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kd and kd/kdis = 102 M - 1 , the latter relation being roughly 
estimated from the phosphorescence spectral data. Obvious
ly, the experimental results agree, at least qualitatively, 
with the curve 2 rather than with the curve 1. It is thus con
cluded that the self-quenching pathway, namely, the 
quenching by the ground state of the solute molecule is like
ly to participate in the deactivation of the triplet state. 
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Abstract: The optical activity in the n —• ir* transition of a series of ketones is studied in absorption and emission. For a num
ber of ketones the comparison of the experimental CD and CPL spectra reveals marked differences: both the magnitude of 
the integrated optical activity and the band shape may be utterly different in absorption and emission. In this paper a rela
tion is laid between these phenomena. The often large discrepancy between the value of the rotational strength in absorption 
and fluorescence (for some compounds up to sign) points to a large distortion of the W * state of ketones with respect to 
their ground state. On the other hand it is shown from general principles that a negative value of the ratio R*bs/Rcm requires 
a change of sign in either the CD or the CPL curve, i.e., can cause a bisignate Cotton effect. To get a better insight in the ob
served phenomena, a model is constructed to predict the qualitative band forms of the CD and CPL. Based on the large shift 
in equilibrium geometry between ground and excited state, the model makes use of an expansion of the electronic rotational 
strength about those points of normal coordinate space where the Franck-Condon overlap for a particular vibronic transition 
is peaked. When a linear relationship between the rotational strength and one normal coordinate is assumed, the observed 
band shapes of CD and CPL of the ketones studied can be successfully explained. In addition to a better understanding of 
the origins of bisignate Cotton effects, this study leads to the conclusion that the optical activity in the n —*• ir* transition of 
ketones still can be understood with the relatively simple theory of Moffitt and Moscowitz, provided proper allowance is 
made for a legitimate role of the excited state. 

The optical activity of an electronic transition is governed 
by its rotational strength,2 which in turn is defined by the 
scalar product of the quantum mechanical electric and 
magnetic dipole transition moments. The molecular wave 
functions, incorporated in the integrands of the spectral 
transition moments, depend heavily on the nuclear coordi
nates and thus a connection between optical activity and 
molecular geometry is laid—at least in principle, for the ac
tual road leading from experimental circular dichroism 
(CD) to molecular architecture is sometimes long and slip
pery owing to the well-known difficulties encountered in 
finding satisfactory wave functions. It is not surprising 
therefore that chemists have tried to find other, easier 
routes and often with considerable success. We refer here to 
the many well-known sector rules which correlate in an em
pirical way the contributions to the optical activity of the 

separate atoms and their relative positions in a molecule. 
One of the most famous sector rules is the octant rule for 
chiral ketones,3 which has proven to be extremely useful, 
e.g., in the field of conformational analysis.4 Notwithstand
ing the generally greater accuracy and applicability of dif
fraction methods and NMR techniques in the elucidation of 
molecular structures, it is in particular these sector rules 
which permit one to consider the study of optical activity as 
an indispensable tool in structural chemistry, this being 
more so since it recently turned out to be possible to mea
sure the optical activity of excited species5 (circular polar
ization of luminescence, CPL). While circular dichroism 
provides information on the chirality of the molecule in its 
ground state, the CPL incorporates the essential features of 
the structure in the excited state. This information, emitted 
by the fluorescent or phosphorescent molecule by means of 

Journal of the American Chemical Society / 98:8 / April 14, 1976 



2211 

unequal amounts of right and left circularly polarized ra
diation, in general cannot be detected that easily by other 
techniques. The potential value of the CPL technique can 
perhaps be appreciated even more when realizing that a 
confrontation of CD and CPL provides the change of the 
rotatory strength brought about by the change in conforma
tion upon excitation. In a way this is the leading thought in 
our discussions later on. 

As will be shown below, the electronic rotational 
strength, obtainable from the experimental CD by integrat
ing over all its vibrational fine structure, is a quantity which 
pertains to the equilibrium geometry of the molecule in its 
vibronic ground state. When this ground state is not chiral, 
a zero electronic rotational strength should be observed. 
Perhaps this situation is approached in the case of (IR)-[I-
I80]-a-fenchocampheronequinone6 whose optical activity is 
due to the incorporation of one 18O atom in the cis a-dike-
tone moiety. The fact that the integrated CD in the visible 
absorption band approaches zero is in accordance with the 
expectation that the structures of molecules with 18O resp. 
16O in them, will not be very different.7 However, while the 
integrated ellipticity is very small, the ellipticity itself is not, 
reaching appreciable positive and negative values at various 
wavelengths. Apparently in this compound the molecular 
vibrations monopolize the generation of optical activity. But 
also in other cases, e.g., in ketones of the types studied in 
this paper, vibrations do try to appropriate appreciable 
parts of the ellipticity, and it is of interest to see how suc
cessful they are. The study of the vibronic optical activity of 
ketones is of particular importance in connection to the con
troversy which arose when Weigang8 suggested—contrary 
to the implications of the theory of Moff itt and Moscowitz9— 
that the integrated CD of ketones might contain a large 
contribution entirely due to vibrations, i.e., deviations from 
equilibrium geometry. Weigang put forward his theory to 
explain the occurrence of CD curves, which cross zero with
in an absorption band (to describe such curves, Klyne and 
Kirk10 coined the term "bisignate"). According to 
Weigang, the short wavelength lobe of a bisignate CD curve 
is of purely vibrational origin while the long wavelength 
branch contains the optical activity due to static molecular 
structure. 

