁ levels acccrding
to ' o o ,
] Al‘ﬂgj_
s G
- ‘ - BylB,) (38)
as already discussed.  However, the overall wavefunction must be A
or AZ-[i.e., unchanged by (12)] and the oxygen nuclear-spin wave-
function is Al.- Thus all rovibrenic levels of B1 or B, symmetry
have no allowed nuclear-spin partner, and they are forbidden. Thus
although it would eppear that' each’rovibronic level ought to be
split into.two by tunneling, only one of each of these pairs is
allowed because of the rulss of Bose statistics (only revibronlic
or A, will occur). Thus tunneling in

1 2
will not produce sny splittings and will only

states of species A
unsymmetrical 81602
produce shifts. This has been discussed for linear unsymmetrix
XIGO2 molecules by Redding [25]. The unsymmetric 51702'molecule

will have splittings since 170 is a fermion. Similarly the Al and
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A2 rotational levels of NHS’ and the Al, Az, Fl’ and Fz rotational
levels of.CH4 are not split by inversion tunneling because of the
nuclear-spin statistics.

For rigid molecules it is of great practical value to
separate the overall selection rule (i.e., that the product of
initial and final rovibrational symmetries must contain r*) into
rotational and vibrational parts, This enables us to understand
which vibrational transitions are active, and to understand the
rotational fine structure, in the event of neglipible vibration-
rotation interaction. For nonrigid molecules it is useful to make
the same kind of separation of the overall selection rule into
rotational, contortional, and vibrational selection rules, and
there are two cases to consider depending on the contq;tionai
energy separations, If the contortional energy separations are as
low as rotational energy.separations (e.g., in molecules with free
interﬂél rotation) then each vibrational band will have a lot of
"contortional fine structure," which will complicate the band con-
tour. In this case we need to he able to use the MS group to
determine the selection rules on the rotational and contortional
quantum numbers for each vibrational band in order to understand
the "rotational-contortional fine structure" {in the same way that
for a rigid molecule we need selection rules on the rotational
quantum numbers for each vibrational bané to understand the rota-
tional fine structure)., This problem is exemplified by the
treatment of the dimethylacetylene molecule [7, 26]. The
alternative situation is that in which the contortional energy
separations are intermédiate between the rotational and vibrational
energy separations. In this case we can understand the spectrum
more simply if we consider the contortional motion to be a (highly
anharmonic) vibrational motion of the tunneling molecule and
separate the selection rules into rotational and convibrational
parts. The lower the contortional energy separations the more the
vibrational bands become complicated with contortional structure

and the more necessary the first approach becomes. We can
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demonstrate all of this by lowering the tunneling barrier in our

unsymmetric XH, molecule in two stages.

2
In Fig.- 16 we show an intermediate barrier potential function

for the unsymmetrical XH molecule, The Towest'twe'centurtional

_ states correlate with v( ) = {0 and vtl) =0 of the rlgldly _
unsymmetric molecule represented in Flg. 14, We now redeflﬁe the
_way that we label these energy levels (such 2 relabeling poési-
bility will always occur when there is contort10na1 tunneling),

and we call them v, = 0,1, 2, etc., states of the tunneling mole—
cule (this is the total node count in the wavefunctioh going rlght
through the symmetrlc configuration and "¢ stands for eontortlon).
The symmetries of these contorfional states in the sztM) grouﬁ
are also given in Fig. 16, and these symmetries can be determined
by using the C (M} species of Fig. 14 and the C - C2
table backwards (as discussad by Watson 110]) or by cla551fying
the tunnellng contortional wavefunctxons dlrectly in the C2 (M)

correlation

group. The rocontortional and roconvibrational speczes in the
sz(M) group can be determined from those of the CSEM) group by -

Bp

o

FIG. 16. The J = 0 energy levels of unsymmetrical XH, with

an intermediate barrier. : 2
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correlatibn “However, now the best way of understandlng the v1bra—
tional spectrum of the melecule is to consider it as a symmetrlcal
H2X molecule with a very anharmonic asymmetric Stretching vibra-
tion, This is the way one would set about‘solving the rotationn_
vibration prdblem (251, and we must set up our groﬁp-theoretical
approach alohg-the same lines. Using the C (M} group we seefthat
the species of W Hpe and E are BZ’ 1 and Bi’ respectlvely,
and we ¢an understand the’ act1v1ty of the vibrations and the
rotational f;ne structure of the bands just as we understcod those
of HZO in the previous sections. However, because of the strong
anharmonicity many overtones and combination tones of the
asymmetyic stretching vibratioh will be intense. Also hot bands
from the v, © 1 state will bs strong (since this level has aulow
energy), and centrifugal distortion effects in the dlrectlon of tﬁe
asymmetric stretch will be large,

finally we lower the barrier betwéeh the left and right forms
to zero (keeping the overall curve very 'wide") so that the com-
tortional gnergy separations become comparable to rotational ‘
energy Sepa:aﬁioﬁs. We will now study this situation to develop
the generﬁl.p:inciplgs required to understand the spectrum of .a
molecule with a zero or near-zerc contortional barrier. The_méleé
" cule now has two regular vibr&tions (the symmetric stretch and the_
bend), and the vibrational bands in the spectrﬁm resulting from
trangitions between the states of the two vibrations will have.a"
complex rotat10n1l contortlonal fine structure, We need to
detcrmlne selection rules on V., Ka, and KC for each symmetry tyﬁa
of band. All vibratiohal states are of symmetry A1 for this mole-
cule (the asymmetric stretch being the contortion and considered
sﬂpafately),-however, for the pﬁrpbse of generalizing the results,
we will allow for- vibrat10na1 states of any speczes in the C (M)
gﬁoup in tho rest of this section. We define P P:, P;,
[rc' luv* andrrrcv‘as the species of the rotatlcnal, contortional,
vibrational, recontortional, gonvibrational, and roconvibrational
lower-state lovels, respoctively, and those for the upper state
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will be denoted with a single prime, e.g.,‘P;; .For an allowed
transition we must have :

Poxr. =a R (30)

in the sz(M) group,” We now want to determine the separate rules
1" ] - 1" ] . ’ . " 1
on I‘C X Fc and Fr X Pr for each pessible symmetry of PV X PV.
1" A
There are only two possibilities for‘rC x Fc,-namely, Al for Avc
. . L ®
even and B2 for Avc odd, Thus, for exgmple, if r, x PV = Al we

" ' N ' ' it n "
can either have ToxTy=Ayand T xT <A [smc_:e_I‘r xT, xT =
"

] 1] ) 1 L} L)
Pr x T, x-PV =TI___, and Pr xT = A2 from Eq. (38)] or

T
rev? oV cv rev

n 1 ; " i - _ "

F x71I =B,andT_xT_ = B, The similar restrictions for I x
c c 2 r T 1 v
t

Fv = Ay, By, or B, can be determined; and these are collected

together in Table 17. The two bracketed transitions in Table 17
: 1 Rl

are forbidden because—I‘cv x:PBV doe; not equal T(ua), P(ub), or

P(uc) (i.e., B, Al,'or Bl)" However, the forbidden transitioms do
not result in any vibrational bands being forbidden, just some of
the contortional fine structure in some of the bands is forbidden.
We will discuss this point in more detail later on.

