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INTRODUCTION

Molecules that are chiral, i.e. are not superimposable on their mirror-
images, absorb right- and left-handed circularly polarized light differently:
they exhibit circular dichroism (CD). The same phenomenon may be observed with
all molecules when they are influenced by a magnetic field parallel to the
light beam: magnetic circular dichroism (MCD). Whereas the different responses
to left and right circularly polarized light with chiral molecules originate
in molecular architecture, a non—vanishing MCD is imposed by an external field*
Therefore both phenomena, although closely related from a measuring point of
view, yield quite different molecular information.

This thesis deals with both effects. The part pertaining to MCD
(Chapters I-IV) is organized as follows. After a qualitative discussion on some
general aspects of MCD spectroscopy (Chapter 1), the MCD spectra of some
specific organic molecules are presented and discussed in Chapters II-IV.

Chapter V of this thesis is concerned with the natural optical activity of
ketones in absorption and emission. In the Appendix a short description is given
of the apparatus which was constructed to measure the circular anisotropies.

The work described in this thesis has been carried out under the guidance
of Professor L.J.Oosterhoff as a continuation of a series of impressive studies
on optical activity accomplished in his Department. His premature death prevented
him to see its completion. I here want to express my gratitude for having had
the privilege to cooperate with him.
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C H A P T E R  I

MAGNETIC CIRCULAR DICHROISM

1. Introduction

Magnetic circular dichroism (MCD) is a form of spectroscopy in which one
measures the difference in absorption of left and right circularly polarized
light which arises when a sample is placed in a magnetic field that is
parallel to the direction of propagation of the light beam. In the customary
terminology of MCD spectroscopy one distinguishes three "terms" which, as we
shall see, are characterized by differences in behaviour of the signal as a
function of wave length or temperature.

A magnetic field can influence the light absorption of a molecular system
in three different ways. Firstly, the magnetic field can change the energy
of the initial and (or) final state of the transition. This effect gives rise
to the so-called A-terms in the MCD, which can only arise if the lower and
(or) upper state possess a permanent magnetic dipole moment. Secondly, the
magnetic field affects the wave functions of the system, thereby changing the
probability for the light absorption to occur. From this effect MCD B-terms
originate. Lastly, if the external magnetic field can affect the population
of the initial state, temperature dependent C-terms occur in the MCD.

In this chapter we shall discuss in a qualitative way A- and B-type MCD
(we shall not be concerned with C-terms since the compounds we have studied
did not exhibit temperature dependent MCD). For a more extensive treatment
of the theory of magnetic optical activity and its applications we refer to
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the excellent reviews of Buckingham and Stephens*^ and of Schatz and
McCaffery^ .

2. A-terms

2a.The Zeeman effect in an atom

For a start we consider the Zeeman effect of a 's-*-1? transition in an
atom. In the absence of a magnetic field the *P-state is threefold degenerate
and it is immaterial whether we describe the state by the wave functions
( Px . Py . Pz ) or by the set ( p,- ; pQ-pz ; p_,- ). Upon
the application of a magnetic field in the z-direction the degeneracy is
removed and the latter set of functions are the eigen functions of the
Hamiltonian (1).

H - H 0 -y zHz .H0 + | ( L z + 2S2 )H2 <»

Here H° is the Hamiltonian in the absence of the field and y is the magnetic
dipole moment operator; L is the orbital and S the spin angular momentum

z eTi zand B is Bohr s magneton ( 2mc )• Throughout this chapter we shall,
considering only singlet-singlet transitions, neglect the contribution of spin
to the magnetic moment. The energies of the three states p ( m - +1 , 0 , -1 )
are then given by

(p |H|p ) = E +.| H (p |L Ip )m' 1 rm o 1l 2 Mn' z'*m E + BH Mo z z (2)

where = +l , 0 , -l for m = +l , 0 , -l respectively (See figure l).
In the electric dipole approximation the probability W for the transition

s+p^ to occur is equal to

(*|r|Pm).eA
2

(3)

where r is the electric dipole moment operator and e^ the direction of the
vector potential of the excitation light. Since the functions p+j and p ^
transform like x+iy and x-iy and the unit vector e is (i+i^) and
l ^  .-5s» *
"̂ 2’ for right and left circularly polarized light propagating in the
z-direction , it follows from (3) that the transitions s->-p+] and s-*p are
left- and right-circularly polarized, respectively. The transition s+p is

t o
forbidden if the propagation direction of the light coincides with that of the
magnetic field. It is clear that from the spectrum in R-light and that in



V V

Figure 1. (a) Energy of an atornie p-state in the absence of a

magnetic field.

(b) Splitting when a magnetic field is applied.

The symbols R and L mark the polarization of

the transitions.

(c) Zeeman spectra.

(d) MCD spectrum.

L-light (cf. figure 1) the magnitude of the Zeeman splitting can be read off
directly.

When measuring the magnetic circular dichroism AW , i.e. the transition
probability in L-light minus that in R-light (WL - WR), we obtain a spectrum
as shown in figure 1. It is obvious that for obtaining the magnetic splitting,
MCD and Zeeman experiment are equivalent. Note, however, that all the
information from a Zeeman experiment cannot be gained from a MCD measurement
alone: one also needs the average transition probability J(WL + WR) in the
magnetic field in order to obtain W and WR separately. Later on it will be
shown that MCD- and Zeeman spectra no longer yield the same information if
the band width of the transitions is large in comparison with the Zeeman
energy.

2b. A-terms _in_moleciilê s

With the exception of diatomic molecules, where the component of L
along the molecular axis commutes with the Hamiltonian, the expectation value
of the orbital angular momentum operator in molecules no longer is a good
quantum number and its value in a particular state ¥ may be non-integral

12



w(4-|Lz|y) = Mz
_A

In (4) L denotes one of the components of L. However, for a non-degenerate
state, which can always be described by a real wave function ¥ , M is zeroz
since the expectation value of the imaginary operator Lz vanishes unless ¥
is essentially complex. Therefore the occurrence of orbital magnetic moment in
polyatomic molecules is restricted to those molecules which belong to point
groups with degenerate representations, i.e. to molecules having an n-fold
rotation axis Cz , where ni3.n

Consider now in such a molecule an electric dipole allowed transition
between the non-degenerate ground state 0 and a doubly degenerate excited
state E which we assume to carry a magnetic moment. When applying a magnetic
field along the symmetry axis of the molecule (z-axis), we encounter a
situation which in many respects is analogous to that described in §2a: The
E state splits (cf. figure 2) and of the two states, which are described by
wave functions which are conjugate to each other, one state is accessible only
by L-light, the other one by R-light. If the Zeeman splitting |26HMz|is much
smaller than the band width T of the transitions, both Zeeman components

V V

W,.w.

Figure 2. Energy scheme without (a) and with (b) a magnetic field H .
In (a) are plotted the Zeeman spectra and in (d) is given

the MCD. Note .that the scale factors for W and AW in
(c) and (d) of course are different.
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overlap severely and a reliable value of the Zeeman shift cannot be obtained
from the separation of the and WR curves. This situation by no means is
exceptional: for large organic molecules in solution one may have band widths
up to 5000 cm * , say, whereas Zeeman splittings are in the order 1-10 cm

AWSince with the MCD apparatus presently available one can detect —  values
of 10-5, it is conceivable that MCD is superior to Zeeman spectroscopy for
measuring shifts which are much smaller than r.

We now shall calculate the MCD, assuming that the lowest Zeeman level
is accessible with R-light. (This is the normal situation with molecules
approaching axial symmetry. In Chapter II we shall discuss an exception.)
The spectral broadening is taken into account by introducing a normalized
shape function f(v—v.) which describes both the shape of the original
absorption in zero field and that of the Zeeman transitions (v. denotes the
central frequency of the transition). This implies that the magnetic field
does not change the form of the band, only its position on the frequency
scale (rigid shift approximation). The function f(v-Vj) mostly is taken to be
Gaussian or Lorentzian2 . The MCD as a function of frequency is then given by
(compare figure 2) i—

AW(v) - WL f v-(vo+6HzMz) - WR f v-(vo-BHzMz) (5)

We now expand the shape functions in (5) as Taylor series in the point
v and retain only the first two terms, which is permitted as long as

o
I0H M I << r. We then get

AW(v)
3f(v-v )

-26H M W ------—

V

z z

In deriving (6) we also have used that the transition probability to either
one of the originally degenerate states is equal, i.e. WL«WR*=W. The
implications of (6) are not difficult to appreciate: when from an unpolarized
absorption experiment the value of 2Wf(v-VQ) has been found, equation 6 allows
the determination of M .

3. B-terms

As mentioned in 51 circular dichroism not only results from the effect
of the magnetic field on the energies (A-terms) but also from the influence
on the transition probabilities. The latter effect, which gives rise to the
so-called B-type MCD, can be demonstrated as follows. We consider a molecule
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with states |o) , |x) and |y) , where |o) is the totally symmetric ground
state and |x) and |y) denote non-degenerate excited states which transform
as x and y in the molecular point group. Whereas |o) , |x) and |y) are correct
eigen functions in the absence of a magnetic field, they are not when H j*0,z
since they do not form a basis which diagonalizes the Hamiltonian (1). We
can improve them by first order perturbation theory

o') - |o) (7a)
BH (y|L |x)

X V* H X + pfl I
ts

E -E |y) - |x) +  iX|y) (7b)
x y

BH (x |l  |y>
y') - |y) ♦  - y E -E |x) - |y) + ix|x) (7c)

y x

where we have assumed that the magnetic field does not affect the wave
function for the ground state. The RHS of (7b) and (7c) obtain since the
wave functions |x) and |y) are real and the operator L is imaginary. When

“AE is large as compared to the magnetic interaction terms, perturbation
theory applies and the energies of the transitions o-*-x and o->y are not
affected by the magnetic field in first order. In the absence of the field
both transitions are linearly polarized (the molecule is considered not to
be optically active) in the x and y directions. Owing to the complex
character of the wave functions of the upper state (cf. 7b and 7c) the
transitions now are elliptically polarized in a longitudinal magnetic field.
Unlike the situation for the A-terms, the ellipticity is not such that the
transitions are allowed in one kind of circularly polarized light and forbidden
in the other. The magnitude of the ellipticity in the transition to |y•)
for instance, depends on the ratio of the parts of the wave function |y*)
which transform as x—iy and y, respectively. When calculating the difference
in transition probability for L- and R-light we obtain

AW(o-y') » |(o|?|y').( *) - |(o|r|y').( )| 2
(8a)

= ”2X (o|x|x)(y|y|o)
and

AW(o-*-x') - -AW(o-*-y') (8b)

The MCD as a function of frequency is given by AW(o->-y') f(v-v ) and

15
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© © © ©

Figure 3. States and polarization characteristics o f the transition
without (a) and with (b) a magnetic f ie ld  H . In (c)
the unpolanzed absorption W~ is  shown and
in (d) the MCD.

AW(o-*-x') f(v-vx) for the transitions o-*y' and o-*-x'.respectively. The shape
functions of the MCD are taken equal to those of the unpolarized absorption.
but f(v-v ) and f(v-v ) may have different forms. These data have been usedy x
in constructing figure 3. From (8) one notes that the MCD is larger, the
larger the matrix element (x|L |y) and the smaller the energy separation of
the excited states. We note that AW depends linearly on the transition
moments (o|x|x) and (o|y|y), which offers the interesting possibility to find
from the MCD the relative signs of these moments. Another consequence of (8)
may be visualized when we assume that |(o|x|x)|<< |(o|y|y)| . Then the
unpolarized absorption in the transition to |x') will be much smaller than that
in o-»y'. The absolute magnitude of the MCD, however, is equal in both bands.
Therefore one can expect the study of MCD to be particularly useful in the
tracing of weak absorption bands nearby strong (and perpendicularly polarized)
ones. In various ways this, indeed, is one of the most spectacular applications
of the study of B-terms.
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4. Pseudo A-terms

So far we have discussed the circular dichroism induced by the magnetic
field in a pair of degenerate transitions and in two transitions which are
far apart on the frequency scale. Now we shall consider an intermediate
situation.

Suppose the energy separation AE in the two-level system of the preceding
paragraph (cf. figure 3) is small as compared with the band width r of the
transitions, but still large in comparison with gH(y|L |x). Since the latter
condition ensures that the effect of H on the transition energies again may
be neglected, the MCD is given by (8). The general appearance of the MCD
spectrum however, will be quite different from that in figure 3 since both
transitions now overlap strongly and the MCD one observes is the sum of two
contributions.

AW(v) = AW(o-*y') f(v-v ) + AW(o-*x') f(v-v )y x
3f(v,v )

= -2X (o | x | x) (y | y | o) (E -E ) ------ 0
y 3v

In obtaining (9) we have again expanded both shape functions, which we take
to be identical, as a power series (of which we have kept only the first two
terms) in the point (Ex+Ey). We have also used that AW(o-*-y') = -AW(o-*-x’).
Inserting in (9) the value of X (cf. (7) ) we obtain

-2iBH 3f(v,v )
AW(v) = — ^ --- (x|Ljy)(o|x|x)(y|y|o) ------—  (10)

dV

and it follows that the frequency dependence of the MCD as given by (10) is
identical to that of a genuine A-term. Since, however, the MCD in (10) does
not arise from the Zeeman splitting of a degenerate state, we might call it a
pseudo A—term. In the derivation of (10) we have not assumed any relation
between the wave functions |x) and |y). It is true, |x) transforms as x and
|y) as y in the point group of the molecule, but the functional forms of
|x) and |y) may be quite different.

It is physically illuminating to consider the MCD in a transition to a
doubly degenerate state E that is split in zero field by an (unspecified)
interaction. Without the zero field splitting (and in the absence of a magnetic
field) E may be represented by the state vectors |x)and |y) and one has
|(o|x|x)|  ̂“ |(o|y|y)| since the two states are indistinguishable. We here
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assume (o|x|x) “ + (o|y|y). The angular momentum in the state which becomes
lowest in energy on applying a magnetic field H is

-i (x I Lz I y) = M U (11)

Upon the introduction of the zero field interaction, two new states emerge at
energies E and E (E >E ), which we assume to be described by the originalx y x y j o

wave functions |x) and |y). If the zero field splitting E^-E^AE is large as
compared to the magnetic interaction, but still small in comparison with the
band width, the MCD is given by (10), which for this situation may be rewritten

aS 3 f ( v - v  )
. AW(v) - -2gH M W -----—  (12)

Z Z K % -3v
i i i 2 2where W = |(o|x|x)| = |(o|y|y)| . The pseudo A-term (12) is completely

identical to the genuine A-term (6). Unlike in (6), where Mz denotes the orbital
angular momentum in the degenerate upper state, M in (12) of course refers toz
an off-diagonal matrix element of L . Both values are equal however. This
implies that via an MCD experiment one may detect excited state magnetic moments,
as if there were no zero field splittings present. A rather trivial corollary
of the above result is, of course, that the MCD technique is not particularly
suited to detect zero field splittings. This job much better can be done by
using Zeeman experiments, as we snail now demonstrate.

We compare the Zeeman spectra of the degenerate system of § 2b and the
near-degenerate case just discussed. Since with exact degeneracy a Zeeman level
only can be populated by irradiation with either left or right circularly
polarized light, the Zeeman spectra in L- and R-light will be identical,
except for a shift in frequency. Moreover, their shape will be equal to the
unpolarized absorption in zero field (see figure 2).

If the upper states are near-degenerate, however, they still are accessible
by both R- and L-light in the presence of a field, although W . We thus haveL R
a situation as in figure 4. When measuring now the Zeeman spectra, the absorption
curves in L- and R-light no longer are identical and both differ from the
unpolarized absorption. So the fact that the Zeeman spectra have different
band shapes here is not a consequence of the breakdown of the rigid shift
approximation, but merely a manifestation of the absence of degeneracy (which
could not be detected in the MCD). In our example the deviations in band form
are relatively small. However, when dropping the condition that

18



V

Figure 4. Left side. Energies and polarizations o f the transitions
in the presence o f a magnetic fie ld  H .# t z
Right side. Transition probabilities in L and R-light
for both transitions. The shape function o f a ll individual
bands is  equal to that o f the unpolarized absorption.
When 8urrming the fu l l  (broken) curves in the figure,
the Zeeman spectrum in L (R) light is  obtained. Notice
that the band shapes o f both Zeeman spectra and o f the
unpolanzed absorption w ill a ll be different.

|(o|x|x)| " I(o|y|y)I 2, which is not unrealistic since after the zero field
interaction |x) and |y) no longer need to have the same functional forms, more
drastic effects can be expected.

Until now we have assumed that I BH M I << AE<<T . When ISHM 1% AE<<rz z
the magnetic field influences both frequencies and wave functions. Then the
MCD no longer can be described in terms of first order perturbation theory,
but instead the energies and wave functions of the system in the magnetic
field must be calculated by variational methods. When this is done, it
follows that the MCD still has the form (10), provided the total energy
splitting in the magnetic field (i.e. zero field splitting + Zeeman splitting)
is small in comparison with T• The various Zeeman and MCD spectra which can be
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expected as a function of the ratio eHMz , 4)—r-=— have recently been givenA £

5. Formal theory

5a.General

After having touched on the essential features of the A and B terms in
the MCD we now present the more complete expressions derived by Stephens^ .
In the electric dipole approximation the magnetic circular dichroism in a
transition from a nondegenerate ground state a to an excited state j, measured
in an isotropic solution, is given by

I t e r ü r i ö  »  £ < * . v  ♦ » ( - j > f 2(* ,v j . »  0 3 )
e a+j

where e is in (liter Mole 1 cm ), the magnetic field strength H in Gauss,
A in (Bohr magneton x square Debye) and B in (Bohr magneton x square Debye x cm).
The MCD parameters A and B have the forms

A(ar»-j) 2 yjj Im r . a r.aj ja (14a)

B(jr*j)
I
k^a *"ka

. r . a r.,aj jk
I

W j Dkj
r . a r.aj ka (14b)

In these equations r and u denote the matrix elements of the electric andpq pq
magnetic dipole operator (cf. (1) ) and Epq = Ep-E^ is the energy separation
of the states p and q. All wave functions involved in (14) are eigen functions
in zero magnetic field; when evaluating (14a) for a degenerate state j one has

Jk —k
to use the representation of j that diagonalizes p.H .

The shape function for the B-term, f.(v,v. ) , which is often taken equal
. 2) Jto that of the unpolarized absorption , reads

f2(v*Vja) V f(v,Vj^) 05)

while that of the A-term is given by

1 1, 3f̂ *via)
f 1 (v,Vja) " 2 V h 3v

(16)
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5b. .Electronic absorption bands

Being concerned with spectra in solutions, the indices a , j and k in
(13)-(16) refer to vibronic states. When in the spectrum all vibronic
transitions are resolved, the MCD in each individual vibronic transition can
be described by equations (I3)-(16). Often, however, one observes in solution
broad absorption bands which are a composite of many unresolved vibronic bands.

' . i)2)
Then it is argued that for allowed electronic transitions (13)—(16) again
may be used, but with a , j and k now referring to electronic states and
f9(v,v. ) to the shape of the overall electronic absorption band. As we shallt j a
indicate, however, this is true for A-terms, but not necessarily for B-terms.

When adopting the Born-Oppenheimer and Condon approximations the vibronic
wave functions a , j and k in (14) may be written as Aa , Jj and Kk. Capital
letters here denote electronic wave functions (evaluated at the ground state's
equilibrium geometry) and lower case letters, vibrational wave functions which
belong to the corresponding electronic states. Then the A-term in a transition
Aa-*-Jj equals

A(Aa-KTj) - |  Pjj . I m r ^ A r ^  (j I j) (a| j) (j I a) (17)

Assuming that of the electronic ground state only the vibrational level a is
populated, we obtain by summing over all vibrational structure j

A(A-*J) - Z A(Aa^-dj) - -j Pj j . Im r a rJA (18)
j

From (17) and (18) it follows that A(Aa-»\Jj) is a product of an electronic
A-term A(A-»J) and a Franck-Condon factor (a| j) (j | a). Since this, mutatis
mutandis, also holds for the unpolarized absorption, equations (13)-(16) may
be used to describe A-terms with the understanding that in these equations
a and j represent electronic states.

With the same approximations, however, B(Aa-KJj) cannot be written as a
product of an electronic part and a Franck-Condon factor. This is due to the
presence of vibrational energies in the denominators in (14b), which prevents
the application of the sum rule. Anticipating a discussion in Chapter III
we shall not consider this point here.
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6. Concluding remarks

Having available the quantities which allow the extraction of A(a+j)
and B(a-*-j) from the observed MCD in an isolated absorption band ar*j, the
question remains what information can be gained from these MCD parameters. As
will be clear from the preceding discussions, a non-zero value of A proves
degeneracy (or, what is more probable: near degeneracy, since one hardly
expects exact degeneracy with molecules in solution). Unfortunately, the zero
field splitting cannot be determined by the MCD. On the other hand, the
favourable circumstance that the value of A yields the numerical value of the
angular momentum M , allows a comparison with the calculated expectation valuez
of and thus offers the possibility to test the quality of calculated wave
functions (Chapter II can be considered as an example for this).

In principle the interpretation of B-terms presents a more complicated
problem owing to the fact that B(a-*-j) contains contributions of all excited
states. If, however, only a few transitions happen to mix appreciably under
the influence of the magnetic field (that is: the summations over k in (14b)
are restricted to one or two states), the interpretation of B-terms becomes
feasible which often offers the possibility to obtain valuable spectroscopic
information (cf. Chapter III) .
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C H A P T E R  II

MCD OF THE TRIPHENYLCARBENIUM ION AND SOME SYMMETRICALLY
PARASUBSTITUTED DERIVATIVES

1. Introduction

Upon dissolving the colourless triphenylmethanol in sulphuric acid a
yellow solution is obtained. It is now known that the colour is due to the
triphenylcarbenium ion (trityl cation) which is formed by abstraction of OH .
The delocalization of the positive unit charge in the cation would be maximum
if all phenyl rings were coplanar (molecular symmetry D ^ ) , but this is not
possible because of steric hindrance between the rings. More likely, therefore,
is a structure where two or three rings are forced out of the central plane
(i.e. the plane through the three central bonds) by rotation about the central
bonds . If all rings are rotated in the same sense over an angle 8, the
nuclear configuration of the cation has D. symmetry and resembles a propeller.