We have measured the optical activity of a number of ke
tones, not only in absorption but also in the fluorescence. 
The new information that is acquired from the emission ex
periments shall give us the opportunity to verify a qualita
tive theory which we put forward to account for the occur
rence or absence of bisignate Cotton effects in absorption 
and emission, and which shows that bisignate Cotton effects 
can be perfectly well explained with the theory of Moffitt 
and Moscowitz. 

The organization of this paper is as follows. After having 
discussed the relationship between experimental and theo
retical quantities (part 1) we report and discuss in part 2 
the CD and CPL spectra of a number of saturated ketones. 
In part 3 we present a theory on the mechanism by which 
the optical activity in an absorption band is generated as a 
function of excitation energy; this will enable us to explain 
qualitatively the shapes of the observed CD and CPL spec
tra and to learn more about the origin of bisignate Cotton 
effects. 

1. Relationship between Experimental and Theoretical 
Quantities 

If «L («R) is the molecular decadic extinction coefficient 
measured with left (right) circularly polarized light the fa
miliar relations" (eq 1 and 2) connect the dipole strength D 
and rotational strength R of a given absorption band with 

its absorbance and circular dichroism: 

CL + «R dv 
D = 92.0 X 10- -40 X band 2 V 

= 92.0 X IQ-4 0 f 
band v 

•dp ( i ) 

Z? = 23.0 X 10-4 0 f ( « L - « R ) — 
»/band V 

= 23.0X 10" X Ae 

band V 
dv (2) 

(D and R are expressed in cgs units). From experiment a 
dissymmetry factor can be defined as 

AeM 
g{») = 

«(") 
The dissymmetry factor for the entire band is given by 

f ^d, 
. /band V 4R 

D X '-
. / band v 

(3) 

(4) 

and it follows that if absorption and CD have similar band 
shapes, the two g factors are identical. 

The measurement of the circular polarization of the lu
minescence in many respects is the emission analogue of a 
circular dichroism experiment. When a sufficiently high 
concentration of molecules in their fluorescent state can be 
created, e.g., by irradiation with unpolarized light, the 
amount of photons of the two circular polarization states in 
the spontaneous emission will be different, provided the flu
orescent species are chiral. So one defines5 

A/(i/) = ZL(*) - /R(«0 (5) 

where ZL(ZR) is the intensity of the part of the emission 
which is left (right) circularly polarized (in relative quanta 
per unit of frequency interval). The mean intensity of the 
fluorescence is given by 

IL(V) + Z R W 
/W=-

z 

while the dissymmetry factor takes the form 
A / ( i / ) glumH = 
I(v) 

(6) 

(7) 

For a given electronic transition the relations between the 
experimental and theoretical quantities are5 

J AZ 
— dv 

band v 

Dem = c P -r dv 
• /band v 

(8) 

(9) 

where c is a constant. Unlike in absorption the values of D 
and Z? in emission usually are not obtained separately since 
in the fluorescence experiment only the relative intensity 
distribution I(v) is measured and thus the value of c in eq 8 
and 9 is not known. However, since the g value for the lumi
nescence band is available, knowledge of the value of Dem— 
obtainable, e.g., from a determination of the radiative life
time of the upper state—leads to Z?em. 

glum =" 

r 
Jb: 

band v 
- Q l / 

4Z?e 

f 
Jh 

band j / 3 
dv 

De (10) 
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CP = 0 in n- heptane 
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Figure 1. /3-Hydrindanone and 3-methylcyclopentanone: left, unpolarized absorption (OD) and circular dichroism (AOD); right, unpolarized fluo
rescence (/) and CPL (A/). The fluorescence curves for both compounds coincide. Note that the scale factors for AOD and A/ are different. 