We can convert the symmetry restrictions of Table 17 to
selection rules on the rocontortional quahtum numbers for each
vibrational band. If P: X P; ='Al then A#c @qst be even and if

LI
Tox T, =5, then v must be_odd. The rules on AKa and AKC

follow from the species of F; x‘F; by using the results of Table §,
These selection rules are collected together in Table 18, We would
be inclined té say that we can neglect transitions with Avc, AKa,
and AKc greater than' 1 since for a rigld symmetric rotor and
harmonic oseillator such transitions have no intensity. However,
contortional motiens arve highly anharmonic and also allow large
cantrifugal'disto?tions so that such limits on av, AKa’ and AKC
might sometimes be unsatisfactoxy,
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We now want to understand these selection rules in terms of
"active" and "inactive" vibrations. In-Fig. 17 some convibrational

energy levels are drawn; Yo is the quantum number. for a vibration
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FIG, 17. The contorsional fine structure (Avc) oft an AZ
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fundamental band, i.e., the vn = 1 + v;]' =. 0 band.
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of A2 symmetry and v, is the contortional quantum number. If the
contorticnal energy separation? were laﬁgerthen an A2 fundamental
band would be forbidden (the v, = 0 = v, = 0 band is forbidden),
but there would be allowed combination tones (the sum and
difference bands). Whén the contortional energy separations are
reduced to‘a rotational separation these sum and difference bands
move clase together- (and their intensity increases) to give con-
tortional fine structure on the-A2 fundqmental. We now have to say
that the A2 fundamental band is allowed with Avc = pdd selection
rules, We really have to discard much of the concept of active

and inactive vibrations dand work with the symmetry restriction
that T;v xF:V must be the same as that of ux, uy’ or uz EEEEE_
determining the selection rules on vc‘and the rotational quantum
numbers by using the MS group. This then restricts the allowed
contorticnal lines within some of the vibrational bands. Even this
rule will break down in the event of Coriolis mixing of rotation
and convibration,

Obviously as the barrier bétween left- and right-handed XHZ is
pushed to zero and the potential curve closed up (i.e., the
contortienal force constant increased) to give a normal (high)
frequency nearly harmonic asymmetric stretching vibration the
speﬁtrum must ge smocthly to that of the normal symmetric XHZ mole-
cule, This will happen because as a result of the decrease in the
contortional anharmonicity, the contortional overtones and combina-
tion tones (i.e., the sum and difference bands of Fig. 17) will
weaken and separate and the vibrational bands will become less wide
and gain their normal retational contour, Also as a result of the
increase in the contortional force constant the centrifugal
distortion effects will become normal (i.e., small), The main
aim of studying the spectra of such nonrigi& molecules is to try
to determine from the spectrum the shape of the contortional
potential curve aver as wide a range of the contortional coordinate
as possible. The interpretation of the rotational energy-level

pattern (i.e., the large centrifugal distortion) in terms of the
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shape of the contortional potential energy curve is aiso of great
interest. 1 believe that the papers of lougen, Bunker, and Johns
[27], Bunker and Stone [28}, and lioy and Bunker [28} discuss the
best gereral approach to the solution of these problems. This
approach has been adapted and applied to formaldehyde [30], ammonia
[31], HCNO [32, 33], and HNCO [33].

B, Ammonia

The contortion (inversion) energy levels of the ammonia mole-
cule have many of the characteristics of the antisymmetric
stretching energy levels of the unsymmetric X, molecule considered

above. In Fig. 18 the imversiocn energy levels and the inversion

6\‘ 501.3
B _ | 2p
\ yRN 6337

2 : 7 AN / 1{ 358
Y / 2023 cm™ \ 9317

¥ T . T
68° 90° nze ¢

FIG. 18. The inversion energy levels of NH The energy

3"
level splittings are in cm 1 and the inversion barrier height is
from Ref, [31]. '
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potential are drawn [31, 34, 35]. Contrary to the usual custom I
have labeled the inversion states according to the number of nodes

in the tunneling.vibrational wavefunction, and this quantum number

is called v, . The v; =0 aﬁd v. = 1 levels correlate with
inv inv inv
(2) _ - (r) _ s . .
the Viw ® 0 and Viny = 0 levels of the rigidly nonplanar molecule,

This way of labeling the vibrational states is introduced in order
that welcan cbnsider inverting ammonia as a planar molecule with a
highly anharmonic out-cf-plane.vibration (again this is the ap-
proach used for sélving the vibration-rotation problem [31]). We
will treat the ammonia molecule in fhis way, which allows us to
symmetry label the energy levéls and determine the vibration and
rotation selection rules inra very straightfprward waf: 7
‘ The definition of the molecule fixed axes, and the definition
of invefSion coordinate p, for the ammoniz molecule in its '
reference configuration needs some discussion. The reference con-
figuration is that in which all the vibraticnal coordinates,
except p, have their equilibrium value: The z-axis is defined as
that direction a fight-handed screw would travel if fwisteﬁ in the
direction Hl H2 HB‘ The x-axis is in the z-N-H; plane and xyz

is right-handed. The angle p is the angle between the positive
z-axis direbtion and the bond NHl._ When the molecule is neot in
its reference configuration,the molecule-fixed axes (i.e. the Euler

angles)} and p are defined by three Eckart end one Sayvets condition,

" The MS group of NHS’ when inversion tumneling is allowed for,
is the group DSh(MJ given in Table A6. The transformation proper-
ties of the Buler angles for NHS(with the z axis being the three-
fold axis defined by ¢ and 4) are given in Table 19 together with
transformation prdperties of the rotational wavefunction. The
species of the symmetric-top rotational wavefunctions of NI—]3 in the
DShEM) group are given in Table 20. The species of the normal
coordinates are

ir

r = Ai * A, 2B! ' (40)
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where the inversion coordinate is of species A;. The K = 2 energy
levels of the Viny - 0 and v, = 1 vibrational states are.drawh
in Fig. 18, and the correlation with the energy levels of the
rigidly nonplanar molecule is also shown (the symmetry Iabels for
the rigidly nonplanar molecule follow from Table 11). The species
of the inversion vibrational coordinate is A2, and therefore the
rovibrational species of the levels in the v, Sty = 1 state are
obtained from Table 20 by multiplying ail the species by A2
The nuclear-spin statisties are interesting for NH_.. The

3
species of the overall wavefunction in the D h(M) group can only
be either A or Az, and the proton spin species span the represen-
tation

’ _ _
Tyg = 4A + 2E' (41)

The resultant statistical weights of the rotational levels of a

E"(z)
J=5 E{4) = —
- TTre— '@
E"2)
4 E(4) T -

5__E@) B

o E2)
> Ei4} ::::::ﬂ-“—"”
T _E'
Vir™0 Viny!
Cz, melecule Dg;, malecule
FIG. 19.  The energy levels for the K = 2 states of ammonia

and the correlation to the rigid (CBV) molecutar energy levels.

The statistical weights are added in parentheses,
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totally symmetric vibrational state have been added in Table 20;

_rovibrational states of species A; or A; are forbidden by the
spin statistics. As a result of this, half of the K = 0 enerpy
levels inrany given nondegenerate vibrational state of NH3 are mis-
sing, as shown in Fig. 20 for the Vigy = © and Vinv = 1 states (the
states with statistical weight ( cannot occur). Thus we. see that
the rovibrational states of rigid NH3 species'Al or—A2 in sz[M)
are not split by inversion tunneling. The nuclear-spin.statisticai
weights of all the levels in F1g5 19 and 20 have been added in
brackets .in the flgures o . .

We now discuss the rovibrational selectlon rules for NH using
the Dsh(M) group. The 5p801es of I'* is Al, and thus rov1brat10na1
transitions connected by Al with AJ = 0 or #1 are group-

rt
thecretically allowed, The species of uz'is A2 and that of (ux,uy)

_ Ao
Ay () e T T
. J=3— T —— A&
AR
5 A, (4) :._#~f*—‘~“”
Ao
A4) T T
—e—— 2(4)A,, )
o 4 e T T T

—— . A

Vim0 Viny*!
DLl

C, molecule Dy, molecule
FIG. 20. The energy levels for the K = 0 states of ammonia
and the correlation to the rigid molecule (CSV) energy levels.. The
statistical weights are added ih parentheses, and we see that

!
levels with a rovibrational species of A

L)
1 oF A; are forbidden.
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is E', Thus v1brat10na1 {1nc1ud1ng inversion) transitions are
allowed if F X F contalns A2 or E', V;bratlonal transitions con-
nected by the spec1es A (i.e., Av, ipy - 0dd transitions for the
rigid-rotor harmon1c’osc1llater) will occur with rotational
transitions connected by the spec1es A2 (4K = 0 being the most
intense), and v1brat10na1 transitions connected by the species B’
will occur with rctatlonal transitions connectad by E" (AK = #]
being the most intense). Since the Vinv = 1 inversion state is
very close to the Vipy © 0 state, hot transitions from it will be
as important as those from the ground (v = () state. In Fig, 21
the lowest rotational levels of the v. inv ™ D, 1, 2, and 3 states
are drawn and some of the allowed transitions are marked by solid
arrows. The Viny = 3 + 0 and Vinv = 2 + 1 bands are completely on
tep of each other in the infrared spectrum, and these bands
correlate with the Vo= 1+ 0 band of thée rigid nonplanar mole-
cule, In the microwave spectrum the Vigy =1+ 0 and 0 + 1
transitions occur in absorption, and some of these transitions are
also marked in Fig. 21; these correlate with pure rotation transi-
tions of the rigidly nonplanar molecule. Rotational transitions
within the Vigy & 0 or Vigy = 1 states are forbidden, but
vibration-rotation interaction {spoiling the goodness of K and the
vibrational quantum numbers as labels) can make such forbidden
transitions weakly allowed (see Oka ot al. [23]); two of these
transitions are marked by detted arrows in Fig. 21 (the selection
rules, from Table 20 with T'* = Al’ are K « odd ++ even with K =

3n £ 1 in both states or K = 3n in both states), Cbviously the
Vigy = 2 0 and 3 + 1 forbidden bands also gain irtensity (with
the same selection rules on K) by thls effect and one of these
transitions is also dotted in Fig. 21, Im an electric fieid
(Stark effect) rov1bratlona1 states connected by the bpec1es Al
with AT = 0 or.#1 will be mixed, 1In particular, states with the-
same K value and with Vinv values d1ffer1ng by 1 will be mixed

by an electric field, and as a result forbldden transitions with
Avinv even will steal intensity from the allowed transitions having
Avin odd and will have AK = 0, '
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FIG. 21. - The lower rotational energy levels of the Vinv.=
0, 1, 2, and 3 states of NHS' The DSh{M) symmetry labels

have been added and rovibraticnal states forbidden by nuclear-

spin statistics are bracketed. Some of the allowed transitions

are marked and a full arrow is used; these transitions satisfy

BV v = odd and AK = 0, Using a dotted arrow some of the forbidden

transitions made allewed by nomrigid-rotor effects are marked and
these have Avinv = even, AK # 0, and AJ = 0, 1. Forbidden

transitions made allowed by applying an external electric field
have Avinv = even, AK = 0, and AJ = 0, %1, *2; two of these are

marked with a dot-dash line. For the sake of clarity the energy
levels have been spread out and, as a result, the J = 0 levels are
not drawn as the lowest.



1. THE MOLECULAR SYMMETRY GROUP 61

This manner of labeling the inversion energy levels does help
the vibrational spectroscopist, particularly if inversion states
above the inversion barrier are seen. This also enables all the
energy levels to be unambiguously and simply labeled by vibrational
and rotational quantum numbers, and the symmetry designations and
selection rules are simple to understand. A detailed determination
of the rotational energy-level pattern of several excited states of
iy would be a very worthwhile undertaking.

€. Methanol

The rotorvibratienal energy levels and spectrum of meéthanol
have been the subject of an enormous number of investigations.
The papers$ of Kwan and Dennison [36] and Lees {37] are the most
recent, and between them they give references to most of the
earlier work. We will only discuss the group-theoretical classifi-
cation of the rotorvibraticnal (rotational—torsional—vibrational]
energy levels and fhe selection rules using the MS group.

In Fig, 22 our atom-numbering convention and axis-labeling
convention are given. The abe axes are principal axes of the mole-

cule when all bond lengths and angles (except the torsion) have

Ha c Hs
t
!
}
I P
| s
/
) ;“qu_‘h"‘-;—-:-__- 0— - E...
/ - —
’ H“-O
’
H 4
Hy
Hy
FIG. 22.  The atom-numbering convention for methanol and the

location of the abe principal axes. The torsional angle o and
the tilt angle = are also defined,
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their equilibrium values. The ab axes are in the C-0-H, plane,
and the orientation of the abe¢ axes in space is given by tho Kuler
anglés 8, ¢, and ¥ (see Fig. 5). The a axis and the C-0 axis are
at an angle ¢ to each other; if the atom H_4 were replaced by a
deuterium atom this angle would cbviously increase., We define the
torsional angle o as the angle betwesen the 0- H4 and C- H bonds
measured in the sense shown in Fig. 22.. When the molecule is not -
in this reference configuration the angles @, ¢, ¥, ‘and o are
defined by Eckart {47] and Sayvetz [48] conditions.

The molecular symmetry group of this moleculs, when we allow
for torsional tunneling, is the C (M) group of Table A3. The
transformation properties of the angles b, ¢, ¥, and o under the
operations E, (123), and (12)* are given in Table 21. Notice that
{8, ¢, ¢} transform like (8, p, x) of CH3F in its C (M) group
(see Table 9), and, with the identifications (123) = E and (12)* =
E*, (0, ¢, %) transform like (6, ¢, %) of H
(see Table 1),

20 in its CZV(M) group

The zeroth-order rotorsional wavefunctions [36] can be taken
as the product of symmetrlc—top (KaJ rotational wavefunctions and
free internal rotor torsional wavefunctions:

0 o . '

Yoy = SJkaM(6,¢) exp(lkax) exp (ima) (42)
" From the results of Table 21 we can determine the transformation
. properties of the rotational part of the waﬁefunction (and of the
|Jk M> rotaticnal wavefunctlons) in the C (M) group; the symmetry
spoecies of the asymmetric rotor functlons are given in Table 22.
The rotational species correlate with those of H 0 and the correla-
tiont from H20 to CHBOH is (Al, AZ’ 1 2) with {A A2"A2’ Al).
We could, of course, also classify these asymmetric rotor functions
in the four-group (a near-symmetry group). The species of the
torsional wavefunctions in the C3V{M) group are given in Table 23.
These results are similar to the results in Table 11, which are the

rotatlonal species for CH3F.
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We now want to cerrelate the zero-barrier torsional states
with the high-barrier energy levels. For rigid staggersd methanol,
with the H4 atom between Hl and “2’ the M8 group is [E, (12)*];
this CS(M) group is given in Table A7, The torsional coordinate
has the species A" in this group, and consequently the species of
the torsional wavefunction is A' if the torsional quantum number v,
is even and A" if v, is odd. . The correlation of CSv-and C5 species
is given in Table Al4 in the Appendix of Wilsonm, Decius, and
Cross [12], and using this table backwards {Watson [10]) we deduce
that A' states correlate with Al + E of C5V and A”.states correlate
with AZ + E. The correlation diagram is drawn in Fig. 23. Thus
for an arbitrary barrier height the torsional states will occur in
the order Al, B, E, AZ’ Al, E, E, Az, Al’ E, - » »; these species
must be multiplied by the appropriate rotational species from
Table 22 to give the rotorsional species.