. . J . . ' 2)Although other, less symmetrical, configurations also might be possible ',
. . . . 3)4)l.r. studies on various trityl salts indicate and an X-ray diffraction
study of CIO^ establishesthat in the solid state has D^ symmetry
(angle of twist B'v 32 ). But also in solution the shape of triphenylcarbenium
ions is that of a symmetrical propeller, as revealed by various nmr experiments^
on substituted trityl cations. Although a particular molecular symmetry on the
nmr time scale not automatically implies that light absorption also may be
described in terms of the same molecular symmetry, the assumption of D^ symmetry
for the trityl cations seems a useful starting point for the description of
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some of their spectroscopic properties.

2. Absorption and emission spectra of

Molecular orbital theory predicts for the trityl cation in symmetry
three nearby singlet-singlet transitions in the visible part of the spectrum:
two of these involve (x,y)-polarized transitions to states with E-symmetry;
the third transition - forbidden in the planar molecule - is weak and z-
polarized. (See for the definition of the molecular axes figure 1.) The
observed absorption spectrum of $,C+, depicted in figure 2, seems to confirm
this prediction as it consists of at least two strongly overlapping bands.

Upon irradiating a cooled solution of in l^SO^ a bright green
emission is observed (full curve in figure 2). The emission consists of two
parts: an intense band at lvl8kK and a weaker one at i^OkK. As the excitation
spectra of both emissions are very similar to the absorption spectrum they
are attributed to $ C+. The 18kK emission decays exponentially with a time
constant of .19 sec while that at 20kK decays much faster; they can be assigned
as phosphorescence and fluorescence, respectively.

In figure 2 are also given the polarization P of the emission (EP) and
of the absorption as measured with respect to either fluorescence (APF) or
phosphorescence (APP). In fluorescence as well as in absorption (APF curve)
P = 1/7 , with the exception of a dip in the APF curve at 23kK. For
this indicates that large parts of the absorption are (x.y)-polarized, while
the polarization of the fluorescence is either (x,y) or x' , where x' is some
direction in the x,y-plane. The drop in the APF curve could result from the

10 11

Figure 1. Molecular reference frame

for Q-C j and numbering
of the atoms and rings.
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X ( n  m )

Figure 2. Absorption ( -------) and emission of i.C in ^2 ^ 4

at -110°C ( ------  ) . Degree of polarization of
absorption with respect to the fluorescence ( at a

frequency denoted by □ ) and phosphorescence
( in the point marked by o ) , and of the emission
when excited by light of a frequency denoted by • .

presence of z-polarized intensity in the absorption, which would tend to bring
the value of P towards -1/3 . We might ascribe this effect to the weak
z-polarized transition predicted for a non-planar triphenylcarbenium ion.
A great deal of what is said about the direction of the transition moments in
absorption and fluorescence equally well applies when considering the polariza­
tion of the phosphorescence and the APP curve. But here it may be concluded
that presumably the polarization of the emission is not (x,y) , but linear
(along a yet unspecified direction in the x,y-plane of the absorbent molecule)
since it is found from triplet ESR measurements^ that in its lowest triplet
state no longer has trigonal symmetry. So although no definite conclusions
can be drawn about the symmetry of the fluorescent state of the trityl cation,
the results of the polarization measurements are perfectly compatible with
D_ symmetry of the species in its ground state.
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The large similarity we observed between the absorption spectrum of
in solution and the reflection spectrum of a powdered sample of CIO^
provides additional evidence for the triphenylmethyl cation in solution
having symmetry.

To conclude this section we mention that from the spectra of $,C in
H-SO, at lower temperatures (down to -130°C) and at various concentrations

2 4 -6 -1from 10 to 10 Mole/1 we found no indications for the occurrence of
conformer equilibria or aggregates: the spectrum remains virtually unchanged.
Also a change of solvent (CF^COOH , HCOOH , CH^CN) does not influence the
shape of the absorption spectrum to an appreciable extent. These results,
unfortunately, also mean that we have no experimental indication how to resolve
the strongly overlapping absorption bands of , which will force us in the
analysis of the MCD spectra to use assumed band shape functions.

3. Absorption and MCD spectra of and related compounds

We have measured the MCD spectra of the trityl cation and its symmetrically
para-substituted derivatives (p-X-t)3C+ , where X = CH^ , C(CHj)j , Cl , OCHj
and NCCH^Jj • The ions were prepared by dissolving the corresponding chlorides
or carbinols in trifluoroacetic acid, except for the carbenium ion with
X ■ N(CH3)2 which is readily available as a salt (crystalviolet) and which
was measured in water. In figure 3-8 we show the observed absorption and MCD
spectra. The absorption (full lines) is displayed as absorbance OD ( * ecd ),
the MCD as differential absorbance AOD ( = Aecd) per Gauss. The pathlength
invariably was 1 cm, the concentrations (in 10 Mole/1) were 2.3 ( X=H ) ,
.84 ( X-CH3 ) , 1.12 ( X«C(CH3)3 ) , .90 ( X-Cl ) , .78 ( X-0CH3 )
and 1.30 ( X-N(CH3)2 ).

AnalysjL.s_of̂  _the ĵjectrji

It is well known®^^ that in the MCD of an isolated vibronic transition
a->-j ( a represents a non-degenerate ground state ) one can distinguish the
so-called A and B terms. The A-term, given in (1), only arises when the upper
state is degenerate and carries a magnetic moment (or near degenerate as we
shall see later) whereas the B-term, also given in (1), results from the
mixing of the states a and j by the external field.
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(1)
A (ar+j) - i I

a+j
m • A m<aj J a

B (a-+j)
a-*-j

jkm . A  m.,' + £ _
aj Jk k/j Ekj maj A "ka

In (1) m is the electric and u tihe magnetic dipole operator and E^. denotes
the energy separation of the (vibronic) states j and i. The summation is over
all degenerate transitions a+j .

The frequency dependence of the magnetic circular dichroism can be
described by 24 NH

3300 He
A (a-+j) f j (v,v.a) + B (a->-j) f2(v,Vj (2)

where N is Avogadro's number, H is the magnetic field strength and v. is theJ ®
peak frequency of the vibronic transition. The shape function of the B-term,
f (v,v. ), in general is assumed to be identical to f(v,v. ), the band function2 ja Ja
of the unpolarized absorption. The form of the A-term is given by the
derivative of f(v,v. ), i.e. f. « df/dv .

J a *
When dealing with transitions which do not show vibrational structure

the situation is more complicated. However, for an electric dipole allowed
transition it can be argued®^ that again equations (1) and (2) are valid
for the electronic band, the matrix elements in A and B now involving
only electronic states and f(v,v. ) representing the shape function of the
overall absorption band. We remark however, that this may not always be, true
(cf Chapter I). In particular one can expect the assumption that the shape
of the B-term is similar to that of the absorption to be only an approximation
if two close vibronic manifolds are coupled by the magnetic field, as in the
triarylcarbenium ions. We will nevertheless use the approximation here since
we cannot think of any better alternative. But it implies that in the
discussion of the MCD of the triarylcarbenium ions we shall not emphasize
the B-terms.

With the above assumptions the A and B parameters of a transition can
be extracted from the experimental spectra provided the absorption band is
completely isolated from other electronic transitions (i.e. the shape function
is k n o w n ) . H o w e v e r ,  for the triarylcarbenium ions we expect two over­
lapping bands and in order to determine their A and B parameters one has to
decompose, one way or another, the observed absorption spectrum into the
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<103cm ’)
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X(nm)

Figure 9. At the top are depicted the two Gaussians which are obtained from

the analysis and their sum (full lines). The broken line is the

observed absorbance. At the bottom of the figure the corresponding

A-terms (full lines) and B-terms are given.
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individual bands. Assuming that only two transitions are involved, we have
analyzed the spectra in two different ways.

In the first analysis we start from the hypothesis that f = vG , where
. k)G is a Gaussian function of frequency. Via an iterative procedure those two

Gaussians were obtained that account best for the observed absorption and
MCD spectra. In Table I the resultant numerical data are collected, while the
decomposed absorption and MCD spectra for are displayed graphically in
figure 9. It will be clear that the accuracy of the parameter values obtained
depends critically on the reliability of the assumed band shape. On inspection
of the analyzed spectra it struck us that the high-energy transition appro­
priates so much of the total intensity (and not only in ). We therefore
performed a second analysis of the spectra, assuming a band shape quite
different from Gaussian. If v_ is the frequency where the experimental
absorbance is maximum (in i^C we take v = 23050 cm ) we assume that for
v^ v  the absorbance and MCD only derive from the transition to the lowest-Penergy state Ej , that is: in this region f is known. This allows a decompo­
sition of the MCD for \Kv into an A- and a B- part. The A and B curves thusP
found now can be extended towards higher frequencies if we define the missing
part of f. This we do as follows. At a frequency Av from v we take *
f( v + Av ) = f( v - qAv ). When choosing q?M we thus introduce skew band
shapes. Actually we put q<l which means that the band is broader at the high
energy side of the peak. The numerical results from these analyses, performed
graphically with q = 4/5 , are presented in Table I. Though slightly different
values of q do not seriously affect A, B and D for the first band, it appeared
that the values of the MCD parameters for the second band (transition to the

state) are quite sensitive towards changes in q . Therefore, in Table I
only the signs of A2 and B2 are given.

Lacking experimental evidence on the actual band shape of the transition
to E. , it seems impossible to decide which analysis is more realistic and we
therefore will use only those features that are common to both analyses.

In the series of the triarylcarbenium ions with X = H , CH^ , C(CH3>3 ,
Cl , OCH, and N(CH3>2 the frequency at which the transition to Ej is maximum,

We are indebted to Mrs. G. Gerritsen- de Vries and Drs. A.P. Vuyk
for their help in the construction of the necessary computer program.
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Table I. Relevant spectroscopic parameters for the triarylcarbenium ions.

E x p e r i m e n t a 1 C a C l 1 a t e c

Gaussian Skew (SCF- ci)
bandshape bandshape

X band V °2 V D A/D B V D A/D B V D I1+D2 A/D B

H E1 22800 19 -.34 -9 23050 34 -.4 0 24750 46 + .31 -22

E2
70

23700 50 + .34 + 10 24700 36 + + 25380 66
112

-.31 +22

CH3 E1 22100 36 -.13 -12 22200 48 -. 1 -5 24810 81 + .18 -31

E2
76

23500 40 +. 15 +12 23800 29 ♦ + 25770 32
113

-.19 +31

0 ( 0 1 ^ E1 21700 31 -. 13 -9 21900 48 -.2 -5 24570 96 + . 10 -17

74
23100 42 + .13 + 11 23400 26 + 26180 18

114
-.10 + 17

Cl
e i

21400 32 -.07 -10 21500 54 -. 1 -4 23200 138 -.01 -2

E2
77

22500 45 + .07 + 11 22800 23 ■f + 29500 4
142

0 +2

OCH, E1 20900 74 0 -2 22270 151 -.01 -2

E2
105

*) 22500 31 0 + 29500 4
155

0 +2

n (c h 3 )2 E 1 17000 64 0 -1 19380 235 -.02 -3

E2
105

«) 18600 41 0 + 28090 22
257

+ .02 +3

*) Computer calculation did not converge to meaningful result.

—  1 2 2Units: frequencies v are in cm , dipole strengths in Debye (D ),_3 2
A/D is given in Bohr magnetons (6) and B in 10 B D cm.

The SCF-CI calculations were performed with the standard program in our
department. The parameters were those described by Van der Lugt'^ . The
methyl and t-butyl group were taken into account merely as an inductive
perturbation (core integrals -8.6 and -8.1 eV respectively). All triaryl­
carbenium ions were given twist angles of 30° and all C-C bonds were taken
equal (1.39A).
In the table are not included the z-polarized transitions to the A.-state

2 ^(dipole strength 4 2D ). The B-terms as calculated arise from the magnetic
coupling between Ej and
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decreases. The total dipole strength for the cations (i.e. Dj+D^ is constant
( 'u 75 D ) when X * H , CH^ , C(CH3>3 and Cl , while this quantity has a value
of 105 D2 for X - 0CH3 or N(CH3>2 . The ratio D j/D2 which is £ 1 for the trityl .
cation, increases upon substitution. Regarding the MCD parameters one finds
that Aj/Dj and Bj are negative while the corresponding quantities for the
second transition have opposite signs. (At this point we note that the negative
value of A j/Dj is quite remarkable since mostly positive A/D values are
observed in electric dipole allowed transitions in high symmetric aromatic
systems (see 57) ). The absolute magnitude of Aj/D , which has a maximum
for the unsubstituted ion, decreases in the series X = methyl, t-butyl, Cl
and vanishes for X = methoxy or dimethylamino.

4. Calculations

In an attempt to account for the observed effects in the various ions
MO calculations of the PPP type were performed, including Cl between all
singly excited states. The results are tabulated in Table I. It appears that
in a qualitative sense the calculations reproduce the observed phenomena:
there is a nice agreement between the trends of the calculated and observed
values of the frequency v. ; the calculated total dipole strength is constant
for X « H , CH3 and C(CH3>3 and larger for the other substituents. The ratio
D j/Dj increases as a function of the substituent X. As for the MCD data:
for all compounds B. is negative and Bj positive, whereas the value of A/D
decreases upon substitution. However, in as far as the A/D values do not
approach zero, they have the wrong sign.

Now one could imagine that in a particular PPP-calculation the sequence
of two nearby excited states is obtained incorrectly because of accidental
errors due to the various approximations in the PPP-scheme. However, such
an error persisting in the complete series seems an unsatisfactory result,
which deserves closer investigation. In the following we shall describe
some relevant features of the two lowest excited E-states of the triaryl-
carbenium ions in terms of Hückel m.o.'s. It will appear that this enables
one to better understand the signs and magnitudes of the observed magnetic
moments.

Wave functions

As is well known, in benzene the highest occupied m.o.'s are twofold
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Figure 10. Coefficients of the atomic orbitals

in the two highest occupied m. o. 's3

ij>̂ and (f>g , in benzene. Note that
<j> and <|>g are not normalized.

degenerate and the associated wave functions, which are completely determined
by symmetry, have the form**^

(3)

An alternative set of wave functions can be formed out of (f>+ and tf> by taking
the real and imaginary parts and <f>̂ (cf. figure 10).

In the trityl cation the nonbonding molecular orbital has a„ symmetry in
whereas the highest bonding level is five-fold degenerate in the Hückel

approximation and is described by a wave function of aj symmetry and two
orbital pairs with e symmetry. The Sj-orbital and the e-type wave functions,
when expressed in the (f> , <J>g of the peripheral rings may be written as follows

1 , . I . II . Ill .
al “ 7Ï2 ( *A + *A + *A >

eS

x 1
eA " 7 T

y -1
eA “ 724

eS " 7^4

x -1

. , II , III .
( *A *A >

. , I II III .
( 2*A *A *A )

(4)

( o/ 1 - *sm  )

eS ’ 772 ( 2*S " *S " *S }

rscript attached to <f> and <f>̂ denote
in (see for the numbering of the rings figure 1). The shape of the
In (4) the superscript attached to $ and <|> denotes one of the phenyl ringsA S
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-1 -1

Figure 11. Coefficients of the atomic orbitals in the highest

bonding and nonbonding molecular orbitals of .

The orbitals e* , , es J eS an^ al are
equal energy (a-6), the a2-orbital has an energy a.

nonbonding orbital and the highest occupied orbitals is illustrated in

figure 11•
Of course the complex wave functions (3) can also be used in the con­

struction of the two highest bonding e-levels in $^0 and since here both
e-levels are mutually degenerate, it is immaterial whether the orbitals based
on (3) or those described by (4) are chosen as a basis.

This is no longer true in the substituted trityl cations. If at the carbon
atoms 5, 11 and 17 the Coulomb integral is changed from a to a+Aa, the
orbitals (4) remain unaffected but it is found from first order perturbation
theory that their energies change by an amount ( d,. + dj] + di7 ^ “ *
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a2 Vi3Aaa2

inductive
perturbation

Figure 12. Orbital diagram of <t> before and afterv
an inductive perturbation (ta>0).

where d. denotes the coefficient of atomic orbital i in the m.o. concerned.
The resulting orbital energy picture is given in figure 12. Later on we shall
see that this particular perturbation can account for some of the observed
spectral properties of some substituted trityl cations. Anticipating this
perturbation, we shall use the wave functions (4) as a basis.

Configuration interaction

In a first approximation the excited states can be obtained from an
orbital picture by promoting an electron from an occupied to an unoccupied
orbital. In 4gC therefore the lowest excited singlet state will be five-fold
degenerate (A2  + E^ + Eg) as a result of the one electron jumps e.-t-a. ;

an<* es"*a2 " ■*'a^^n8 a substituent into account by a simple inductive
perturbation of the para-carbon atoms, this five-fold degeneracy is partly
removed in the substituted triphenylcarbenium ions since now the promotions
eg-*^ and e,-»^ are at different energies (see figure 13). Inclusion of
configuration interaction will now mix and E states, giving rise to two
new double degenerate states Ej and E2  , where Ej always denotes the state
which is lowest in energy.

If one describes all E-states by the real basis vectors Ex and E^ (which
are symmetric and antisymmetric with respect to the two-fold rotation axis CX),
configuration interaction amounts to solving

HSS

h as

E
(5)
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In this equation H ■> (E*|H|Eg) ■ (Eg|H|E^) whereas and H^, (»Hg^)
analogously defined. The lowest state E. is represented by

- C.ES + <2EA
‘Ï ■ + <2*1

. V.'-i’-.in-t-ttir , 2 2 ,where c. and C2 are real and it is understood that always Cj + = 1
Its energy is

are

(6)

HSS * HAA - \ A e2 ♦ H

where AE = J(H.. - Hgg). The ratio of the mixing coefficients for the state
of lowest energy is given by

c ,/c2
■AE +

(7)

From the last equation one concludes that the sign of Cj/Cj independent °f
AE, being completely determined by the sign of Hg^. Whether thus Eg is of

0 0

Before C.I. After C.I.

Figure 13. Ground state 0 and lowest excited states

of a 8yrmetrically para-substituted

triphenylmethyl cation before and after

configuration interaction. In the

unsubstituted trityl cation AE is zero.
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lower, equal or higher energy than E^, a positive ratio requires Hg^
to be negative.

When Dg symmetry is assumed for the nuclear skeleton of the trityl cation
and its symmetrical para-substituted derivatives, the spectroscopic properties
of these compounds result from the presence of two doubly degenerate states
Ej and E2  (we thus neglect the weak z-polarized transition to the A 2 state).
In the next paragraphs we shall calculate for Ej the dipole strength D and
A/D as a function of the mixing coefficients. A comparison of these values
with the relevant experimental data then enables us to make some statements
on the values of Cj and C2  for and its derivatives. In particular it
follows that in order to account for the sign of the MCD in the transition
at lowest energy, the ratio of Cj to C2  has to be positive. It thus appears
that the off-diagonal matrix element of the Hamiltonian Hg^ has to be negative.
In §6 we shall consider H in more detail.

Di|>ole_s_trengtlis

The x component of the electric transition moment is

(0|x|E*) = /2 I Cj(eg|x|a2) + c2(e*|x|a2) j ■ /2 (CjS + c2a)

where the one electron transition moments (eglx^) and (e^lx^) are
abbreviated by s and a . Since the y component of the transition moment is
equally large, the dipole strength of the transition to Ej equals

2
Dj - 4 (CjS + c2a)2 - — ( c i + I ) (8)

1+c

where c = Cj/c2  .
• • 2Similarly D2  “ 4( -C2 S + c.a) and one notes that the sum of the dipole

strengths of both transitions is constant, as it should be of course. In- # Ofigure 14 D. is plotted as a function of c. It appears that if c=0 D. = 4a
1 2and consequently D„ “ 4s . For c=+“ , which is the case if E has no

z 2 1E -character, Dj *= 4s . At the point c»-a/s the longest wavelength transition
is forbidden, while at C“s/a the transition to the Ej state carries no
intensity. D being a quadratic function of c, a knowledge of Dj would provide
one with two possible values of Cj/c2  .
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Figure 14. (-----------------) and A./D^ ( --------------  ) as a

function of o. Dote that from this figure £?. can

be read as welt, since D^ + D^ is constant. In

constructing the D^-curve we hate used the values

a=1.72 D and 8=5.76 D.

Magn e ti c__moments

For non-linear molecules in degenerate states the angular momentum about
an axis of symmetry (z) is (V|L |V) "R where (¥|l JV) is in general non-

2 . 1 2 )  zintegral and may be positive or negative» The presence of angular momentum
in excited states can be detected in a Zeeman-experiment; with angular
momentum a magnetic dipole moment y^ is associated and therefore also an energy
effect in an external magnetic field H^. Measurement of the Zeeman shift
therefore directly yields the value of (y |l If). The existence of orbital
angular momentum also gives rise to a particular MCD effect: in a two-fold
degenerate excited state the S—shaped A-term results from the fact that one
component of the Zeeman couplet is exclusively accessible by left-, the other
one by right—circularly polarized light* Conversely, the presence of an A—term
in the MCD spectrum does not prove the existence of angular momentum and thus
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of degeneracy, since it can be shown that two states which have an energy
separation 6E and which are coupled by the magnetic field also give rise to
an S-shaped MCD, which cannot be distinguished from an ideal A-curve if 6E
is smaller than the half band width T of the transition. This may explain that
in MCD language one loosely speaks of magnetic moments, even if possibly no
exact degeneracy is present (cf Chapter I).