Experimental Section 

The CD spectra were taken with a Jouan Dichrographe and the 
absorption spectra with a Cary 15 spectrophotometer. The mea
surement of the A/ and / curves proceeded as follows.12 The exci
tation beam is obtained from a 900-W xenon arc and a Bausch and 
Lomb "high intensity" monochromator. Before passing through 
the emission monochromator (Bausch and Lomb "high intensity") 
the circular polarization of the fluorescence A/ is modulated at a 
frequency of 50 kHz by an acoustooptic modulator (Morvue) fol
lowed by a linear polarizer (Polacoat). The CPL is detected as ac 
photocurrent, the total luminescence / as dc photocurrent. De
pending on the intensity of the emission available, our spectrome
ter detects A/// values of 10-3 to 10-4. 

For all compounds the absorbance OD, the differential absorb-
ance AOD, the fluorescence /, and the circular polarization of the 
fluorescence A/ were measured using the same sample solution. In 
the figures the maxima of the curves for OD and / are always put 
equal to 1. When during the measurement the composition of the 
solution changed—e.g., because of photoracemization or other 
photoreactions—the experiment was (more quickly) repeated with 
a fresh solution. In all compounds examined, the fluorescence 
proved to be a broad, structureless band, the CPL of which was de
termined using a 15-nm spectral band width. All measurements 
were performed at room temperature. Epiandrosterone was ob
tained commercially (Fluka), the other ketones were put at our 
disposal by Dr. W. C. M. C. Kokke, formerly at this department. 

2. Discussion of the CPL Spectra 

(a) frans-/3-Hydrindanone. The CPL spectrum of trans-
/3-hydrindanone, a ketone with Ci symmetry (cf. Figure 1), 
is in essential agreement with that reported by Emeis." In 
comparing CPL and CD one observes a drastic lowering of 
the dissymmetry factor in the fluorescence band relative to 
that in the absorption band. As shown by Emeis, this points 
to an excited state in which the nuclear configuration 
around the carbon atom of the carbonyl group is pyramidal: 
in the 'nx* state the C-O bond is no longer directed along 
the —z axis but, while still being in the yz plane, intersects 
at an angle $ or — 0 with it (see for the molecular reference 
frame Figure 2). 

Whereas in the ground state conformation the electric di
pole transition moment is directed along the z axis, in the 
two pyramidal configurations (that are identical) the transi
tion is allowed in the x direction too. Hence the dipole 

Figure 2. Reference frame for formaldehyde (and ketones). 

strength is larger in emission than in absorption. However, 
since it is unlikely that the value of the z component of the 
electric dipole transition moment changes much upon exci
tation, and as calculations show that the z component of the 
magnetic dipole transition moment in emission has about 
the same magnitude as in absorption, the rotational 
strengths in absorption and fluorescence are probably not 
very different (the x-polarized intensity in emission does 
not carry rotational strength because ^x is zero). Hence 
Emeis could conclude that the lowering of the dissymmetry 
factor upon excitation is primarily due to an increase of the 
dipole strength. 

(b) Low-Symmetry Ketones. With regard to shape and 
magnitude, the CD spectrum of 3-methylcyclopentanone 
(Figure 1) strongly resembles that of hydrindanone. This is 
not surprising as calculationsub-13 indicate that the circular 
dichroism of cyclopentanone derivatives is caused more by 
the chirality of the cyclopentanone ring itself than by the 
chiral disposition of its substituents. Therefore, the fact that 
3-methylcyclopentanone does not possess a C2 axis does not 
exclude a close analogy with hydrindanone,14 and perhaps 
the same argument holds—albeit to a lesser extent—for 
2,2,3-trimethylcyclopentanone (Figure 3a). 

This should imply that with these compounds the lower
ing of the anisotropy factor which is observed in CPL 
should be ascribed more to an increase of the dipole 
strength in emission as compared to absorption, than to a 
change of the rotational strength. However, from our exper-
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imental data on other compounds it emerges that, in gener
al, matters are more complex. In the case of camphor (Fig
ure 3b) the CPL appears to change sign within the emission 
band. This phenomenon reminded us of analogous situa
tions in absorption where sometimes the CD in the n —- IT* 
band changes sign and prompted us to measure the CPL 
spectra of isofenchone and camphenilone. In methanol as 
well as in n-heptane camphenilone exhibits a bisignate CD 
curve, while in emission the Cotton effect has one sign (Fig
ure 3e). Also isofenchone (Figure 3f) shows in absorption a 
bisignate Cotton effect which, incidentally, is very sensitive 
towards solvent. In emission there is also a bisignate Cotton 
effect if the solvent is n-heptane, but not when it is metha
nol. Other ketones in the bicycloheptanone series, 5-keto-
borneol (Figure 3c), 5-ketobornyl acetate (Figure 3g), and 
6-ketobornyl acetate (Figure 3d), behave normally in the 
sense that no bisignate Cotton effects are observed and that 
CD and CPL have the same sign, but the optical activity of 
a-fenchocampherone changes sign again at the extreme low 
energy side of the emission band (Figure 3h). That the oc
currence of bisignate Cotton effects is not restricted to com
pounds in the norcamphor series is shown by the spectra of 
epiandrosterone (Figure 3i). 

