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Circular dichroism is & property associated with dis-
symmetric molecules. It is defined as the difference
e — &, where ¢ and ¢ are the molar extinction coeffi-
cients of left- and right-handed circularly polarized
light, respectively. The property is therefore inti-
mately connected with the spectroscopic transitions of
optically active molecules. The sign of the circular di-
chroism for a particular electronic transition is directly
related to the absolute configuration of the molecule
and, in principle, it should be possible to derive one from
a knowledge of the other.

There are currently a number of theoretical models for
the origins of optical activity, perhaps the most notable
of which we discuss here, the exciton theory. This
model has its origins in the early classical coupled oscilla-
tor theories of Born, Oseen, and Kuhn.'=® These
workers recognized, as others had before them, that, in
order to generate optical activity by the absorption of
light, electronic displacements must occur which induce
simultaneous collinear electric and magnetic transition
dipole moments in the media. Since, in a pictorial
sense, an electric transition dipole moment is produced
by a linear displacement of charge and a magnetic tran-
sition dipole moment is produced by a circulation of
charge, optically active transitions involve helical dis-
placements of charge. By definition a right-handed
helical displacement produces positive circular di-
chroism (e; > ¢) and a left-handed helical displacement
produces negative circular dichroism (e > ¢). Their
conception of dissymmetric coupled oscillators for this
purpose was the classical precursor to the main part of
the polarizability theory of Kirkwood* and the exciton
formulation of Moffitt.s

Both theories are quantum mechanical, and what is
particularly interesting about them is that, in principle,
they offer a straightforward, purely spectroscopic,
method for determining the absolute configurations of
molecules. In other words, we are offered a method of
determining the chirality (handedness) of a molecule
without reference to or knowledge of the independently
determined absolute configuration of any other mole-
cule; in fact, all we need is the circular dichroism shown
by certain electronic transitions of known polarization.
As might be expected, however, few optically active
molecules are at present susceptible to this treatment,
although it has been applied with success to a number of
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organic systems. In particular, independent determi-
nations of the absolute configurations of certain simple
coupled m-electron systems®? and of helical polypep-
tides® support the predictions of the exciton theory.

For inorganic complexes the method can be applied to
the important class of dissymmetric coordination com-
pounds containing conjugated ligands which are typified
by the three strongly coordinating bidentate ligands,
o-phenanthroline (phen), 2,2’-bipyridyl (bipy), and the
acetylacetonate ion (acac). The recent X-ray diffrac-
tion determination® of the absolute configuration of the
(—)-[Fe(phen); ]2+ ion has confirmed the validity of the
method when applied to complexes, and because now
most of the important members of this class of complexes
have been investigated, it seems opportune to review
this information and to formulate general rules for the
assignment of their absolute configurations.

The = — = * transitions of the free ligands phen, bipy,
and acac are polarized in the molecular plane and are
directed either along the short axis (2) or the long axis
(x) of the ligands (Figure 1). Upon complex formation
these transitions remain largely unmodified.’? Com-
plexes containing only one of these conjugated ligands,
as in, for example, the dissymmetric ion [Co(en).phen]?+
(en = ethylenediamine), show comparatively weak cir-
cular dichroism in the regions of the = — z* ligand
transitions,’® When two or more conjugated ligands
are present, the circular dichroism shown by the short-
axis-polarized ligand transitions remains weak, but that
associated with the long-axis-polarized transitions is
exceedingly strong. These observations agree with the
expectations of the exciton theory of optical activity
which assumes that the circular dichroism is produced
by electrostatic coupling of the electric transition dipole
moments which are essentially localized on the ligands.
In an octahedral complex, the short-axis-polarized lig-
and transitions couple to give only electric transition
dipole moments in the zero order and therefore cannot
give rise to exciton optical activity. The weak circular
dichroism associated with these transitions is due to
higher order dissymmetric perturbations. The long-
axis-polarized transitions, however, couple to give paral-
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Figure 1. The o-phenanthroline and 2,2’-bipyridyl molecules
and the acetylacetonate ion showing the long (z) and short (2)
axes.

lel electric and magnetic transition dipole moments in
the zero order, and calculation shows that the rotational
strengths produced by this mechanism are very large
and can account for the experimentally observed circu-
lar dichroism, Tt is this circular dichroism associated
with the long-axis-polarized transitions of the (com-
plexed) ligands which allows for the nonempirical de-
termination of the absolute configurations of octahedral
metal complexes, and the discussion which follows will
mainly concern itself with these transitions. Molecular
orbital calculations, polarized crystal spectra, and circu-
lar dichroism data indicate that the first long-axis-
polarized = — =* transitions of the o-phenanthro-
line'—1% and the 2,2’-bipyridyl®*:16:17 molecules and of
acetylacetonate ions!®!® occur at ca. 38,000, 34,500,
and 35,000 cm. %, respectively.