Now we look at the species of the vibratignal states, Using
the CSV[M) group, and excluding w, the species of the 11 inde-
pendent internal coordinates is

'@ = sa, + 3 - | (43)

The three degenerate vibrations are the perpehdicular'methyl group
vibrations, and the degeneracy of each is lifted by interaction
with the hydroxyl group.. We will then‘get in-plané and out-of-
plane perpendicular methyl vibrations, The perpendicular C-H
stretching vibration has in-plane (S(i)) and out-of-plane (8(0))

symmetry coordinates that can be written

1) | AL am.
S = 6r1 Cos o + 6r2 cos{o + 3 3 + 8r, cos (& + 3 }

3

NG

. : 2 . 4
= 8r; sin g + Srz sin(a + EEJ + dr_ sin(o + gﬂj (44)

3

The transformation properties of these coordinates in CSV(M) can be
determined as shown in Table 24, We deduce that the species of the
three in-plane coordinates is Al and that the species of the three

out-of-plane coordinates is AZ' Thus, allowing for the lifting of
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the degeneracies we have
I{(Q) = 8A; + 34, | ' S 3)

The species of any vibrational wavefunction can thus be obtained.
We caﬁ write down the species of any rotorvibrational wavefunction
by multiplying the appropriate species of Table 22, Fig. 23, and |
Eq. (45). - _ ) _
Allowed dipole selection rules occur between states connected

by the C .(MJ species T* = Az. For transitions within the.
(ordlnary) vibrational ground state or for transitions between
totally symmetiic vibrational states we must nave (for freely
“twisting methanol):

1 n

T X T2 = A
that is,
afm| = 0, &K = #1, aK_ = 0, £1 o (46)

where we ignore the very weak symmetry-allowed transitions for
which the quantum number chdnges are larger than unity. For
transitions to the_fifst excited state of an A2 vibrétion'or for
transitions between vibrational states whose species are connected

by A, we must have

2

1 H

1-|I't X rrt = A1

that is,

Alm] = 0, AK =0, 4K =0, %l (47

The selection rules for rigid methanol are Kknown, and we can thus
understand them at any intermediate barrier heighf.

Torsional transitions that are allowed when there is an
intermediate barrier height can be of three types: (a) A1 +* Al,
with Ak = #1, 4K = 0, %1, (b} A} ++ Az, with &K = 0, 8K = 0, I,
(¢) E+ E, with 4K, = 0, £l and AK = 0, #1.
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FIG, 23, The correlation of the torsicnal energy levels from

zero barrier to infinite barrier for methanol. Allowed torsional
transitions are A, <+ A_ (with AK = 1), A, +» AZ (with AKc = 0,

E«+rE (with oK, = 0, £1), all wifh A = 0, *1.

D. Acetone

The energy levels, selection rules, and symmetry properties of
molecules with two torsionally tunneling methyl groups attached to

2 nonlinear frame have been the subject of many papers [38-46]. I

will classify the rotational, torsional, and vibrational states of
acetone in the MS group and use the results to determine the IR

selection rules when torsional tunneling is important. None of the
earlier papers have attempted to classify the rotational, torsional,

and vibrational wavefunctions of acetone in one symmetry group, and
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most use a symmetry group of the rotorsional Hamiltonian (& near-
synmetry group of the'tofal Hamiltonian) to classify the
rotorsional states. This near—symmétry group is isomorphic to the
MS group. . _
The atom-numbering convention used for acetone is shown in
Fig. 24. All the bond leﬁgths and bond angles have their
equilibrium values in thié figure except for the torsional angles,
which are arbitrary. When the molecule is in this configuration
the molecule-fixed axes are the principal axes, and following
Swalen and Costain {41] we label them as shown in Fig. 24, The
orientation of these abc axes in space is given by the three Euler
angles &, @, gnd X The two,térsionél angles o, and o, are
defined as the angles from the CO bond to the Ca--H1 and Cb-H4
bonds, respectively, in the sense indicated in the figure. When

the bond lengths and bond angles do not have the equilibrium values

then the Euler:angles are best defined by using the Eckart condi-

b
A
!
&)

ap

Hg M3

FIG. 24.  The atom-numbering cenvéntion and axls convention

used for acetone. The arrows defining a and,ab pass over the C-C
bonds. 2
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tlons [47]. It is not always approeciated that it jig best to use
the Eckart conditions, since their use minimized the Coriolis.
coupling interactions of rotation and vibration. Similarly the two
torsional angles are best defined (when the bond Tengths and angles
do not have their equilibrium values) by two Sayvetz conditions
[48], which similarly minimize the "Coriolis"-coipling interactions
of torsion and vibratien. In quantitative studies of rotor-
vibrational energy-level patterns, and particularly in the study of
the variation of the rotational-torsional energy-level pattefn
between different vibrational states, it is best to ise the Eckart
and Sayvetz conditions to define 8, ¢, Xy Oy and o Howgver,

for the purpcse of making symmetry classifications pf votationhal,
torsional, and vibrational states we can consider the
transformations of, and displacements from, the reference con-
figuration_bf,Fig. 24, ' :

The MS group of acetone is thg Group G36 given in Table 12 of
the paper by longuet-Higgins [1]. This is givén in Table A8 here
and the rotorsional near-symmetry group, of the same structure, was
obtained by many of the earlier workers. The MS group is the

direct product of two groups of order 6 and these are

E (123) (465) (14) (25) (36) (ab)

{132)(4586) (15](26)(34J(abj
(16){24) (35) (ab) (1)
and
E (123)(456) (14){26) (35) (ab) *
(1323 (465)" (15) (243 (36) (ab)*

(16)(25) (34) (ab)* ' , (i)

Each of these groups is isomoxphic with the point group CSV’ and it
is tempting to give a simple geometric interpretation to the fact
that the M5 group of acetone factors inte the product of twe groups
oach isomorphic with the point group of one methyl rotor.- This is
an accident and will not oegur for 2 molecule with two ‘rotors each
having Cnv Symmetry with n even, as we shalil 5ee in Sec. IV,F,
where we consider YZXXY2 and Y4XXY4 molecules.
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We want to use the group Gy to determine the transformation
properties of 8, 4, X, 8. and @y (and hence of the rotational
torsional wavefunctions) and of the normal coordinates Qr'(and thus
the species of the vibrational wavefunctions). As shown by Hougen
[7] eéch ¢lement of the group G36 can be'expressed as a product of
the four operations (the generators) (123}, (456),

(14) (26)(35) (ab}*, and (23)(56)*. We nced only determine the
effect qf each of these four elements on 8, ¢, x,'aa, oy and the Qr
in order,;o be able to determine thg effect of all elements of 636'
The transformation properties of 8, ¢, x, o and @ (where the
a axis is_defined by 8.and ¢} under the effect of the four opera-
tions are given in Table 25. As a result of this we can determine
the Specieslof the.{JkaM> symmetric top basis-set functions for
acetone and the species of the free internal rotor torsional
functions ‘

b, = exp(im g ) éxp(imbab) (48)

where m, and m, are positive or negative integers and are the free
internal rotation quantum numbers, The classification of the
{JRCM> symmetric-top basis-set functions proceeds by determining
the transformation properties of the Buler angles 6, ¢, and y with

the ¢ axis defined by 6 and ¢ (as done for the H.,0 molecule). As

a result of these considerations the asymmetric-iop rotational
functions and the free internal rotation functions have the
symmetry species given in Tables 26 and 27. The classification of
the rotational wavefunctions in the CZVEM)'group of Table A9 can
be made; these results (applicable if there is no tunneling) are
also given in Table 26, and they are obviously the same as the
results obtained earlier for the water molecule.

To determine the species of the normal coordinates we musg
classify the internal coordinates (really the changes in the

internal ccordinates) and then subtract any redundant combinations.
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There are 22 independent vibrational coordinates (3 x 10 - 6 - two
torsicnal coordinates). The transformation properties of these
coordinates and of the redundant combinations under the effects of

the generators can be determined, and we deduce that the species of
the normal coordinates are

) = SA; + A, + 4A, + 3G : (49)

These vibrational species have been deduced with the approximation
of there being no coupling of the perpendicular methyl group vibra-
tiens through the -heavy atom framework. This is, in fact,
neglecting the dependence of the G and F matrices for these 22
vibrations on the torsional angies o« and - To introduce this
torsional dependence we can form in-plane (i) and out-cf-plane (o),
cis {c), and trans (t) combinations (ie, it, oc, and ot) of these
coordinates. These are defined, for the C-H stfetch,.by the equa-
tions

st€ - s, 501
a b

5it _ S(l) ) Sél) -
a {50)
¢ - 5() - 50
and a )
gt L glo) , (o}
a b
where
S'(iJ = §r, €os a_ + &1, cos{o + 2n. + 6r7 cos(ﬁ + iﬂ
a 1 ! 3 a3 -T2 a 3
(o) _ ; . 2T o 4
S& = 6r1 sin o+ Grs 51n{ga tag) ot 6r2 31n{ua + 3—0
. . : . (51)
(i) _ Zny L
, Sb = 6r4 Cos o * 6r6 cos(ub ) drs cos(ab *
an - . :
. 0 . i . 2 : . 4
Sé ) . 6r4 sin a4 6r6 51n(ub + gl + Grs 51n(ub + 31



70 - | P. R. BUNKER

The .symmetry species of these coordinates in G36 can be determined

from the results in Table 25, and we deduce that:
ic, _ ., .
T(5 ) = A [Al in sz)

rsth

= A (B, in C, )
4 2 2v (52)
oc :
r(s _).u Az (BI in sz)
Oty o .
r(s .J = A3 (A2 }n_CzV)
Thus, using the-cbupled coordinates, we deduce that-
T(Q) = BA, + 4A, + A, + TA, - (33)
which correlates with the\sz classification
r{Q) = 8A, + 4B1 * 3A, + 7B, - (54)

The effect of raising the torsional barrier will be to produce
splittings and shifts of the torsional states. Following Swalen

and Costain [41] we write the torsional potential as

v

V. .
- 2 ; Dy -
V= {E_)(l - €05 Saﬂ) + (2 (1 - cos 3ab) + Vab cos 3&3 cos 3ab

T

+ Vab sin Saa sin Sub + sixfold and higher terms (55)

This perturbation mixes states having Ama =3, 6,9, « ».»and/or
Amb =3, 6, 9, ‘.{-', and thus produces both energy-level

splittings and shifts. This will spoil the "goodness" of m, and my

as quantum numbers. This perturbation is totally symmetric in G36

and does not spoil any of the symmetry classifications. Thus for
low-barrier acstane,_given_the values of Ka’ Kc, m and My s and
the 22 vibrational quantum numbers, we can symmetry label any

rotorvibrational state in G,, using the results of Tables 26 and

36
27, and the species in Eq. (53).



1. THE MOLECULAR SYMMETRY GROUP 71

The statistical weight of any level can easily be determined
using the Gpe gTOUP since the overall wavefunction can only have
species A2 or A, in 636’ and the proton spih species are

10Al + 6A4 + 3E1 + 383 + E2 + 54 + BG. _ - o (56)

The statistical weights of the rotorvibrational states Uy, BTE
given in Table 28, These are the same as the results obtained by
Bunker [49] for dlmethylacetylene and by Myers and Wllson [42] in
their Table IX. :

We now examine the problem of correlating the high-barrier
symmetries of the'rigid CZV molecule with those of the low-barrier
molecule. - If the molecule is rigidly in the conformation of Fig,
24 then its MS group is.the CZV(M} group given in Table A9. The
correlation of the rotationzl species and the vibrational species
follows simply from the results given in Table 26 and Egs. (53) and
(54). The correlation of the low .and high torsional barrier

torsional species needs further comment.

The correlation of G3 and C spec1e5 has been dlsoussed by
Watson [10]; these results are glven in Table 29 We need these
results in order to correlate the torsional spec1es from low to
high barrier. For the high-barrier molecule the thrsibhal states
are labeled by the torsicnal vibration quantum numbers v and v
and the symmetry coordinates are §' (6u + Sy )//_ and § =

{aaa ~ Gub)/VT; The symmetry spec1es in the C (M) group of Table
A9 are

4]
o]

rish)
and
r{s?)

B, - _ ' (57)

The symmetry species of the lower excited states of these two
torsional vibraticns of the rigid molecule in the CZv(M] group can

be easily determined; these results are given in Table 30, Using
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the correlation results of Table 29 we can determine. the GSG
species when tunneling between all nine conformers is allowed for;
these results are also given in Table 30, Using these results we
can construct the correlation diagram for the torsional states as
in Fig. 25. This is siﬁilar_to the figure of Swalen and Costain
[41] except that we assume v < 4 and we do not assume that
vy, ; , -

Fbr any.barrier Height we can determine the rotorvibrational
species ianss by multiplying the species of Fig. 25 by those of
rotati_q_n (dependent .on_K&_and Kc’ .and_ébt;ained from Table 26) and
vibration [dependent on the values of the vibrational quantum
numbers and obtained from Egq. (53)].

Allowed rotorvibrational transitions are connecﬁed by the
species A, with the restriction that aJ = 0, il‘, The -species of
S B Mo and u, are Al, Az, and A4, respoctively, and the species of
-(uax’ uay’ s ub ) is G, where a(x,;y) and b(x,y) are xy axes
affixed to each methyl group perpendicular to the c-C bonds with
ax and bx in the C-C- H and C-C- H4 planes, respectlvely.. The
reason for 1ntrodu01ng these top- -fixed dlpole moment components is
that 1t allows us to. discuss the perpendlcular methyl vibration
fundamentals using the uncoupled (G} coordinates if we wish (this
possibility is discussed at the end of this section). .We are now
in a position to determine the rotorsional selection rules for
vibrational transitions of any type. For rotorsional transitions
between vibrational states of the same symmetry (this will also
-apply to rotorsional transitions within the vibrational.ground

State, and the permanent dipole moment is ub) we must have F ot X
1 .

rrt = Asm This leads to four possibilities.
_‘| "n R ] " . . .
T, XTI = Al with Pt X Pt = AE’ : (58a)
or .
- " - . L] 1 - . )
7 Fr.x rr = A2 7w1th_rt X Ft = A4, ] , (58b)
or ’

! T
I' xI_=A with Ft XTI, =A {58c)
or

: : 1 n : i o
Tp X Ty =& with I xT, = A, _ - (58d)
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FIG. 25, - The correlation of the torsional states of acetone

between Zzero and infinite torsional barriers. The levels on the
left are labeled by the guantum numbers {ma, mb),and the levels on

the right'by the quantum numbers (v+, v ). The ¢ species are
. : - 36
also added, :
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Using the symmetry results of Tables 26 and 27 we deduce the fol-

lowing selection rules on rotational and torsional quantum

" numbers:
.Aka = 0,£2,24,0%,  AK_ = 0,82,%4,
(tmg,6m) = (0,%3), (£3,0), (3,3), (-3,-3), (3,6),-++  (59)
or A :
AKa = 0.:i2:i4:“"_.1 AKC = il,isl,i’s,"_’,
(Am_,6m) ‘= (0,£3), (£3,0), (£3,26), (6,%3),*+" (59b)
or o .
AK = £1,23,25, 000 QK = #],E3,45,0..,
a . : c . .
(amg,dm) = (0,03, (0,£3), (£3,0), (£3,£3),++ (59¢)
or PR _ i R
AK, = 1,435, v e, -._-AKC = 0,%2,%4, 500,
(am am) = (0,3), (3,0), (3,-3), (-3,8),+-» ~  (594)

Transitions with'Ka, Kc,'ma, or ay changing by more than one unit -

Qill be vefy weak, and they only gain- intensity from.vibration-
rotation interaction effects that are small. Thus the rotorsional
selection rules for transitions W1th1n the ground vibrational state
{or for tran51t10ns between vibrational states of the same

symmetry) ‘are obtalned from Eq (59¢) to be

BK, = #1,  aK_ = %1, © An = am, = 0 . - (80)
We can similarly determine the selection rules on Ka’ K., m s and
'mb for any of the-vibrati?na; Eands (dependent on the product of
the vibrational species FV X'TV]; the results are given in Table
31" We Kave not inciuded transitions for which any of the rotor-
siontal quantum numbers change by more than one unit and this is why
we can s;y=that the AS vibrations are inactive. The éé;ectienl
rules for the vibrational transitions of rigid acetone are well ..
knowﬁ, and_we can use them in combination with our.results to

interpret the spectrum at an intermediate barrier situation.



1. THE MOLECULAR SYMMETRY GROUP , 75

The detailed interpretation of the rotorsional fine structure
within each of the three pseudo-fourfold degenerate fundamental
bands would be very interesting. There are two ways of going
sbout this analysis. We could use the coupled normal coordinates
of the type described by Eq, (50) with symmetfies a5 given in Eq.
(52). Three of these coordinates would have infrared-active
fundamentals, but the coordinate of species A would have an
inactive fundamentsl. However, Coriolis coupllng will mix the
four -excited vibrational states {the species of the rotations
being A2, A3, and A } and will make the A fundamental -active and
complicate the rotatlonal fine structure of all the bands. Alter-
natively, we could usg the uncoupled feurfold degenerate normal
coordinates and add the end-to-end coupling as a perturbation.
Following the work of Bunker and Longuet-Higgins [50] it can be
shown that this end-to-end coupling mixes the tbrsional—vibrational
energy levels according to the rules

Am_ = AL = -Am_ = -AR

RS ) b = £1 : L (81)

where za and £b are the vibrational angular-momentum quantuia
numbers for each methyl rotor, This can be viewed as a Coriolis
coupling of the overall torsional angular momentum and the tor-
sional angular momentum of the vibration. By inference from the
work of Olson and Papousek [51] on dimethylacetylene it is likely
that the uncoupled nermal coordinates (of G type) will be more easy
to use than the coupled normal coordinates from the point of view
of Interpreting the fine structure. It is likely that the
uncoupled coordinates more closely describe the vibrational motion
of the molecule.

As a postscript to this section on acetone I might mention why
I have carefully avoided writing the torsional wavefunction as the
product of the two functions

+

Yy

exp[L(m +m,) (o +, /2]
and

Ve

exp[i(ma—n%)(aa-gb)/2] : 62)
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The reason that I have aveided doing this is'that each of these
functions is ambigudqs if one {and only oné) of t_aither'mll or my, iz -
odd, since.in this circumstance each function will change sign if
either o or o isrin¢reaséd by Zx. The ﬁrpduct‘of the two func-
tions is never ambiguous. LIf we wish to classify each of these
wavefunctions we need the double group of Gze (in which the effects
of this smbiguity is allowed for) and this group ‘will be discussed
when we treat dimethylacetylene in the next section. _E-‘or ‘dimethyl-
acetylens the use of the double ‘group is unavoidable, but for
acetone we can avoid ever'having-to use it by not introducing this

separdtion of the-torsional wavefunction,

E.. Dimetﬁy]a.cetylene

Many man years have been expended en the problem of the

symmetry properties and vibration-rotation spectrum'of

dimethylacetylene (see Bumker [26] and references thereln Bunker
and Hougen [52], Papousek [53], and Dlson and Papousek [511).
I will summarize the position that has emerged.

In the treatment of the acetone molecule we could consider the
perpendicular vibrations of the rotors to be Coﬁpled or uncoupled
when we determined the rotorsional.selection rules. For nonrigid
molecules that have a linear framework, such as diméthylaéEtyiene,
there is usually same stroné end-to-end coupling (e.g., for the
skeletal bendlng vibrations of . dimethylacetylene) When this
occurs vibrational states involving extitation of such a coupled
vibration must be treated with cis and trans coupled basis
functlons, and the uncoupled basis set iz not useful, - To deter-
mifie rotational and torsional selectlon rules for transitions to
such coupled states it becomes necessary to use an extended
molecular symmetry group {(EMS group) because of the ambiguous
transformation properties inherent in such coupled states. For
two-top molecules this EMS group is the double group of the MS

group. - For the uncoupled'vibrational states the MS group suffices,
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'just as it did for acetone. For nonrigid molecules with a‘linear
framework that have inequivalent rotors (e, g., methylsilane) the
double group can be avoided since there are no resonances between
" the perpendicular v1brat10ns_of the rotors [54],

In Fig, 26 the atom-numbering convention used for dimethyl-
acetylene is given together with the deflnltlon of the rotor-fixed
axes. The ‘orientations of the x ala® and xbybz axes relative to
space flxed XYZ axes are given by the Euler angles {0, 4, Xy ] and
(8, ¢, xbj, respectlvely, and ‘we can write the zeroth- order

rotation-torsion wavefunctions as
Vet = Sp(®¢) explikox,) exp(ik x,) L (63)

where k and k' are positive or negative integers and k = k * k
The MS group of dlmethylacetylene is the same as that of acetone
and is the group G of Table A8, The transformation properties of
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FIG, 26,  The atom- numberlng convention and deflnltlon of

rotor-fixed axes for dimethylacetylene.
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y B, Xy and X, under the effects of the gemerators of this .group.
are given in Table 32 and the symmetry properties of the rotorsion-
gl wavefunctions are glven in Table 33 {note the 51m1lar1ty with
Table 27).

In the approximation of. ignoring the dependénce -of the
vibrational kinetic and potential energios on the torsional angle
(i.e., the dependence of the 23 x 23 G and F matrices on the tor-

sional angle) we deduce that the normal coordinate'species is
%@ = aap ¢ 3, + 46 o 7 (64)

Thus in this approximation (i.e., that of neglecting the end-to-
end coupling of the Ecdw—CbH and H C —C g perpendlcular e
vibrztions) we have four fourfold deganerate v1brat1ons, viz.:  The
CECjC bgnd, the C-H stretch, the CH3 deformation, and the CH3 rock.
There is good experimental evidence that for the last three vibra-
tions this is a very good approximation. For the degenérate C-H
stretch thé'splitting of this degeneracy is only 0.26 cm_1 {01son
and Papousek [51]). The medium resclution épectra of Mills and
Thompson [55] show that the end-to-end coupling effects are very
small for the CH3 deformation and CH3 rocking vibrations. However,
for the skeletal bending vibrations the coupling pushes the cis and
trans combinations about 170 cm~1 apart, and the coupling is
clearly not a small perturbation, -

If we stick to the approximatﬁon of neglecting the end-to-end
coupling in our basis functions for the moment, then we determine
the selection rules on Ka and Kb fpf the fundamentals as follows,
Allowed rotorvibrational transitions are connected by the G36
species I'* = AS' We can classify the rotor-fixed dipole moment
components as r(“z) = A4 and P(uxa’”ya’uxb’uyb} = {i for use with
the uncoupled basis set. We deduce that the fundamentals of
species A4 are IR active with Pi_ % ; = A and that the funda-

rt

mentals of species G are IR active with F X T rt = G. From the

symmetry species in Table 33 we see that the A fundamentals are

active with the selection rules:
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8K, = A(K K} = 0
e 8K = ok =0 ' ' (65)

and the G fundamentals ave active with selec¢tion rules

AU‘(a“(b) - Ak K =
iee. (AK ,8K) = (0,£1) or (:1,0) . {66)

In both cases I have neglected the very weak symmetry- allowed
transit10n5 that have AK and/or AKb greater than 1 [from symmetry
Eq. (65) is 3 and Eq. (66) is 3n & 1 but only 0 and 21 are
strong]. Using these selection rules the G-fundamental bands

will have the appearance of Fig. 2 of Bunker and- Longuet-Higgins
[50], and this is in good agreement with the experimental results
of Olson and Papousek [51] and Mills and Thompson [55] for the
degenerate methyl vibrations.

For understanding the detailed appearance of the findamentals,
overtones, and combination tones of the A4 and methyl G vibrations
the theory presented here and in the papers of Bunker and:Longuet-
Higgins [50] and Papousek [53] is .adequate, The end-to-end
coupling and torsional barrier ‘provide small perturbations to the
fine structure in the bands. The parameters Vl and V that
characterlze the extent of the énd-to-end coupling and torsional
barrier, respectively, can be determined for each vibrational state
and for the degenerate C-H stretching fundamental Olson and
Papousek [51] have determined that V= -0.31 em” and Vg < 4 cm_l.
.The interpretation of Vl in terms of the dépendence of the F and
G matrices on the torsional ‘angle has not been worked out in
detail (but see Bunker and Hougen [52] and Ref. [77]).

To understand the skeletal-bending fundamental band, and over-
tones and combination tenes involving it, it is unfortunately
necessary to use the double group of ¢ 36" This is because the end-
to-end coupling of the skeletal- ~bending vibrations is very strong,

giving cis and trans combinations of widely differing frequencies,
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and our zercth-order wavefunction must involve the coupled vibra-
tional coordinates. The coupled vibrational coordinates are cis
and trans combinations of the uncoupled coordinates, and they
involve the torsional angle as a parameter. The most useful

zeroth-order rotorvibrational wavefunctions. ih the event of strong

- end-to-end coupling are

Beey = Son(®:®) exp(iki) exp(ikyy)e, [0 ()] 6

rtv
where k = ka +-kbn ki = ka - kb: .X = Z(Xa*‘){b)/z; Y = (Xa'xb}/za and
the 23 normal coordinates can be taken to depend-on ¥, ‘The cis-
and trans-coupled- symmetry coordinates are given in Table II of
Bunker [26]. We'are now interested:in classifying separately the

rotational, tersional, and vibrational wavefunctions. where’

= Syq(6,#) expliky)

I
y, = explik,y)
and - o ) : ) _
¥, = v QM1 - a (68)

so that we can determine the selection rules on k and k; for each
fundamental .

Let us try to classify w?.in G To do this we want .to

. ; 36°
determine .the effect of the generators of the group and we can

write, for exampie:

_ (123)¢¥.* (lzs)sJka91¢1'éxp[ik(xa+xb3/21
= Syu(8:8) explikix, - %3-+ x1/2] - : (69a)
or . . )
(123)%, = Sy (0, ¢)exp[ik(x + %E-+'xb)/2] ‘ (69b)

-From Eq. (6%a) we get
(123)y, = exp(-irk/3)% -  (700)

but from Eq. (69b) we get



1. THE MQLECULAR SYMMETRY GROUP 81
(123)4, = exp(2rik/3) V. : (70b)
Thus, for example, for k =73 Qe can ﬁave either
(123)y = . o ' - (71a)
or . .

(123)y, = +y_ _ . . (71b)

and the transformation propertles of w (and w and w ) are

© ambiguous under the effect of any element of the group G36' That
is:
d(lzs)x=x--}or x+§—"‘ o (72a)
an : . .
(128)y =y - F or y+ 2L (72b)

We cannot, thersefore, - c1a551fy these wavefunctlons accord1ng to the
(proper) representations of the MS group G36 Hougen [7] showed
how to get around this difficulty by introducing the EMS group (the
double group) 6l 36+ The EMS group GEG is generated by the four
operations A, B C, and D, where A has the same effect on the
spatial coordinates and 8 and b as (123} but is defined {we number
the H atoms differently from Hougen [7] so these transformatlon

. properties are different from those of Hougen) to send X to x -

m/3 (or x + 57/3) and v to ¥ - W/3 ‘B has the same effect on the
spatial coordinates and & and ¢ as (456} but is deflned to send
to x + n/3 and v to y -~ n/3; C has the same effect on the spatial
coordinates and 6 and ¢ as (14)(26){35)(&b)(cd)* but' is defined to
send x to -y +'mand 'y to -v; D has the same effect on the spatial
cocrdinates and 8 and ¢ as (23){56)* but is defined to send x to

-x and ¥ to =y. The elements all have a well-defined effect on ‘the
wavefunctions wr, wt, and wv and, for exampie, for k = 3;

Ay = -

T r . ' o '(7333

whereas

A= | (73b)
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The group generated by these operatlons is the group G and this is
given in Table I of Haugen f7]. This is exactly analogous'to the
problem of trying to classify separately the rotational and vibra-
tional wavefunctions of a linear molecule in the MS group. If'we
wished to follow the notation introduced for linear molecules we
could write A = (123)5 )3 and A4 = (123)2 )3 etc, Notice that
here there are only two p0531b1e values of the subscrlpt e, whereas
for linear molecules any value is possible,

The cis- coupled degenerate coordinates are those of symmetry
Eld in G36 given in Table II of Bunker [26] and the tians ~coupled
in G,, in the

A 2d 36 i
. 8ame table. The separate species of the rotational and torsional

degenerate coordinates are those of symmetry E

wavefunctions in Ggﬁ are glven 1n Table 34 here and the normal

coordlnate spec1es are (but see [7 26, 52, and 72])

I‘[Q) = AAL 4 3A4's + 451d _+-4E2d . (74)

The sPec1es of (u ,uy,u } (where the xyz axes. are deflned by 8, 9,
and y) is A4 + E1 The selectlon rules eon the_fundamentals are
deduced to be as given in Table 35 This is the same as Table XI°
of Bunker [26] hut the very weak tranéitions with AKX and/or AKi
greater than 1 have been omitted. The Eis g end B, fundamentals are
very strongly_Cofiolis coupled and in the event of a2 near degener-
acy (i.e., little end-to-eﬁd coupling) it is better to start with.-
the uncoupled basis functions of G symmetry [50],

~In conclusion,”then,;to underst#nd the rotational torsional
fine éfructure;on:the vibrational bands in the specturm of this
molecule we need selection rules, on Ka and Kb or-‘on K and Ki. The
fine structure in the bands involving excitation of either. of the
skeletal'bends-ban only be understood in terms of selection rules
on K and Ki’ and the determination of these results demands the use
of the EMS group G;ﬁ' For all vibrational bands that de not
involve the skeéletal bends the 636 group can be used, and the
selection rules on Ka and Kb are given in Eq. (65) and (66). Per-
turbations invelving the skeletal bends and the other vibrations
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demand the use of the EMS group classification throughout, and it~
is clear that a complete rotation-torsion-vibration analyéis of the

spectrum-of dlmethylacetylene would necessitate the use of the EMS
group.

F. Other Nonrigid Mo1e_cuies

Many dfher nonrigid melecules have been discussed in the.
1iteratﬁrel_and in this sectien I will summarize and extend the
results obtained. Among the molecules discussed here are BZF4,

- CH NO , ferrocene, HZOZ’ methy1511y1acety1ene, and a hypothetical

Y X XY4 molecule.

Ethylenellke and nitromethanelike molecules are dlscussed in
the paper of . Papousek et al. [56]. The molecular symmetry group of
an ethyleneélike molecula that has torsicnal tunneling is the same
as that of hydr321ne, and is given in Table 14 of Ref. [1]. This
group is 1somorph1c to the D4h point. group and we call ‘it G16
The character table of this group is also given in Table 5 of the
paper on B by Finch, Hyams, and Steele [57]. To make a complete
study of the rotorvibrational énergy levels and selection rules it
is necessary ‘to use the EMS [double) group GIG and the character
table of this group is given in Table IT of the paper by Papeusak
et al, [56]; tHis is given in Table A10. Using this group the
rotational and torsional waveéfunctions [written as in Eq. (63}
abové] have the species given in Table 36 (the same results are
given in [Sé]j. Uncoupled normal_éoordinatés'have the species

i - 3R] + 251' + 28Y & B NS

in the GI6 group.- the species of coupled coordinates in the GIG

group is not unique and this is discussed in Ref. [58]. The -un-

coupled dipole moment opérator components have the following species
Bt + -

in C16 P(u ) = 1, T(u ,uxb) = E, and r(uya,uyb) = E_, where the

X axes are in the CH2 planes, Allowed rotorvibrational transitions
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are éonnected'by the species I* = A;.
tion the two B v1brations will have IR-active fundamentals with

In this uncoupled approxima-

selection rules AK = 0, the two 4 vibrations and the E” vibration
will have IR~act1ve fundamentals with selection rules AK -'il,

AK, = 1. We ignore the symmetry-allowéd transitions having K or
Ki changing_by more than unity. The efféct of the end-to-end
_coupling of the perpendicular methylene vibrations will be to
split- each of the three E fundementals into two bands, one of

- which will lose intensity as a result of the end-to-end coupling.
To- determine if there is free internal rotation (or a very low
barrier) "in a molecule of this type it is necessary to resolve some
rotational structure in these E bands; at least enocugh to detect
the presence of torsional fine-structure broadening éffééts.

The MS group. of nifromethaneliké molecules have been dis-
cussed in the papers of Longuet-Higgins [1] and Papousek et al,
[56]. The molecular symmetry group is given in Table 1 of Longuet-
Higgins' paper, and the EMS (double) group of this group is given
in Table VI of the papér by Papousek et al. [56]. I_give'the C
character table of thé‘MS'group'in Table A}i and call it 012' I
feel that thé introductibn:of-the'EMS group is unnecessary. In
the uncoupled representaﬁion the normal coordinates span the
représentation' . '

) = SA + 20 4 Ag + 3B | | (76)

If we allow for the splittifig of the degeneracies of the perpen-
dlcular methyl group vibrations by the heavy-atom £rame [see Eq.
(44) ‘above) we get

T 1] )
L(Q) = 5A). + 5A; + 4A, : : - {77

The symmetry coordinates are discussed in Papousek et al [56].
, The classification of the rotational and torsional wave-
functions of a nitromethanelike molecule in G, has been discussed

by Longuet-Higgins [1], and he introduced the useful concept of
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"equivalent rotations", Since CH53F2 and CH3NO2 are near-cblate
asymmetric rotors we classify the le > symmetric-top basis func-
tions. The symmetry species of these functions and the species of
the torsional functions are given in Table 37, The effect of
asymmetry - is to split all the- K degenerac1es, and the reader
should, by now, be able to work out the species of the |J

functlons.

K K

An allowed rov;brational transition is connected by the G12
species ['* = A2. The dipole moment ‘components for a nitromethane-
like molecule, along axes f1xed to the heavy- atom frame have the
.following species: I(u) = ;, P(u , aleng €-N) = AI’ Tu) = Al

We do not need to con51der any ”assoclate element of C2 "in order
to obtain these results, although it was used by Lenguet- ngglns
[1] and may be of some pedagogic help. We can use the results of
Eq. (77) and Tdble 37 to deduce that the five Al fundamental bands
w111 be IR active with selection rules AK = t], AK = 0; the five
A fundamentals will be IR active with selectlon rules AK = &1,
AK = 0, and the four A fundamentals will bé IR active w1th selec~
tlon rules AK = 0, AK = 0. If it is convenlent for the analysis
of the band to con51der a perpendicular methyl vmbratlon to be

degenerate (species E') then the selection rules are AK =0, «1

, &
with AK = %1, As well as CHSBF2 and CHSNOZ’ the CH NH2 molecule
also has the MS group G12 since both inversion and twisting occur,

‘Ferrocene has been discussed by this author before [49, 59]
The MS group GlOD is given in [49] and the EMS (double group) GIOD
is given in [59]. U51ng the GIOG group the species of the normal
coordinates can be. .written

_ I‘(Q) ARG R Ay Al A Ty 86y + 66, + Eg (78)

where it is obv1ou51y only necessary to use a coupled (ESd)

coordinate for the rlng -metal-ring bending. The rotational and
torsional species, and approximate descriptions of. thess vibra-
tional coordinates are given in [59}. As. shown in [59] allowed

rotorvibrational transitions are connected by the species Ass’ and
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the selectioﬁ rules on the fundamental bands are as follows: The
A4s fundamentals are IR active with selection rules AK = ¢ and
AKi = 0; the Gls,fundamentals are IR active with selection rules
AK = #1 and AKi = *1; and the EG& fundamental is IR:active with
selection rules AK = %1 and AKi = 0, There will thus be .10 IR-
active fundamentals. The activity of the fundamental in the Raman

spectrum has also been considered.[5%]. The very simple observed
solution spectra of ferrocene (Hartley and Ware [64]) can be much
better fitted by these simple results than by thoserobtained for
an assumed staggered-ring D4 configuration, . o

Methylsilylacetylene and methylsilane have been discussed by
Bunker [54], Hougen [61], Bunker and Hougen [52], and Hirota [62].
The MS group is a group of 18 elements G18 given in Table 1l of
Bunker [54], and :although the EMS (double) group was ‘introduced by
Hoqgen-[Gl] I think that its use can be avoided. For methylsilyl-
acetylene, if we ﬁgnoré the end-to-end coupling (i.e., add it as a
perturbation to the rotorvibrational levels), the species of the
normal coordinates is .

10 = 7a

1

f 4E1 + 4E2 . ) _ o i {79)

in Glg: The seven Al vibrations will give rise to IR parallel
fundamentals, and the eight degenerate vibrations will give rise

to perpendicular fundémentals. Hifb#é [62] has used Gléﬂin his

microwave study of msthylsilane. ' '

The character tables of the-MS.graUﬁs of C(CHS)4 and M(NH3)6,
when torsional tunneling is allowed for, have been determined by
Stone [63]. .Thesg groups have 1944 and 34,992 elements, respac-
tively, and the character tables were cobtazined by computer trial
and error generation of represeﬁtations7using appropriate basis-set
functions. ) _

The puckering spectrum of -cyclobutane has been discussed with
the help of its MS group (isomorphic-to the Dan point group) by
Stone and Mills [64]. Mills [65] has discussed cyclopentane with
the help of its MS group (isomorphic to therDSh pcint group) .