In summary, if one compares the optical activities in 
emission and absorption the most striking feature which 
emerges is that the absolute value of the dissymmetry factor 
in emission is smaller (often much smaller) than in absorp
tion, the ratio g\um/g being far from constant in the series 
of compounds investigated. Furthermore it appears that a 
bisignate Cotton effect in absorption may or may not be ac
companied by a bisignate one in emission, and the same 
holds for a normal CD curve. With all the differences which 
exist between the CD and CPL spectra of the examined ke
tones, in one respect they all agree: in no case are the sign of 
the CD at higher wavelengths and the sign of the CPL at 
shorter wavelengths (i.e., near the (o,o) band of the elec
tronic transition) different. In part 3 we shall examine these 
various observations more closely. It then will appear that 
the bisignate Cotton effects in absorption and emission take 
a key position in the explanation of the observed phenome
na. 

3. Band Shapes of CD and CPL 

(a) General. In the Born-Oppenheimer approximation, 
the rotational strength of a transition from the vibronic 
ground state Oo to a vibrational level n of the excited elec
tronic state N is given by4 

i?Oo-Nn = /w(Oo|r| Nn)-(Nn| (J1Oo) (11) 

while the expression for the dipole strength reads 

Ooo-Nft = I (Oo|r| Nn) |2 (12) 

In these formulas Kk stands for a product function 
^K(r,Q)xkK(Q) of an electronic wave function ^ K , depend
ing parametrically on the nuclear coordinates Q, and a vi
brational wave function Xk1S which depends only on the 
normal coordinates in the electronic state K. 

Throughout this paper we shall use capital letters to de
note electronic wave functions and small ones to denote vi
brational functions. Vibrational wave functions which are 
associated with the excited electronic state will be indicated 
with a bar. As we intend to deal with nondegenerate states 
only, all wave functions will be taken real. 

Performing in eq 11 and 12 the integration over electron
ic coordinates one has 

^Oo-Nn = /w(0|rON«2l,g2, QlM-6)\^) 
•{n\nNo{Q\,Qi, G3A/-6)|o) (Ha) 

and 

£>Oo-Nn = | (o | roN(ei .e2, ,QiM-b)\n)\2 (12a) 

where the electronic matrix elements TON and /UNO are 
functions in the (3A/ — 6) dimensional space of nuclear 
coordinates (M is the number of nuclei in the molecule). 

Analogously, if in emission the initial state is denoted by 
No and the final one by On, it is convenient to define16 the 
rotational strength in this transition as 

#No^On = /w(On|r|N5)(N6|M|On) = 

/m(n|roN(0i ,g2, ,QIM-6)\O) 

• (8 |MNO(GI ,G2 ,63W-6)|n) (13) 

whereas we have for its dipole strength 

£>NB-On = |(0| 1*0(61,62, ,QiM-6)\n)\2 (14) 

From the above equations, which hold quite generally, one 
can draw some important conclusions. 

Firstly, from a comparison of eq 11a and 13 it follows 
that the rotatory strength of the (0,0) transition in absorp
tion is identical to that in the (0,0) emission band, and a 
similar conclusion is reached for the dipole strengths of 
both transitions. 

^Oo^No = ^No-Oo (15) 

^Oo^No = ^No^Oo (16) 

These relations, which are rather trivial for a molecule in 
the gas phase, do not necessarily hold if in between the pro
cesses of absorption and emission the nature of the species 
changes—e.g., because of a different solvation in the excit
ed state. In that case the initial and final states of the ab
sorbing species are no longer identical with the final and 
initial states of the fluorescent species, and relations 15 and 
16 may break down. Later on in this section we shall briefly 
refer to this point. 

Secondly, application of the quantum mechanical sum 
rule to eq 11a, 12a, 13, and 14 yields the expressions for the 
total rotational and dipole strengths in absorption and emis
sion. 

/jabs = £ RQo^Nh = /w(0|rON(Gl,. . .)'MN0(Gl.- • -)|o) 
n 

= ( O | 7 ? O N ( G I V . . ) | O ) (17) 

/jabs = £ £>O 0_N n = (O |Z ) 0 N(GI . - • -)|0) (18) 
n 

Rem = E K N S - O H = ( C | K N O ( G I - • -)|o) (19) 
n 

Dtm = £ DNo^On = (0|Z)No(Gl- • -)|o) (20) 
n 

The variables Qr in the electronic matrix elements 
roNi( Qr ) and MNO( Qr ) refer to the 
nuclear normal coordinates in the ground state in eq 17 and 
18, and to the normal coordinates of the excited state in eq 
19 and 20. The vibrational wave functions of the ground 
state, o and n, are taken to be products of one-dimensional 
vibrational wave functions in the variables Qr — Qr°, where 
Qr° is the expectation value of Qr in the vibronic ground 
state Oo. That is 

O = O1(Gl " Gl°)°2(G2 - G2°) Or(Gr ~ Qr°) 
(21) 

and the form of n is similar, but with one or more elementa
ry vibrations excited. Likewise the vibrational wave func
tions of the excited state consist of a product of 2M — 6 
one-dimensional vibrations in the normal coordinates of the 
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Figure 3. Spectra of 2,2,3-trimethylcyclopentanone (a), camphor (b), 5-ketoborneol (c), 6-ketobornyl acetate (d), camphenilone (e), isofenchone 
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or.5r.R 

Figure 4. One-dimensional zero-point-vibrational wave functions in 
ground and excited state. Variation of electronic rotational strength 
with Qr. 

upper state. When neglecting mode mixing, the normal 
coordinates of ground and excited state are equal whence 
we have 

O = 0 , (2 , - QnO2(Ql - Ql°) Or(Qr ~ Qr°) 
(22) 

and an analogous expression for n. The bars in or and Qr° 
indicate that both shape and center of the vibrational wave 
functions in the upper state differ from those in the ground 
state. It will appear later that the large value of Qr° — Qr° 
in ketones gives us a clue to a better understanding of their 
optical activity. To illustrate this, we assume for a moment 
that /?ON depends on one Qr. The total rotational strength 
in absorption is given by 

R^ = (01,R(S)Io) = (O1Io1)(O2Io2) .(0r\ R(Qr)\0r). . 

(0r\R(Qr)\0r) (23) 

meaning that R(Qr) has to be averaged with the distribu
tion function or

2. Similarly Rem is found from the rotation
al strength function by weighting it with or

2. In the situa
tion, represented by Figure 4, both rotational strengths are 
therefore negative, the absolute value of i?abs being larger 
than that of Rcm. It also follows that, in general, /? a b s will 
be equal to Rtm only if the vibrational functions o and o are 
identical, or if R does not depend on Qr. 

Before further elaborating on eq 15-20 we first discuss 
the consequences of a confrontation of these basic equations 
with experiment. We recall that the quantum mechanical 
quantities Rabs and Z)abs are accessible from experiment 
through the relations (1) and (2), but that from an actual 
CPL measurement only the value of 4Rem/D™ is found, 
not those of Rem and Dem separately (cf. eq 8-10). This 
means, that in order to be able to compare the magnitudes 
of R'ibi and ^?em, we first have to know Z)em. However, in 
those cases where g and g,um are opposite in sign, we imme
diately can conclude—without knowing the exact value of 
Dem—that the rotational strengths in absorption and fluo
rescence are quite different. This situation actually occurs 
for camphor (Figure 3b), camphenilone (Figure 3e), and 
epiandrosterone (Figure 3i). 

As regards the experimental values of the rotational 
strengths in the (o,o) bands of absorption and fluorescence 
the following may be remarked. Although in chiral ketones 
the (o,o) transition is never symmetry forbidden, its intensi
ty is still weak because of a small Franck-Condon factor. 
Besides, were it not for this reason, the (o,o) band would not 
be easily observable as such because of the lack of fine 
structure in the spectra. However, with the assumption that 
on the one hand the sign of the CD at the extreme long 
wavelength side of the absorption band agrees with that in 
the (o,o) transition and on the other hand the sign of A/ 

near the intersection region of the fluorescence and absorp
tion curves corresponds with that in the (o,o) emission 
band, the signs of the rotational strengths of the (o,o) bands 
in absorption and emission are available. From the experi
mental spectra it then follows that indeed the signs of the 
optical activities of the (o,o) transitions in fluorescence and 
absorption are identical, one possible exception being con
stituted by isofenchone in methanol solution (Figure 3f), 
where the CPL value at short wavelengths is zero. However, 
in view of the extremely large solvent dependence of the 
total rotational strength of this compound (compare the CD 
curves in «-heptane and methanol), we here probably en
counter a case in which the role of the solvent molecules in 
the generation of optical activity cannot be neglected. 

Having found no indication (except for isofenchone) that 
the solvent enters the rotational strength in a decisive way, 
we can now consider in more detail the rotational strength 
of the individual vibronic transitions. Before doing so we 
notice that a negative ratio 7?abs//?em has a very interesting 
implication. In connection with the fact that the rotational 
strength in the (o,o) transition in absorption and emission 
must have equal sign, a negative ratio R^^/R^m requires a 
change of sign to occur in the CD or in the CPL spectrum. 
At this stage, however, we neither know where in the fre
quency scale the change of sign takes place nor do we know 
whether there is only one such change. To answer these 
questions we shall design in the next section a formalism to 
describe the rotational strengths in vibronic transitions, 
which will allow us to draw in part 3c more pertinent con
clusions about the band shapes of CD and CPL. In these 
discussions we shall lean heavily on the fact that the equi
librium geometry of ketones in ground and 'nx* states is 
quite different (which may be concluded from the large dis
crepancies between the observed values of /? a b s and Rcm). 

(b) The Rotational Strength in Vibronic Transitions. We 
assume that the quantities T O N ( 2 ) and MNO(£?) vary at 
most linearly with the Qr. This implies that we may cut off 
their expansions around some fixed point Q = (Q\, (?2, 

, QiM-e) after the second term. 

(o | rO N(6) |n) = (o|rON(Q)|n) + ( o | £ (Qr - Qr)r0N
{])r |ft) 

r 

(24) 

(n|MNo(G)|o) = (n|MNo(£>)|o) + ( « | £ (Qr ~ Qr)^o{l)r\o) 
r 

(25) where 

and 

TON 
r_ a r O N ( g ) 

(D' = 
3Qr 

MNO 
r _ ^MNo(g) 

dQr 
O)' = 

Q=Q 

Q=Q 

(26) 

(27) 

Usually9,8 Q is taken equal to Q°, the equilibrium geometry 
in the vibronic ground state. In view, however, of the large 
differences in equilibrium geometry in the ground and 'mr* 
states of ketones, the following alternative may be fruitful. 
Consider an integral such as (o|roN(2)|n). The integrand of 
this matrix element, consisting of a product of the function 
<"ON(C) a r )d the vibrational transition density o(Q)n(Q), 
can have appreciable values only at those points Q where 
the product on is different from zero. This immediately 
suggests an expansion of TON(Q) at a point in Q space 
where on is peaked. Therefore we shall take Q equal to Qon, 
where Q°" is obtained by weighting the nuclear position 
vector with the distribution function on, 
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&c-n = (^) ( 2 g ) 

(o|n) 

where r = 1 , 2 , . . . . , IM — 6. Note that different n give 
rise to different values of Qon.u With eq 28 the expansions 
of eq 24 and 25 transform to 

(o|roN(0)|ri) = r O N (e°" n )Hn) (29) 

(A|*tNo(e)|o) = MNo(e°"n)(n|o) (30) 

whereas the expression for the rotational strength in the 
transition Oo —• Nn takes the form 

*Oo-Nn = /wr0N(eon)MNo(eof l)(o|n)(fl|o) = 

#ON(eof l)(o|n)2 (31) 

From eq 31 we see that the vibronic rotatory strength is 
equal to the electronic rotational strength evaluated at the 
point Qon, times a Franck-Condon factor. 

Before using eq 31 to study the band shapes of CD and 
CPL, we emphasize that the expansion leading to eq 29-31 
is not always warranted. It is obvious that its utility depends 
heavily on the shape of the vibrational overlap density on. If 
on is a capricious function consisting of many large peaks at 
various positions on the Q scale, the value of an integrand 
such as o(Q)roN(Q)fi(Q) is not predominantly determined 
by its value in a restricted region around one point Q. In 
this case—which would arise if o and n were centered 
around the same point Q—there is no advantage in expand
ing the matrix element (o | roN(0 |n ) around Qoh. With ke
tones, however, there is a large separation between the cen
ters of o and n, and one may expect that to a good approxi
mation on has one dominating peak in Q space. 

There is still another argument which underlines the rele
vance of eq 31 in the interpretation of the experimental 
spectra of ketones: when upon excitation the molecule is 
distorted in the direction Qr, one will observe in the spec
trum particularly progressions in those vibrations that are 
based on the normal coordinate Qr. 

(c) Band Shapes of CD and CPL. We assume that the 
electronic rotational strength in eq 31 depends on one nor
mal coordinate Qr and moreover that the experimental CD 
and CPL spectra arise predominantly from progressions in 
normal modes corresponding to this Qr. Then a transparent 
connection may be laid between R as a function of Q and 
the experimental CD and CPL as a function of frequency. 
This is illustrated in Figure 5. The rotational strength in the 
(o,o) transition is R(Qoa)(<\o)1. In vibrational transitions o 
-* n one proceeds towards the left on the Q scale as n in
creases and to higher frequencies in the CD spectrum. In 
emission one deals with transitions o —• n. The higher the n, 
the lower the frequency and the larger the value of Q°n. 
Since in the construction of Figure 5 the necessary Franck-
Condon factors are guessed and the relation of Q and v is 
not necessarily linear, the figure expresses a merely qualita
tive relationship between R[Q) and the magnitude of the 
CD and CPL as a function of frequency. 

We are now ready for a comparison of experimental data 
and theory. As mentioned, the determination of the abso
lute magnitude of /?c m is hampered by not knowing the 
value of Dem. From the ratio g/g\um which is obtainable 
from the observed spectra, however, we can deduce the 
value of Rab*/Rem when we assume that Dem = cDab\ 
where c is a constant for all ketones. The latter approxima
tion probably is not that unrealistic; the highly localized na
ture of the n —* 7T* transition causes transition energies, 
bandwidths, and extinction coefficients for aliphatic ketones 
to be very similar and it is conceivable that a similar argu
ment holds for the reverse transition as well. Since it can be 
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Figure 5. Correlation of the rotational strength as a function of Q and 
optical activity as a function of frequency. 

argued that for hydrindanone Rdbs « Rem (cf. part 2a), 
implying that here Dtm » 5Z)abs, we tentatively take c = 5 
for all ketones. Then the compounds we have measured, 
when classified according to their R*bs/Rem values, can be 
divided into the following four groups.19 (a) 4/5 < V?abs/ 
/? e m < 2. This applies for the majority of the compounds 
studied: hydrindanone, 3-methylcyclopentanone, 2,2,3-tri-
methylcyclopentanone, 5-ketoborneol, 5-ketobornyl acetate, 
and 6-ketobornyl acetate, (b) R^/R™ « 4 for a-fencho-
campherone. (c) /? a b s / /? e m < —10 for camphor and epian-
drosterone. (d) Rabs/Rem « —2 for camphenilone. In arriv
ing at the above classification use has been made of the var
ious spectra in /!-heptane, except for epiandrosterone which 
was measured in methanol only. 

When we assume that R(Q) is a linear function of Q and 
that the shift of origin Q00 - Q°° is equal for all compounds 
studied, the knowledge of ^?abs/7?em allows the construction 
of the shapes of the functions R(Q) for cases a-d. They are 
displayed in Figure 6, where for convenience all /? a b s are 
taken equal. At the bottom of the same figure the predicted 
qualitative band shapes of CD and CPL are given. In case 
(a) R(Q) invariably is positive in the entire region where 
the vibrational transition densities on and on can have non-
vanishing values. Therefore no changes of sign are expected 
for the optical activity, neither in CD nor in CPL. In (b) the 
quantities Rabs, Rem, and R(Q00) are all positive, but for 
large n the CPL curve crosses the zero line. With (c) the in
tegrated CD is large and positive, the integrated CPL has a 
small negative value and the optical activity in the (o,o) 
band is positive, resulting in a change of sign near the cen
tral frequency of the emission curve. In case (d) the larger 
negative yalue of /? e m as compared to (c) causes a shift of 
the zero point of the optical activity towards the Q00 region. 
In the figure this results in a bisignate CPL curve but a bi-
signate CD could have been obtained as well, e.g., if some
what different shapes of o and 6 had been taken. 

From a comparison of the experimental spectra with Fig
ure 6 it appears that the agreement of the observed and pre
dicted band shapes is quite good. We take this as an indica
tion that our model, notwithstanding its simplicity, is essen
tially correct. 

4. Discussion 

The discussion in the preceding section is a further elabo
ration of the observation made in part 3a that the large dif
ference which exists between the values of the integrated 
CD (i.e., tfabs) and the integrated CPL (Rem) has to be of 
consequence for the CD and CPL as a function of frequen
cy. In part 3c it is shown that it is possible to predict quali
tatively the band shape of the optical activity in absorption 
and emission on the basis of a simple model. The success of 
the model in accounting for the observed phenomena not 
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CD CPL 

Figure 6. Top half: Zero-point-vibrational wave functions in the ground 
state (o) and 'nir* state (o), electronic rotational strength as a function 
of Q for cases a-d; see text. Lower half: Corresponding band shapes of 
CD and CPL. 

only contributes to a better understanding of bisignate Cot
ton effects as such, it also has some important implications. 

The first pertains to the general description of the optical 
activity in the n-7r* transition of ketones. We find that a 
linear relationship of R and Q satisfactorily explains for our 
ketones the observed band shapes in CD and CPL. There
fore we see no reasons why higher order terms should be in
dispensable for the description of the lion's share of the op
tical activity of ketones in their n-7r* transition. This 
implies that probably the convenient framework of case II 
of Moffitt and Moscowitz is still adequate to describe the 
optical activity of ketones, even if they exhibit bisignate 
Cotton effects. We arrive at this conclusion because the 
first-order dependence of R on Q more likely originates in a 
variation of TON with Q than in a dependence of the large 
magnetic dipole transition moment on the normal coordi
nates. 

It is perhaps illuminating to discuss briefly the competi
tion of vibrations and upper state geometry in the genera
tion of optical activity. Of course, both factors play their 
part but with different success; although the value of Q0" is 
determined by a product of vibrational wave functions, the 
variation with n of Qon (and thus of .R(Oo —- Nn)) is pri
marily due to the shift of origin, Q00 - Q°°- ' n a w a v °f 
speaking, the difference in equilibrium geometry between 
lower and upper state enables the vibrations to exhibit in 
the experimental CD spectrum the variation of R in a cer
tain region of Q space. Whereas thus in the CD (CPL) 
spectrum a large variation of R may be reflected, summa
tion over all vibrational structure yields the rotational 
strength pertaining to the equilibrium configuration of the 

molecule in its ground (excited) state. This favorable cir
cumstance permits one to draw a practical conclusion: in 
correlating a bisignate circular dichroism curve with ground 
state structure, in general the entire CD and not just one of 
the two branches has to be taken into account. 

Weigang's explanation8 of bisignate CD curves of ke
tones underrates the importance of the upper state's geome
try. This deficiency is not present in a treatment of bisig
nate circular dichroism by Caldwell20 but his theory, al
though rather general, is very complex. That bisignate Cot
ton effects can be explained from a simple linear relation
ship of R and Q has not been noted prior to our investiga
tion. 

So far we did not deal with the question which specific vi
brations could be operative in the structuring of the CD and 
CPL spectra of ketones. From calculations21 it follows that 
the geometry of the 'nir* state of formaldehyde differs from 
that of the ground state in two important respects. Firstly 
the carbonyl bond is lengthened by +0.29 A (experimental 
value +0.12 A),22 and secondly the configuration around 
the carbon atom no longer is planar but pyramidal, the cal
culated out-of-plane angle being 32.7° (experiment, 
33.6°).22 Completely in accord with these data the n-7r* 
transition of formaldehyde shows long progressions in the 
carbonyl stretch and out-of-plane bending frequencies. 
These two geometry changes in the parent compound being 
so prominent, it is plausible that they are also present—al
though perhaps modified to some extent—in the low-sym
metry ketones. In this respect we recall that for a proper un
derstanding of the spectral properties of /3-hydrindanone," 
particularly, the geometry change along the normal coordi
nate of the carbonyl out-of-plane bending mode has to be 
taken into account. However, for the latter compound the 
energy of the upper state, as a function of the out-of-plane 
angle, is a double minimum potential because of symmetry 
reasons, but this is no longer the case for low-symmetry ke
tones. Here we presumably encounter for the excited state 
at most a skew energy curve whose minimum is either above 
or below the original carbonyl plane. In this connection it 
might be interesting to try and decide from the CD and 
CPL data in which direction the oxygen atom moves upon 
excitation. Using models which correlate rotational strength 
with structure, we are in the process of doing this.7 Further
more, from high resolution measurements on ketones, at 
low temperatures or in the gas phase, we hope to obtain 
more detailed information on vibronic rotational strengths 
which, hopefully, will provide us with the means for a more 
exacting comparison of theory and experiment. Perhaps at 
that stage it will be possible also to make more pertinent 
statements about the nature of the active modes which are 
involved in the vibronic optical activity of ketones. 
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Results 

Adamantanethione,19 a typical saturated thione, shows 
four bands in the absorption spectrum between 200 and 500 
nm. These are, in increasing energy, So -*• Ti, So —* Si 
(n,x*), So -* S2, So -*• S3 (7r,7r*, n,cr*).20 No fluorescence 
has been detected and the Si and S2 energies can only be 
approximated from the absorption spectrum. Values (non-
polar solvent) of near 56 and 95 kcal/mol seem probable. 
The triplet energy, based on the emission from a glassy ma
trix at 77 K20a and from the absorption spectrum, is near 
52.6 kcal/mol. 

Reactions and Products 

(a) Photodimerization. Irradiation of 1 in benzene, A 
>420 nm, gave the dimer, 2 (Scheme I). The structure of 
the latter followed from the molecular weight (358 by os
mometry, molecular ion 332, and strong accompanying 
peak at 166), the NMR spectrum, and its conversion to ad-
amantane by Raney nickel reduction. It was identical in all 
respects with material made by Greidanus by the acid treat
ment of the thione.19 The photochemical reaction could be 
sensitized with benzophenone. 

(b) Cycloaddition to 1,1-Diphenylethylene, Ethyl Vinyl 
Ether (E), and Acrylonitrile (A). A benzene solution of 1 in 
the presence of the olefins named gave a single product to
gether with the dimer 2. These were shown to have the gross 
structure 3, 4, and 5 from their composition and spectro-
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