A Physical Model

Transition metal complexes of the type we will discuss
have three types of electronic transitions: those which
are essentially localized on the metal, those which occur
between the metal and ligands, and those which are es-
sentially localized on the ligands. The absorption
bands associated with these transitions all carry some
circular dichroism, but we will only consider the optical
activity arising from the coupling of electric transition
dipoles of the ligands. The justification for this ulti-
mately rests on experiment, although there are sound
theoretical reasons for the procedure.

For the present purposes it is convenient to divide
optically active metal complexes into five categories:
(a) the identical tris-bidentate case, e.g., [M(phen);]",
(b) the identical c¢is bis-bidentate case, e.g., cis-
[M (phen),X,]*t, (¢) the nonidentical cis bis-bidentate
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case, e.g., cts-[M (phen)(bipy)X.]*+, (d) the tris-biden-
tate case with two different ligands, e.g., [M(phen),-
bipy ]t or [M(bipy).phen]®¥, and (e) the tris-bidentate
case with three different ligands, e.g., [M(phen)(bipy)-
acac]*t. The exciton optical activity of all these cases
can be calculated, except that in case e analytical solu-~
tions are generally not possible, although for most cases
the results will be very similar to those for case d. The
reader who is interested in the precise form of the solu-
tions will find them in Table I. Similarly the basic
formalism and general assumptions involved in the der-
ivation of the solutions are described in the last section.
In this section we shall try to show by means of some-
what simplified models how the exciton circular di-
chroism is generated in these systems. We take the
identical tris-bidentate case [M(phen);]*+ as a repre-
sentative example.

In a classical sense an electric transition dipole mo-
ment is induced in a molecule when there is a transla-
tional motion of charge during the absorption of light.
The long-axis-polarized = — 7* transition of the phen
molecule involves an oscillating displacement of the =
electrons along the z axis (Figure 1). This transition by
itself cannot produce circular dichroism because, as we
have stated earlier, circular dichroism is produced only
by transitions which involve both a translation and cir-
culation of charge. This is why we observe! very little
circular dichroism under the long-axis-polarized phen
transition in [Co(en);phen]®t; what little there is is
due to higher order dissymmetric perturbations. When
three phen molecules are coordinated octahedrally to a
metal atom, the charge oscillations remain linear in each
molecule but, provided the adjacent electric transition
dipole moments can interact, a photon can cause all three
molecules to be excited and each is no longer indepen-
dent of the other. Therefore the true stationary states
(wave functions) of the system must take this into ac-
count. Provided there is no electron exchange (charge
transfer) between the phen molecules in [M(phen)s]*+,
we may specify the stationary states of the system as
simple product functions. Thus, the ground-state
function is written as ¥y = yixexs and the three locally
excited-state functions are written as xi'xaxs, X1x2 X3,
and xix2xs’, where the numbers 1, 2, 3 label each phen
molecule, x is the ground-state function of phen, and
the primes refer to excited-state functions of phen.
Since the three locally excited states are degenerate and
not independent, the true stationary state is specified
by linear combinations of them. These linear combi-
nations in essence describe the phase relationships be-
tween the dipole excitation vectors of each phen mole-
cule. It turns out (Table I) that in the [M(phen);]**
system the three coupling modes (phase combinations)
for the long-axis-polarized transitions are symmetry
determined. Accordingly, the three exciton transitions
are labeled ¥y — ¥,,, ¥y — ¥g!, and ¥, — ¥g?; the
last two are degenerate. These three coupling modes
are shown on the left in Figure 2 where the arrows repre-
sent the directions of the long-axis-polarized = — =*
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Example Exciton wave functions

Case a
[M(phen);]»+*
(M(bipy)s]»*

Yo = X1X2X3

B. Bosnicu

Vs, = (1/V3)xa xoxs + xm’Xs + xaxaxs’)
‘I’E = (1/VB) (2 xmxs — xve'xs — xxaxs')

Vol. 2

Table
Energies

0
EA2 = AE + 2V,
EE = AE - Vm

[M(acac);]n+ = (1/V2)wx'x — xxaxs’) Ex = AE — V3,

Case b ‘I'o = X1X2 0

[M(p'hen)ng]"* = (1/V2)Ga'x2 + xxe’) Ey = AE 4 Vy,

[M(bipy ), X,]»* = (1/V2)lu'x: — xxe") Ep = AE — Vy
[M(acac)X,]"+

Case ¢ Yo = X102 0

[M(phen )(bipy)X,] =+ Yt = Ca*xi’e: + Cotaaed 2E+ = AE, + AE, + K
[M(phen)(acac)X,]"+ V- = Ca~xt’ee + O x1e” 2E— = AE, + AE, — K
[M(bipy)(acac)X.]»*

Case d Yy = xixaes 0

[M(phen ):bipy]»* = (1/\/2)(X1'X_2¢3 — xix2’¢3) Ey = AE, ~ Vyy
[M(bipy).phen]=* Ypt = 1+{(1/\/2(X1,Xz¢3 + xaxe'es)] + Cotxaxaes’ 2Ept = AE, + AE; + Vi, + L
[M(phen ),acac]™* etc. ¥~ = O~ {(1/VD e + xx'es) + Cemxaees’ 2Ep~ = AE, + AE; + Vin — L

@ All »’s refer to the distance between the “center’’ of the excitation and the center of the metal.

to the identical ligands and 3 refers to the one that is different.
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Figure 2. A diagrammatic representation of the three coupling
modes of the long-axis-polarized ligand transitions (a) and the
short-axis-polarized ligand transitions (b).

transitions of the phen molecules. We can now see how
the exciton circular dichroism is generated.

Let us consider the ¥y — ¥4, transition. If the three
linear vectors are added, there is a net resultant linear
displacement along the threefold axis of the molecule
(perpendicular to the plane of the paper). However,
because the vectors are arranged like a three-bladed
propellor, their combined effect also engenders a circu-
lation of charge about the threefold axis which produces
a magnetic moment (Lenz’s law) along this axis. Thus
the ¥, — ¥4, transition involves a helical displacement
of charge along and about the threefold axis. For the
particular absolute configuration shown in Figure 2, it
will be seen that the screw sense of the ¥, — ¥4, transi-
tion is left handed, and hence this transition should give
negative circular dichroism (Table I). The ¥y — ¥g?
transition involves the excitation of only two of the
phen molecules, and it will be seen that this coupling
combination involves a right-handed helical displace-

In case d the labels 1 and 2 refer

The signs of the rotational strengths refer to absolute configurations

ment of charge along and about the twofold axis (in the
plane of the paper). The effect of the ¥, — ¥g! transi-
tion is more difficult to see, but calculation shows that it
also involves a net right-handed helical displacement at
right angles to the threefold and twofold axes of the
molecule. Thus the “total”’ ¥, — ¥y transition should
give positive circular dichroism. It can be shown that
the rotational strength of the ¥, — ¥4, transition
is equal but opposite in sign to the ¥, — ¥y excitation,
and, were these two transitions of the same energy, the
exciton rotational strength would vanish. The energies
of the two transitions, however, are different because
the interactions of the dipoles in the two coupling modes
are different. We can see this in the following way.

The ¥,, coupling mode involves the dipole vectors in
an arrangement where they are essentially “head to
head,” whereas the ¥g? coupling mode (which is the
same energy as ¥g!) involves the dipoles in an essen-
tially “head-to-tail’” arrangement. Intuitive electro-
static considerations will suggest that the ‘“head-to-
head”” arrangement is of higher energy than the “head-
to-tail” arrangement. Thus for the particular absolute
configuration shown in Figure 2, the [M(phen);]*+
systems should show positive circular dichroism at lower
energies and equal negative circular dichroism to higher
energies in the regions of the long-axis-polarized = —
n* transition of phen. In addition, it can be shown
that the ordinary absorption of the ¥, — ¥4, transition
should be twice as strong as that of the ¥, — ¥g tran-
sition if we assume that the absorption intensity is de-
termined by the dipole strength (see Table I).

In the introduction we said that the short-axis-polar-
ized phen transitions should not and do not show any
exciton circular dichroism. The present simplified
pictorial arguments help show why this is so. It can be
shown that the short-axis-polarized transitions should
couple to give two transitions, ¥ — ¥a, and the doubly
degenerate ¥y — ¥z The right-hand side of Figure 2
shows the electric dipole phase relationships for these
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Dipole strength (¥s — Wexocited)

Dy, = 2p?

{De = »?

Di = 1/z0?

Dp = 3/yp?

D+ = (Ca*)2p + (OB*)2p2 + CaAtCB*Tpips
D~ = (Ca™)p® + (Cp7)2pe? + Ca~CB p1pe
Dy = Y/yp?

Dt = (C17)2%/4p? + (C2)2ps? + 01+Cz+\/ipxpz
D~ = (Ci7)%/am? + (C27)2pst + Ci=C2™V2p1p

related to (— )-[Fe(phen)]2+.

transitions. It is seen that the ¥, — ¥,, transition in-
volves only an “outward” linear displacement of
charge; in fact, the vector sum cancels and the transi-
tion is forbidden. The two ¥, — ¥y coupling modes do
give resultant linear displacements of charge and
are allowed in electric dipole radiation fields. But in
neither the ¥ — ¥, nor the ¥, — ¥y transition do the
dipoles couple to give any circulation of charge to pro-
duce a magnetic dipole moment. It is for these reasons
that the short-axis-polarized transitions should show no
exciton circular dichroism.

In Figure 3 we show the absorption and circular di-
chroism spectra of (4 )-[Ru(phen);](Cl0,)s; there are
three main regions of absorption. The group of moder-
ately intense bands occurring in the 19,000-27,000-cm—!
region are charge-transfer transitions involving excita-
tion of d, electrons of the metal to the antibonding =*
orbitals of the ligand. Trausitions occurring in the
27,000-33,000-cm ™~ region are dominated by the short-
axis-polarized transitions, and the intense band centered
at 38,000 em~!is the long-axis-polarized ligand transi-
tion. The circular dichroism associated with the long-
axis-polarized transition is more than an order of magni-
tude greater than that associated with either the short-
axis-polarized transitions or the charge-transfer bands.
In addition, the 38,000-cm~! band carries two circular
dichroism bands which are almost equal and opposite in
sign. These observations agree with the expectations
of the exciton theory; thus, (4)-[Ru(phen);]** ion
has the absolute configuration shown in the inset of
Figure 3. The (—)-[Fe(phen);]?* ion shows a similar
plus-minus ecircular dichroism in the 38,000-cm™!
region, and the X-ray crystal structure determination of
the absolute configuration confirms the predictions of
the exciton theory. A similar pattern obtains for the
[M(bipy)s]"+ systems.

In both the tris(bipyridyl) and tris(o-phenanthroline)
transition metal complexes the dipole strength criterion,
namely that the higher energy exciton component
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Rotational strength (%o — Wexoited)

Ra, = —\@ﬁrpz
{(RE = 4 \/ﬁ'lrl"rpz

®a = + (1/V2)xirp?

Ap = —(1V2)msrp?

R+ = —Ca*Cp*rpipa(1/V2) Gy + orz)

A~ = ~Ca~Cs~rp1p(1/V2)(iry + Fors)

Ra = +(1/\/_2—)71'1"17'191_2

Rpt = —(CiH)X1/V2)mirip? — Ci+Catmprps(Firs + Fars)
A~ = —(Ci™) 1/ V) adrip? — Ci~Co~morps(Piry + Fars)
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Figure 3. The absorption and circular dichroism spectra of
(+)-[Ru(phen);] (ClO,), in water solution and the predicted
absolute configuration.

should be twice as intense as the lower energy compo-
nent, is generally unreliable. This arises mainly be-
cause the long-axis-polarized transitions are heavily
overlapped by other bands whose intensity and position
vary with the metal and with the oxidation state of the
same metal. The exciton circular dichroism bands also
vary somewhat with regard to the relative intensities of
the two exciton components and also with regard to their
absolute magnitudes as the metal or oxidation state is
changed. However, because the exciton circular di-
chroism in these complexes dominates the other circular
dichroism bands, there is little difficulty in assigning
the absolute configurations, although attempts to ob-
tain a more quantitative comparison with theory are
made difficult.

These complications are to some extent avoided in
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Figure 4. The absorption spectrum of the acetylacetonate ion
(----) in water and the absorption and circular dichroism
spectra of (4 )-[Si(acac)s]ClO4 in water. The predicted absolute
configuration is shown in the inset (data kindly supplied by
S. F. Mason).

the case of the active [Si(acac);]™ ion which should show
in the accessible spectral region only the long-axis-polar-
ized transition due to the acetylacetonate ion. Figure 4
shows the absorption and associated ecircular dichroism
spectra of the (+4)-[Si(acac);]* ion. The absorption
spectrum is three times as intense as the corresponding
absorption of the free acac ion. Further, the transition
is split, with the higher energy band being more intense
than the lower energy band and each of these com-
ponents carrying circular dichroism which is nearly
equal and opposite. All these observations are in semi-
quantitative agreement with the expectations derived
from assuming an exciton coupling scheme.

Similar arguments?2! to those used here for the
[M(phen);]** systems can be employed for other types
of complexes. The analytical solutions for these other
cases are collected in Table I and shown diagrammati-
cally in Figure 5. Although the expressions for the rota-
tional strengths are the same for [M(phen)sbipy ]+ and
[M (bipy)sphen]*+, there are observational differences
which are of significance. If the nonidentical chromo-
phores did not couple, the rotational strength expres-
sions would reduce to the ones given for case b, and we
would expect a plus—minus pattern under the long-axis-
polarized transition of phen in [M(phen),bipy]**+ and
a plus-minus circular dichroism pattern under the bipy
long-axis-polarized absorption of [M(bipy)s:phen]*+,
If in both complexes there is nonidentical coupling, the
circular dichroism pattern—shown in Figure 5~should
be different. Thus these two complexes provide an ex-
perimental test for the importance of nonidentical
coupling, which is the reason why two examples are
given in Figure 5 for case d.

(20) B. Bosnich, I'norg. Chem., 7, 178 (1968).
(21) B. Bosnich, ibid., 7, 2379 (1968); see also 8. F. Mason and B.
J. Norman, Chem. Phys. Letters, 2, 22 (1968).
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Figure 5. A diagrammatic representation of the predicted circular
dichroism patterns for the various complexes shown in the
absolute configurations which are all related to (— )-[Fe(phen);]2+.
The lengths of the bars (which represent the values of the exci-
ton rotational strengths) and their energy positions are quantita-
tive and refer specifically to complexes containing various per-
mutations of phen and bipy ligands. The same general pattern
will hold for any permutation of other ligands provided the
transition dipoles of these are directed along the octahedral
edges. The calculated exciton rotational strength for a
[M(phen)]=* complex is about 412 X 10-% cgs and for a
[M(bipy)s]»* complex &5 X 107% cgs. The exciton interac-
tions are: phen-phen = 950 cm™!, bipy-bipy = 700 cm~}
and phen-bipy = 850 cm~!, and are calculated from the coulom-
bic interactions between the transition monopoles of the ligands.
These values are close to those found from experiment. The
point-dipole—point-dipole interaction gives values which are
509, smaller, although the sense of the splitting is the same in both
approximations.

In Figure 6 we show the absorption and circular di-
chroism spectra of the (4 )-cis-[Ru(phen).(py)2]1(Cl04),
(py = pyridine) complex.? The two dominant circular
dichroism bands in the 28,000-cm—! region conform
with the expectations of the exciton theory (Table I,
Figure 5) for the absolute configuration shown in the
inset. The fact that the higher energy band is less in-
tense than the lower energy exciton band is probably due
to overlap with other transitions of the complex and to
the possibility of mixing with other transitions of the
system. Within the exciton formalism, mixing between
nonidentical transitions is clearly brought out in the
spectra of the (4)-[Ru(phen)sbipy](ClOs): complex.?!
Figure 7 shows that, in the region of the long-axis-
polarized transitions of phen and bipy, there are three
strong circular dichroism bands, as is expected from
exciton theory (Table I, Figure 5) for the absolute con-~
figuration shown in the inset. Although a similar pat-
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Figure 6. The absorption and circular dichroism spectra of
(4 )-cis-[Ru(phen)s(py)o] (C104): in water solution and the
predicted absolute configuration.

Admp) e

200 250 300 400 500
T T T T T T
80
& [1e] 3
<
@ 40}
20r -40
(ol /\ 20
.
A\ o ¥
[~y
4-20
~-40
o6t
5
) ) ) " )

50 45 40 a5 30 25 20 15
P (107} em™

Figure 7. The absorption and circular dichroism spectra of
(4+)-[Ru(phen):bipy](ClOs): in water solution and the pre-
dicted absolute configuration.

tern is expected for the (4 )-[Ru(bipy)s:phen](ClO,),
complex, experiment shows (Figure 8) only two clearly
resolved circular dichroism bands in the regions of the
long-axis-polarized transitions of the ligands. This
arises from the fact that, as a numerical calculation will
reveal, the two bands under the bipy absorption will be
of the same sign and will be split by only about 1000
em~!.  The important observation, however, is that the
circular dichroism spectrum establishes that the phen
and bipy transitions couple. In other words, the system
belongs to case d and not to case b.  So far no resolution
of a complex belonging to case ¢ has been reported.

Conclusion. A General Rule

The close semiquantitative agreement between
theory and experiment—an agreement which is not
greatly modified upon changing the metal atom—and

V(07 em™

Figure 8. The absorption and circular dichroism spectra of
(4 )-[Ru(bipy);phen] (ClOs), in water solution and the pre-
dicted absolute configuration.

the support provided by the absolute X-ray structure
of the (—)-[Fe(phen);]** ion allow us to put forward a
general rule for complexes of the type discussed here.
In the regions of the long-axis-polarized transitions of the
ligands, the circular dichroism will appear strongly posi-
tive at lower energies and strongly negative at higher ener-
gies tf the molecule has the absolute configuration related to
(—)-{Fe(phen)s}*t. This rule is implicit in Table I and
is illustrated in Figure 5.

The Formalism and Solutions

Suppose that the dissymmetric array has n residues
(which may or may not be identical) with ground-state
functions specified by x;. - The total ground-state func-
tion for the assembly is given by

Yo = X1XeX3- - Xi- - Xn

Assuming only single excitations, the local excited-state
functions, ®,, are typified by

&, = xixeXs- .- X&' - - Xn

where the prime indicates an excited-state function of
the ith residue. The total wave function, ¥, corre-
sponding to the jth excited state of the assembly, is ex-
pressed as a linear combination of the unperturbed
singly excited-state functions, ®,, with the mixing co-
efficients, C;;, associated with the ith function of the jth
level

\I’j = CUq’l + 021@2 + PR + C”q’i + N + C,,,jq’j

wherej = 1,2, 3, ... n. The application of the varia-
tion theorem leads to the set of n simultaneous equa-
tions

n

ZI[HH — 8yHw + ENIC; =0

.7=
?: = 1, 2, 3 ... n, &nd H” = <¢11H|¢j>, Sij = <¢1|¢j>,
H is the Hamiltonian of the system, and E is the appro-
priate energy. The term Hy = (¥o|H|¥y) refers to the
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ground-state energy, including static multipole interac-
tions. In order to obtain nontrivial solutions, the secu-
lar determinant is set to zero and the allowed energies
found by solving for E

Hy — Sy(Ho + E)| =0

If normalized basis functions are used, 8;; = 1 when? =
J and, assuming zero overlap, S;; = 0 when ¢ = j.
Provided it is assumed that the system is weakly
coupled through electrostatic forces, the total Hamil-
tonian, H, of the system can be split up

H= Z H,+ 3 ¢y
=1 1< 7

where H, is the Hamiltonian of the 7th residue and &,
is an electrostatic multipole interaction operator be-
tween the 7th and jth residues. There are a number of
ways by which this last term may be calculated, but it is
usual to assume the point-dipole-point-dipole approxi-
mation which, although in many systems may give er-
rors up to 509, in absolute magnitude, is generally re-
liable as far as the sense of the splitting is concerned.
The point-dipole-point-dipole operator is

_ 3(61?1'311)(61?1'311)}
d:p

where d; is the vector distance between the transition
point dipole moments of the ¢th and jth residues, e is
the electronic charge, and R, and R, are the electronic
position operators for the electrons involved in the
transition of the 7th and jth residues.

The rotational strength, ®, of a transition between
two stationary states ¢, and ¢, is defined as the pseudo-
scalar product

R = Im<§0n|[l—]e“pm> <‘pm[ﬁ7[#l¢">

where . and J7, are the electric dipole and magnetic
dipole operators, respectively, and Im means the imag-
inary part is taken. Thus the calculation of & requires
a knowledge of the electric transition dipole moment,
? = {¢a|Ms|en), and the collinear magnetic transition
dipole moment, i = {(¢n|M,]¢.). Within the exciton
approximation these quantities can be calculated semi-
empirically.

The expression for the transition dipole moment, %,,
for the excitation from the ground state, ¥, to the jth-
excited state, ¥;, of the assembly is given by

Ps = (xixexs- - - