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Torsional selection rules, Raman tensors, and cross sections
for degenerate modes of C ,Hg
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We analyze the peculiarities induced by the torsional motion on the Raman spectra of the degenerate
vibrational bands of ethane. Selection rules for the Raman transitions between the torsionally split
energy levels are derived first in terms of symmetry arguments. Then, their associated intensities are
calculated with a model for the torsional dependence of the molecular polarizability. New
experimental spectra of the Raman degenerate bandgHyf, Gome recorded in jet expansions, are

also included and analyzed to show the current state of the problen20G8 American Institute of
Physics. [DOI: 10.1063/1.1535420

I. INTRODUCTION =1471.634cm?, although analyze®! show a number of
perturbations not yet accounted for satisfactorily. The high-
Ethane is a prototype molecule for the study of torsion, aesolution IR spectra of v5(A,)=2895.67cm?! and
sort of internal motion of remarkable complexity. Unlike ro- y.(E,,)=2985.39cm?, partly assignétiand analyzed; !
tation or vibration, the wave functions associated with tor-are strongly perturbed. The low-resolution Raman spectra of
sion cannot be described in terms of simple analytical funcy, (E,4) =2968.69cm* and v;,(E,q) =1468.1cm?® have
tions. Instead, Fourier series are required, often with a sloween analyzed in the frame of a semirigid molecule mébgiel,
convergence. The torsional energy spectrum lacks from thgnd the extremely wedk v;5(E,q) fundamental has been
regularities of the rigid rotor or harmonic oscillator approxi- reported at about 1196 crh without any further
mations, and, in addition, the torsional periodic potentialinterpretation:*®> The high-resolution Raman spectra of
leads to tunnel splittings. Consequently, the fine structure ofhe highly perturbed Fermi multiplet,»,= 2951.501/
the spectra of molecules with torsional degrees of freedom is957.89 cmi! and »,=2897.204 cm?, related to the funda-
far more complex than that of semirigid molecules. mental v,(A;s), has been the subject of a preliminary
Ethane has a “moderate’~1000 cm ?) barrier to inter- analysis® The remaining fundamental v,(A;)
nal rotation. Thus, its torsional motion behaves, at low exci-= 1397 cnr !, though Raman allowed, is very weak and ap-
tation, close to a vibrational mode. The torsional amplitudepears overlapped by the much stronger rotational structure of
however, increases rapidly with excitation, leading to in-, ,(E,,); its wave number is indirectly known from the,
creasingly larger splittings of the torsional sublevels. Hence,- ,, difference band’
the vibrational infrared and Raman spectra of fundamental | addition to these 11 fundamental bands, the torsional
bands look at low resolution similar to those of semirigid combinations v+ v, and v+ v, have been partially
molecules, and can thus be interpreted to a first approximaanalyzedf:'® and several other overtones, combinations, and
tion by means of a staggered molecular configuratioD gf  difference bands have been repotéd!®=23In turn, vibra-
symmetry. But, at resolution high enough to reveal the tuntjonal intensities of ethane have received much less attention:
neling splittings, the theoretical methods of nonrigid mol-Ramar®2* and IR intensitie¥® have been interpreted by
ecules become necessary for the interpretation of the wav@eans of parametric descriptions andatyinitio method&®
numbers and intensities of the rotation/torsional fine strucin the frame of a semirigid model.
ture. In particular, the permutation-inversiadd;; double Many spectral peculiarities of ethane related with the
group is necessary to account for perturbations of torsionaprsjonal motion have been considered in the cited literature,
nature which are allowed in floppyae) ethane but have no or in several relevant theoretical works® The torsional
equivalence in semirigidsq) ethane. For all these reasons, Ramad”3! and IR? spectra of ethane, including its
the interpretation of the vibrational bands of ethane has promtensities® have been analyzed in detail. Other aspects, like
gressed slowly compared to other semirigid molecules ofne rotation—torsion—vibration Raman selection rules of
similar size. ethanelike moleculeé®, or the torsional dependence of Ra-
Among the 11 fundamentalgenuing vibrations of  man tensors, though recognized long a4bave not been
CoHe, just the two lowest frequency bands, the*1R treated before in much detail. The main purpose of the
vo(Eqq) =821 74 cm?’, and the Ramal® vs(Ay) present work is to show the peculiarities induced by the tor-
=994.1108 cm* bands have been so far analyzed in detail gjonal motion on the Raman spectra of the degenerate vibra-
The IR bands ve(Ass)=1379.163cm* and »g(E1a)  tional bands of ethane. Eventually, we intend to trace,
through the Raman intensities, the conceptual transition from
dElectronic mail: jmfernandez@iem.cfmac.csic.es D4 description of ethane to th@;, one. This leads to some
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interesting relations between the intensities of degenerate frame
bands related by an arbritrary torsional excitation. Some new | Ly /\ X
experimental material is also included to illustrate the state :

of the art of the problem.

Il. THEORY

i
. . 1
A. Raman cross sections and selection rules !
|
|

g

The vibrational-torsional—rotational energy levels 6(
of ethane will be denoted asV(T,R), where V \
={v1VoV3Us5V GV '770 ifvlggv 'lloov 'llllv '1122} stands for the set of vi-
brational quantum numbersT={v,0} for the torsional
guantum numbev,, and its symmetry labelk=A;, Eaq,
Ess, Asgq for vy=even, oro=A4, Ess, Eag, Ass fOr vy
=o0dd; R={Jk} are the symmetric top rotational quantum

numbers other tham. FIG. 1. Local axis system of the top«(y:,z), frame &;,y;,z;), and
o . . . . tL Yt 4t) IEP AR VA
Under a 90 Scatte“r_‘g geomei[r}((M N)Z], with M N molecular axis systemXY,Z) of ethane, and definition of torsional ange
=YY, or MN=Y X, the differential Raman cross section for used in the present work.

a transition between two vibrational—torsional—rotational
levels of ethane, of energigs, g and Ey/1/g» and wave
functions|VTR) and|V'T'R’), is given by

\

(ﬁ_U)D((MN)Z] _ 1)2 _ 4gvmefEVTR/kB@ From Eq.(2) it can be noticed that rotational selection
Q) \VTR)—»\V’T'R'>_ € (vo=v) Z2(0) rules are determined by the nonvanishing conditions of the
3-j symbol, while the vibrational and torsional selection
XSE\'\/"T“LV,T,R,), (1) rules come altogether from the/'T’[a!?|VT) transition

. . iy moments. In semirigid molecules the elemeat§ depend
expression valid under the usual conditions of nonresonan . .
nly on the normal coordinates, but in ethane they are

excitation of Raman scattering, assuming the gas sample E% . . .
. . ) unctions simultaneously of thg's, and of the torsional co-
be in thermal equilibrium at the temperatur®; eq

—8.8541910 2CV m ! is the permittivity of vacuum, ordinatey, defined in Fig. 1. This difference has important
o ST consequences, for the resulting Raman selection rules are not
vy the wave number of the exciting radiations= (Ey: /g

—Eytr)/hc the wave number of the Raman shift, amghr ::2 éimdeolﬂbtgmigl?&:‘rlggrourg(oslg?ljlr;gld molecdiehann
the statistical weight ofVTR) due to nuclear spin degen- 36 9 bpy '

eracy;Kg is Boltzmann’s constanZ(®) the partition func- The vibrational and torsional selection rules for Bg; ,
tion at the temperatur®, and group may be derived with aid of the power series expansion

813 Ok (0) 2 (0)
Siy = Sy (23 1)V T [V )2 da; o s
V' T'R’ 0 (‘)) — ((/) . — -0
(VTR=V'T'R") 3 ar (q")’) (aT )y+ aql ql+ 2 F7q|(9q qlqj
5 Y 17y
+ SOMN(2J+1)(2J’+1) +eo, (4)
J’ 2 et (@) 5 in terms of the B—7=17 vibrational normal coordinates
| sk (V'T'|e”IVT)* (20 (dimensionlessq; defined below. In Eq(4) the convention

of summing over repeated subindices is implicit. The coeffi-
the scattering strength for the irreducible componefit of cients (a(f))w ((?a(f)/ﬁqi)y. and (aza(,“/aqiaq,-)y, in the
the molecular polarizability tensor, with= Ak=k’ —k. power series are functions of the torsional angla periodic

Equations(1) and(2) hold for an exciting wave number yariable. They may thus be expressed as a Fourier series of
v far from resonant conditions. The molecular polarizability the generic form

tensor may then be considered symmetric, and its spherically
irreducible componenta!”) in Eq. (2) become

) = (n) n) i
= — (st ayy+ az)I 3, (—), ngo c™ cosny+ zl S sinny. (5)
a’E)Z): (2az;— axx— a’yy)/\/gy ) ] o
o _ 3) Group theory establishes which coefficie@$) or S™
Q1=+ Qyp— L @yg, are nonzero by symmetry: For each particular derivative of

the irreducible polarizability element, each term in the right-
hand side of Eq(4) must have the same symmetry as the
when expressed in terms of the Cartesian elements. left-hand side. This implies that

at%= (axx— ayy)2xiayy,
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TABLE I. Symmetry of periodic function$(y) [n mod € in G. pair are combinations of degenerate vibrations of top and
0 . ) . frame, one symmetric and the other antisymmetric with re-
spect to the interchange of the two halves of the molecule.
cosy Esq sinvy Esq It must be emphasized here that the symmetry of the
€S 2%y Ess sin 2y Eas degenerate normal coordinates of ethane cannot be deter-
ggziyy él" z:ziz é“ mined unambiguously on the sole basis of symmetry argu-
cos 5y Ez: sin 5y E:: ments, a peculiarity of molecules with internal rotation. The
cos 6y A sin 6y Ass choice betweenH,4®E,y) and Es®E,s) in Eq. (7) de-

pends on the vibrational potential functfror, to be more
precise, on the way it changes with the torsional angle. From
© 3 © the analysis of the subtle torsional splittings of the IR-active
F(er(q,7)=T((a;7),) fundamentals of gHg, the G35 symmetries

3o T(a-)=T(a.)=T(d.)=E
_F<( 7 ) ®T(q;) (a7)=T'(qg)=T'(dg) =E1q, o
I
. T(610=T(910) =T'(d2) = Ez,
2,,(
=F( ( e ®I'(g;q;). (6)  have been proposg&dfor the six degenerate normal coordi-
90i94; ¥ : nates of GHg. These symmetries will be used throughout

this paper.

Substituting the power series expansidhinto Eq. (2),
and taking account of Table Il, the vibrational—torsional se-
lection rules are obtained from the condition

The allowed symmetries of the left-hand side on EEq.are
known from the character taBfe of the group Gi:
T(af)=Ag, T(a’)=As, T(a?))=E,g, and (')
=Es. In turn, the symmetries of the functions e¢osand
sinny, required for the full exploitation of Ed6), are given (v’ T/|4O|vT)#0,

in Table I. On the other hand, the symmetry of the 17 normal

coordinatesy; of C,Hg satisfied® it T(IVTY)eT(al)eT(|V/T'))sAx. 9

Fyig(di) € 3A1582A458 (3—M)(E1s® Eps) The resulting 32 vibrational—torsional—rotational selection
B M(E4®Eyg) 7) rules fo_r Raman transitions @nvolving_degenerate modes,_ and
’ an arbritrary number of torsional excitation, are summarized
with m=0, 1, 2, or 3, not fixed priori by symmetry. With  in Table Ill. The transition patterns emerging from these se-
these constraints in mind, the periodic functional dependenclkection rules are intricate and do not seem amenable to fur-
of (9a'/4q;),,, and @>a'"/dq;dq;) ., on the torsional angle ther simplification. Indeed, the actual transition patterns are
is deduced from the symmetry compatibility E@). The  still more involved due to the&*—Coriolis splitting of the
result is summarized in Table II. double degenerate vibrational levels.
The degenerate vibrations of ethanelike molecules can Figure 2 displays the scheme of rotation—torsional en-
be seen to occur into “pairs” of analog motiofisclose in  ergy levels for degenerate vibrational stateEgf and E,q
frequency; in GHg they are: the two asymmetric CH stretch- symmetry, and arbitrary torsional excitations. For every
ings v; and vy, the two asymmetric HCH bendingg and  vibrational—torsional—rotational energy lev&olid lines,
v11, and the two methyl rockingsg and v,,. One compo- the following symmetries are given: symmetry of the tor-
nent of each pair is IR active and the other is Raman activeional wave functiol g in the left column, symmetry of
in a semirigid model. Actually, the two components of thethe rotational wave functio' rot on the bottom line, and

TABLE II. Torsional dependence of the first and second derivatives of the irreducible components of the
molecular polarizability tensor of ethane with respect to the normal coordigates

Sym Polarizability Sym Polarizability
Qi st derivative aid; nd derivative
r 1st derivati r 2nd derivati
A (91 aq) o< cos Gry A (02a160;99;) < cos ry
A (91 aq;) o< cos Gry A (2Pl 60;99;) < cos Gry
Ase (021 60;99;) < sin 6y
Ass (0%l a0;99;) < sin By
Eqg (9at? ;/(?q i)y Sin ey Eqq ((?zaﬂlaq,aqj) ocsin @ny
E1g (da+2/¢9q ), cos(é1+3)y Eiq (" iz/aq,dqj)yoccos((thB)y
Eog (931 9q;) ;= cos Gy Eq (923 9q;0q;) = cos Gry
Eq (9% aq;) < sin(@n+3)y Epq (0%a'?) 9q;0q;) = sin(@n+3)y
Eis (aa(2>/aq ), sin(@+3)y Eis (0%a'?)l 9q;0q;) = sin(@n+3)y
Eis (93 9q;) ;= cos Gy Eis (0%a'B) 9q,0q;) = cos Gry
Eas (931 9;) < cos(@+3)y Eas (023 9q;0q;) ;= cos(@r+3)y
Eas (92 9q;) < sin ey Eas (923 9q;q;) > sin Eny
n=0,1,2,...
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TABLE IIl. Raman selection rules foAv;=1 vibrational—torsional—rotational transitiohs; =0, ,0)—|v;
=1p,0') of C,Hg, involving a degenerate normal coordinageof symmetryI'(q;), and arbritrary torsional
excitationsv, andv, ; AJ=0, =1, =2 for all transitions; (h)z(f)/aqi)7 is the polarizability component respon-
sible for the Raman intensity, with its torsional dependence and symmeBy;imdicated in squared brackets;
e=even, o=o0dd parity.

I'(q) (929199, Ak vs—uvy o—a’ Num
Eig (9?1 d0), *1 ee BE3s—Ess; Esg—Eaqg 1
[sin ény] o e Ess—Eas; Esg—Eaq; Ass—Ars; Arg—Asg 2

[Ass] €0 Ess—Eas; Ezg—Eaq; Ars—Ass; Azg—Ag 3

0o Ess—Ess; Esg—Esqg 4

(92 9q), +2 ee Ess—Eaq; Ezq— Eas 5
[cos(61+3)y] o e Ess—Ezd; Esgs—Ess; Ass—Aszg; Arg—Ass 6

[A1d] €0 Ess—Ead; Esu—Ess; Asg—Ass; Ars—Ag 7

0o Ess—Esq; Ezg—Ess 8

Eaq (9a2)19q), *1 e e Es—Ess; Esg—Eaq; Ais—Als; Azg—Agg 9
[cos Gy] o e Ess—Eas; Ezq—Eaqg 10

[Ass] €0 Ess—Eas; Ezg—Eaq 11

0o Ess—Ess; Esg—Esq; Ass—Ass; Arg—Axg 12

(1701 /(?q) *+2 ee Es—Esq; Eag—Ezs; Ats—Azg; Azg—Ags 13
[Sln(6'1+3)'y] oe Ess—Ezq; Eag—Ess 14

[Asd] €0 Ess—Esq; Esg—Eas 15

0o Ess—Esq; Ezg—Ess; Azs—Arg; Arg—Ass 16

Eis (9a2)19q), +1 e e Es—Esd; Eaq—Eas; Ats—Agg; Azg—Ars 17
[sin(en+3)y] oe Ess—Ezq; Eag—Ess 18

[Asd] €0 BEss—Esq; Esq—Ess 19

0o Ess—Esq; Ezg—Ess; Azs—Arg; Arg—Ass 20

(92 9q), +2 ee Es—Eass; Esq—Eaq; As—Ars; Agg—Asg 21

[cos 6Gy] o e Ess—Eas; Ezg—Eaqg 22

[Ass] €0 Ess—Eas; Ezg—Eaq 23

0o Ess—Ess; Esg—Esq; Ass—Ass; Arg—Ag 24

Eos (9a2)19q), +1 e e Eys—Esq; Ezq—Ess 25
[cos(61+3)y] oe Ess—Esd; Esq—Ess; Ass—Aszg; Arg—Ass 26

[Asd] €0 Bss—Esq; E3g—Ess; Azg—Ass; Ats—Aug 27

0o Ezs—Eszq; Eag—Ess 28

(92 9q), +2 ee By Eas; Esq—Eaq 29

[sin ény] o e Ess—Ess; Esg—Eaq; Ass—Ars; Arg—Asg 30

[Ass] €0 Ess—Eas; Ezg—Eaq; Ars—Ass; Azg—Arg 31

0O o0 E35*>E35, E3d*>E3d 32

symmetry of the total vibrational—torsional—rotational wavethe torsional splitting of a vibrotational transition is tH#-
functionT"y, g On top of each level, along with its statistical ference of the torsional splittings of the initial and final
weight (in parenthesgsfor 1“C,Hy. Dotted lines represent states. On the contrary, in Fig(i8, the Ak= +2 transitions
nonacceptable combinations of rotational and torsional waveonnect the lower component of the torsional manifold in the
functions, and are depicted only to show the staggering oinitial state with the upper one in the final; thus, the torsional
torsional levels for different parities & splitting of the transition is theumof the torsional splittings

It should be noticed that the same four schemes of Fig. &f the involved vibrational states. Figure@Band 3b) dis-
would occur if the symmetry of the pair of vibrational coor- play, respectively, the selection rules number 9 and 13 of
dinates wereE s+ E,g instead ofE 4+ E,qy, but rearranged Table IIl.
this way: (a) E4s, va=even; (b) Eis, vy=0dd; (c) Es,
va=even; andd) E,, v,=0dd; i.e., the even/odd character
of v, is reversed in going from B, vibrational symmetry to The selection rules on Table 11l state whether a particular
a Eg one. Thus, in practical terms, the main difference be-ibrational—torsional—rotational transition is allowed by
tween arE .+ E, pair and arE, 4+ E,q one is the ordering symmetry, but do not provide any clue about the expected
of the torsional splittings. This property was udeid the IR intensity. According to Eqs(1)—(4), this information can
spectrum to determine the symmetry@i; of the 6 degen- only be deduced from the quantities(’ ), for transitions
erate vibrations of ¢Hg. within the same vibrational state, from?c(“)/aq) for a

In Fig. 3, theAk=*=1 andAk= *2 Raman active tran- fundamental transition, and from:')?(a“)/aq,aqj) for an
sitions of a fundamental band &4 symmetry are shown. It overtone or combination transition. A procedure to calculate
can be noticed in Fig.(8) that Ak=*1 transitions always the first derivatives of the torsional-dependent Raman tensors
connect states with theame torsionalvave functions. Thus, is described next.

B. Torsional-dependent Raman tensors
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Typ= E1d -l -l H—AL HA AL L T'vie= E2d H—f -2 - -t A L

Cror E1(9) Eti4) Al+A2(16) Tror A1+A2 (16) E1(4) E1(4)
a — E3ikae) [ G(ie) — F_QG) i s S -
G (16) [ (G (16) |E3+E4 (8) |
A3sl ‘f [Asaz (i) [~ SN R ETH)
§ EH] &0
‘Ii E3s I
Ald| ET@ A1+A2|(16) | E1@ N SHC)
..... ~ G(18)) e (B)E34E4 G (16))
(B)E3+E4| | e8| G(16)) g
J— El@® (e AitA2| d E1(4);
b . 20 . B2
|G (16) | [E3+E4(8) |
S |G (16) I |G (16}
A3dl E2(4) E2 (4) e |p3Ad18) |
§ B3|
@
11
¥ E3d] (e Heds
i R LTI E2(4) :
TeexEsy 1 egde) ] eae
®EsEd] (18} Als] 2 \E1 ¢4 \E1¢4f AY+AZ (16)
(16) ME ....... E2(4)] — [A2(10)
k= 0 +1 12 13 +4 5 16
I'yg= E2d +~f L £ -l +—t A
[ye= E2d -0 - - L -t
Tyor E2(4) L E2(4) L AIAA(16)
c &E‘ ® 1eas [ S (18) rTOR A1+A2 (16) E1 (4) E1 (4)
| (16) o |E3+E4(8) | __ G{ie) F G (is) ﬁ_ﬂ E3VE4 (8) m
A3s [A3+A4 (16) 2@ [ /
B E3d] &0 - - E3E4(®) [ G (16) a G (16)
¥ Ald| E1(9 atsa2 16)/ [
Y E3s| o E3s a
ATd] EZ(E] A+A4[(16) 2@ | E2(4) | T -\
- — @EREE G ey > E3d| es
Als - (16) & (4
(8) E3+E4 o e8| | cpe) | Alsl N\ g
, O onim LN e QREY PO / N e / -----
- G (18
(16) AYRAZ] N Bl /]
d . A1+R2(16) Et (4) o E1(4 )
&{1e) _ [G{ie) . [Edsee® [ /
o jEmEem Lo oae | c te) (b)
c Adl 19 EB1® [ E{® [ [AteA2(16) [
% =3 Tror
¥ E3d
> As| T 8w (16) A1+A2) . E1(4)) A3d . ' E1(4)
G (18)] ] G (16}, e o E3s| E3 G (16 +E4 (8
LS [E4(6
------- (8 B32E4) - ce) > gad _/ Jea \ [ e G (18
EL8) oo 1) - Als| A 14 =10 A AV#A2 (16)
[A2(10))
Trot= A1s(A2s) E2d E1s A3d+A4d Eils E2d A1s+A2s
k= 0 1 +2 13 14 %5 16
k= 0 1 12 13 4 15 16

. . . _FIG. 3. Raman transitions from the ground td'g,=E, vibrational state.
FIG. 2. Rotational—torsional level scheme of ethane for a degenerate V|bra(:a) Ak==1 transitions: (b) Ak= f; transiti(z)ﬁrt:s Fzgr the notation of

tional level of symmetry";, . The ordering of thet¢ and —¢ components S . . S P

. e . N , - ) vibrational—torsional—rotational energy levels an@oriolis splittings see
of the zCoriolis splitting shown here is fog?>0; for {?<0 this order is : :

: Lo . - the text and caption to Fig. 2.

reversed. For the notation of vibrational—torsional—rotational energy levels
and z-Coriolis splittings, see the text. These schemes also hold for vibra-
tional symmetriesE,s and E,s with the following correspondencega)
I',iv=E1s, va=even;(b) I',;,=Eys, vy=0dd; (c) I' ,;,=E,s, vs=even;

A s oud try C3, . One fragmentt) stands for theop of the molecule,
vib™ E2sy Ug™ .

and the othelf), for the frame This additivity may be ex-
pressed as

For conver;ience, the problem of obtaining the numerical a=T aT+T{ aTy, (10
values of gal”/aq;),’s will be carried out in two steps. o
First, the derivativesn’(a(f)/&S)7 will be obtained with re- Wheréa, and a; are th_e polarlzat_)lllty tensors of the frag-
spect to a set of symmetry coordinagsSubsequently, these ments, referred to_ the_|r Io.cal axis syste_ms,yt,zt) and
derivatives will be transformed into the?¢!”/dq;),’s by (X¢.yr.,z¢), shown in Fig. 1.T, andT;, defined as
means of the vibrational eigenvector transformation de- cosy siny 0
scribed below.

T,=| —siny cosy O
1. Raman tensors in symmetry coordinates 0 0 1
representation , (12)
. o cosy -—siny O
For the purpose of modeling the molecular polarizability )
tensor(a) of ethane, we shall consider it as the sum of the ~ Tr=| —Siny —cosy 0 |,
contributions from two identical fragments of local symme- 0 0 -1
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TABLE IV. Symmetry coordinates for degenerate modes of ethane;

=1 Ais a length scaling factor.

S7a(E1g) = (1/\/5)[(Cftx_ Srty) +(crix— Srfy)]
Srn(E1a) = (IN2)[(STix+Crey) = (STretCry)]
Sga(E1g) = (1/\/5)[(C“tx_ Saty) +(cagy— Safy)]
San(E1d) = (IN2)[ (Saex+ Cayy) = (Sapy+ Cargy) ]
Soa(E1g) = (IN2)[(CBix—SBry) + (CBix—SBry) ]
Son(E14) = (IN2)[(SBex+CBey) — (SBrx+ CBiy) ]
Sica(Ead) = (IN2)[ (STt Cryy) + (STex+Cryy)]
Sltb( Ezd) = (1/\/5)[( —Cryt Srty) + (Crfx_ Srfy)]
S11a(Ead) = (IN2)[ (St Cary) + (Sary+Caryy) |
S11n(Ezd) = (1/\/5)[( —Cayt Saty) +(Cagy— Safy)]
S12a(Ead) = (IN2)[ (SBixt CBuy) + (SBix+Chiry) ]
Sin(Ezq) = (LN2)[ (— CButSBy) + (CBix—SBry)]
C=C0Sy, S=siny

J. M. Fernandez and S. Montero

pairs of degenerat&-symmetry coordinates in the methyl
groups. Thus, the local Raman tensors for the top and frame
methyl groups are

d 0 e
LT

e 0 0

0 -d o
gm_dm | g4 o e (15)
gy dryy o e o

for the stretching coordinates, and similar ones for the bend-
ing coordinatesg;’s, By;’s and ay;’s, By;'s defined in Table

IV, replacingr by «, or by 8.

:‘X:((i//{/—%))(é?rl:‘;z:?r3)) :‘i%g;g‘;z:‘;% Introducing the coefficients of the symmetry coordinates
= (& JB) (26001~ Suty— 5ut2) a:yy:(a,ﬁ)(gasz,gi) S of Table IV into Eqs(13)—(15), the Raman tensors for the
ar,= (8l \B) (2004~ Sas— da) ary= (a/2) (a5 — Sag) whole molecule
Buo=(al\6) (2681~ 5B,— 5Bs) Biy=(al\2)(6B,~ 5Bs)
Brc=(al\6) (258~ 585 56s) Biy=(al\2) (585~ 565) P dy, cos 3y 0 0
8r;=C—H stretching;5a;=H;—C—H, bending;58,=C—C-H bending v \/E 0 —d,cos3y 0],
: 9Sja(E1q)
0 0 0
(16)

are the direction cosines matrices between the local axis sys- P 0 —d,cos3y 0
tems of the fragments top and frame, and the molecule fixed SE" V2| - d, cos 3y 0 0],
system ¥K,Y,Z). It should be noted that orientation of the 9Sjb(E1a) 0 0 0
local axis systems used hdfég. 1) differs from that used in
the literaturé®3°26in order to preserve formally the equiva- d,sin3y 0 0
lence of _the _t_ensorial properties of the two fragments, like da =2 0 —d,sin3y e, |,
the polarizability. 3Sa(E2q) 0 0

The derivatives of the molecular polarizability with re- €y
spect to the symmetry coordinat8sf Table IV may then be _ (17)
expressed as P 0 —d,sin3y —e,

do da Jar SE" J2| —d,sin3y 0 0

_:T+_t-|— +T+_f-|— (12) (98”0( 2d)

&S t as t f as f- - e77 0 0

For the present purposég, /dS and da; /39S must be ex- are obtained in terms of the torsional angle and of the ele-
pressed in terms of the internal coordinates™Mentsd, ande, of the methyl group. The subindexstands
(Moo T 1y) (@ @y @ y)s (Buc By »Bix»Bry) OF for r, a, or B, depending on the internal valence coordinates

the two fragments of the molecule, defined at the bottom ofvolved in each particular symmetry coordinate.

Table IV. For instance, for the derivatives of the polarizabil- It ¢an be verified that at staggered configuratigns

ity of the fragment “top” with respect to any of the symme- =(2n+1)7/6, with n=0,1,2,..], the symmetry properties

try coordinatesS,,, Syp, Sim, OF Sy, Which depend on of the Raman tensors are those of the degenerate species in
a?’ ’ H Ll

the C—H stretching coordinatess, we have Djq point_ group. At the eclipsed c_onfiguration_sy (
=2nm/6, withn=0,1,2,...), the symmetry is as Dy, point
o'?at &a’t o"l’tx ﬁat o"l’ty ﬁat o"l’fx &a’t ﬁrfy group

9S  dry dS | ary S drex 9S  drgy, 9S’

(13 2. Raman tensors in normal coordinates

and similar expressions for the derivativea;/dS of the  representation
fragment “frame.” The last two terms in E§13) mixing the Symmetry coordinateS; and dimensionless normal co-
derivative of the top with a coordinate of the frame may beordinatesqj are related by
neglected because they are expected to be very small. Ex-
pressions analogous to that in E&3) hold for the frame and Sip=Lijp (18)
for the other symmetry coordinates of Table IV depending onwhereL;; are elements of the vibrational eigenvectoma-
the H-C—Hbendings(a’'s), and on the H-C-Gendings  trix. Consequently, the derivatives of the molecular polariz-
(B'S). ability are related in the form

The internal coordinates;'s, ay;'s, By's and ry;’s,
agj's, Byj’s, with j=x,y, defined at the bottom of Table IV L
have been chosen in such a way that they are well-oriented 9di, 'S

Jda Jda
— (19
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For the degenerate coordinates ofHg indicesi andj run

Degenerate modes of C,Hg 2663

symmetry coordinatesl. matrix, and normal coordinates

from 7 to 12. Indexp = a,b stands for the two components of of non-rigid ethane, depend on the torsional angle. In

a degenerate pair.
Bunker®®® has discussed the vibration&lF problem

particular, theL matrix consists of four(3x3) blocks
of A, or Az symmetry expressable as Fourier series in the

for ethanelike molecules. According to his description,form

((3X3)Aqs)

((3X3)Ass)

Stp(Eyg) A7p(E;)

Sep(Esg) Lj+> IVcosny X 1{Vsin6ny 8o (E4q)

SopEry) | " " op(E,q) 20

S100(Ez) (3% 3)Aqy (3x3)As) Gu0p(E)

S11p(Eyy . o U11p(E,g)

ST ; 1" sin 6ny Lij+; I cos@y | | quge,

|

The constant termlsij. are knpwn fromab initio calculations N;=2(Lygd, +Lyyd,+ L1adp), (26)
and empirical force field§ with a reasonably degree of con-
fidence. On the contrary, the terrﬂﬁ) are not known so far. Pi=2(Lige +Lise,+Lizep), (27)

In ethane they are expected to be one order of magnitudg

smaller than the correspondihg’s, or even smaller, by vir-
tue of the relatively high torsional barrier. Setting E¢K5)
and(17) into Eq.(19), and taking into account E@20), the
following nonzero Cartesian components of thdependent
Raman tensors are obtained:

(i) E1q normal modesy;,=dy,,ds,,dg,, With p=a,b

&axx_ daryy

(9Qia aqia

B dayy

J0ip
=M, cos3y+ >, f{V cog6n+3)y, (22)

n
day, dary, M) o
—— === i’ sinény, 22
90ia dqip ;g, 7 22
with
M= V2(L7id, +Lgido+Loidp). (23
(i)  Epg normal modes Qi,=01q,,011,,012,, With
p=a,b

ﬁaxx_ daryy

aclia aQia

_ dayy

dQip
=N;sin3y+ >, f{Vsin6n+3)7y, (24)

n

day, dayy,
—X=—_—"=pP;+ > g" cosny, 25
9Gia qp ;g, 7 @9

with

etermined by the constant terms of thematrix and the
polarizability parameters of the methyl group. As can be
checked from the definition of the irreducible components of
the polarizability in Eq.(3), the resulting torsional depen-
dence of the Raman tensors is consistent with that predicted
on the sole basis of symmet(yable II).

In Egs.(21) to (25), the coefficients(" andg(™ depend
on the elements” of the y-dependent.-matrix [Eq. (20)].
In C,Hg they are expected to be much smaller than the terms
M;, N;, andP;, and will be neglected in the forthcoming
discussion. The following derivatives of the irreducible com-
ponents are then obtained:
(i) Ei9 normal modesqi,=q7,, s, g, With
p=a,b

(2)
)

aqip

Y

(&a(iz%) .
(?qia y B

(28)

2
da'?)
=M, cos 3y.
Y

d0ip @9

(iv)  Epq normal modesd;,=diq,, Qi11,, 1z, With
p=a,b
i(aafi) :+(aafi) ~P, (30
9Gia |, | i » a
(ﬁa&z%) =+i(aa(+2%) =N; sin3 (31
Mia ), | i/, ' s

Due to the torsional dependence of the quantities of Egs.
(28)—(31), the transition moments{v,0|cos 6yv,o’),
(v40|sin 6yvyo’), (v40|cos yvyo’), and
(v40]sin 3yjv,o’), are also needed for the interpretation of
the Raman intensities. A summary of those relevant for the
analysis of the spectra discussed below is given in Table V.
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TABLE V. Transition momentgv4a|f(y)|vso’) of C,Hg. Average value over the various torsional symme-
tries (o,0”), with the largest deviation from average value indicated in parenthesis.

(vaolf(vio’) (o0)

(Oo{cos 6y|00)=—0.847 50) (A1s,A15), (Ezd,Ezq), (Ezs,Eszs), (Azd,Asg)
(1olcos 6y|10)=—0.537 416) (A1d,A10), (Ess,Ess), (EsaEad), (Ags,Ass)
(20]cos 6y|20)=—0.209 1218 (A1s,A15), (Esd,Esza), (Ess Eas), (Agd,Asza)
|{Oaicos 6)120)|=0.198 99) (A1s.A1s), (Ezq.E3q), (Ess.Ess), (Asd Asza)
[{0a]sin 3y|00" )| =0.959 40) (A1s,A3q), (Eszq,Ess)

[(1osin 3){10")|=0.870 10) (A1d.Ass), (Ess,Ezq)

[(2aisin 3y|20")|=0.756 34) (A1s,Asq), (Ezq,Esy)

[(Oo]sin 3){20")|=0.057 31) (A1s.Azq), (Ezq,Eas), (EssiEazq), (Asg.Axs)
[{0aisin 3){10”)|=0.000 20) (Ess Esq), (Esq,Ess)

[(1a{sin 3y120")|=0.005 &0) (Ess,Esq), (Ezq,Ess)

[(20]sin 3){30")|=0.069 50) (Ess.E3q). (Ezq.Ess)

[{Oolcos 3)|10”)|=0.275 0) (A1s,A10), (Ezq,Eas), (Ess,Eaq), (Asg,Ass)
[(1o]cos 3y2¢')|=0.391 G1) (A14,A16)s (Ess,Ezq), (Ezq:Ezs)s (Ass,Azq)
[(20|cos 3)|30")|=0.482 680) (A1s,A10), (Ezq,E3s), (Ess,Eaq), (Asg,Ass)
0olcos 3/|00”)|=0.000 030) (Ese Eaq)

[(1olcos 3y|10”)|=0.001 40) (Ess,Ezq)

(20]cos 3[20)|=0.023 60) (EaerEx0)

|{Oalsin 6y|10")|=0.483 33) (A1s.Ass), (Ezd.Eszd), (EssiEas)y (Azd Asa)
[(1o]sin 6y|120")|=0.576 G56) (A1d,Azd), (Ess,Ess), (Esd,Eaa), (Ass,Ass)
|(20sin 6/{30")|=0.544 4375 (Ass,Aszs), (Esd,Ead), (Ess,Eas), (Asg,Ard)

They have been calculated from the torsional wave functionby means of the term in sin3 And the E;q modes, which,
lvso), obtained by numerical diagonalization of the tor- according to the Character Table Gfy;, were active in IR

sional Hamiltonian but not in Raman, become allowed in Raman with rotational
2 selection rulesAk=*1 andAk= =2, through the terms in
d V3 Vg ) . I
Hr=—A—-——+ —=(1+cos6y)+ — (1—cos12), sin 6y and cos 3. The terms iy mean that these transitions
Iy 2 2 32 involve a simultaneous change in the torsional state, but be-

cause of the different symmetry of the functions, these
in the basis of the free rotor functios)=./""*exp(Ly), torsional transitions are different for t®,y modes than for
following the procedure of Ref. 17. the E,4, as can be checked with the transition moments in

At this point it is worth discussing the symmetry prop- Table V: in theE,4 case, they implyAv,=0, but connect
erties of the torsional-dependent Raman tensors, in order 1, Az, Ass—Aqq, andEzg— Egq, i.€., there is a change
trace the conceptual transition frobyy to G35. Raman ac- in the torsional wave function bwtithin the same torsional
tive degenerate vibrations of,Hg, and the polarizability quantum numbeo,; on the contrary, in th& 4 case, they
componentsa'?) and «?}, belong to theE, species in necessarily convey dv,==1 change, thus becoming al-
Diq,2’ so that two series of transitionsk=+1 and Ak lowed in the form of a torsional combination or difference
==*2 are expected in the spectrum, each series with an irband, ¢+ v,), as expected in thB 34 description.
tensity given by an independent componevi’m@/aq)2 and Furthermore, according to the model for the torsional
(aa(f%/&q)z, whose ratio is constant for a given band. Ondependence of the Raman tensors just described, the inten-
the contrarya'?) and «'?) transform like different degener- sity of the «{?} component of arE, mode inDay is “split”
ate representation€gy andE,s) in Gi,%’ so that the selec- into theE, 4 (IR) and theE,; (Raman modes inGgq. Thus,
tion rules for a given degenerate vibrational band of ethanae can look at this situation in terms of the IR modes “bor-
are apparenthhk= +1 or Ak= +2, but not both depending  rowing” some intensity from the Raman ones when the tor-
on whether the vibration belongs to tg, or E; species of  sional motion departs from a small amplitude vibration. This
G- As a matter of fact, the analysis of,, and vy; by ~ poses arelation between the intensity of a Raman degenerate
Lepardet al}? showed that both series of sub-branciids  vibrational band and the combination or difference of its IR
=+1 andAk=+2 were present in the spectrum of thesecounterpart with the torsional mode, that can be used to
two bands. check the applicability of the model.

This apparent contradiction is overcome when the tor-
sional dependence of the Raman tensors is taken into a@i, EXPERIMENTAL RESULTS AND DISCUSSION
count. For a E 4,E,q) pair of normal modes, several con-
clusions can be drawn from Eq®8) to (31). First, the only
constant terngi.e., independent frony) is that ofa(f% of the The Raman spectra shown below have been recorded
E,q Symmetry. This is the meaning to be attributed to thewith a high-sensitivity instrumeri It is equipped with a low
notation in the Character Table Gf;;, as given in Ref. 27. noise CCD detectof512x512 pixels, 1%19 um? pixel
The Ak= =2 transitions, that seemed to be “lost” in going size refrigerated by liquid N, and a computer controlled
from the D34 to G4 descriptions of ethane, become allowed scanning/data acquisition system which allows spectral accu-

A. Instrumentation
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FIG. 4. Thev,, Raman band of gaseous ethanéX] scattering geometry excited with 1.0 W multipass at 514.5 nm. Average of 10 scans-#8 h total
acquisition time, using 5@m=0.40 cm ! spectral slit. CCD binning: X256 pixels.

mulation without loss of resolution. The detection thresholdB. v,o(E,q), v11(E,y), and vi,(E,4) fundamental bands
is about 1 ppm, referred to a gas at standard temperature and
pressure, using 1 W excitingw-laser power at 514.5 nm.

The spectral resolution of the instrument is on the order o

The Raman spectra of;y and v, bands of ethane were
investigated in some detail in the prelaser Eréhey were
tecorded photographically with an exposure time of about 70

—1
0.2cm - o h, at a sample pressure of one atmosphere. In the prelaser
The large sample chamber of422Xx24 cnv, manufac-  gpectrum ofv,,, a large number of rotation—vibration lines

tured in aluminum, and blackened inside to reduce stray ragere overlapped by the stror@ branches ofv, at 2954

diation, allows recording two sorts of Raman spectra cmL and of », at 2898 cm?, of the Fermi resonance of
16
()  from gases under supersonic jet conditions, in the’1-  The prelaser spectrum of; was somewhat better.
temperature range<6T< 100K, and In spite of the relatively modest signal-to-noise ratio,
(i) from static gases in the pressure range <(Pl and of the low resolution caused by pressure broadening, a
<200kPa. rather complete analysis of the spectrawgf and v, was

accomplished? However, doubts remained about the vibra-
The first sort of spectra can just be recorded for intense R&ional origin of both bands, which could be misassigned by
man bands, due to the signal limitation imposed by the rar-=1 unit of the quantum numbéx Further, the ratio of tran-
efaction proper of supersonic expansions. In the present casdlion moments
among the degenerate bands gHg, only v, and v, are

2 2
intense enough to be recorded under expansion conditions in <V-|-|('9a_(i;> i, |V'T')
a wide thermal range. In order to extend this range down to i y g
the lowest temperatures, besides purgHg (Air Liquide, Ri= 9a'?)
99.4% stated purily mixtures of 50%, 20%, and 5% of (VT|((9—_> i |V'T’)
C,Hg in He were expanded through a nozzle of diam&er Gio 1

=300um, under stagnation temperature of 295 K and pres- N; |2

sure of 100 kPa. Z(E) [(TIsin3y|T")[%, (33
The other bands investigated, namely,, v;+wv,, vg '

+ vy, vi1tvip, andvg+2v,—vg, are at least two orders of (referred to in Ref. 12 a£.,:C.,) was defined in the

magnitude weaker thanm,y, and were not amenable to ob- frame of aD34 point group, i.e., ommitting the angular de-

servation under supersonic expansion. Their Raman spectp@ndence iny; prelaser values dr; were not expected to be

were recorded at a pressure of 10 kPa in order to reduce thdetermined accurately neither fog,, nor forv,;, due to the

pressure broadening. low signal-to-noise ratio of the photographically recorded
Wave numbers were calibrated either with emision linesspectra.

of Ne, or with theS(1) Raman line of @at 1570.53 cm™.*° We report here the;q and v,; bands recorded with im-

The estimated accuracy 0.1 cm . proved experimental conditions: at room temperature and
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experimental CHg vio K= © 1 2 3 4 5 6
1 T=13£2K
(from simulation) Jodd |s Jio I
Jeven 2 [6 4 1616 |4 16] s 16 |4 4 16 8 [i6
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FIG. 6. High resolution torsional splitting patterns for torsional—rotational
Raman transitions from ground to &n;,=E,4 degenerate vibrational state.
() Ak==2; (b) Ak==1. For each transition, symmetries of initial and final
torsional wave functions, rotational quantum numkemod 6 of initial
instate, and relative intensity due to nuclear spin weight are given.

Wavenumber (cm1)

FIG. 5. Thev,;, Raman band of jet-expanded ethaf®b6 in He, at x
=5D=1.5mm from nozzle and $(Pa stagnation pressurgY Y]+[Y X]
scattering geometry excited with 2.0 W at 514.5 nm. Average of 2 scans
10 min total acquisition time, using 108m=0.80 cnm* spectral slit. CCD
binning: 3x256 pixels.

=2954cm ! and v,=2898 cm ! of the Fermi resonance in-

volving v,. Some assignments of prominent peaks are indi-
pressure of 10 kPa, and under supersonic expansion, at tewated in Figs. 4 and 5, calculated from the analysis described
peratures ranging from-100 K down to 13 K. The low next.
temperature spectra were aimed to remove any ambiguity The Raman spectra ofoin Figs. 4 and 5, plus other at
about the band origin. intermediate temperatur€46 and 79 K, were simulated us-

Some representative spectragf are shown in Fig. 4 ing Eq. (2) for the intensities, and the expresion

(room temperatupeand Fig. 5(13 K). The spectrum in Fig. ,
4 was recorded under 90° scattering geometfy X]Z in Eve(¥3K) = 0v+B,J(J+ 1)+ (A, B,)K*+ A, ()
order to avoid the overlapping of the much more intense
nondegenerate bands. It can be noticed in Fig. 4 the complete
elimination of the strongly polarized components,

—2A,kI—Dy(J(J+1))?
— D, J(I+1)k?—Dyk*, (34)

TABLE VI. Molecular constants of selected vibrational states?@;H.

Ref.

State Ref. state
v(E1q) =2985.39 cm* 9 po(Epg)=2968.480.1cm! a
A,=2.682cm? 9  A,=27128:0.002cm? a
B,=0.66310cm? 9 B;;=0.6647+0.0003 cm?* a
{3=0.128 9 (3,=0.219-0.002 a
R10=0.6+0.2 a
vg(Eqq) =1471.634 cm? 6  vy(Eyg)=1468.4-0.1cmt a
Ag=2.656 02 cm't 6 A;;=2.6575-0.001cm? a
Bg=0.664 667 cm* 6 By;,=0.6666-0.0005cm? a
Z=-0.3025 6 (5;=-0.33439 18
R1;=0.35+0.15 a
vo(E1q) =821.72244cmt 2 (Epg)=1196.9-0.2 cmit a
Ay=2.678 900 8 crn? 2 A;,=(2.66952) cm? b
Bo=0.661 744 3 cm* 2  B.,=(0.663027 4) cm? b
[5=0.259334 7 2 (5,=0.407x0.01 a
R;»=3 a
Ground state Torsion
Ay=2.669 52 cm? 37 v,=289cm? 17
B,=0.663 027 4 cm* 33 A,=26745cm? 41
D;=1.0317410%cm* 2 B,=0.6605011 cm?* 33
D=2.6604x10 6cm?! 2
Dy=9.44x10%cm™? 38

3Present work.
Ground state value.

for the energies of the rotation—vibration levels. This simu-
lation allowed some molecular constants of the band to be
fitted to the experimental spectrum. The results are shown in
Table VI.

As shown in Fig. 5, a reasonably good simulation of the
spectrum ofv,y at a temperature of =13K is possible on
the basis of the parameters of Table VI. At temperatures
above 50 K, the population of levels involving highkval-
ues becomes dominant and the simulation becomes poorer,
with evidence of local perturbations. Nonetheless, it was
possible to obtain thd,,, By, and{j, constants from fits
of the low temperature spectra, and to confirm unambigu-
ously the band origin. Our analysis, summarized in Table VI
(rows for v4g) largely confirms that of Lepardt all?

From the ratidR,,= 0.6+ 0.2, defined in Eq(33), jointly
with the absolute cross sectidrof v,,, one obtains the nu-
merical values of the main coefficients of the Raman tensors
defined in Egs(24) and(25)

IN;g =(0.166+0.019x 10 4 Cn?V 1,
|P1g=(0.198-0.02 X 10 4 CnPV 1,

The vy, v, and vy, bands obey the selection rules
number 9 and 13 of Table Ill, shown in detail in Fig 3. The
expected torsional splittings cannot be resolved under the
present experimental conditions. However, theperturbed

(35
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FIG. 7. Thev,; Raman band of gaseous ethanéY]+[Y X] scattering geometry excited with 1.0 W multipas$ at 514.5 nm. Average of 10 scans+?2.5
h total acquisition time, using 5@m=0.52 cn* spectral slit. CCD binning: X256 pixels.

high resolution pattern can be predicted with the aid of Figsstant, it should be noticed that the order of thé and —1

2 and 3. As shown in Fig. (@), the transitions), k—J’, k  components of the energy levels of; is reversed with re-

+2 are expected to consist of torsional doublets separated tspect to Figs. 2 and 3.

approximately &=0.011cm?, with the ratio of intensities The Raman spectrum in the region of the, band is

and the ordering of the splitting components depending oshown in Fig. 9. For ther;, band, barely investigated before,
the quantum numbek of the initial level of the transition. present analysis provides strong evidence that its previous
On the contrary, fod, k—J’, k* 1 transitions, the torsional assignment'® was not correct. As shown in Fig. 9, the
splittings are expected to be much smaller, just due to théroad peak at=1190 cm! previously assigned as;»,
difference of the effective torsional barrier between theturns out to be completely polarized. Thus, it cannot be as-
ground and the vibrational levely. Thus, the order shown signed to a degenerate fundamental band. It may be better
in Fig. 6(b) is uncertain, and could be globally reversed.assigned to the difference bandg(-2v,)— v, analyzed
Rotational and torsional perturbations can modify this pat-
tern, even lifting theA, /A, or E3/E, degeneracies in Fig. 3.

In particular, the Coriolis perturbation of;y by the nearby

v, fundamental can be expected through ¢hg, term.

The Raman spectra af;; are shown in Fig. Aroom
temperatureand Fig. 8(23 K). These and other spectra at
intermediate temperatures were analyzed in a similar way to,—,
v1g, Just discussed. The results are included in Table VI. §
From the fits it was possible to determine the band origin and}:
the rotational constant8,, and B,;; {7, was fixed at the g
value from the analysis of the IR combinatiBrv,;+ v,. k=
From R;;=0.34+0.15, jointly with the absolute cross
sectiort® of v;, one obtains

[\

GHg vy
=2312K
(from simulation)

experimental

—

R
10 Sk 45

4
T
simutated | ‘ | ‘

IIIIIJIIIIIIIIIIIII

IN;,|=(0.060+0.01)x 1040 Cn?V 1,

o

(36)

1460 1480 1500 1520
Wavenumber (cm-1)

S

|P11=(0.097+0.015 10 4% cnm?V 1,

Some assignments of prominent peaks, calculated from
the molecular constants of Table VI are indicated in Figs. 7#!G. 8. Thev;; Raman band of jet-expanded etha@€% in He, at 5D

. i _ ;_=1.5mm from nozzle and 1 bar stagnation pressgirer]+[Y X] scatter-
and 8: positions oy sub-branches and the resuit of acci ing geometry, excited with 1.5 W+multipas$ at 514.5 nm. Average of 5

dental piling up of*S(J) tra_nSitic_mS with the same value of gcans in 25 min total acquisition time, using 105=1.03 cm ! spectral
(J+2K). Due to the negative sign of the Corioli§; con-  slit. CCD binning: 3<256 pixels.
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6 2 -
experimental GH, experimental CH, (v+vy)
T=295K T=295K
P=10kPa P=10kPa
54
- o
&
g 14 @
4]@ %‘
B WWWW E | e Jj
§ 3 Jsimuted, \ \ ANANNNNAANAAA] 0
= © 1
= Rk 6 3 0 3 GSQK
2 = 1 1 T ¥ T 1
] 3150 3200 3250 3300 3350 3400 3450
1 Wavenumber (cm!)
1 ] FIG. 10. Raman spectrum of gaseous ethane in the region of.the,
] band.[YY]+[YX] scattering geometry excited with 2 ¥Wnultipass at
1 @=H3() 514.5 nm. Average of 9 scans 4 h total acquisition time, using 100
0 1 um=0.76 cm* spectral slit. CCD binning: 8256 pixels.(1) and(2) ten-
1100 11'50 12'00 12'50 1300 tatively assigned asia+2v, andv3+2v,,, respectively.
Wavenumber (cmr!)
FIG. 9. Raman spectrum of gaseous ethane in the region ef;tfEand.(a) =-0.129,e,=0.181,dz= —0.055, andez=0.116, in the

and(b) experimental, excited with 2 W+multipass at 514.5 nm, using 300  same units. From this analysis, it turns out that over 90% of
pm=3.2 cm * spectral siit; scattering geometrta) [YY; (b) [YX], total  the Raman intensity of the;; band arises from the C—H

acquisition time: 30 min each, CCD binningx256 pixels.(c) simulated tretchi dinats. - in th | d
11, band withRy,=c. (d) simulated g5+ 2v,) — vo band.(e) sum of 4/3c) St €LeNiNg cooradinais,q In the g,, hormal mode.

+(@- C. vi(Erg)tvs, vg(Erg)tv,, and wo(Eig)+v,
vibration—torsion combination bands

below in some detail. The actua, band is the broad un- The theoretical model described in Sec. Il provides se-
derlying structure seen in Fig(I9 with average spacing of 'ection rules and Raman tensors for transitions to any degen-
A=10.22 cm'* between consecutive peaks. This spacing i€rate vibrational state infElg involving an arbitrary number
consistent with that of th@Q, andSQy sub-branches for a of torsional quanta. These Raman tensors are also deter-
Coriolis constant of 0.40, close to the valgé,=0.4063 Mined by the six quantitied, , €, d,, &, dg, €4 of the
derived from the analysis of the IR spectrum of,+v,.  Methyl group, defined in Eq¢14) and(15), whose numeri-
From the fit to the experimental spectrum shown in Fig)9 €&l values were given above. _

the ¢Z, constant and the band origin were obtained, as re- 1he Raman tensors for the normal coordinags s,
ported in Table VI. However, due to the extremely low in- @1ddo Of Ey4 vibrational symmetry are largely determined
tensity of v;,, and the overlapping of the broad feature cen-PY the quantitiesvl7, Mg, andMy, respectively, defined in
tered at~1190 e, it is not possible from present spectra EG- (23). Their numerical values argM,|=0.166+0.017,

to determine unambiguously the band origin. We propose |M§L0:0-073t_?-014' and |Mo[<0.024, in units of
107 4°Cm? V1, as calculated from thej; coefficients de-

v1,=1196.9-0.2cm H(+nXA), (37)  rived from the empirical force field of ethaf@.
with n=0, or 1, or 2. All v;+ vy, vg+v,, andrvg+ v, combination bands are

The cross section of;, is estimated to be about one Permitted in the Raman spectrum, and, according to Table
fourth of the very small value reported earfi@rThis im-  ll, obey the torsional selection rules No. 3 and 7. However,
poses ontdN,, and|P;, the constraint from Eq. (28), the Ak==*1 transitions should have almost

) ) 50 o an,2 zero intensity. Hence, thBQy and RQy peaks should be
0.857Ny7“+|P12“<0.000 1710 C*m*V ™~ nearly missing, and only tHéQ, andSQy peak series would
(38) e observed. The Raman cross section associated with the

With the aid of Eqs(26)—(27), and of theL matrix of = Ak==2 transitions is determined by the quantitibs,,
the vibrational force field of ethariéthe quantitiegN;| and Mg, andMg given above, along with the square of the tor-
|P;|, fori=10, 11, 12, can be reduced to the parameders  sional transition momenaicos 3y|1¢’) given in Table V.
e, d,, e,, dg, andeg of the methyl group tensors, defined On this basis, we obtain far;(E4) + v4 @ cross section
in Egs. (14), (15), and analogous ones. The parameters obthat is 0.035 of the nearby,y(E,4) band. In Fig. 10, the
tained are |d,|=1.07+0.1, |e|=1.27+0.1, |d,|<0.25, Raman spectrum of ethane in the region 3100—3450"dm
le,/=<0.30, [dg/=<0.14, |es<0.16, in units of shown. The dominant feature is a series of sharp peaks with
10 %°CmV~1. The following values have been derived an average spacing @f=8.74 cm’. This spacing matches
from ab initio calculations® d,=0.717, e,=0.742, d,  well with the spacingA=8.71 calculated fow,+ v, from®
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{3=0.128. In Fig. 10, the simulated spectrum of+ v,, 3
resulting from a fit to the experimental spectrum, is also ] CHy, (Vv
shown. The following molecular constants for+ v, are 7=295K

1 P=10kPa

determined from the fit: 2]

v+ v,=23256.55-0.04 cm I, (39 fg

H(v7+v,4)=0.112+0.003, (40) > 1]

A(v;+v4)—Ap=0.017+0.003 cm™. (41 é ]

o . = 1 simulated

This origin is, however, uncertain by A or =2A, due to the 0]
low signal to noise ratio of the experimental spectrum. We ] o 5
thus conclude that this band may be attributedv$¢E, ) ] R e B e S

+wv,, instead of the previously proposed assignment as the
SS of vy band®® or as theSS¢ of v, band? The experi-
mental intensity forv,(Eqq) +v4 appears to be somewhat
weaker than predicted, but the determination of the baseline

- 1 ] T T T T
2500 2550 2600 2650 2700 2750
Wavenumber (cm!)

is uncertain. FIG. 11. Raman spectrum of gaseous ethane in the region of,tHev;,
By the same token, the counterpart bandE q) + v, band.[YY]+[YX] scattering geometry excited with 2 Wnultipass at
with the same symmetry characteristics agE )+ v4, 514.5 nm. Average of 10 scans iA2.5 h total acquisition time, using 100

um=0.85 cm ! spectral slit. CCD binning: 8256 pixels.(1) and(2) ten-

should be expected around 1760 c¢mHowever, it should tatively assigned as,-+ 2v, and (s 1) (As). respectively.

be still weaker tharw,(E.q4) +v,, by about one order of
magnitude, since its intensity is given big)?, which is
smaller than §1,)2. Indeed, such a band has been repotted, +3)y. The observed average spacing of 7.48 &iis consis-
tentatively assigned asvgd+vq, 2v4+ vy, OF v4+vg (the  tant with the predicted oned=7.64 cm ', for the ©:5Qy
quotation in the original? v,+ vy, is thought to be a mis- ) .a0ches for an effective?= — (£,+ ¢2,) = — 0.0726, from
print). Though the signal-to-noise ratio is not very good, theyhe \aiues of Table VI. In Fig. 11, the simulated spectrum of

average Spagcling between cgnsecut‘f_béQK branches, of (,, ., . | resulting from a fit to the experimental spec-
about® 7 cm %, is more consistent with the assignment as 1s

vg(E1q) + v4 band. Thevg(Eq) + v4 band, with estimated
origin at aboutl111 cm %, should be still much weaker then

trum, is also shown. The following molecular constants are
determined from the fit:

the previous bands due to the very small valuévigf. (vi1t+v1pg, =2658.29-0.05 cmt, (42
The corresponding torsional hot bands, with origins at ,
v(E1g) — ¥4=2696, vg(E1q) — v4=1182, andvg(E;q) — vy (vt vie, = —0.081£0.003. (43)

=533cm !, should display a similar structure &FSQ
branches as their counterpart combination bands discuss
above, with intensities weaker by a population factor
=exp(—hcy, /kg®)=0.24 at room temperature. According to
Table I, the selection rules for these bands are 2 and 6.

Ag in the case ob;+v,, the origin of (v1;+ ”12)E15 could
Be misassigned by-A or =2A. The previous assignmént
as the®0y band ofv,, does not appear to be consistent with
the present analysis.

D. v11(E,4) +v1,(E,4) combination band E. vg(E1q)+2v4—vo(E,,) difference band

In Fig. 11, the Raman spectrum of ethane in the region " Fig. 9 the very weak—and strongly polarized—band

2500-2750 cmt is shown. Thevy;(Eapq) + v1(E,q) band, cen_tered zlié~1190 _Cm‘1 is shown. This band, previously_
expected in this region, has three componentsy; ( assignet?®asv,,, instead seems to correspond to a transi-

+vi)a and (gt vy)e . which are Raman active, and 10N between two vibrational states of symmetyq, vo
1s 1s

) . —(vg+2v,). If so, it owes its intensity chiefly to the term
+ . + . :
the inactive one {1, v19)a,,. The (vist v12)a, cCOMpoNent daf19qgdq9, and thus obeys the rotational selection rules

is expected to have a sharp and very wé&€akranci* that AJ=0, Ak=0, and Al=0, and the torsional ruleg\
. . . . ’ ’ 1 S
may be tentatively assigned in Fig. 11 as the pé3kat — Ay, Esy—Eay, Esc—Eac, andAgg—Agy. The reason

=1
about 2661 cm. _ why this Q branch is unusually broad is the combined effect
Though Table Iil refers to selection rules of fundamen- ¢ large Coriolis constantg=—0.30 in the final level and

tals with ;‘fb'tfag_y to_rsmnEI quaTta_, It arllsofgpplcljes_ to ,over'f{§=0.259 334 in the initial level, with opposite signs. This
tones and com Inations by rep acing t e first derivative ol ,se5 a splitting between consecutfR@®, branches of
the polarizability by the second derivative of the same SYM-pout

metry, according to Table Il. Sov{;+ ”12)515 obeys selec-

— ~ —1
tion rules 17 and 21. In principle, one can expect fog,( A=2A|{5—5|=3 cm . (44)
+v1)g,, & set of>°Qy branches, Etzs intensity originating In Fig. 12 the Raman transitions are shown between the

from a nearly constant derivati\li?ai%/aqllaqlz, and an-  /*Coriolis split energy levels, with their torsional splittings
other set of PRQy branches due to a modulated term and statistical weights. A fit of a simulated spectrum to the
aza(ﬂ/aqn&qlz with y dependence of the form sim(6 experimental one yielded the following constants:
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ot H—f - -l - L (v11+v4) does not necessarily require an increase of the
barrier, but can be due to the top/frame vibrational interac-
T'ror £2(4) (16) A3+A4 E2(4) . . . L
= o= ) R A . tions, and the same can be said of the torsional combinations
A ei Ll; @Ew8,) I ot vg+nv,. This also could be the reason for the large change
T a ;aN =  - BE &  E R in the Coriolis¢? constant invg from the fundamental state
o =2 I . . .
L3 obo (—0.3025 to two quanta torsional excitatio—0.099. It
Ats| jfj . A3eAd (16) A must be stressed that the Coriajfsconstants in ethane pose
G (16 i+ . n B .
) F an unsolved question, as recognized time dgsince they
EJ+E4 (8 4 H
o || E Ess (16) do not satisfy the sum rule
Z__
2, {(=BI2A, (47
Eg Eu
Tror f3+Ad (1) 1 - . 2945
] Biaey | | T [EfEee) | T for molecules with internal rotatioft:
E3+E4 (8 - G (16)
Asd| 9 Ew || Rasam)| | F. v,(Eyq), vg(Eq1y), and vg(E;,) fundamental bands
o B3| . .
¥ o :E) v Finally, the strong IR perpendicular bands, vg, and
T ] it ca B T I vg, deserve some comment. Contrary to what is expected
8) E3184) - L (18] L .. . i
‘ ks 1 sk olo) from a superficial reading of the symmetry properties of the
(16) A3FAd] —1 e 1 H@& — polarizability tensor in the character table®§ group?” the
fundamental bands,, vg, and vq of ethane, of symmetry
k= 0 1 2 13 14 15 16 E.q, are Raman active according to selection rules number 1
1d

o _ and 5 in Table Ill. However, the intensity of thiek= +2
FIG. 12. Raman transitions for thg— (vg+2v,) band. For the notation of t iti th h d di th leqibl ffi
vibrational—torsional—rotational energy levels an@oriolis splittings see r_an3| lons, thoug epen_ Ing on the non-neg egible 908 -
the text and caption to Fig. 2. cients M;, Mg, and Mg in Eq. (29), are weighted with
the square of the very small transition moments
(OE 34| cos 3y|0Ezy), given in Table V. On the other hand, the

(vg+2v,)=2014.08-0.3 cni?, (45 Ak==1 transitions are missing since transition moments
(v40]Sin 6ylv,o) are zero by symmetry.
{H(vg+2v,)=—0.099£0.008. (46) In summary, v7(E1q), vg(E1q), and vg(Eqq) bands,
The simulated spectrum compares reasonably well with thg0ugh permitted by symmetry in the Raman spectrum of
experimental one, as shown in Fig. 9. floppy ethane, may be expected to be exceedingly weak. In-

In addition, eac?Qy branch should be split into one deed, no evid(_ence of these_ I_aands has bgen found under the
“ A" and one “E” sub-branch, due to the large torsional split- Présent experimental conditions. But, this is not the case
ting expected for the final stater{+2v,) with two quanta when the torsional potential barrier is much smaller, like in
of torsional excitation. Assuming a torsional behaviorjn ~ CHsCCCHs, as commented below.
like in the ground vibrational state, the splitting betweéei
components i$3.9 cm %, and wc_)uld be noticeat_;le even in IV. CONCLUDING REMARKS
the low resolution spectrum of Fig. 9. However, in the simu-
lation of Fig. 9 no torsional splitting was included, which is We have shown the detailed selection rules for the
an indication that in the combination stateg(-2v,) it is ~ Raman-active transitions in,Eg from the ground state to a
smaller than expected. degenerate vibrational state, and between two degenerate vi-
There is some evidence in the literature that the torsiondbrational states. In both cases, a complex structure of the
motion in degenerate vibrational states in ethanelike molfotational—torsional energy levels is involved. The Raman
ecules is not as simple as in nondegenerate states. From thgectra of some bands ofEg concerning these transitions
analysig® of the IR combination #;,+ v,), the torsional have been recorded with probably the best sensitivity avail-
splitting in that state was found smaller than with the sameble today. Spectra are reported for the three fundamental
torsional excitation in the ground vibrational state, and thabandsvqy, vq;, andv,,, plus the degenerate combinations
was attributed to an increased barrier in the torsional poteny;+v,, (vg+v19)(E), and the difference Ug+2v,) — vq
tial. This problem has been treated in some detail by di Lauranvolving two degenerate states.
et al**35 In particular, they showed that the torsional split-  In the case of the intensg,andv;; bands, spectra have
ting in those degenerate states is the combined effect of tHeeen also recorded at temperatures in the range 13—80 K in
torsional motion itself plus the interaction between pairs ofsupersonic expansions of both purgHg and mixtures with
degenerate vibrations from top and frame fragments. Théle. From these cold spectra the band origins have been un-
torsional splitting is especially sensitive to those interactionambiguously determined, as well as several molecular con-
when the Coriolis¢* constant is close to-0.5, the value stants. The combinations;+ v, and (vg+v.9)(E) have
where the torsional splitting tends to zero and changes sigieen assigned for the first time on the basis of the spacing of
going from E4/E,4 description to aE;i/E,s one. Thevg  the prominent®SQy peaks, and the Coriolig? constants
and v;; modes(HCH bending$ have /* constant~—0.3.  determined. The analysis of the region of thg fundamen-
Thus, they concludé® that the observed small splitting in tal band have allowed to measure tf constant, to date
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only indirectly known from the IR combinatiomw,+ v,. equivalent to theg;'s in Egs. (22) and (25), and thus no
However, the strongest feature in this region has been showstraightforward relation between the intensity of the IR fun-
to be (vg+2v,) — vg, a (difference totally symmetric band damental band and that of the Raman combination can be
between two degenerate vibrational states, one of them witterived.
two quanta of torsional excitation. Finally, it is also interesting to comment briefly on the
Though current resolution has not been enough to revealase when the torsional motion is almost free, like in dim-
the efect of the torsional splittings in the recorded spectragthylacetylene. This problem was already studied by Bunker
the theoretical background explained in the first part of theand di Laurd!® though from a different point of view. This
present paper will become essential to interpret higher reseituation can be considered as intermediate between the two
lution Raman spectra of the degenerate bands of ethane, limiting cases of staggered®gy) and eclipsed3,) models
an analog way to those of the totally symmetrig and “  of ethane. Being closer to a free rotation than to a torsional
vy +resonances” bandst® In the case of ¢g+2v,)— vy,  Oscillation, the transition moments in Table V of the torsional
the lack of these splittings, for a state with two quanta ofoperators responsible for the Raman intensity are not as
torsional excitation, is a somewhat unexpected result. This;learly defined(close to 0 or 1 depending on the value of
together with previous evidence from the literature, suggestdv,s) as in ethane, but a lot of them will be significantly
strongly that the torsional motion in the degenerate vibradifferent from 0, independently afv,. The intensity of the
tional states is more complex than in nondegenerate statesAk=*2 Raman transitions is expected to be split, in com-
The introduction of a torsionally dependent polarizabil- parable amounts, between the tkig; and E;y modes, and
ity tensor allows one to reconcile the apparent contradictiorihe E14 IR-active mode will be observed in the Raman spec-
of the Raman activity of the degenerate modes in going fronirum (though with different rotational selection rules than in
D3y to Gig symmetry groups: the&S;s (floppy) model of the IR), mixed with the close-lyind,4 Raman-active mode.
ethane, a more accurate description, seemed to lose one cofss a result, the high resolution Raman spectrum of
ponent of the degenerate Raman vibrations in ethane, whildimethylacetylen® is far more complex than in ethane.
the actual spectra show basicallyDz4-like” bands, i.e.,
whith two components. The operator responsible for the loSACKNOWLEDGMENTS
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