The matrix elements of u which are relevant for the MCD of the triaryl-
x y x ycarbenium ions involve the wave functions E^ , E^ , Eg , and Eg . From

calculations it is found that i(e^|yZ |eg) = i(eg|pZ|ê ) “ +.85 whereas the
matrix elements i(e*|pZ|ê ) and i(eg|pz|ê ) are of negligible magnitude.
Consequently one finds for the value of A/D in the transition to the E. state

V D1 “ ■ I - - I c,c2 (es|vz|e][) = -Jc,^ 0.85 (9)

whereas A./D2 = -Aj/Dj . The variation of Aj/Dj as a function of c is
graphically displayed in figure 14 . If Ej is identical to Eg (c*±>») or to
^A it aPPears that Aj/Dj is zero. When on the other hand Ej is represented
by (Eg ±EX) and (Eg± E^) a large magnetic moment results. One notes that a
particular value of A/D uniquely determines Cj/c2 .

5. Comparison of theory and experiment

In 4gC+ the observed value of A j / D j is '><-.48 . Firstly this shows that c
must be positive and secondly that its value is lying near the point c=l
■(cf figure 14). The latter is, of course, just what we expect: if the
accidentally degenerate states E^ and Eg are split because of a non-zero
matrix element the absolute value of c is 1. The value c=+l should implyAS
that Dj/Dn “ 3.5 , whereas from experiment we expect a smaller ratio ( ,gl)
for $gC . Perhaps therefore c has a somewhat lower value (0 1 /0 2 ^ 1  if cm+0.6),
but it is also possible that the magnitudes of the transition moments a and s
are only qualitatively correct.

In our description the symmetrical para-substituted trityl cations derive
from the parent compound by a simple inductive perturbation. As a result
their spectroscopic properties can be described in terms of the orbitals of
4jC . When this is realistic, the sum of the dipole strengths of both
degenerate transitions D j+D2 should have the same value as for *-jC+ • From
Table I it appears that this is indeed true to a good approximation for the
compounds where X = CH^ , C(CHg)g and Cl but not for those with X = OCH^ and
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Other than inductive effects apparently may not be neglected in the
latter two compounds, whose A/D values will be shortly discussed in §7.

In an orbital picture an inductive perturbation Aa at the para-carbon
atoms results in a bathochromic shift of the transition to Ej if Aa is positive
(see figure 12). This explains the decrease in v in the series X - H , CH^ ,
CiCH^)^ • In the case that X = Cl, where one expects Aa to be negative, a
hypsochromic shift should occur. That this is not observed is presumably due
to the presence of e.g. small mesomeric interactions.

When in the orbital diagram an energy splitting AE is present (see
figure 13) configuration interaction will yield values of c which are not
equal to 1 (cf. equation (7) ). It can be seen from (7) that c , / c 2  grows if»
with constant H,„, AE (which is positive) increases. This is exactly what
happens if we insert the observed Aj/Dj and data for the triaryl-
carbenium ions with X = CH^ , C(CHg)g and Cl in figure 14. The A/D values for
these compounds all have the same sign as for » but they are considerably
smaller in absolute magnitude. Together with the observation that here the
ratio D j/D2  is increased as compared with , this means that on substitution
one proceeds towards the right on the c-axis in figure 14, i.e. E more and
more approaches E„. What specific c-values are reached is difficult to say:
on the one hand the magnitude of A./D. suggests that we should have rather large
values of c, c>s/a say. That c should be larger than s/a is also supported by
the observed negative sign of Bj, since it is easy to show that Bj is negative
for positive c except for the region 1 £ c £ s/a (but we remark that it is
uncertain whether one may use electronic B-terms to describe the magnetic
coupling of two severely overlapping bands). On the other hand in our model
c being larger than s/a would require the transition to E2  to be nearly
forbidden. Apparently we are here confronted with the qualitative nature of
our description. Irrespective of the precise value of c however, its sign is
known beyond doubt and it will be shown that this will allow some interesting
conclusions to be drawn.

6. The sign of (E„|h |e .)
u A

In §4 it was derived that regardless of the relative position of E and
Eg, a positive Cj/c2  ratio should result from a negative value of (Eg|H|E^).
We will now consider this matrix element in more detail.

Remembering that Eg and E^ represent the one-electron jumps eg">'a 2 an<̂
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v. • 13)
e A~*A2 one °“talns

(Es|h |ea) « (Eg|H|EY) = -(esIHSĈ Iê ) + 2(a2 | | a2) - (a2a2HeSeA) (10)

where (ij||kl) stands for ( i(l)j(l)|— —̂ | k(2)l(2) ).
12

Substituting for eY and eY the expansions (4), each of the terms in (10) breaks
down into six terms. These terms can be easily transformed into one another
by explicitly using the fact that in the molecule three twofold axes of
symmetry are present. The result is

(es|h|ea) =4(*siiihscfi*ai) ♦i<«2*sIIiuAI v  (,i)

The first term of (11) is reduced as follows

y(ringll)
v(ring I)

(12)

S II • • ..where c is the coefficient of the atomic orbital centered on atom y in
y jj

the m.o. d> . P is the bond order between the atoms y and v (which are onTS yv
different rings) and Yyv is the repulsion integral (yy||vv).
With the zero differential overlap approximation the second term of (11) can
be transformed to

(*2*SII|I*A1*2) “ EZ A y(II)
v ( I )

S II A I a2 a2 c S II A I „
cy cv cy cv Yyv’ Cy cv PyvYyv (13)

v ( I )

Here the last step arises because in an odd alternating cation the bond orders
14)can be expressed in terms of the coefficients of the non-bonding m.o. only :

p = -c 2 c 2 . Finally the last term of (11) vanishes, since in the
yv v Y  i i  i
approximation of zero differential overlap the density <|>g <|>A vanishes.

So we arrive at

(E |H|E ) - - I
A y(II)

v ( I )

S II A I , 1 „core 3 „ sc c (7 H + s P Y )y v 4 yv 8 yv yv (14)

In this expression the second term equals -g- times the repulsion between the
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Vï5

Figure 15.

Graphical representation of the Coulomb repulsion

between the charge densities c^ ^ c ^  (confined

to ring I) and c^ ^  c2^ (on ring II). The
V V  ~ 1

numbering of the atoms is given inside the rings,

for the numbering of the rings see figure 1.

charge densities 1 c*^ and c^ - ĉ  , which are confined respectively to
ring I and II of the propeller. This repulsion is graphically displayed in
figure 15, where it is understood that the interaction is a Coulomb repulsion
between the charge distributions on ring I and those on ring II. Since the
distances C3-C9 and C7-C13 are equal, there remain only a repulsion between
the charges on C7 with those on C9 and Cl 1 and an attraction between the
charge densities on C3 with those on Cl 1 and C13. It is evident from the figure
that the repulsive interaction will dominate, leading to a positive contri­
bution to (e s |h |ea).

The first term of (14) represents the bonding between different rings.
Following the standard procedure in MO theory of taking only into account

13)bonding between atoms which are directly linked , we might neglect this
term. As a consequence (E |H|E ), being completely determined by the repulsion
term in (14), would be positive, which is at variance with the sign of the
observed magnetic moment in the lowest excited state. Therefore we will not
neglect the one-electron term in (14). Obviously the largest share in this
term is taken by Hy°g6, which enters (14) with a coefficient — ̂ . Since all
phenyl rings in make an angle of 30° with the central plane, the overlap
between the a.o.'s on C7 and C9 is negative and H^0ge is positive. Whence one
concludes that the ultimate sign of (E_|H|E^) is determined by the competition
of a (negative) bonding energy and a (positive) electron repulsion energy. Since
an estimate of the magnitude of both terms yield values of -.07eV and +.06eV,
it appears that the one—electron and two—electron terms counterbalance quite
effectively. The interaction energies being so small, it might be that with
SCF instead of Hückel starting orbitals this result is perhaps not valid
anymore. We believe however, that this is not likely. In the triphenylmethyl
radical the charge density on all atoms is zero The triphenylmethyl cation
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in its E or E^state can be thought to result from 4>jC' by the removal of one
electron from the e„ or e^ orbital. As in these orbitals the coefficient on
Cl is zero for symmetry reasons, has a charge density zero on Cl in its
Ec or E state. This means that to a very good approximation the e„ and e,S A ö A
orbitals can be constructed from the benzene -orbitals, which in turn are
symmetry-determined. Consequently one would consider e^ and e^ to be very
adequate orbitals for 4>_C . The non-bonding orbital however, its coefficient
at Cl not being determined by symmetry, might have coefficients different
from those in figure 11.

This means that the first term in (14) will retain its form, being
negative for a 30 propeller. However, the repulsion term in (Eg|H|E^) which
contains the nonbonding m.o., might change somewhat. If the absolute magnitude
of the coefficient at Cl in the a2 ~orbital is larger than 2//13 - and SCF
calculations bear out this to be the case - all charges in figure 15 will be
somewhat smaller, resulting in a smaller Coulomb interaction. But the inter­
action stays repulsive. In conclusion we therefore judge it necessary and
significant to include in (Eg|H|E^) the bonding between the rings to obtain a
negative value for the matrix element as is imperative to conciliate the
signs of the calculated and observed magnetic moments in the lowest excited
states of the triarylcarbenium ions.

7. Discussion

From the experimental MCD spectra of the cations (p-X-^^C where
X = H , CHj , C(CH, ) 2  and Cl it is found that the value of Aj/Dj is maximum
for the trityl cation and decreases as a function of the substituent X.
With a simple model, which makes use of the Hückel orbitals of $jC+, the
signs of the magnetic moments can be understood if care is taken not to neglect
the bonding between different rings. The magnitudes of the magnetic moments
are governed by (9) and vary in the series because changes as a function
of AE.

It may be useful at this point to consider the magnetic moments in the
Ar,C+ series from a slightly different point of view. If the complex wave
functions (3) are used to describe the highest bonding e-level in $_C+ one
obtains
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2iii 2*1
++ 1 V V 3 6 J* = s-rz l L e e

J 1,
y—  . (y++)“

2fri . _ 2tri 1
• r r 3 6 J

L l e e <t>.372 J 1,

(» )

As can be easily verified, this set is related to (4) by

(15)

f** “ (f )* = i ((e* - e*) + i(e^ - e^)}
(16)

y+“ - (y-+)« - j {(e* ♦ ej) + i(.| + e^)}

In the orbitals (15) one may recognize two relevant aspects. Firstly there are
• • / 2ir i ,the complex coefficients exp(t-^— J) which derive from the symmetry of the

propeller and secondly the coefficients exp(±^^1 1_) which arise from theo J
local C. symmetry of the propeller blades. Although both coefficients cano
give rise to angular momentum, it is not hard to see that the magnetic moment
due to exp(±̂ -ri- 1,) will by far outweigh that due to exp(±-̂ 5-i- J), since ofO J J
course the magnitude of the angular momentum depends heavily on the extent to
which the orbital motion of the electrons around an axis is actually possible.
The magnetic moment in an E state, deriving from the orbitals •̂ •(eg iie^O
originates from the circular motion of the electrons around the
C,-axis and is therefore very small. If however, the excited state is of the
type Eg-E^, a large magnetic moment arises from the in-phase circular motion
of the electrons around the local C,-axes. Although the threefold axis ofo
symmetry in the triarylcarbenium ions is indispensable for the occurence of
A-terms in the MCD (without it no degenerate states were possible), the
presence of the complex benzene-like orbitals in the molecular wave function
actually determines the magnitude of the A-term. Reasoning along these lines
the A-terms of the substituted trityl cations may be viewed upon as follows.
The highest occupied m.o.'s of the Ar^C system result from a combination, like
in (4), of the highest occupied m.o.'s of the ArH molecule. The latter are
exactly degenerate if ArH is benzene, but are split in their real components
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if ArH is toluene, t-butylbenzene or chlorobenzene. In these cases magnetic
moment is present only to the extent that configuration interaction in the
Ar.C* ion restores partly the complex character of the benzene orbitals.
This explains the decrease in A j/Dj going from the trityl cation to (p-X-#)_C
with X - CH3 , C(CH3)_ or Cl.-

In dimethyl aniline or anisole the highest occupied ir-electron m.o.'s
not only are split but in addition they have presumably lost to a fair extent
their and <j) character (mesomeric effect). This leads to a vanishing value
of Aj/D| for the trianisylcarbenium ion and crystal violet. We hasten to add
that, of course, zero A/D values can also result from the absence of trigonal
symmetry. We mention this as a possibility for crystal violet, since X-ray
diffraction studies on solid (p-NH2~4)3C+C10, indicate*^ that here the cation
is an unsymmetrical propeller with twist angles of 29°, 34° and 34° ( but the
trianisylcarbenium ion in the solid state has D3 symmetry* -).

In the triphenylcarbenium ion E. to a good approximation is described by
't “ +  +  •+■ — ■the wave functions ¥ and ¥ , by ¥ and ¥ . As the magnitude of the

magnetic moment is determined by the complex coefficients e x p 1.) ,
, 6 J .¥ and ¥ denote the low-energy Zeeman components of E| and E3, respectively.

However, this does not yet fix the signs of A/D since the coefficient
exp(±^3L J) determines whether the lowest Zeeman component is accessible by
right or by left circularly polarized light. This situation is quite
contrary to that with aromatic systems that approach cylindrical symmetry
(e.g. triphenylene*^ , coronene*^ and p o r p h y r i n s ) where, because of the
presence of one complex coefficient in the wave function of a degenerate
excited state, the lowest Zeeman component always transforms as the operator
for right circularly polarized light, resulting in positive A/D values.
In the Ej state of $3C both complex coefficients are in antiphase, leading
to a negative A/D value.
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MAGNETIC CIRCULAR DICHROISM OF AZULENE

1. Introduction

The absorption spectrum of azulene in an alkane solvent (see figure 1)
in the visible and UV region consists of four transitions. The weak 0 — > A
band ( v 15700 ; e. 326 ) is known to be y polarized (for themax max f (
definition of the molecular axes see figure 2) and the 0 — » B transition
( ~  29200 ' e 4700 ) is x polarized as found from polarized ab-
' max ’ max 1)
sorption measurements on a solid solution of azulene in a naphthalene crystal .
The very strong band ( c 53200 ) at 36400 cm"1 is long axis polarized.
It is the fourth singlet-singlet transition since absorption polarization
measurements2  ̂ reveal that the shoulder at 33800 cm 1 ( e max 4050 ) is a
separate y polarized band ( 0 — > C ).

From an inspection of the MCD spectrum of azulene (figure 1) it appears
that, while the MCD in the 0 — » A and 0 — » C bands behaves normally (in the
sense that MCD and absorbance have similar band shapes) , the MCD in the (HB band
does not. As will be shown in the second part of this chapter, the very peculiar
shape of the magnetic circular dichroism in the 0 — > B band is brought about
by vibronic coupling via totally symmetric vibrations.

Although azulene is a non-alternating hydrocarbon and therefore lacks the
so-called pairing properties, Pariser3) succeeded in predicting qualitatively
the azulene absorption spectrum, including in his calculation configuration
interaction between singly excited configurations, based on Hiickel MO’s.
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1

-100

Figure 1. Unpolarized absorption (top half) and magnetic circular

dichroi8m per Gauss (lamer half) of azulene in n-heptane

at room temperature.

We will show that IK) theory can also account qualitatively for the MCD in at
least the 0 — > A and 0 — > C bands. Despite this favourable result we pursue
matters further and also calculate the MCD in the 0 — ) A and 0 — ) C
transitions using the experimental values of transition energies and electric
dipole matrix elements (but, of course, calculated values for magnetic dipole
transition moments) in the molecular orbital calculations. This is taken to
indicate that the relevant magnetic dipole matrix elements are calculated
correctly in MO theory. The latter result is important in the discussion of the
MCD in the 0+B band, in which we need reliable values of magnetic dipole
transition moments.
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X Figure 2.

Reference frame for azulene.

y

2. MO calculations

4)Using the experimentally determined geometry of azulene a SCF - MO
calculation of the PPP type was performed followed by configuration interaction
between all singly excited states. Matrix elements of the electric dipole
operator ~r , the magnetic dipole operator p and electric dipole velocity
operator V between the ground state and excited states and between singly
excited states were calculated using either 2p - atomic orbitals or Löwdinz
orthogonalized atomic orbitals. Some of the results of these calculations are
tabulated in Table I - IV. *

The transition energies and dipole strenghts from our calculations are
3) 5)in essential agreement with those found by Pariser , Bloor and other

authors^^® . As can be seen from an inspection of Table I they also compare
favourably with experiment since it will appear later that the observed dipole
strength of the 0 — > C transition is a minimum value while that of the 0 — > B
band contains a large amount of vibronically induced intensity (meaning that

2the experimental value of x ^ will be lower than 3.20).
The calculated matrix elements in Table II - IV are obtained from Löwdin

ao's. When in the calculation a different value results from the use of
Slater ao's, this value is put in parentheses.
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Table I , dipoleC a lc u la te d  and observed  t r a n s i t i o n  e n e rg ie s
s t r e n g th s  rö e b y e ^ J  and p o la r i z a t io n  d i r e c t io n s .

Transition
calculated observed

energy D energy D

0 —) A 17580 2.96  (y) 14350 .69 (y)

0 — )  B 27700 2.37 (x) 28370 3 .20  (x)

0 —> C 35550 11.29 (y) 33800 2.07 (y)

0 —» D 39550 104.45 (x) 35650 42.51 (x)

E x p erim en ta l f re q u e n c ie s  a re  th o se  f o r  th e  v a r io u s  (0 ,0 )  t r a n s i t i o n s .

T able I I Cartesian components of r^j f Debye~j

2 .64  (x)
-2 .0 6  (x)1.74 (y)

-2 .8 3  (x)•64 (y)1.54 (x)
-2 .21  (x)1.21 (y)-2 .3 4  (x)3 .36  (y)

- 3 .3 6  (x)-1 .0 5  (y)-  .41 (x)1.46 (y)10.13 (x)

T able I I I  M atrix  e lem ents Q .B o h r  magnetorTJ

0 B D

A

C

- .3 9  ( - .3 6 )
- .1 1  ( - .0 6 )

- 2 .0 6  ( -1 .9 2 )

1.18 ( 1 . 1 4 )

.11 ( .2 6 )

- . 4 8  ( - . 2 4 )
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Table IV Cartesian components of e A j

l \ ^ A B c

B .00 (y) 0
C -.10 (-.11) (x) .04 (y) 0

D .02 (y) -.03 (-.04) (x) .03 (.04) (y)

3, The MCD in the 0 — > A and 0 — > C transitions

3a.The 0 — > A transition

The general expression for the MCD in electric dipole allowed transitions
in isotropic solutions was discussed in chapter I. When considering the
singlet-singlet transitions of azulene, there are no degenerate states which
could be split by a magnetic field and it is sufficient to consider the MCD
B-terms only. A further consequence of the absence of degeneracy is that all
electronic and vibrational wave functions may be chosen real.
The MCD in a y polarized transition a-*-j of azulene is in the ir-electron
approximation given by

B(a-+j) J  i'TT ** * "vf hT *x**’kf a, j ka J kj ja »j (1)

Dealing with spectra which do not show rotational structure, the indices in
(1) refer to vibronic states.
If the relevant transitions in a given spectrum show poor vibrational fine
structure only, it is usual to use (1) as it stands on the understanding that
the indices a,k and j refer to electronic states. Strictly speaking, this is
only true if the vibrational manifolds in the groundstate and all excited
states are identical and vibronic coupling is absent. Then B(a-+j) and D(a-*-j)
have the same band forms. Having in azulene an extensive 0 ■+■ A band with a clear
fine structure we can study the dependence of B/D in this transition as a
function of frequency, without adopting the abovementioned assumption of
identical vibrational wave functions in all states.
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In the Born-Oppenheimer approximation, neglecting for the moment the dependence
of electronic matrix elements on nuclear coordinates and assuming that only
the zero point vibrational level of the groundstate is populated , we may
describe the vibronic states by a product of an electronic wave function,
defined for a fixed nuclear geometry and a vibrational wave function.
Studying the transition from the vibronic groundstate to different vibrational
levels of the A state, we make the substitution

a -- > Oo
j — » Aa (2)
k -- ) Kk

From now on we shall use in this chapter capital letters to denote electronic
wave functions, evaluated at the groundstate equilibrium geometry of the
molecule, and lower case letters to denote the vibrational wave functions of
these states.
The dipole strength in the individual transition we consider is then given by

D(0o -*• Aa) - y^A (o|a)(a|o) (3)
Using the sum rule we find D(0 -*■ A) = J D(0o -*■ Aa) = y^, (3a)a u a
Incorporating (2) in equation (1) and reducing the sum over vibronic states to

one over electronic states and one over vibrational states (making use of the
fact that vibrational wave functions belonging to the same electronic state
form an orthonormal set) we get

B(Oo-*Aa) = ~Im
z z

a -  Xak ( a |k ) ( k |o >  + Ë T = É 7  ’‘ko Ca|k> (lc|o) }+KfO,A Kk Oo Kk Aai . 5li
E, -E <*AA'X00,<*I°)Aa Oo y0A (°la)

Rewriting an energy difference between vibronic states as a sum of an electronic
and a vibrational energy difference (E^j-Ej . = E^-Ej+e^-e. ■
we obtain

B (Ocn-Aa) = -Im I *
K^0,A k K0 ko

E XAK (a |k)(k l°) E„.+e. TCOKA ka
(a|k)(k|o)>

Ë7I+ë (xAA"X00)(alo) y0A (°la) (4)
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The evaluation of B(Oo-*-Aa) requires knowledge of electronic matrix elements
and energies, and of vibrational integrals and energies. Reasonable estimates of
the electronic quantities may be made, e.g. from semi-empirical quantum-chemical
calculations, but the vibrational overlap-integrals and energies are much more
difficult to obtain theoretically. One therefore mostly neglects all e's when
calculating the total electronic MCD. In §3b we also will make use of this
approximation, which we shall discuss further in §3c.

3b. Numerical calculations

The total MCD in the visible absorption band of azulene is obtained by
summing B(Oo+Aa) over all vibrational fine structure a.

Z B (Oö-*-Aa) = B(0+A) (5)a
When neglecting all e's, we can perform the summation over a in equation (4)
to obtain

B(CH-A)

7  7  7

V fU KO y AK \ *_
J o,a\ o Xa k e k a Xko X̂AA~X00̂ (6)

With the help of the calculated electric and magnetic transition dipole matrix
elements and energies (Table I - III) we now can find the contributions of all
terms in (6) to B(0-*A). Because the only appreciable contributions prove to be
those from the last term and from the second term with K = B or D, we may
write

B (0-*A) J|» -Im XB0 (x a a'x o o ) y0A (7)

Using this expression, Table V is constructed. From this table one finds
-3 2B(0-*-A) “ + .636 10 B D cm. If we had included all terms from (6), taking

into account the lowest 10 singlet states, B(0->A) would have taken the value
-3 2 .+ .602 10 B D cm. This rather small difference only in part results from

cancelling contributions, the absolute magnitude of the individual terms which». . —3
are omitted in constructing Table V being smaller than .05 10 . From the
table we conclude that the calculated B term has the right sign, but is over­
estimated. To a marked extent this is to be ascribed to the fact that the
absolute magnitudes of the electric dipole transition moments and electric
dipole moments, that follow from the calculations,are too large. If we use
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Table V Contributions of the terms in (7) to B(0+A)

first term second term last term total

IK) theory (Löwdin ao's) + .536 -.082 + .182 + .636
theory (Slater ao's) + .507 -.207 + .166 + .466

rT and E from experiment,
2p j j  from M3 theory + .207 -.024 + .023 + .21
(Lowd in ao's)

observed + .10

-3 2Units: 10 8 D cm

The second row is obtained using experimental (o,o) transition
energies and experimental electric dipole transition moments, the
signs of which are assumed to be the same as that calculated. The
value +.207 results from the use of the total dipole strength of
the B band. However, because this band is subject to strong vi-
bronic coupling, the actual experimental value of x.„ should beUd
about half as low, which reduces the value for the total calculated
B(0-+A) from +.21 to +.10 .

for these the experimental values (cf. third row in Table V and the footnote
attached to that table), the value of B surprisingly well agrees with the
experimental one, being predominantly determined by the magnetic coupling
of the states A and B.

3c. Further ^iscussion_of^ equation_(4)

The quantum-chemical calculations bear out that the second term of (4)

is dominating the MCD, Since it is reasonable to assume that this result does
not rest on the neglect of vibrational energy differences in (4), we now can
discuss some a'spects of this neglect in more detail.

The second term of (4), which we repeat here for convenience,reads

-Im I
K^0,A *K0 y0A

(a|k)(k|o)I E„.+e,KA ka
(o | a) (8)
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While in the last term of (4)- the necessary vibrational matrix elements and
energy differences could be extracted from experiment, this is not possible
in (8). In fact, we might find the absolute magnitudes for the Franck-Condon
factors (o|a) and (k|o) , but the quantities (a|k) and e. , being related to
transitions between excited vibronic states, are not within direct experimental
reach. Therefore we must look for other ways to evaluate the expression between
square brackets in (8).
When the electronic transitions to A and K have a large separation compared
to their band widths we have to a good approximation

(a|k)(k|o) (a|o)(o|a)
£ E +e ( ° l a) "  ËTTKA ka KA

(9)

and MCD and absorption will have the same band forms as indeed is mostly
assumed. We remark however that, strictly speaking, the equality expressed in
(9) only holds exactly when the sets of vibrational wave functions {a} and {k}
are identical, since we then have

Ca|k) - 6ak
(10)

and Ej[a ■ 0 if k"a

Note that the equations (10) imply the absorptions O+A and Ö+K to have
identical shapes, which from experiment is known not to be true in general.
Conversely, a constant B/D value in an electronic absorption band does not
necessarily mean that (9) is valid: when writing down the equality

(a|k)(k|o) (a|o)(o|a)

è EKA+eka (° |a) “ EKA+e(a)
(ID

With e as an unknown quantity, the constancy of B/D merely signifies that e
is not a function of a. That is

"(a|k)(k|o) (a|o)(o|a)
.£ +e (°|a) “ E constant (12)KA ka KA

It is tempting to conclude from the rather constant experimental B/D value
(compare Table VI) in the long A band of azulene, in which the MCD is
introduced to a large extent by coupling with the near state B, that
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Table VI B/D values in the first absorption band of azulene.

band X (nm) v(cm *) 104 B/D ( 6 cm )

1 697 14347 1.57
2 659 15175 1.57
3 630 15873 1.82
4 602 16610 1.65
5 577 17331 1.65
6 555 18018 1.65
7 538 18587 1.70
8 520 19230 1.58
9 498 20080 1.52
10 481 20790 1.62

The B and D values for the individual vibrational bands were
• . —3 2obtained by dividing the total B ( .100 10 3D cm ) and

2
D ( .685 D ) over the vibrational bands with weighting factors
Pi / (p^ is the height and v. the frequency of the peak).

equation (12) holds to a good approximation in this case. We must be careful
at this point however, as a large fraction of the total intensity in the B band
is brought about by vibronic coupling via totally symmetric vibrations (see
§4), implying that also the magnetic dichroism of vibrational sublevels of
the A band is no longer completely described by (4).
The last term of (4), although not contributing appreciably to the MCD of the
0->-A transition (cf. §3b) in itself is interesting since it describes the
contribution to the MCD of the change of static electric dipole moment in
a vibronic transition. From (4) it follows that the frequency dependence of
this contribution is governed by

(o|a)(a|o)

EA0+eao
03)

The denominator of this function being the energy of the transition Oo^Aa
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and the enumerator the Franck-Condon factor which determines what part of the
total dipole strength is present in the vibrational band considered (see
equations 3 and 3a), one can find the function (13) from the experimental
absorption spectrum. We note the particular frequency dependence of the last
term in (4). Combined with the expression for the dipole strength (equation 3)
we obtain when limiting ourselves to the last term in (4)

It follows that this ratio is proportional to X, the wavelength of absorption.
Whenever the last term of (4) should dominate the MCD, the experimental B/D
ratio must be proportional to X, being a maximum for the (o,o) band and de­
creasing when proceeding towards shorter wavelengths. Especially in the broad
CH-A transition of azulene this frequency dependence should be very pronounced.
From the experimental B/D values for this transition (cf. Table VI) we cannot
detect a lowering of B/D going to shorter wavelengths and we conclude that
the change of electric dipole moment does not contribute decisively to the MCD
(which is in complete accord with the results from the quantum-mechanical
calculations).

3d. Th£ 0_ ♦ C ^r«njiition_

From fluorescence polarization experiments the shoulder in the absorption
—  1 21spectrum at 33800 cm is known to be short axis polarized . As its neighbour­

ing bands are both x polarized, it is a separate electronic transition. Such
a transition indeed is predicted in MO theory.
When restricting ourselves to the five lowest singlet states and using the
same approximations as we did in the calculation of the magnetic circular
dichroism of the 0->-A transition, the MCD of the (o,o) band of the second y
polarized transition in azulene is given by

z
B(Oon-Aa) ■ ^ AO XAA~X0Q
D(0° ^ a) " EAa"E0o y0A

(14)

B(Oo-KJö) % -Im xB0 +
z

U CD
*0 0  + <XCC-x Oo) y C0 ( ° l ° ) ( s | o )  (15 )

z

and the dipole strength in the same vibrational band is
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D(Oo-*-Co) 2
y C0 (o 1 o)(o|o) (16)

In Table VII the contributions of the three terms of (15) to the value of

B(0o"+Cö)/ D(Oo-*Oö) are tabulated. The largest share in the MCD of the 0-+C

transition is taken by the magnetic coupling with the close and very intense

D band (second term of equation 15). Coupling with B is less important;

although the magnetic dipole transition moment in this case is larger, it

cannot by far compensate for the much smaller x / E _ ratio.
*■ U U  d L

Table VII Contributions of the terms of (15) to B(Oo+Co)/ D(Oo-+Co)

first term second term last term total

MO theory (Lowdin ao's) + .069 + .367 + .005 +.441

MO theory (Slater ao's)

r^j and from experiment,

+ .067 + .179 + .003 + .248

y zIj from MO theory + . 12 + 1.12 — + 1.24

(Lowdin ao's)

observed + .31

Units: 10 ^ B cm.

Since the absolute value for y „  is a lower bound (see text)

the actual value of B/D will be smaller than 1.24 . The observed

B/D value will be higher if in the absorption spectrum at

33800 cm there is also O + D  intensity present.

From a comparison of the two last rows of Table VII we conclude that y „  is

calculated with the correct sign, its absolute magnitude being too large

rather than too small. This conclusion, most probably, is not violated when

we take into account the relatively large uncertainty in the energy de­

nominator in the second term of (15) which describes the MCD in the (o,5)

band of the 0+C transition due to magnetic coupling with the Dd manifold.

The magnetic coupling of the Cc and Dd manifolds is also of consequence

for the MCD in the O+D band. If the latter transition acquires its ellipticity

predominantly from the coupling with the state C, one expects B(O-HD) %  -B(0+C).
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Since however D((HD) is larger than D(CHC) by an order of magnitude, it may
be understood that the MCD of the (HD band is too small to detect. On in­
spection of figure 1, it follows that the shoulder at 35000 cm ' on the broad
D band is in fact to a large extent brought about by the (HC transition.
This could place the origin of the CHD band near 35650 cm *. Moreover it shows
that the CHC transition is partly overwhelmed by the much stronger CHD band.
Assuming the (o,o) band of CHC is pure, the experimental dipole strength of

. . .  2the CHC transition is larger than 2.07 D

3e. Origin dependence.

In calculating B terms of low symmetry compounds one encounters the
problem of origin d e p e n d e n c e ^ . This problem arises because in the numerical
calculation of B(a-*-j) one limits the sum in (1) to a restricted basis set k.
As a result the MCD in y polarized bands in azulene, which has C£v symmetry,
depends on the choice of origin, and we now investigate how seriously this
could influence our results for the (HA and CHC transition.
(Then our calculation would yield a correct result with an origin lying at some
point X at the x-axis (see figure 1), the origin dependent part of y in (1)
equals XV̂ fj •. It is reasonable to assume that in azulene this origin lies
somewhere in between the centers of the five and seven membered rings, that is
IXI <2 A . It then can easily be seen from a comparison of the vY. (see

2  •*Table IV) with the corresponding which determine the MCD in the (HA and (HC
transitions (see Table III), that for azulene the origin dependent parts may
contribute to a very minor extent to the relevant magnetic dipole transition
moments. As in addition it can be shown that no new terms, other than those
already included, enter the expressions for the MCD of the CHA and (HC bands,
we conclude that the magnetic circular dichroism of azulene in the visible
and ultraviolet region of the spectrum is practically origin independent.
This favourable result emerges because states which are coupled strongly by
the magnetic field and thus form the basis for the MCD, are only weakly
coupled by the electric dipole velocity operator.

Although the electric dipole moments x.. and a are origin dependent,
their difference is not.
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4. The O ■* B band of azulene

4a. Introduction

The 0+B transition of azulene has, when measured as a solid solution of
azulene in a naphthalene crystal at low temperatures, an extraordinary rich
vibrational fine structure* * * . In fact, the number of lines is so numerous
that the spectrum could only tentatively be assigned* . The spectrum, which
changes if naphthalene as a host is substituted by durene, biphenyl or

12) /,cyclododecane , is predominantly x polarized, although some perpendicularly
polarized intensity is present too.

13)In an important paper ' Hunt and Ross, who studied the gas phase spectrum,
proposed that the B state of azulene strongly couples with the D state by
means of totally symmetric vibrations. They estimated that the greater part
of the intensity in the O+B band originates from the nearby and intense 0->D
transition.

On inspection of the observed spectra in solution (figure 3) one notes the
peculiar behaviour of the MCD in the 0-»-B band, the shape of which is quite
different from that of the unpolarized absorption, and we thought it would be
interesting to see whether vibronic coupling effects can account for the
observed phenomena. In doing this our discussion will be centered around the
following points.

First we show that vibronic coupling involving nontotally symmetric
vibrations cannot explain the characteristic band shape of the MCD in the
O+B band.

Secondly, we analyze the ordinary absorption and the MCD spectrum allowing
for vibronic interaction between the states B and D via totally symmetric
modes. This analysis not only establishes the precise amount of borrowed
intensity in the 0-*-B band system, it also provides a quantitative answer about
the different mechanisms that are responsible for the intensity throughout
the entire band system.

Lastly, we shall discuss some consequencies of the results obtained,
particularly how they compare with the thorough study of the 0-<-B band which

12)was made recently by Lacey et al
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32 30 26 26 24
v(103cm1)

Figure 3. Ch-B band of azulene in n-heptane at room temperature.

Absorption ( ------------- ) , fluorescence ( )

and MCD ( - ----------- ) . The fluorescence spectrum is

not corrected for the efficiency of the

detection system.

4b. Vi1jroni_c_C£Uj>linj»

The complete Hamiltonian for a molecular system is a function of the
coordinates of all electrons and nuclei (denoted by r resp. Q).

«total ■ Te + V(r’Q) + Tn “ «.<*’<» + Tn (17)

When we solve the Schrödinger equation

He(r>Qo) fK<r* V  “ EK(V  '1'K(r*Qo) 08>
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w ith  H d e f in e d  a t  th e  n u c le a r  e q u i l ib r iu m  c o n f ig u ra t io n  Q in  th e  ground s t a t e ,e o
th e  fu n c tio n s  ¥ (r,Q ) a re  n o t e ig e n fu n c tio n s  o f H (r ,Q )  f o r  Q^Q , They can

K s o
be improved by expanding He (r,Q )  as a T ay lo r s e r i e s  in  th e  norm al c o o rd in a te s

abou t Qq . U sing p e r tu r b a t io n  th e o ry  one o b ta in s

He (r,Q )  = He ( r ,Q o) *  E 3Q
3He (r,Q ) i l ( r , Q )

Qr  + * r ; s  3Qr  3Qg
^o

Q Q +r  s

H (r ,Q  ) + I  He o r  e Q +r Ir . s H r s  Q Qe r s 0 9 )

The summations in  (19) ex tend  ov er a l l  3N-6 norm al c o o rd in a te s .  As i s  m ostly
done, we s h a l l  r e t a i n  on ly  th e  f i r s t  two term s in  th e  expansion  (1 9 ).

When d ropp ing  th e  s u b s c r ip t  e in  th e  term s in  th e  RHS o f (19) th e  e le c t ro n ic

wave fu n c tio n s  c o r re c te d  to  f i r s t  o rd e r  in  th e  p e r tu r b a t io n  £ H r  Q readr  e r

^ ( r . Q ) V w l  E
L r

(VL ( r , Q o ) | H r  Qr | V r »Q0 ) >

W  -  W V r ’Qo> ( 20)

o r ,  w ith  an obvious change of n o ta t io n

Hr
( K | -  (K| + I  E Ê ^ O - lQ , .  • ( 2 >>

L KL

T his i s  th e  c o n v e n tio n a l tr e a tm e n t o f  v ib ro n ic  c o u p lin g 1̂ '5 )1 6   ̂ based on

th e  c l a s s i c a l  p ap e r by H erzberg  and T e l l e r 1  ̂ . In  th e  above one has n e g le c te d

th e  a c t io n  o f  T , th e  n u c le a r  k in e t i c  energy  (c f . e q u a tio n  17 ), on th e  wave
n

fu n c tio n s  ¥ . R ecen tly  i t  has been p o in te d  o u t th a t  c o r r e c t io n s  due to  th e
K  I Q\

k in e t i c  energy  o f  th e  n u c le i  canno t always be n e g le c te d  . E s p e c ia lly  when

in  a t r a n s i t i o n  moment ( Kl r j K1) th e  expansions o f K and K1 y ie ld  c o n tr ib u t io n s

to  th e  e l e c t r i c  d ip o le  m a tr ix  e lem en ts o f  rough ly  th e  same a b s o lu te  m agnitude
b u t d i f f e r e n t  s ig n ,  c o n tr ib u t io n s  due to  T can become n o n -n e g lig ib le .T h e  O+B

t r a n s i t i o n  in  a z u le n e , borrow ing in t e n s i t y  v ia  a . v ib r a t io n s ,  most p ro b ab ly

co u p les  p red o m in an tly  w ith  th e  n e a r  CHD band , w hich i s  very  s tro n g . T h ere fo re

th e  s o - c a l le d  non-Born-O ppenheim er te rm s '^ 0 presum ably w i l l  be sm all and in

th e  fo rth co m in g  we w i l l  n e g le c t  them.
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4c. Th£ _ro_le_o_f nont£t£l_ly_s^nme£rjLc_yi_b£at_i^n£

As mentioned before, the major part of the azulene O+B transition is
polarized along the long axis of the molecule, but in a naphthalene host
some y polarized intensity is present too. The measurement of fluorescence

2)excitation polarization confirms that this is also the case in solution
The degree of polarization P is approximately constant through the whole
O+B band and has a value of about +.38, confirming that fluorescence and
absorption have parallel polarizations. (From the same experiment the degree
of polarization in the O+D band is +.40 .) However, at some places in the
spectrum somewhat lower P values occur, indicating that small amounts of y
polarized intensity are present. Assuming that the deviation of P from the
value +.38 measures the amount of short-axis polarized intensity, we deduce
that in some regions of the O+B spectrum a few percent of the intensity is
induced by nontotally symmetric modes. This is a small amount, but since one
of the potential strengths of the MCD technique is the tracing of weak bands
lying close to strong perpendicularly polarized ones, we shall investigate
whether the characteristic MCD in the O+B band possibly results from the
magnetic coupling between x and y polarized vibrational bands within the
O+B spectrum.

The term in (1) which might give rise to large MCD effects is
z

Im y jk
r r  Xaj ykakj

(22)

Here k is a vibronic state of A. symmetry and j is a nontotally symmetric
vibronic state. When both states belong to the Bb manifold they may lie close
together, and we must examine if they can give rise to large MCD effects
because of the small denominator in (22).

Considering the matrix element of the magnetic dipole operator in (22)
in the Born-Oppenheimer approximation we get

, ul * (B b|wZ |B b') = (bin2-  (Q)|b')

As uZ is an electronic operator, vanishes identically because the
D D

electronic state B, being non-degenerate, cannot carry any magnetic moment.
Consequently the MCD in transitions to nontotally symmetric vibrational levels
will be second or higher order in the vibronic perturbation, just as is the
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dipole strength. Therefore we shall neglect the role of nontotally symmetric
modes in the discussion of the peculiar shape of the MCD in the 0*B band.

4d. Vibronic_cou£ling via totally symmetric modes

Having established that the O+B transition in azulene borrows intensity
via aj vibrations, we now assume that it couples predominantly with the nearby
and very intense 0-*-D band. Then the electric dipole strength in a transition
from the vibronic ground state to a vibronic level Bb can be written as

D (Oo-*-Bb) X0B “b X0D 6rb er'b 2x 0B X0D “b 6rb (23)

where we have used the abbreviations
(o|b) » ab

,Tr

<°lQr |b)  -  erb
r EBD

(24)

The various terms in (23) measure respectively the Franck-Condon intensity,
the borrowed intensity and the intensity due to interference terms. Since

■ 1 (25>
and, because of the definition of equilibrium geometry in the ground state,

| Brb ab - (o|Qr |o) - 0 (26)

it follows that although interference terms do contribute to the energy
absorption in individual subbands, they do not affect the intensity integrated
over all vibrational structure.

If we describe the MCD of the second transition in azulene in terms of the
lowest five electronic states, as we did before for the A and C bands, we have,
when allowing for the vibronic coupling between the B and D manifolds,

B( Oo->-Bb ) = Im I
U* (b|a) + u

zd a  I dr (b,<Ua>
EAa “ EBb yA0 (a,0) +

yZ (blc) + yz E— <blQrlc) ̂ BC 1 DC r BD_________
I E - Ec Cc Bb

yc0 <c| °) xOB(°lb) + X0D I Ë— - (°lQr lb)
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In carrying out the summation over a in the first term one may replace the
energy denominators E - E , by an average value E,_ + e (compare §3c).Aa DD Ad
In principle e is a function of b, but since it seems improbable that the strong
fluctuations in the MCD are brought about by variations in the energy denomi­
nators, we take e = 0 for convenience. Then we obtain with the help of (24)

<XOBab+X0D6rb)

(27)
At this point the experimental values of B(Oo-»-Bb) and D(Oo-»-Bb) might be

confronted with their theoretical counterparts. Taking the observed values of
the quantities D(Ocn-Bb) and B(Oo+Bb) and the quantum mechanical estimates of
the electronic matrix elements and energy differences we could solve the system
of equations (23) and (27) and find and 3 ^ for each vibrational band.

In this way however , one could expect considerable systematic errors
in the result, which we have tried to eliminate in the following way. It is
known from experience that transition energies and oscillator strengths from
MO calculations, although qualitatively correct, in general are not in very
good quantitative agreement with the experimental values. Dipole strengths
e.g. are mostly overestimated in MO theory. Therefore we introduce two reduc­
tion factors F and Q assumed to be constant throughout the band, by writing

Dexp ( Oo-*-Bb ) » P D ( Oo-*-Bb )
(28)

Bexp ( Oo+Bb ) - Q B ( Oo-*-Bb )

where P and Q are positive numbers independent of b. The suffix exp denotes
experimental values.

Perhaps it is useful to express explicitly what we are hoping to gain
from the introduction of P and Q . We want to perform an analysis of the
azulene 0+-B band to find the relative contributions of the various terms on
the RHS of (23) to the different bands. The factors P and Q are introduced to
eliminate as far as possible systematic errors which arise in the theoretical
estimates of the various electronic matrix elements and other effects (internal
field corrections , to mention one) which we may hope to be constant
throughout the band.

In Table VIII we present the results of the solution of the a. ,3b ’ rb
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Table VIII Analysis of the 0-*-B band.

Peak V
distance
from
(o,o)

Experimental Calc.vibr.
matrix-el.

Calc.Intensity Calc.MCD

FC borr
inter­
fer­
ence

FC jorr inter­
fer­
enceDb Bb “b 8rb

1 28370 0 .134 -9. 15 .884 -.057 .408 .075 -.349 -15.7 .11 6.44
2 28740 370 .051 0 .012 .045 .000 .047 .004 .00 .07 - .07
3 29030 660 .030 -1.62 .333 -.014 .058 .005 -.032 -2.22 .01 .60
4 29370 1000 .523 .35 .021 .148 .000 .501 .022 - .01 .76 - .40
5 29690 1320 .447 -5.00 .294 .095 .045 .208 .194 -1.74 .32 -3.58
6 30070 1700 .305 0 .029 .111 .000 .282 .022 - .02 .43 - .41
7 30440 2070 .304 -1.24 .107 .099 .006 .225 .073 - .23 .34 -1.35
8 30720 2350 .320 .31 .011 .116 .000 .311 .009 .00 .47 - .16
9 31100 2730 .281 - .78 .079 .099 .003 .224 .054 - .12 .34 -1.00
10 31500 3130 .229 .33 .001 . 100 .000 .228 .001 .00 .35 - .02
11 31800 3430 .196 - .06 .028 .088 .000 .179 .017 - .02 .27 -1.32
12 32200 3830 .165 .52 .023 -.088 .000 .179 -.014 - .01 .27 .26

P = .220
Q = .152
83% of the total intensity and 16% of the total MCD is borrowed.

-1 . . 2 . - 5 . 2Units: frequencies in cm » intensities in D , MCD in 10 3D cm
See for the numbering of the peaks figure 3. The frequencies are
taken from the extrema in the MCD spectrum. The experimental
values were obtained from the area of the MCD of the individual
vibrational peaks.
The dipole strength of the (o,o) transition was determined by
measuring the area of this band.
The shoulders in the absorption spectrum which are due to band
2 and 3, are more pronounced in the spectrum at 77°K. The dipole
strengths of band 2 and band 3 were estimated by resolving
graphically the low temperature spectrum in this region into
Gaussian components• For the other bands (lying at and having
a height p ) the dipole strength was found by distributing theirrb
total integrated intensity with weighting factors p^ / .
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Figure 4. Calculated composition of the total intensity in the 0+B band.

( --------  ) : Franck-Condon intensity
( --------  ) ; borrowed intensity
(--------- ) : intensity due to interference terms.

P and Q from the system of coupled equations (23), (25), (26), (27) and (28) when
calculated values for all electronic matrix elements and energies are used. The
contributions to the total absorption of Franck-Condon intensity, borrowed
intensity and intensity due to interference terms are in addition graphically
displayed in figure 4.

From a comparison of figure 3 and figure 4 it appears that the complicated
absorption spectrum of the Ö+B band decomposes into two series.
The even-numbered bands derive their intensity almost exclusively from the
D-character in the electronic wave function which describes the B-state.
These bands we name the forbidden series. In addition there are the vibrational
bands which are odd-numbered, which carry relatively large MCD and have
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besides Franck-Condon intensity - that is: intensity derived from the B(Q )
part in the wave function B(Q) - also a considerable amount of forbidden
intensity. In these very bands the phenomenon of interference of the transition
moments x,,_ and x„_ occurs. In a particular band Bb this interference isUd UD
constructive or destructive, dependent on whether and 6 ^  do or do not
have the same sign. Because, working in the framework of first order vibronic
coupling, the product summed over all vibrational structure should give
zero, we observe both kinds of interference in the B band. We note that band 1
(0,0 band) owns most of the Franck-Condon intensity.

Before discussing the consequencies of our analysis in more detail
we first investigate how sensitive the results presented in Table VIII are
towards errors in the values of the electronic matrix elements, by performing
the analysis with experimental values for the electric dipole transition
moments and energies. In trying to do so, we immediately meet a problem
because we do not know the values of y„  and x_„. Fortunately, however, it
appears from the outcome of several analyses, that the ratio of the Franck-

2 2 . .Condon intensity P I a, x to the total intensity stays in between .19 andD b OB
.15 when Xgg is varied in five steps from +.49 to. +1.29 Debye and y
independently traverses the range +2.32 to +.88 . Since the borrowed
intensity in the B band thus invariably comes out to be about 80% of the total2absorption, the experimental value of x. is taken as .20x(3.20) i.e.OB
Xgg= .8 Debye. At first sight it is surprising that the introduced values for
Xgg and y scarcely influence the calculated Franck-Condon intensity, but
in fact it is not: errors in the input values of the electronic matrix
elements are to a large extent absorbed in P and Q. That is why the latter
may vary strongly from one analysis to another. Just to give an idea of the
variations that result: when the analysis is performed using experimental
values for the electronic transition moments and energies one finds P = .805
and Q = .575 , but Oj = .885 , o2 = .011 , 8, = -.046 and 82 = .037 .
Therefore the results which are presented in Table VIII may be considered as
representative for the O+B absorption system.

As could already have been expected from the very characteristic shape
of the MCD spectrum, we find two types of bands in the O+B spectrum. The odd-
numbered bands, which do have both allowed and forbidden character are
equidistant in the frequency scale, their distance being ca 650 cm *. The other
series also consists of equally spaced vibrational bands with distance 650 cm-1,
band 2 being at 350 cm from the (o,o) band. Accordingly one expects that
the two series of bands are in fact two progressions in a 650 cm-1 frequency.
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The first progression is based upon the origin while the other one is built
upon a false origin at 350 cm . The constant energy difference is not the
only argument that pleads for progressions. An (3N-6)-dimensional Franck-
Condon factor such as (o|b) may be factorized into 3N—6 (or less if mode mixing
occurs) elementary vibrational overlap integrals. Although it is of course
possible that all bands in the forbidden series have negligible allowed
character because various elementary vibrational overlap integrals are zero,
it is more likely that this is caused by the vanishing of one elementary
overlap integral, common to all even-numbered bands.

When regarding the allowed progression, the Franck-Condon contour is
sharply peaked at the (o,o) transition and regularly decreases proceeding
towards higher frequencies, although at 29030 cm’ there is a drop in the
smooth curve which connects the allowed intensities in the odd~numbered bands*
Concerning this last point, however, one must realize that especially the
experimental dipole strength of band 3, which as such is not visible at all
in the absorption spectrum at room temperature, and in the low temperature
spectrum still overlaps strongly with neighbouring bands, can be subject to
a relatively large error. An additional complication is that just in the region
where band 3 is located, there is a dip in the absorption polarization curve ',
which could be caused by some y polarized intensity there.

One of the most salient features of the Franck~Condon spectrum is the
large concentration of allowed electronic intensity in the (o,o) band. This
indicates that the minima of the potential energy hypersurfaces in the ground
state and the B state are situated at nearly the same point in normal
coordinate space. In azulene therefore there clearly is no large change in
equilibrium geometry going from the ground state to the second excited
singlet state. This result has a direct bearing on the recent work of

1 9 ) . «- ■' -,Small cs in which possible explanations are discussed why azulene fluoresces
from its second, and not its first, excited state. Indeed, it places their
discussion on the anomalous fluorescence properties on a much firmer basis.

In our analysis we have determined how much intensity in each vibrational
band results from first order coupling with the state D. We were able to do
this because those portions in the wave function for the second excited
singlet state deriving from the electronic states B and D contribute very
differently to absorption and MCD. On the basis of the theory developed here,
however, one cannot draw any pertinent conclusions about the question which
specific vibrations are effective in the vibronic coupling process. The nice
regularity in the analyzed O+B band does suggest that one could be dealing
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with only two progressions which do carry the dominant portion of the intensity
and MCD, but at this stage we cannot estimate if more frequencies are involved
in the spectrum and how important their contributions are. The complexity of
the crystal spectra and the gas phase spectrum in fact suggests that contri­
butions of vibrations other than those with frequencies of 350 'em * are not of
negligible consequence.

What we want to do finally, however,is see how our findings compare with
12)the detailed study of Lacey et al on the azulene 0-»-B transition.

12)Ae. Lace^'^ mterpretation_of^ the azulene^ &+B spec_trum_

As mentioned, the CH-B band of azulene in a host at low temperatures is
unusually rich in lines. Sidman and McClure* who studied the spectrum at
20°K with naphthalene as a host, found that the transition was predominantly
long-axis polarized, but the spectrum was so complex that they could only
assign part of the vibrational fine structure. Lacey et al remeasured the
transition and found on replacing the naphthalene host by biphenyl, durene or
cyclododecane some characteristic frequencies were shifted. Another pecularity
these authors noted in connection with the second transition of azulene is
the complete lack of mirror-symmetry between absorption and fluorescence
(cf. figure 3). While in the fluorescence there is only one prominent peak at
ca 1580 cm from the origin, in absorption there are two: one at 1000 cm
and the other at 1300 cm (band A and 5 respectively; see figure A).

Stating that normally in aromatic molecules, even when a change in
equilibrium configuration occurs, vibrational frequencies in ground and
fluorescent state do not change that much, Lacey et al propose that in the
azulene CH-Babsorption a prominent vibrational level (with a vibrational wave
function in, say the normal coordinate Q.) et 1580 cm would have been present
if there were no vibronic interaction with state D. However, because strong
first order coupling between the 1580 cm level with state D via Qj occurs,
the level is depressed to about 1200 cm above the zero-point vibrational
B state. In addition to this level there is another one, described by a
vibrational wave function involving another normal coordinate Q„, which
couples only weakly to D and therefore does not shift much in frequency. The
two vibronic levels, each being coupled to state D by a different ground state
normal vibration, now interact because they do not form a basis in which the
total Hamiltonian (first two terms of (19) ) is diagonal. So, according to
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Lacey, the two levels repel each other yielding eigenstates at 1300 and
1000 cm 1 above the zero-point vibrational level of B ; the corresponding
wave functions mix and give rise to a flow of intensity from the strong
1300 cm * band to the weak 1000 cm band. This mixing can be described as
a rotation of normal coordinates in the fluorescent state and is known as

20)21) . . _ithe Duschinsky effect ' '. After the Duschinsky coupling, the total wave
function representing the upper state of the transition which is situated at
1000 cm ' from the O+B origin reads

B + *1 °2 + c2 B + °i«2 (29)

The other state is described by

* HiDB \ I RiDB AZ l£‘ V  y C + O B + .E.-=—  Q.D >
. 1-1 e b d  y

(30)

The coefficients Cj and C2 are chosen in such a way that (29) and (30)
diagonalize the total Hamiltonian.

From our analysis of the azulene 0>-B band it follows that indeed the
Duschinsky effect may here be important: in both progressions a considerable
amount of borrowed intensity is present and because it is quite unevenly
(see figure A) distributed over the two progressions, it is likely that more
than one vibration is active in generating it.

Although we do agree with Lacey about the importance of the Duschinsky
effect in azulene, we do not agree with the detailed vibronic mechanism
which they proposed to explain the vibrational structure in the absorption

13)spectrum. In line with calculations made by Hunt and Ross , Lacey et al put the
fraction of the total intensity in the O+B band that derives from coupling with
D equal to 2/3 but in setting up the model that must account for the
particular band shapes of fluorescence and absorption, they neglect the
contribution of the Franck-Condon intensity. We find that the ratio of
forbidden and total intensity is even higher, namely 4/5. How seriously however
the Franck-Condon transition moment influences the CH-B band form is clear if
one compares the actual absorption (figure 3) with that part of it which
results if one assumes the Franck-Condon intensity to vanish (borrowed
intensity curve in figure 4).

We further remark that the detailed mechanism used by Lacey et al to
explain the observation that the fluorescence is peaked at 1580 cm and’ the
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absorption at 1300 cm ' and 1000 cm ' from the origin, would imply that in
this particular case the values of c. and c. in (29) and (30) are such that

! ^ -ithe Franck-Condon transition moment in the 1000 cm band becomes equal to
zero. Further we think it probable that the 1000 cm * and 1300 cm * frequencies
are not fundamentals but overtones.

Another possible mechanism which can account for different band forms
. • 22)of absorption and fluorescence was described by Craig and Small .

If totally symmetric vibrations are active in the Herzberg-Teller coupling
of the flourescent state with another state there is the possibility of
transition moment interference. Craig and Small showed on the basis of model
calculations that when in absorption the 0-1 vibrational transition shows
e.g. constructive interference, in emission the 1-0 vibrational band is
governed by destructive interference between the Franck-Condon and borrowed
transition moments, and vice versa. The authors applied their theory to the
3400 A transition of phenanthrene and in passing they made the remark that it
could be applicable to the azulene 0-*-B transition as well. Indeed our results
show that transition moment interference is a quite important effect in the
second transition of azulene. On the basis of the presently available data
however, we judge it premature to try to give any pertinent explanation for
the different band forms in absorption and emission. First one should find
the distribution of allowed and forbidden intensity over the vibrational
modes in the fluorescence, which could be achieved by a MCPL measurement.

To conclude, we emphasize the potential utility of the MCD technique
to trace intensity induced by totally symmetric vibrations. Based upon the
fact that an electronic wave function contributes differently in the generation
of electric and magnetic dipole transition moments, the applicability of
the method seems to be general. One can expect it to be especially useful in
the determination of the variation of the electronic transition moment with

23)interatomic distance in diatomic molecules '.
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MCD OF THE TRANSITION TO THE 3nn*-STATE IN THIOKETONES

1. Introduction

1 n • • • • •Most thioketones exhibit a weak (n-*Tr ) transition in the visible part of
1)2) ' ' * 'the spectrum J '. At the long wavelength side of this band there is often a

shoulder perceptible, which is believed to be caused by a singlet-triplet
transition3^  . In two thioketones, thiocamphor and thiocyclopentanone, we
have measured the magnetic circular dichroism of this transition. In addition
to the MCD we have observed in thiocamphor the circular dichroism of the
shoulder at ^18 kK, as well as the circular polarization of the luminescence
(CPL). The results of these measurements prove that the transition indeed must
be considered a S-*-T transition.

The organization of this chapter is as follows. First we discuss the
measurements of the optical activity in absorption and emission and their
consequences (§2). In 53 we develop the theoretical framework to understand
quantitatively the MCD of singlet-triplet transitions in isotropic solutions.
Then we are ready to confront the observed MCD spectra with the theory.

*) Presented in part at the Euchem Conference on Optical Activity,
Caen, May 1973.



2. Optical activity

In an electronic transition a-*-j the circular dichroism is governed by the
rotational strength R . and the unpolarized absorption by the dipole strengthaj
D .. The degree of circular anisotropy obtained from the experimental spectraaj
is measured by the dissymmetry factor g.

4R~" / A0D
g 31

.a]
3 .aJ f OD ,—  dvv

where OD denotes the absorbance and AOD the differential absorbance of the
sample. In the expression for g the integrations are over the entire electronic
absorption bapd.

In the reverse transition the rotational strength R. and dipole strengthJ a
Dja are observable as CPL and unpolarized luminescence, respectively. The
dissymmetry factor in emission, g ., equals

in MIP 1-196*0

— - OD

0.30-

Figure 1. Circular dichroism----- , (measured as differential

absorbance) and absorption (measured as absorbance) of

thiooamphor in methylayclohexane/isopentane at -196 C.
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It can be shown (cf. Chapter V) that - provided the equilibrium geometries in
the states a and i are equal - R ,=R. , D ,=D. and thus e=g, . The lattera j j a  a j j a  6 6lum
fact, generally, offers the possibility to identify a transition in emission
with one in absorption.

From the observed CD and absorption spectra of thiocamphor (see figure 1)
-,3 -3we find that the band at n,18 kK has a g-value of between -<-3 10 and +5 10

(the rather lar£e uncertainty arises because we can only estimate the dipole
• • • * 1  wstrength of the transition, owing to the overlap with the (n-*ir )-band ).■ 9 *»3In the emission (cf. figure 2) the dissymmetry factor equals +(4±1) 10

-3Since because of its long life-time (.14 10 sec) the emission may be assigned
3)to phosphorescence we conclude from the similarity of the g-values that in

thiocamphor the shoulder at 'v» 18 kK is due to a singlet-triplet transition
(where we have assumed that at 77 K in emission all triplet sub-levels are
equally populated).

10 AIin MIP M96°C)

Figure 2. Unpolarized absorption (e), emission (I) and circular
polarization (AJ) of thiocamphor in methylcyclohexane/
isopentane at -196 C.
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Figure 3. Reference frame for the thiooarbonyl ahromophore.

3. MCD in singlet-triplet transitions

We shall assume that we may discuss the MCD of the transition to the
3 46 _nir state of our ketones in the local symmetry of the chromophore (see
figure 3). We consider the splitting of the triplet to be governed by a
hamiltonian consisting of a Zeeman term and a term Hss, which describes the
dipolar interaction of the electron spins

H - gBH . S + HSS (I)

where we have assumed that the g-tensor is isotropic. In the absence of a
magnetic field, HSS lifts the degeneracy of the triplet state yielding three
sub-states, each of which is characterized by an antisymmetrized product of a
spatial wave function |k) and one of the spin functions (2)

I V  . |Ty) , |Tz) (2)

For a two-electron system these spin functions are related to the familiar
two-electron spin functions |Tj) , |tq) and |x j) by

lTi>
t +it_x__ y=72 'V !T2>

t -itx y
v2 (3)

The singlet- triplet transition probability arises from spin-orbit coupling
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of singlet and triplet states. From experiment it is known that in formaldehyde
* . . . 5 )the transition to the triplet rnr state is predominantly z-polarized , and

from calculations^^ that small amounts of x and y polarized intensity are
present too. A similar situation may be expected for thioketones. Anticipating
a generalization later on, we shall nevertheless for a start describe the MCD
which arises when only two singlet states, |xo) and |yo), which transform as
x and y in C, , are mixed into the triplet state. As regards this triplet state2v
we shall assume that its spatial part |k) has symmetry A in C (as is the
case with our thioketones). We remark however, that the essence ot our argument
is not invalidated when |k) should have another symmetry.

Since |k) has symmetry A2 and the spin functions transform like the
corresponding rotations (u=x,y,z), the spin-orbit coupling connects the
singlet state |xa) to |kT ) and |yo) to |kT ). From first order perturbationx y
theory the wave functions for the triplet sub-levels then are

|ttx) +*x |xo)
IkT ) +A lyo) (4)i y y **
lkTz>

The (imaginary) coefficient A is given by

(ua|h S°IkT )
X = _ ___ !__J* (5)u E(kTu)-E(ua)

where u is x or y and HS0 the part of the Hamiltonian pertaining to spin-orbit
coupling. The relevant matrix element of the electric dipole operator m for the
transition from the ground state |oo) to the triplet states |kTx) and |kTy) is
now non-vanishing

(oo|m|kTx+Axxo) - Ax (o|m|x) = Axmox (6)
(oo|m|kTy+Ayya) = Ay (o|m|y) = AymQy

In discussing the MCD which arises from this situation we shall proceed
as follows. Firstly we consider the MCD when the magnetic field is in the

s smolecular z-direction and so large that we may neglect H in (1). Secondly we
study the case where H is in an arbitrary direction and the dipolar coupling
not neglected. Then we shall calculate the MCD for a solution of randomly
oriented molecules.

When applying a magnetic field H and taking H equal to zero the triplet
sub-levels are, in order of decreasing energy, given by T j »T0 an<l T_i-
From (3) and (6) it follows that the transition moments to the upper and
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— 1 —V _Jk J-7s-(X m +iX m ) and -7~(X m -iX m ), which implies/2 x ox y oy /2 x ox y oy
that both transitions are elliptically polarized. When we assume that
X m and X m have equal sign and length the transition to t . is left-, that
a ua y uy I
to x_ right-circularly polarized, and in this respect the S-T transition is

■ ' • • 1 1 . 81quite similar to an S+ P transition as noted by Hochstrasser0,;.
We now take the magnetic field in an arbitrary direction (Z) which is

defined by its direction cosines 1, m and n with respect to the x, y and z axes
in the molecular frame. When not neglecting HS , the spin functions 9. of the
triplet sub-states and their energies v. now are rather complicated functions9) . Jof 1, m and n . The total MCD in the singlet-triplet transition is, as a
function of frequency,

3 ^  _
Ae(v) = -2ov I f.(v-v -v.) Im(o|m.X|0.)(0.Im.Ylo) (7)j=l J 0 J J j

where it is assumed that the light propagates parallel to the magnetic field.
X and Y are unit vectors in the X and Y directions of a right-handed reference
frame (X,Y,Z) and a is 8tt3N

10Jhc logeIO
In (7) |0j) stands for the complete wave function of the sub—level j, including
singlet contamination due to spin-orbit coupling, whereas |o) denotes the
wave function for the ground state. The function f.(v-v -v.) is a normalizedJ ° Jshape factor, ad hoc introduced to describe the band form of the transition
0̂ *0.. The function is peaked at the frequency v +v., where v is the mean ofJ o j o
the energies of the three triplet levels. We shall assume that the functional
form of fj is independent of j, which seems a reasonable approximation,
especially at high magnetic fields. Furthermore we consider v. to be very small
as compared to the half-width of f. When expanding f(v-v -v.) as a series0 Jaround v-v and retaining in the expansion only the first two terms, we obtain

Ae (v)
3

-2av E
. j-1

f(v-v )-v.° J
3f(v-v )

Im (o|m.x|9j)(0j|m.Y|o)

Using the principle of spectroscopic stability the contribution to Ae of
the first term between square brackets in (8) can be rewritten as

£ f (v-v )
u“x,y,z

Im (o|m.X|T )(T |m.Y|o)
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Since the singlet contamination in T is purely imaginary, all terms in (9)
vanish. Similarly in the second term of (8), which may be transformed to

2av
3f Ov -Vq )

lm I (o|m.X(g8HzSz + HSS)|9j)(0j|m.?|o)
j

(10)

the part pertaining to HSS is zero. So in our approximation the MCD is not
influenced by the dipolar part of (1) and equals

3f(v-v ) j  « » £

Ae(v) = 2ctv ------ —  gBH lm E r(o|m.X|5r)(=r |m.Y|o) (ID

where we have transformed to the basis z  (r=l, o, -1) in which the Zeeman term
gBH_S„ is diagonal with eigenvalues gBH r. This basis is connected toZ Z "
<W T-») by

c Tr rs ss
(12)

The matrix C is explicitly given elsewhere . Since in the summation in (11)
r-0 does not contribute and the contributions to Ae of r-1 and r— 1 are equal,
we find from (11) and (12)we find from (11) and (12)

3f(v-v )
Ae(v) ■ 2oiv gBH lm (o|m.x| E c. t )( E c]gTs|m.Y|o)

L S 8
(13)

Appreciating the singlet-character associated with the spin functions, we obtain

3f(v-v )
Ae(v) = 2ov gBH, - f  {(Xx“ox-ï)(Xy ”oy-5) 7 (Xx"ox-?)(Xy myo’i)}

(14)

Averaging over all orientations of the molecule with respect to Hz we finally

have 3f (v-v ) ^
Ae(v) - - 3«v — ----: gBHz ( V W - ï X ^ r  myo'j)

3f(v-v )
(15)

Where ï and j are unit vectors in the x and y directions.
The total unpolarized absorption, which of course is not affected by the field,

equals
e(v) “ -r vf (v-vo) |X m | 2 +|X m | 21 x ox1 1 y oy1

—  vf(v-v ) D (16)3 o

From a comparison of the MCD parameter A from (15) and the dipole strength D
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we get
A 86<*xV - T>(Xv %>-5>
D ZT~o---- - (17)| X m | +1 X m Jx ox1 y oy

We can illustrate the implications of (17) for the speculative case when
l.X m = j . X m . Then we havex ox y oy

A „ gB . _ jj
D 2 2 (18)

where u is the magnetic moment of the highest Zeeman state. Since an identical
relationship is found for a transition between a singlet ground state and an
orbitally degenerate E-state we conclude that for this very specific
situation also in isotropic solution the MCD in a S-+T transition behaves like
a singlet-singlet A-term. In general, however, there are main differences.
The principal use of A/D-values for singlet-singlet transitions is the
determination of orbital angular momentum. With singlet-triplet transitions,
assuming the spin-orbit coupling to be small, spin is a good quantum number
and the spin magnetic moment is known a priori. What here can be found from
A/D are the sign and the magnitude of the ratio X m .t / X m .1 (cf (171 1x ox y oy J ' •'

Figure 4.
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From figure 4 it appears that A/D decreases rather slowly with a decrease of
this ratio. Therefore the MCD technique seems particularly suited to trace small
spin-orbit couplings next to large ones.

In two respects the situation is more complex than we have assumed so far.
Firstly we have confined ourselves to the MCD which originates in the coupling
of triplet sub-levels by H.S. In addition to this, however, the Zeeman
Hamiltonian H.L , which in a C2v molecule gives rise to B-terms in the MCD,
may contribute to the MCD in the S-T band. But this B-type MCD can be separated
from the A-term because of its different shape function ( fCv-v^) ).

Secondly we have assumed that the singlet-triplet transition contains
only two perpendicular polarizations (x and y). In general, however, one has
also to allow for the presence of z-polarized intensity. This yields two extra
terms in the expression for At in (15), obtainable by adding to the
(X m .i)(A* R) and5) a; m,.j) part of (15) the terms (Amy yo

tc) (A m.

in MIP (-130*0

OD

0.60-

0.30-

0

11.5 kG

V (103crn1)
17
0

-1

Figure 5.
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4. Discussion

In figure 5 we show the absorption and MCD spectrum in the 18 kK region
of thiocamphor at -130 C. Apart from a rather large hypsochromic shift upon
lowering the temperature (cf. the position of the band in figure 1) the spectra
at room temperature are similar. The MCD signal is linearly dependent on the
strength of the magnetic field in the range 2-17 kG, as expected. Although
the MCD contains a pronounced A-term contribution, there is also B-type
MCD present. The value of A/D, graphically determined, is -.206 . For
thiocyclopentanone (cf. figure 6) we find A/D%-.156 .
Also with biacetyl we have observed a peculiar MCD in a shoulder at the foot of

1 K
the (n-*-n ) transition (figure 7). If the band at 20 kK would be a S-+T
transition (the lowest triplet level of biacetyl is reported at 19700 c u " V ^ ,
it is tempting to conclude from the nearly complete lack of A-type MCD that
only one of the triplet sub-levels is active. But we recall that a vanishing
A-term also can result from interfering contributions of three spin-levels.
With biacetyl this presumably is the case* . In interpreting the MCD some

THI0 CYCL0 PENTAN0NE / H IP

---- 0D

17.5 kG

Figure 6. Absorbance ( ---------) and MCD ( --------  ) of thiocyclo-

pentanone in the (n*nm ) transition and (to the right)
of the ® band.
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13.8kG

v(10cm )\20

Figure 7. Absorbance (upper curve) and MCD o f biacetyl (pure liquid).

care must be taken, however, since to observe the MCD we had to perform the
measurements using the pure liquid.

With thioketones the mere existence of A-terms in the 18 kK region enables
us both to assign the shoulder in this region to a singlet-triplet band and to
conclude that the transition contains at least two perpendicularly polarized
components. When we assume there are two, we can deduce that their ratio is
''<1:10. Drawing an analogy with the transition to the triplet nn state of
formaldehyde^ , this would suggest that the corresponding transition of
thioketones is, except for about one percent, z-polarized. In view of
calculations on formaldehyde however, (cf. §3), the assumption that the

3 X •z-polarized intensity in the transition to the nir -state of thioketones
should be contaminated only by x or by y polarized intensity, seems questionable.
Therefore one must expect that the observed A/D value in the thioketones arises
from the interplay of a large z—polarized transition moment with both x and y
polarized ones. In our case this prevents a more detailed interpretation of
the S—T MCD but fortunately one may expect this situation not always to occur,
since the spatial symmetry of a triplet state can be such that only transitions
to two triplet-levels T carry intensity.
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5. Conclusion

CD, CPL and MCD measurements provide convincing evidence that in
1 Kthioketones the weak absorption band at the onset of the (n-nr ) transition

is a singlet-triplet transition. The utility of the MCD-technique for the
study of small spin-orbit couplings next to large ones in singlet-triplet
transitions is demonstrated.
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C H A P T E R  V

THE OPTICAL ACTIVITY OF LOW-SYMMETRY KETONES

1. Introduction

Chiral systems (i.e. pieces of matter lacking rotation reflection axes)
exhibit optical activity. Such systems can exist in two different geometrical
forms which relate as an object and its mirror image. If the chiral entity is
a molecule, the two enantiomeric forms have been termed (+) and (-) or d and 1
(according to the sense of rotation of plane polarized light they give rise to)
and, more recently, R and S (according to their molecular structure).

Compare now the interactions between a particular molecule in its R
configuration with right or left circularly polarized light, respectively.
Unless both interactions are zero, they will be different: the molecule at
hand is optically active and may in its transitions exhibit Cotton effects.
The differential absorption of left and right circularly polarized light leads
to circular dichroism (CD) while the different dispersions of both kinds of
light give rise to optical rotation dispersion (ORD).

Both phenomena have been known since long. In 1811 Arago found that
crystalline quartz rotates the plane of linearly polarized light and in 1847
the circular dichroism of amethyst quartz was measured by Haidinger. Shortly
after the detection of the optical activity of chiral crystals it was
discovered that isotropic solutions of certain molecules also may exhibit a
differential refraction and absorption of left and right circular light.
Exactly a century ago, Van 11 Hoff concluded that the very fact that some
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molecules are capable to rotate the plane of polarized light, and thus are not
superimposable on their mirror images, has to be of consequence for molecular
structure: the tetrahedral structure around a saturated carbon atom had been
proven. Since then the detection of chirality with polarized light has been of
great use in problems of structural chemistry. In the early days the measure­
ment of optical activity for technical reasons mostly was restricted to the
determination of the rotation at the sodium D line. Later on, when spectro-
polarimeters became commercially available, routine measurements of the
dispersion of the pptical rotation in the visible and near ultraviolet region
of the spectrum became possible. Nowadays optical activity is usually recorded
as circular dichroism, which in general is - as to sensitivity and ease of
interpretation - superior to ORD. While in a CD measurement the optical
activity as a function of frequency is recorded for all transitions separately
(if in the absorption spectrum the bands do not overlap) the ORD, not being
confined to absorption regions only, is brought about by the sum of the
contributions of all individual bands. Consequently, if the optical activity
is registered as a rotation, one has to disentangle the partial rotations of
the separate electronic transitions from the total dispersion curve. This,
incidentally, can be done exactly by transforming the entire ORD spectrum into
a CD spectrum by means of the Kramers-Kronig relations. In practice this
procedure is not feasible however, because with the available apparatus one
can scan only a limited region of the spectrum. This latter fact causes the CD
to be superior to the ORD in general, but it may work out just the other way
round on some special occasions. Namely, if one wants information on the
optical activity of a transition in an inaccessible spectral region, one can
get this occasionally from an ORD experiment, but certainly not from a CD
measurement. Furthermore if the detection of the optical activity in absorption
bands turns out to be impossible owing to the smallness of the effect, one
always can increase the concentration or pathlength and measure the ORD outside
the absorption region.

After having touched on the ways optical activity data are gathered, we
would like to dwell for a while on the question how the optical activity of a
molecule can provide information on molecular chirality. Since Condon it is
known that the optical activity of an electronic transition is governed by its
rotational strength, which in turn is defined by the scalar product of the
quantummechanical electric and magnetic dipole transiton moments. The molecular
wave functions, incorporated in the integrands of the spectral transition,
moments, depend heavily on the nuclear coordinates and thus a connection
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between optical activity and chirality is laid. At least in principle, for the
actual road leading from experimental CD to chirality is sometimes long and
slippery owing to the well-known difficulties encountered in finding
satisfactory wave functions.

Therefore it is not surprising 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 empirical 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, which has proven to be extremely fertile in the exploration of e.g.
the field of conformational analysis. Notwithstanding the generally greater
accuracy and applicability of e.g. diffraction methods and NMR techniques in
the elucidation of molecular structures, it is in particular these sector rules
which permit one to consider the optical activity as an indispensable tool
in structural chemistry, especially when one wants to study flexible or larger
molecules. This being the more so since recently it turned out to be possible
to measure the optical activity of excited species*^ (circular polarization
of Luminescence). Just as the 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 unequal
amounts of right and left circularly polarized radiation, in general cannot
be detected that easily by other techniques. One perhaps still better can
appreciate the potential value of the CPL technique when realizing that a
confrontation of CD and CPL provides the c h a n g e of the rotatory strength
brought about-by the c h a n g e in conformation upon excitation. In a way
this is the leading thought in our discussions later on.

Until now we have not discussed the spectroscopic facets of optical
activity, which often are sufficiently interesting to justify a study in the
field. In optical activity a large dissymmetry factor - which relates to the
ratio of CD and unpolarized absorption - is often indicative of a magnetically
allowed transition, this being so because the CD depends linearly on the
electric (and magnetic) dipole transition moment while the ordinary absorption
is governed by the squared electric dipole transition moment. Thus it is often
possible to assign transitions (e.g. the n+ir* transition in ketones or thio-
ketones or bands in transitionmetal complexes) as magnetically allowed ones if
they do show a large dissymmetry factor. Another case arises if a transition in
emission can be identified as phosphorescence (e.g. by means of its life time)
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and has a dissymmetry factor which is equal to that of a weak absorption band
at roughly the same frequency. The latter band can then be assigned as the
reverse transition, i.e. a S-*-T transition (cf. Chapter IV). Mostly fluorescence
occurs from one (the lowest) excited singlet state, while in absorption it may
not be certain whether the longest wavelength transition is pure or overlaps
with another nearby band. Measurement of the optical activities in absorption
and emission can settle this question.

As to be shown in this chapter the electronic rotational strength,
obtainable from the experimental CD by integrating 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

18 9}is approached with a solution of ( 1R ) - 2 - 0 -a-fenchocampheronequinone '

• ' 18whose optical activity is due to the presence of molecules which have an 0
incorporated in their cis-a-diketone moiety. The fact that the integrated CD
in the visible absorption band approaches zero is in accordance with the

18 16expectation that the structures of molecules with an 0 resp. 0 in them,
will not be very different. However, while the integrated ellipticity is
small, the ellipticity itself is not, reaching appreciable positive (and
negative) values at various wavelengths. Apparently we here meet a case where
the molecular vibrations monopolize the generation of optical activity. But
also in other cases, e.g. ketones of the types studied in this chapter,
vibrations do try to appropriate appreciable parts of the ellipticity and it
is a tempting task trying out how successful they are. Particularly, it will
appear that the study of vibronic optical activity will be of help in the

3)controversy which arose when Weigang suggested —  contrary to the implications
of the theory of Moffitt and Moscowitz^ —  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 within an absorption band (to
describe such curves, Klyne and Kirk^' 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 ketones, not only
in absorption but also in the fluorescence. The new information that is acquired
from the emission experiments shall give us the unique opportunity to verify
a qualitative theory which we put forward to account for the occurrence or
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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.

Outline of the chapter

We start with a short survey of the theories which connect the chirality
1 / X • •of ketones with their rotational strength in the (n-*-ir ) transition (§2).

Then we report and discuss in §3 the CD and CPL spectra of several saturated
ketones. To start with we first discuss a ketone with C  ̂symmetry, trans g-
hydrindanone. Next the low—symmetry ketones are discussed, stress being laid
on the occurrence of bisignate Cotton effects.

The theories, previously given by Moffitt and Moscowitz and by Weigang,
on the influence of nuclear motion on rotational strength are summarized and
discussed in §4.

Lastly, we present in §5 a theory on the mechanism by which the optical
activity in an absorption band is generated as a function of excitation energy,
which will enable us to explain qualitatively the shapes of the observed CD
and CPL spectra and to learn more about the origin of bisignate Cotton effects.

2. Relationship between rotational strength and structure

If e (e„) is the molecular decadic extinction coefficient measured withL R zr \
left (right) circularly polarized light one has the familiar relations ' that
for a given absorption band connect its dipole strength D and rotational
strength R with its absorbance and circular dichroism:

D - 92.0 .O"*0 /  Ü  - 92.0 10-*° ƒ i  do, J , 2 v , J , vband band
0 )

23.0 10-40
band ( V ‘r) «  - 23-° 10 band

Ae .—  dvv (2)

where D and R are expressed in cgs units.
As already indicated, an experimental dissymmetry factor can be defined as

g(v) Ae (v)
e (v) (3)

The dissymmetry factor for the entire band is given by
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Figure 1. Reference frame for formaldehyde (and ketones).

band

band

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

Equation (2) prescribing how the quantum mechanical quantity R can be
obtained from experiment, we are now left with the question how to infer from
it the structural information we want..

The n+ir transition in the carbonyl group is magnetic dipole allowed along
the z-axis (cf. figure 1), and in order to render it optically active, it should
become electric dipole allowed too. Assuming chiral ketones to consist of a
planar (achiral) carbonyl chromophore, whose wave functions are mixed by the
static electric field of the extrachromophoric nuclei, Kauzmann, Walter and
Eyring were able to show that in this way the n-*ir transition acquires optical
activity. But the almost quantitative agreement between calculated and
experimental rotational strength they obtained for 3-methylcyclopentanone^
appeared later on to be fortuitous. It is clear that this so-called one-
electron model lays a very direct connection between rotatory strength and
structure, for the perturbing potential originates in charge densities which

93



are centered at the positions of the nuclei. In fact a simple sector rule
emerges from the one-electron model: according to the relative positions with
respect to the chromophore the atoms outside the carbonyl group contribute
negative, zero or positive partial rotational strengths. 9)In 1961 a semi-empirical sector rule for ketones was formulated ,
to account for the interrelation of structure and optical activity of ketones,
a rapidly increasing number of which were studied. This is the famous octant
rule, stating that the sign of the contribution to R of an atom is determined
by the sign of the product of the three cartesian coordinates for that atom
in a right-handed reference frame defined as in figure 2. Although the success
of the octant rule in the field of stereochemistry can hardly be overestimated,
deviations from it were found.

Attempts were made to put the octant rule on a firm theoretical basis,
and these can be considered to be founded on a general theory put forward
by Tinoco^ , which describes the mechanisms by which an achiral chromophore
acquires optical activity from its chiral environment. In ketones the
electrostatic interaction between the electric quadrupole charge density of the
n-Mr* transition and the chirally disposed transition dipoles in the C—C and
C-H groups appears to be crucial in the process of generating optical activity.
The magnitude of the coupling may be calculated using either theoretical values
for the C-C and C-H transition charge densities or, what amounts to the same,

6a)experimental polarizabilities of the bonds . When one represents a bond by an
isotropic polarizability, situated at its midpoint, a simple octant behaviour

+Y

Figure 2. Left: reference frame for the octant rule

Right: octant rule if the z-coordinates of

all relevant atoms are positive.
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is found*' ; if however one Cakes into account the anisotropy of the
polarizability a more complex sector rule emerges^3^' ,  the direction of the
bond counting too.

Having established that a successful correlation of rotatory strength with
ground state equilibrium structure is possible, there remains the question
which part of the experimental circular dichroism contains the information on
the static molecular structure. Has the total CD curve or only part of it to
be faced with the sector rule?

It will appear that the study of the optical activity in the fluorescence
will be of great help in answering this question.

3. Circular Polarization of Luminescence '

3a. General

In many respects the measurement pf the circular polarization of the
luminescence 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 fluorescent species are chiral. So one defines'^

AI(v) - IL (v) - IR (v) (5)
where 1^ (I ) 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

I(v) - V v) + Vv)2 (6)

while the dissymmetry factor takes the form

8lum(v)
AI(v)
I(v) (7)

For a given electronic transition the relations between the experimental and

We are grateful to Mrs.Dr.L.E.Closs (Chicago) for performing the CPL-
measurements and for numerous discussions during her stay at our
department.
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theoretical quantities are6a)

Rem = constant x f dv (8)
band V

D*® = 4 constant x J  —j dv (9)
band

Unlike in absorption we encounter in emission the situation that the values
of D and R usually are not obtained separately since in the fluorescence
experiment only the relative intensity distribution I(v) is measured and thus
the value of the constant in (8) and (9) is not known. We must realise however
that the g-value for the luminescence band

®lum

band
is available and that knowledge of Dem, e.g. from a determination of the
radiative lifetime of the upper state, then leads to Rem.
In line with the foregoing, the maximum of the I-curve in the figures is always
put equal to 1.0
For all compounds the optical density (OD), circular dichroism (AOD),
fluorescence (I) and circular anisotropy of fluorescence (61) were measured
with the same sample solution. When during the measurement the composition of
the solution changed —  e.g. because of photoracemisation or 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 determined using a 15 nm bandwidth.

3b. Hydrindanone

Before discussing the optical activities in absorption and emission of low
symmetry ketones we first recall some results of the thorough study by Emeis
on the C. symmetry compound trans-B-hydrindanone^^. (For the spectra see
figure 3, for the choice of axes figure 1).

Making use of the full symmetry of the molecule in its initial and final
state Emeis has shown that the large circular dichroism in the irnr transition
of hydrindanone arises from the presence of z—polarized magnetic and electric

band v

V

(10)
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Figure 3. Hydrindanone and 3-methylayelopentanone

Left: unpolarized absorption (OD) and circular dichroism (LOD)

Right: unpolarized fluorescence (I) and CPL (LI)

The fluorescence curves for both compounds coincide.

Note that the scale factors for LOD and LI are different.

dipole transition moments. Electric dipole moments in transitions from the
vibronic ground state to non-totally symmetric vibrational levels of the
l xnw state, with components in a plane perpendicular to the z—axis, do

• cL b  S p  |~̂  gcontribute to D but not to R . This fact, together with the circumstance
that the observed spectra show considerable fine structure, enabled Emeis to
decompose the experimental absorption spectrum into the allowed and forbidden
(i.e. vibrationally induced) parts and, moreover, to establish a precise value
for the magnetic moment in this transition.

The CPL spectrum of hydrindanone (which is shown in figure 3) is in
essential agreement with that reported by Emeis. When the CPL is compared with
the CD one observes a drastic lowering of the dissymmetry factor in the
fluorescence band compared to that in the absorption band. (Note that in the
figures AOD and AI have different scale factors.) 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 *nir* state the C-0 bond
is no longer directed along the -z-axis but, while still being in the yz plane,
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GROUND STATE

Figure 4. Hydrindanone

Electronic energy curves and vibrational wave functions

and energies for the .out-of-plane bending mode.

it makes an angle or with it* leading to a situation which is displayed
in figure 4.

Whereas in the ground state conformation the electric dipole transition
moment is directed along the z-axis, in the two pyramidal configurations (which
are identical) the transition is allowed in the x-direction too. Hence the
dipole strength is larger in emission than in absorption. As however the value
of the z-component of the electric dipole transition moment probably will
not change much upon excitation, and from calculations it follows 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 u is zero ). Hence Emeis
could conclude that the lowering of the dissymmetry factor upon excitation is

. • e _emprimarily due to an increase ot D
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3c. Low symmetry ketones

With regard to shape and magnitude, the CD spectrum of 3-methylcyclo-
pentanone (figure 3) strongly resembles that of hydrindanone. This is not
surprising as calculations63' i n d i c a t e  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. (The role of
the latter, one then could view upon as favouring one of the chiral
conformations.) Therefore, the fact that 3-methylcyclopentanone does not possess
a C2 axis would not prevent one from drawing a close analogy with hydrindanone**^
and perhaps thé same argument holds - albeit to a lesser extent - for
2,2,3-trimethylcyclopentanone (figure 5).

1.0-

0D
A0Dx10 0.8- -0.8 AIx100

v(10Jc m 1)

Figure 5. 2, 2, 3-trimethylayclopentanone

All the compounds studied were put at our disposal by Dr. W.C.M.C.Kokke
(formerly at this department), except for epi-androsterone which we
obtained from Dr. H.J.C.Jacobs of these laboratories.

For the moment we neglect the fact that at room temperature a solution
3-methylcyclopentanone in an alkane solvent is not conformationally

pure, this being the most plausible explanation for Djerassi's observation
that the magnitude of the CD of a solution of 3-methylcyclopentanone
increases upon lowering the temperature.

*)

xx)
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Figure 6. camphor

AI x200

/ .  in n-heptane
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Figure 7, camphenilone
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Figure 8. isofenóhone

OD
-AODxlO -AIxKX)
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Figure 9. S-ketobom eol
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Figure 10. 5-ketobom ylaoetate

AOD x 10
I

AI x 100

Figure 11. 6-ketobom ylaoetate

OD
AODxlO

A Ix100

Figure 12. a-fenchocampherone
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Figure 13. epi-androsterone

Figure 5-13.
------ unpolarized absorption (OD) and fluorescence (I) in n-heptane
...... CD (MOD) and CPL (hi) in n-heptane

-----OD and I in methanol
-----A OD and hi in methanol

This should imply that with these compounds the lowering 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 experimental data on other compounds
it emerges that, generally, matters are more complex. In the case of camphor
(see figure 6) the CPL appears to change sign within the emission band.
This phenomenon reminded us of analogous situations in absorption where
sometimes the CD in the nrHr* 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 (see figure 7). Also isofenchone (figure 8) 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 methanol. Other ketones in the bicycloheptanone series,
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5- ketoborneol (figure 9), 5-ketobornylacetate (figure 10) and
6- ketobornylacetate (figure 11) 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 12). That the occurrence of bisignate
Cotton effects in emission is not restricted to compounds in the norcamphor
series is shown in figure 13, where the optical activities in absorption and
fluorescence of epi-androsterone are depicted. The general state of affairs may
be summarized as follows.

The most striking feature which emerges if one compares the optical
activities in emission and absorption is that the absolute value of the
dissymmetry factor in emission is smaller (often much smaller) than in
absorption, the ratio g, /g being far from constant for the different compounds.lum
Furthermore we note that a bisignate Cotton effect in absorption may or may not
be accompanied 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 ketones, in one respect they all agree: in no case 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 electronic transition) are
different. In §5 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 phenomena. But first we
shall discuss in the next paragraph the theories on the optical activity of
ketones, previously put forward by Moffitt and Moscowitz and by Weigang.

4. Optical activity of ketones in absorption

4a. Th£ory_jDf Moffat_t ^nd Moscowitz

In 1959 Moffitt and Moscowitz^ showed that, 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 electronic state N is given by

R,Uo-*-Nn = Im (Oo|r|Nn).(Nn|u|Oo) (1 1)

while the expression for the dipole strength reads
2

* (Oo | r | Nn)Oo-^Nn (12)
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In these formulae Kk stands for a product function f^(r ,Q)x^(Q) of an electronic
wave function depending parametrically on the nuclear coordinates Q, and

^ Ka vibrational wave function » which depends only on the normal coordinates
in the electronic state 1C.
Throughout this chapter we shall use capital letters to denote electronic
wave functions and small ones to denote vibrational functions. Vibrational
wave functions which are associated with the excited electronic state will
be indicated with a bar. As we intend to deal with non-degenerate states only,
all wave functions will be taken real.

Expanding the relevant electronic matrix elements in power series with
respect to all ground state normal coordinates Q around the equilibrium
positions of the nuclei in the electronic ground state, defined by Q =
Q° = (o|Qrfo) * 0 for all r, one finds

r = t (o) + 1 r(,)s Q +r0N ON r0N Wss

VN0 " PN0
(Ö) + I p ( l ) s

NO

(13)

(14)

in these equations

*0NO) - "ON (Q0)
and

-?( l )s
ON

3r0N(Q)

Q “Q°S 8

(15)

(16)

Whereas similar expressions define and 8 .NO NO
When neglecting in (13) and (14) terms of higher than first order in Q, the
expression for the rotational strength is reduced to

— = ImOo+Nn
Ho) -*(o)
ON Co|n><n|o> + ï (Ï.Ï'J)S+ r^),.^°))(o|n)(n|Qs|o)

i ( i ) s  - f ( i ) t
+ E -us,t

ON --NO (°lQ>)(n|Qt|o)

For the dipole strength we find

Oo+Nn "oN) -"NO) ( o ln ) ( n lb) + 21 *0N>'"N0) S ( o |n ) ( n |Q 8 |o)

+ Z r
s,t

(l)s e ( D t
ON r N 0 '  ( ° l Q s ! n ) ( n I Q t t ° )

(17)

(18)
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Note that the expression (17) for R (and also that for D) is not complete up to
second order, since terms in r, .p^ and r ^.p  ̂ are missing. This is of no
consequence for the discussion here as second order terms are not important in
the theory of Moffitt and Moscowitz. We yet include in (17) a second order term
since we shall need it in §4b. At this stage it is useful to distinguish two
limiting cases.

_X -A
Case I. j>mal̂ l vairiatjLon8_o£ r^^ and p̂ Q_w_i th nuclear di^lacemeiit£

As far as the electric dipole matrix element is concerned, it is likely
that this situation holds reasonably when the transition CH-N is strongly
allowed, for then one can expect the variation of r with Q to be small

Qcompared to the relatively large value of r ™  at Q . We remark however, that
the question if in a particular strongly allowed transition the - usually small -

A
value of Pjjq is also a slowly varying function of Q, cannot,be answered a priori.
Anyhow, with the abovementioned assumptions

* W nÜ  " (o|n) (n|o) (19)

D0o-Nn ■ (°l n)(n|o) { (20)

Making use of the quantum mechanical sum rule, which holds under quite general
circumstances, one arrives at

R- „ = I R„ = Im (21)0-*-N _ Oo+Nn ON NOn

D “ I D  —  ■ ^(°) T?(°) (22)U0+N _ D0o->-Nn ON NO  ̂ 'n

Consequently the dissymmetry factor, first introduced by Kuhn , is independent
of the vibrational level of the upper state:

4R_ -  4R „_  m Oo-̂ Nn = Q-»N m (23)
80o->Nn “ D„ -  " D. " 8CH-N 1 ;Oo+Nn O+N

and we encounter the situation that absorption and circular dichroism have
similar band shapes. This is not so in the other limiting case Moffitt and
Moscowitz brought to the front and which is briefly discussed now.
Case II. Small variations of p„_ with nuclear displacements- - - — — - - - - - — — - - - - - --------

Ketones exhibit in the 3000 X region a weak absorption band with an
extinction coefficient of about 30. The fact that the extinction coefficient
does not vary very much in the ketone series indicates that apparently the
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transition probability to a large extent is independent of the detailed
structure of the particular ketone. In the parent compound formaldehyde, which

| | I (
belongs to the point group C. , the (o,o) band of the A.-*- A. ( nir ) transition

1)is strongly magnetically allowed, justifying the neglect of ^ , and for
symmetry reasons electric dipole forbidden. However, a conclusion from the
latter fact that in the treatment of the optical rotatory power of the 300 nm
carbonyl transition r!̂ 0  ̂ * might be neglected, in general,is not warranted,

0,nit  ̂ jk/0)
because in chiral ketones, which can have at most C„ symmetry, r„ ' * by no1 , 2 0,nw
means is zero for symmetry reasons. Therefore, both the zeroth and first order
terms in the expansion of the electric dipole transition moment have to be
retained, yielding

Oo+Nn

D —  -Oo-*-Nn

-K o) -*(o) , .—i v _ - * ( l ) s  -*(o)
r0N *VN0 (°l")(n|°) ♦ 2 r0N -WN0

s .

"o? (o<“> + E ■*oi> <0iQs*ÏÏ)

(o|n)(n|Qs|o) (24)

(25)

From a comparison of (24) and (25) it is clear that in general CD and
absorbance will not have similar band shapes, leading to a dissymmetry factor
which is a function of frequency.

Making use of the sum rule and of the fact that, because of the definition
of equilibrium geometry, (o|Qg|o) * 0 , we arrive at the expressions for the
total rotational strength and total dipole strength

RCH-N "

V n *

l R~_ Oo-*-Nnn

—  D0o->-Nnn

Xm r<o)ON

-f(o) -f(o)
ON ' NO + I

s,t
^(l)s ^(l)t
ON ‘ NO (°|QsQtl°)

(26)

(27)

And we conclude that while the dipole strength may contain contributions due
to deviations from equilibrium geometry, the rotational strength does not.
In other words we are faced with the comfortable situation that it is the
t o t a l  CD that one should try to correlate the ground state geometry with.

Although bisignate Cotton effects were not explicitly dealt with by
Moffitt and Moscowitz, they are quite possible within the framework of their
Case II. When the borrowed vibronic rotational strength (last term in RHS
of (24) ) does not vanish for all n , it has to be positive for some values
of n and negative for others since the total CD contains no borrowed rotational
strength. Whenever for some n the second term of (24) is opposite to the first
term and has a larger absolute magnitude, a CD spectrum changes sign.
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. 3) . . .Nevertheless Weigang extended the theory of Moffitt and Moscowitz with a
Case III to explain the occurrence of bisignate Cotton effects.

4b. Th£°£y_°l. We_ig_an£

Whereas Moffitt and Moscowitz referred only briefly to the optical
activity of absorption bands in which both the electric and the magnetic dipole

3)transition moment is sensitive towards vibrations, Weigang explicitly
incorporated this case (Case III) in the theory, thus using (17) as a starting
point for the discussion of the optical activity of the n+n* transition in
ketones. Considering a molecule in which the ground state and excited state
have the same symmetry, high enough to permit a classification of the vibrational
wave functions in totally symmetric and non-totally symmetric ones, Weigang
correctly arrives at the result that, if n is totally symmetric, all terms of
(17) contribute to the rotational strength — ■ , whereas on the other hand_ Ocr>Nn
only the last term of (17) survives if n is non-totally symmetric. The latter
result implies that the CD in a transition to a non-totally symmetric vibrational
level of the upper electronic state derives completely from deviations of the
nuclei from their ground state equilibrium positions: the rotational strength is
borrowed. And although there is associated with a transition to totally
symmetric vibrational levels both allowed (first term of (17) ) and borrowed
rotational strength (last three terms of (17) ), the magnitude of the former
perhaps exceeds that of the latter. If this is true, the optical activities in
transitions to totally symmetric resp. non-totally symmetric vibrational levels
arise from quite different sources and it is conceivable that they can be
opposite.

Suggesting that experimental CD spectra indeed indicate that the n-*ir*
transition of ketones consists of two progressions with opposite CD —  one
progression based on the electronic origin and the other on a non-totally
symmetric mode (whose frequency is in the range 600 to 900 cm ') —  Weigang is
able to explain the bisignate CD curves of ketones. Concerning the experimental
evidence presented by Weigang we remark that, although some of the bisignate
CD spectra indeed seem to consist of two series of bands with opposite signs,
others are less suited to illustrate the theory. Firstly because in some cases
the positions of the vibrational bands simply do not fit in the scheme, in
others because the vibrational fine structure, particularly in the progression
at short wavelengths, is not well enough resolved. And lastly, because
sometimes the possibility cannot be excluded that Cotton effects of mixed sign
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derive from conformational equilibria.
Furthermore, Weigang's theory leans heavily on the assumption that the

symmetries of the ground state and the excited state are such, that one can
make a distinction between totally symmetric vibrations and non-totally
symmetric ones. Strictly speaking, this is only possible if the chiral ketone
has C2 symmetry, but as. far as we know no bisignate CD curves have been observed
with such ketones. It is questionable however, to what extent the division
of vibrational wave functions of low symmetry ketones into totally symmetric
and non-totally symmetric ones is still meaningful since it appears from a
normal coordinate analysis on camphor15? for instance, that vibrations of
the carbonyl group are strongly mixed with those of the skeleton.

Apart from its implications for the optical activity of ketones in general,
Weigang's theory has important practical consequences, not in the least for
the organic chemist. For, realising that in the case of a bisignate CD curve,
the CD lobe at shorter wavelengths originates exclusively from deviations
from the equilibrium geometry, he has to disregard this lobe if he wants to
correlate the CD with static structure. This procedure indeed has been used16 .̂

For completeness we mention that there have been offered more explanations
for bisignate CDcurves. In a theory put forward by Caldwell'?), the rotational
strength is expanded up to second order in the normal coordinates. Making no
use of local symmetry but instead using analytical expressions for the
vibrational wave functions of lower and upper state, Caldwell arrives at a
rather general, but very complifcated equation for the band shape of the
circular dichroism.

Sometimes chemical equilibria may be held responsible for the occurrence
of bisignate Cotton effects. Suppose in an ensemble of chiral molecules of
given absolute configuration an equilibrium exists between the two conformers
A and A'. If with'A is associated a positive CD curve which has its peak at a
given wavelength, while A' exhibits at a slightly different wavelength a Cotton
effect of similar shape but opposite sign, the resultant CD curve will be
bisignate. A change of temperature will cause a shift of the equilibrium and
consequently a different CD spectrum. Temperature dependent CD measurements
in such cases therefore often provide an easy entrance to the study of these
equilibria. However, as the ketones in the bicycloheptanone series are very
rigid, it is not likely that in these compounds the bisignate Cotton effects
are brought about by conformational equilibria.

Another chemical explanation for CD curves of mixed sign was put forward
by various authors . . Apparently based on the conviction that bisignate
circular dichroism curves ought to result from the presence of two different
species, it was suggested that there is in solution an equilibrium between on
the one hand solvated molecules which have e.g. a positive CD, and on the other
hand molecules which are not.solvated and exhibit an opposite Cotton effect at
longer wavelengths. In a polar medium this equilibrium will shift towards the
solvated molecules and as a result the absolute value of the extremum in the
CD at long wavelengths will decrease (while that at short wavelengths increases^
this is indeed observed when n-heptane as a solvent is replaced by methanol
(see figures 7 and 8). Full use was made of the implications of this theory,

109



for in attempts to relate the sign of the rotational strength to molecular
structure only the long wavelength branch of the bisignate CD curve was
appreciated. For instance by Rassat'®', who constructed from the acquired data
on bicycloheptanones a sector rule for this type of compounds. However, from
the results of the most appropriate experiment to test this theory on
bisignate Cotton effects, it follows that it is incapable to explain them:
gas phase CD measurements on camphenilone and isofenchone reveal that the
bisignate curves persist when no solvent molecules are present^).

5. Band shapes of CD and CPL

5a.General

From §4a we recall that, in the Born-Oppenheimer approximation, the
rotational strength and dipole strength of a transition between the vibronic
ground state Oo and an excited vibronic state Nn are given by

"Oo-*Nn (°lrON^l ,(V  'R„ —
and

Oo-*-Nn

' ’̂ 3M-6̂  ’ <nĤ . ’̂ 2.... ’̂ 3M-6̂  ̂  la)
’ 2

lr0N^P^2..... Q.IM-fi)3M-6 (12a)

The matrix elements r ^  and in (11a) and (12a) are functions in a (3M-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 define** **a the rotational strength in this
transition as

^No-*Dn “ Im(On| r | No) . (No| v |0n) ■

Im(n| rQjg(Qj >Q2 ..... ’̂ 3M-6^ ̂  ̂̂ NO^l ’̂ 2

(28)

,Q3M-6)ln)

whereas we have for its dipole strength

No-*On (° 1rN0*Qï *̂ 2.... 3M-6 (29)

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

Firstly, from a comparison of (11a) and (28) it follows that the rotatory
strength of the (o,o) transition in absorption is identical to that in the
(o,o) emission band and a similar conclusion is reached for the dipole
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strengths of both transitions

0̂o-*No N̂o-K)o (30)

D — s D —Oo+No No~K)o (31)

These relations, which are rather trivial for a molecule in the gas phase, do
not necessarily hold if between the absorption process and emission process
the nature of the species changes —  e.g. because of a different solvation in
the excited state* In that case namely, the initial and final states of
the absorbing species are no longer identical with the final and initial states
of the fluorescent species and relations (30) and (31) may break down.
Later on in this paragraph we shall briefly refer to this point.

Secondly, application of the quantum mechanical sum rule to (11a), (12a),
(28) and (29) yields the expressions for the total rotational and dipole
strengths in absorption and emission.

R3bS = | R0<^NÏÏ“ Im( ° I W V " - );W Q....>1°) - (o |R0N(Q,,...)|o ) (32)

DabS- } W (33)

Rem “ I ’ (®IKH0(Q1'V)I®) / (34)

?ei” “ 2 Dl£»0n “ (°IIW Q 1’---)I°) (35)n

The variables Q in the electronic matrix elements r (....0 .... ) andr ON r
*jjjq(.......... ) refer to the nuclear normal coordinates in the ground state
in (32) and (33), and to the normal coordinates of the excited state in
(34) and (35). 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 Q° is the expectation value of Q in the vibronic
ground state Oo. That is

0 “ °l(Qr Q°> °2(Q2“Q2)--... °r<QrH}r) (36)
and the form of n is similar, but with one or more elementary vibrations
excited. Likewise the vibrational wave functions of the excited state consist
of a product of 3M-6 1-dimensional vibrations in the normal coordinates of the
upper state. When neglecting mode—mixing, the normal coordinates of ground
and excited state are equal whence we have



(37)o = O] (Q]-Q°) °2^2~C*2^...... °r(Qr"Q°)

and an analogous expression for n. The bars in o^ and 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
0° - 0° in ketones gives us a clue for a better understanding of their opticalr r
activity. To illustrate this, we assume for a moment that R-^ depends on one
Q . The total rotational strength in absorption is given byr

RabS = (o|R(Q)|o) = (o1|o,)(o2 |o2)...(or |R(Qr)|or)... - (c>r | R(Qr) | of) (38)

meaning that R(Q ) has to be averaged with the distribution function o^.
Similarly Rem is found from the rotational strength function by weighting it_ 2 . . . .
with o . In the situation, represented by figure 14, both rotational strengths

^ flb s .are therefore negative, the absolute value of R being larger than that of
Rem. It also follows that, generally, RabS will be equal to Rem only if the
vibrational functions o and o are identical, or if R does not depend on Q^.

Before elaborating the equations (30)-(35) further we first discuss

Figure 14. One-dimensional zero point vibrational

wave functions in ground- and excited

state. Variation of electronic

rotational strength with Q .
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where a confrontation of these basic equations with experiment leads to.
We recall that the quantum mechanical quantities Rabs and Dabs are accessible
from experiment through the relations (1) and (2), but that from an actual
CPL measurement only thé value of 4Rem/Dem is found, not those of Rem and Dem
separately (cf (8)—(10) ). This means, that in order to be able to compare the
magnitudes of R and R , we first have to know Dem. However, if the signs
of g and g. are opposite, we immediately can conclude — without knowing the

Ginexact value of D ~ that the rotational strengths in absorption and fluorescence
are quite different. A situation which actually occurs for camphor (figure 6),
camphenilone (figure 7) and epi-androsterone (figure 13).

As regards the experimental values of the rotational strengths in the
(o,o) bands óf absorption and fluorescence the following may be remarked.
Although in chiral ketones the (o,o) transition is never symmetry—forbidden,
its intensify 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 liand the sign of AX near the intersection region of the
fluorescence and absorption 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 aró available'. From the experimental 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
constituted by ibofenchone in methanol solution, where the CPL value at short
wavelengths is zero (see figure 8). However, in view of the extremely large
solvent dependence of the total rotational strength of this compound (compare
in figure 8 the CD curves in n-heptane and methanol), we here probably encounter
a case ifi which the role of the solvent molecules in the generation of optical
activity may not be neglected.

Having found no indication (except 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
this we notice that a negative ratio Ra S/Renl has a very interesting implication.
Suppose that for a given ketone Rabs (i.e. the integrated CD) is positive
and R (the integrated CPL) negative. Then the mere fact that the rotational
strength in the (o,o) transition in absorption and emission must have equal
sign, requires a change of sign to occur in the CD or in the CPL spectrum.
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At this stage however, we do neither know where in the frequency 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 §5c more pertinent conclusions about the band shapes of CD and
CPL. In these discussions we shall lean heavily on the fact that the equilibrium

• 1 • • ,geometry of ketones in ground and nn -states is quite different (which may
be concluded from the large discrepancies between the observed values of Ra^S
and R ).

5b. Thê  X°.la_tional_strength ^n_vibj:oni£ trjns.i_tions.

We assume that the quantities rQjj(Q) and vary at most linearly
with the Q . This implies that we may cut off their expansions around some
fixed point Q =(Q j , $2 > , ,) after the second term.3M-o

(oIr (Q)In) = (o|r (Q)|n) + (o|f(Q -8 ) *0>ri-,In)

(n|uN0(Q)|o) = (n|pN0(Q)|o) + (•|I<Qr^ > ï J £ )-r|.)

(39)

(40)

where eO)r
ON

3r0N(Q) (41)
Q“Q

and
f(l)r
NO

3,JN 0 ^
Q-$

(42)

Previously, in (I3)-(18) we chose Q equal to Q°, the equilibrium geometry in
the vibronic ground state. In view however of the large difference in equilibrium
geometry in ground and nir*— state of ketones, the following alternative may
be fruitful. Consider an integral such as (o| rQj,(Q) |n). The integrand of this
matrix element, consisting of a product of the function r.^(Q) and 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 rQjj(Q) a £pint in Q-space where on is peaked.
Therefore we shall take Q equal to Q0n, where Qon is obtained by weigthing
the nuclear position vector with the distribution function on.

on (o|Qr |n)
(o |T1) (43)
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where r-1^2,....,3M-6. Note that different n give rise to different values of
Q . With (43) the expansions (39) and (40) transform to

(o|r0N(Q)|ïï) - r0N(Q°n) (°|n) (44)

<«|VH0<Q)|0> “ WNo(Q°n) (n|o) (45)

whereas the expression for the rotational strength in the transition 0o-*-Nn
takes the form

ROo-*-Nn “ Im rON(Q0n).UNo (Q0n) <°|n)(n|0) -
(46)

’ R0N(QOn) (0,n)2

From (46) we see that the vibronic rotatory strength is equal to the electronic
rotational strength evaluated at the point Q n t times a Franck—Condon factor.

Before using (46) to study the band shapes of CD and CPL, we emphasize that
the expansion leading to (44)-(46) 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)r^(Q)n(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 expanding the matrix element (o |lrnN(Q) |tt)

on . v/jN
around Q . With ketones however, there is a large separation between the centers
of o and n, and one may expect that to a good approximation on has one
dominating peak in Q-space.

There is still another argument which underlines the relevance of (46)
in the interpretation of the experimental spectra of ketones: when upon
excitation the molecule is distorted in the direction Q , one will observe inr
the spectrum particularly progressions in the vibrations that are based on the
normal coordinate Q .

The definition (43) is used also in theories on the spectral intensities
of diatomic molecules, where it is a starting point for the so-called
r-centroid approximation^!).
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Figure 15. Correlation of the rotational strength as

a function of Q and optical activity as a

function of frequency.

5c. Band_sha£es £f_CD £nd CPL

We assume that the electronic rotational strength (46) depends on one
normal coordinate and moreover that the experimental CD and CPL spectra arise
predominantly from progressions in normal modes corresponding to this Q .
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 15. The rotational strength in the (o,o) transition is R(Q°°)(o|o)^.
In vibrational transitions o-m one proceeds towards the left on the Q-scale as
n increases and to higher frequencies in the CD spectrum. In emission one
deals with transition^ o-*-n. The higher n, the lower the frequency and the
larger the value of-Q . Since in the construction of figure 15 the necessary
Franck-Condon factors are guessed and the relation of Q and v of course is not
linear, the figure expresses a qualitative relationship only 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
cmmentioned, the determination of the absolute magnitude of R is hampered by

not knowing the value of D6™. From the ratio s/8iuln which is obtainable from
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db S pinthe observed spectra, however, we can deduce the value of R /R when we
6m p b sassume that D =cD , where c is a constant for all ketones. The latter

approximation probably is not that unrealistic: the highly localized nature of
the n-Mr transition causes transition energies, bandwidths and extinction
coefficients for aliphatic ketones to be very similar and it is conceivable that
a similar argument holds for the reverse transition as well. Since it can be
argued that for hydrindanone Rabs%Rem (cf 13b), implying that here Dem%5Dabs,
we tentatively take for all ketones cm5. Then the compounds we have measured,
when classified according to their Ra S/Rem values, can be divided into the
following four groups '.
(a) y  < R ®/R m < 2. This applies for most compounds: hydrindanone,

3-me thjtl cy cl op ent anone, 2,2,3-trimethylcyclopentanone, 5-ketoborneol,
5-ketobornylacetate and 6-ketobornylacetate.

(b) Ra'5S/Rem !fc4 for a-fenchocampherone
(c) R /R m < -10 for camphor and epi-androsterone
(d) Ra'3S/Rem ifc -2 for camphenilone.
In obtaining the above classification use has been made of the various spectra
in n-heptane, except for epi-androsterone which was measured in methanol only.

When we assume that R(Q) is a linear function of Q and that the shift of
origin Q°°-Q00 is equal for all compounds studied, the knowledge of Rabs/Rem
allows the construction of the shapes of the functions R(Q) for the cases
(a)-(d). They are displayed in figure 16, where for convenience all Rabs 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 ĵn
can have nonvanishing values. Therefore no changes of sign are expected for
the optical activity, neither in the CD nor in the CPL. In (h) the quantities
R > R end R(Q ) are all positive, but for large n the CPL curve crosses
the zero-line. With (c) the integrated 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 central frequency of the
emission curve. In case (d) the larger negative value of Rem as compared to_
(c) causes a shift of the zero-point of the optical activity towards the Q°°

*) Isofenchone was discussed earlier.
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Figure 16. Top half: Zero point vibrational wave functions

in the ground state (o) and nv -state Co),
Electronic rotational strength as a function of Q

for the cases (a)-(d), see text.

Lower half: Corresponding band shapes of CD and CPL.
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region. In the figure this results in a bisignate CPL curve but a bisignate
CD could have been obtained as well, e.g. if somewhat different shapes of
o and o were taken.

From a comparison of the experimental spectra (cf. figure 3,5-13) with
figure 16 it appears that the agreement of the observed and predicted
bandshapes is quite good. We take this as an indication that our model,
notwithstanding its simplicity, is essentially correct.

5d. Discussion

The discussion in the preceding section is a further elaboration of the
observation made in §5a that the large difference which exists between the
values of the integrated CD (i.e.R3 S) and the integrated CPL (Rem) has to be
of consequence for the CD and CPL as a function of frequency. In §5c it is
shown that it is possible to predict qualitatively 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 only contributes
to a better understanding of bisignate Cotton effects as such, it also has some
important implications.

The first pertains to the general description of the optical activity in
the n~ir* 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.
Therefore we see no reasons why higher order terms should be indispensable
for the description of the lion's share of the optical activity of ketones in

• %their n-ir 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 r ^  with Q than in a dependence of the large
magnetic dipole transition moment on the normal coordinates.

It is perhaps illuminating to discuss briefly the competition of vibrations
and upper state geometry in the generation of optical activity. Of course,
both factors play their part but with different success: although the value
of Q is determined by a product of vibrational wave functions, the variation
with n_of Q°n (and thus of R(Oo-*-Nn) ) is primarily due to the shift of origin,
Q°°-Q . In a way of 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 certain region of Q-space. Whereas thus in the
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CD (CPL) spectrum a large variation of R may be reflected, summing over all
vibrational structure yields the rotational strength which pertains to the
equilibrium configuration of the molecule in its ground (excited) state. This
favourable circumstance permits to draw a practical conclusion. In correlating
a bisignate circular dichroism with ground state structure it will be wise,
generally, to consider the entire CD and not just one of the two branches.
This answers the question at the end of section 2.

In his explanation of bisignate CD curves of ketones, Weigang underrates
the importance of the upper state's geometry. This deficiency is not present
in the treatment of bisignate circular dichroism by Caldwell but his theory,
although rather general, is very complex. That bisignate Cotton effects can be
explained from a simple linear relationship of R and Q has not been noted prior
to our investigation.

So far we did not deal with the question which specific vibrations could
be operative in the structuring of the CD and CPL spectra of ketones. From
calculations^ it follows that the geometry of the *mr*-state of formaldehyde
differs in two important respects from that of the ground state. Firstly the

23)carbonyl bond is lengthened by +.29 A (experimental value +.12 X) and
secondly the configuration around the carbon atom no longer is planar but
pyramidal, the calculated out-of-plane angle being 32.7° (experiment: 33.6^)^
Completely in accord with these data the n-w 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 - although perhaps
modified to some extent - in the low-symmetry ketones. In this respect we recall
that for a proper understanding of the spectral properties of hydrindanone (§3b)
particularly the geometry change along the carbonyl out-of-plane bending normal
coordinate has to be taken into account. However, whereas 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, this is no longer
the case for low-symmetry ketones. There we presumably encounter for the excited
state at most a skew energy curve whose minimum is either above or below the
original carbonyl plane. And we think it should 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
(cf. §2) we are in the process of doing this. Furthermore, 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,
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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.

6. Conclusion

A comparison of the'experimental CD and CPL spectrum reveals marked
differences between the two: both the magnitude of the integrated optical
activity and the band shape may be utterly different in absorption and emission.
In this chapter a relation 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

1 it • •the nir -state of ketones with respect to their ground state. On the other hand
• • “ ' 9 9 9 9 CL 0  Sit is shown from general principles that a negative value of the ratio R /R
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 observed 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, this model makes use of an expansion of the electronic rotational strength
in 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 our ketones can be successfully explained. Apart from
a better understanding of the origins of bisignate Cotton effects, a main result
of this work is 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 latter conclusion may add considerably to the value of
optical activity data as a source for structural information.
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A P P E N D I X

APPARATUS

We shall outline here the main features of the MCD-spectrometer and
CPL-apparatus we have constructed to obtain the spectra described in this
thesis.

1. MCD-spectrometer

When a sample exhibits (magnetic) circular dichroism, left and right
circularly polarized light are absorbed to a different extent. Suppose a left
circularly polarized light beam with intensity 1^ hits such a sample. After
passage through the sample the intensity of the light, according to the law
of Lambert and Beer, is given by

IL
-e. cd

10 L

Here is the molar extinction coefficient in L-light, c is the concentration
of the absorbing molecules and d the path-length of the light in the sample.
When we repeat the measurement with R-light (intensity 1^), the light which
reaches the photomultiplier has an intensity 1̂ .

XR 10

The circular dichroism of the sample is found from the difference of both
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signals, divided by their average value

AAk - e  cd - e  cd (e  - e  )cd
2 10 L -10 R _ 2 1-10

-e  cd -e  cd
10 L +10 R 1 + 10(eL‘eR)cd

-(log 10) Aecd

where we have assumed I =1 and used the fact that in practice alwaysL K
Aecd << 1.
In the actually experiment the circular polarization state of the light is
modulated between L and R with a frequency u and the CD of the sample will
give rise to an AC signal of frequency m on the DC current of the photo­
multiplier.

* j „ ACAecd ^ —-r

By adapting the gain of the photomultiplier tube via a feed-back system, the
DC is made constant. Then the AC-signal, which is phase-sensitive detected, is
directly proportional to the circular dichroism.

With our dichrograph, which covers the region 230-700 nm, (magnetic)
1 -6circular dichroisms as low as 3 10 units AOD may be detected.

Mejisur_emeiU of_o£tical_dentity

The part of the MCD-spectrometer indicated in figure I by Q, A and PM-2
allows the simultaneous measurement of 0D and AOD of the sample.

After the beam splitter Q a fraction q of the total light intensity I
reaches the attenuator A (attenuation factor a). If the gain of PM-2 is G' ,
the photocurrent from PM-2 is

IqaG'
The fraction (1-q) passes through the sample (optical density 0D=ecd) and
reaches PM-1. When the gain of the latter is G, the DC photocurrent is
(1-q) I 10 ec G . As mentioned, G is such that the DC-signal is constant, i.e.

(1-q) I 10"Ecd G = p

When both photomultipliers are operating with the same high voltage and we
assume that their performance is identical, G' ■ G = 10ec and the
signal from PM-2 is

qaP |gecd
1-q
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A-drive
Sh PM-1L P Q

-

PM-2

Figure 1. Diagram o f the optical part o f the MCD-apectrometer.
Xe Xenon-arc (XBO 900 V, Osram)
L lenses
M monochromator (Glan, calcite)
O suprasil plate
Mod electro-optic modulator (Pockels ce ll, Jouan). The frequency o f

the driving voltage (380 Hz) determines the modulation frequency }
i t 8 amplitude is  varied with the wavelength X to ensure a phase
s h ift  o f X/4.

8 sample placed inside an electro-magnet ( 4"-magnet3 Varian)
Sh magnetic shielding
PM-1j2 photomultipliers (EMI D—224). PM—1 detects the circular dichroism

EODj PM-2 the optical density OD o f the sample (see text).
HV High voltage supply for PM-1 and PM-2.
A light attenuator

The lo g a r i th m  of  t h i s  s ig n a l  y i e l d s  th e  o p t i c a l  d e n s i ty  o f  th e  sample, s in c e

i t  appears  t h a t  q a / ( l - q )  i s  s u f f i c i e n t l y  independent o f  w avelength .

2. CPL-spectrom eter

The sample, which c o n ta in s  a c o l l e c t i o n  of  c h i r a l  m o le cu le s ,  i s  i r r a d i a t e d

by (u n p o la r iz e d )  e x c i t a t i o n  l i g h t .  As a r e s u l t  a s t a t i o n a r y  c o n c e n t r a t io n  of
e x c i t e d  c h i r a l  m olecu les  i s  b u i l t  up. In  em iss ion  th e  amounts o f  l e f t  and r i g h t
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circularly polarized photons are different. Their difference divided by their
mean is equal to g, (cf Chapter V).lum

Slum i(I +1)2 L R
The circular polarization of the luminescence, I -I , is modulated at aL R
frequency of 50 kHz and detected as AC-photocurrent, the unpolarized luminescence
— (I +1 ) is measured as DC-current.2 L R

Depending on the intensity of the emission available, our spectrometer may
 ̂ “3 “4detect g. -values of 10 - 10lum ,

The circular polarizer (P , -r) in the excitation channel is not needed
in normal CPL measurements. It is used when the optical activity of a racemic
mixture has to be determined.

ModS PL

L eẑa
Xe ®

AI.I

Figure 2. Optical scheme of the CPL-spectrometer.

Xe

L

M-l and

M-2

P '
\/4

8

Mod

PM

Xenon-arc (XBO 900 Watt, Osram)

lenses

excitation and emission monochromators ("high intensity

monochromator", Bausch and Lamb)

linear polarizer (Gian, calaite)

quarter-uaoe plate (quartz or mica)

sample

photo-elastic modulator (Morvue)

The linear polarizer p after the modulator is a sheet

polarizer (Polacoat)

photomultiplier (EMI 6256Q , 9558 QB)
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SUMMARY

The experiments which form the basis of this thesis pertain firstly to the
determination of the magnetic circular dichroism of some rather divergent
organic molecules and secondly to the measurement of the optical activities in
absorption and fluorescence of a series of ketones.

1.After a discussion on some characteristic features of MCD spectroscopy
(Chapter I), the MCD spectra of the triphenylcarbenium ion and some of its
symmetrically para-substituted analogues are reported in Chapter II. Along
with polarization measurements the MCD spectrum indicates that in solution the
triphenylcarbenium ion has D^ symmetry. The magnetic moment p in the lowest
excited singlet state of » which is of E-symmetry, is large and positive.
Its sign is opposite to that in other aromatic systems of high symmetry and
at variance with predictions from SCF-MO-CI theory. Upon the introduction of
three identical para-substituents p decreases. It is shown in Chapter II that
the large value of p in the lowest E-state of $.C arises from the high local
symmetry of the individual phenyl rings and that its sign obtains from the
interaction between the rings. The quenching of p upon substitution is
described in terms of a simple inductive perturbation.
In Chapter III the magnetic circular dichroism of azulene is discussed. It
is shown that the MCD in the first transition (0-*-A) and third transition
(0+C) can be reproduced quite well by SCF-MO-CI calculations. From an analysis
of the magnetic circular dichroism in the 0+B band, which in contrast to that
of the other bands has a very peculiar shape, it is demonstrated that the
amount of Franck-Condon intensity in this transition is only 20% of the total
intensity: 80% of the absorption is induced by vibronic coupling via totally
symmetric modes. In addition, this analysis yields the detailed distribution
of allowed and forbidden intensity throughout the entire O+B absorption
system. The relevance of these data - which cannot be obtained that easily
by means of other techniques - to some earlier explanations of the 0-*B
transition, is discussed.
Chapter IV deals with singlet-triplet transitions. It is shown that in
molecules which lack orbitally degenerate states, singlet-triplet transitions
often can be recognized as such from the characteristic shape of their MCD.
The magnitude of this MCD appears to be a sensitive measure for small
spin-orbit couplings next to large ones. In two thioketones the observed MCD
allows the assignment of a weak absorption band in the spectrum to a singlet-
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triplet transition.

2.In Chapter V the optical activity in absorption and emission of a series of
ketones is studied. For a number of ketones the comparison of the observed
CD and CFL spectra reveals marked differences between the two: both the
magnitude of the integrated optical activity and the band shape differ
drastically in absorption and emission. In Chapter V a relation is laid
between these phenomena. The often large discrepancy between the values of
the rotational strength in absorption and fluorescence (for some compounds

1 *up to sign) points to a large distortion in the nir state of ketones as
compared with the ground state. On the other hand it is shown from general
principles that opposite rotational strengths in absorption and emission
require 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 observed 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, this model jnakes use of an expansion of the electronic
rotational strength about an origin in 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 our ketones
can be explained. Apart from a better understanding of the origins of
bisignate Cotton effects, a main result in this chapter is the conclusion
that the optical activity in the n-*ir* transition of ketones still can be
understood with the relative simple theory of Moffitt and Moscowitz, provided
proper allowance is made for a legitimate role of the excited state. The
latter conclusion may add considerably to the value of optical activity data
as a source for structural information.
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SAMENVATTING

De experimenten die aan dit proefschrift ten grondslag liggen hebben betrekking
op 1. de meting van het magnetisch circulair dichroisme van een aantal uiteen­
lopende organische moleculen en 2. op de bepaling van de optische activiteit
van een reeks ketonen in absorptie en emissie.

1.Na een discussie van enkele karakteristieke aspecten van de MCD spectroscopie
(Hoofdstuk I), worden in Hoofdstuk IX de MCD spectra van het trifenylcarbenium
ion en enkele van zijn symmetrisch para-gesubstitueerde derivaten besproken.
Tezamen met lineaire polarisatie metingen wijst het MCD spectrum van het tri-
fenylcarbenium ion erop, dat dit ion ook in oplossing D^ symmetrie heeft.
In zijn laagste aangeslagen singulet toestand - die E-symmetrie heeft - is
de waarde van het magnetische moment y groot en positief. Het teken van y
verschilt van dat in andere aromatische systemen met hoge symmetrie en
contrasteert met resultaten van berekeningen van het SCF-MO-CI type. Bij het
invoeren van drie gelijke para-substituenten daalt de waarde van het magneti­
sche moment. In Hoofdstuk II wordt aangetoond dat de hoge waarde van y in de
laagste aangeslagen singulet toestand van $_C+ een 8ev°lg is van de hoge
locale symmetrie van de afzonderlijke fenylringen, maar dat het teken van het
magnetische moment bepaald wordt door de wisselwerking tussen de ringen. Dat
bij substitutie de waarde van y afneemt, kan verklaard worden door de substi-
tuenten als eenvoudige inductieve storingen op te vatten.
In Hoofdstuk III wordt het MCD spectrum van azuleen besproken. Het blijkt dat
het magnetisch circulair dichroisme in de eerste en de derde absorptie band
O-tA resp. 0-*-C goed beschreven kan worden met SCF-MO-CI berekeningen. In tegen­
stelling tot de 0-*A en 0+C band heeft het MCD van de tweede overgang 0-*-B een
zeer eigenaardige vorm. Uit een analyse ervan blijkt, dat de hoeveelheid
Franck-Condon intensiteit in deze band slechts 20% van het totaal bedraagt:
80% van de absorptie wordt teweeggebracht door vibronische koppeling via
totaal-symmetrische vibraties. Verder wordt uit deze analyse de gedetailleerde
verdeling van toegestane en verboden intensiteit over de gehele absorptieband
gevonden. Het laatste gedeelte van dit hoofdstuk is gewijd aan een bespre­
king van de gevolgen van de verkregen resultaten voor vroeger gegeven ver­
klaringen van de CH-B band.
Hoofdstuk IV handelt over singulet-triplet overgangen. Er wordt aangetoond dat,
in moleculen zonder baan-ontaarding, singulet-triplet overgangen vaak als
zodanig herkend kunnen worden dank zij de karakteristieke vorm van hun
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magnetisch circulair dichroisme. De grootte van dit MCD blijkt een gevoelige
graadmeter te zijn voor de aanwezigheid van kleine spin-baankoppelingen
naast grote. In twee thioketoneh kan een zwakke absorptieband in het spectrum
door middel van zijn MCD toegekend worden aan een singulet-triplet overgang.

2.In Hoofdstuk V wordt de optische activiteit van een reeks ketonen bestudeerd
in absorptie en emissie. De vergelijking van de gemeten CD en CFL spectra
geeft markante verschillen te zien tussen beide: zowel grootte van de geïn­
tegreerde optische activiteit als handvorm zijn soms in absorptie totaal
anders dan in emissie. In dit hoofdstuk wordt een verband gelegd tussen deze
verschijnselen. De vaak grote discrepantie tussen de waarde van de rotatie-
sterkte in absorptie en die in fluorescentie (voor sommige stoffen zelfs wat

t J ^het teken betreft) wijst op een aanzienlijke vervorming van de nir toestand
van ketonen ten opzichte van de grondtoestand. Aan de andere kant kan aan-
getoond worden dat een rotatiesterkte die in absorptie tegengesteld is aan
die in emissie noodzakelijk een tekenwisseling tot gevolg moet hebben in ofwel
het CD ofwel het CPL spectrum, d.w.z. dat er een dubbel-teken Cotton effect
moet optreden. Ten einde een beter inzicht te verkrijgen in de waargenomen
verschijnselen wordt een model uitgewerkt om kwalitatief de handvormen van
CD en CPL te voorspellen. Het model is gebaseerd op het grote verschil in
evenwichtsgeometrie tussen grond- en aangeslagen toestand, en het maakt ge­
bruik van een reeks-ontwikkeling van de electronische rotatiesterkte rond
dat punt in de ruimte van de normaalcoordinaten waar de Franck-Condon overlap
voor een bepaalde vibronische overgang een piek vertoont. Als een lineair
verband wordt aangenomen tussen de rotatiesterkte en een normaalcoordinaat
kunnen de gemeten handvormen in de CD en CPL spectra verklaard worden.
Naast het feit dat een beter inzicht verkregen wordt in de totstandkoming van
dubbel-teken effecten, is een belangrijke conclusie in dit hoofdstuk dat
de optische activiteit in de n-*-ir band van ketonen nog steeds beschreven kan
worden met de betrekkelijk eenvoudige theorie van Moffitt en Moscowitz, als
tenminste de rol van de aangeslagen toestand op een juiste manier in beschou­
wing wordt genomen. Deze conclusie kan het belang van de optische activiteit
als bron van structuur-informatie aanzienlijk verhogen.
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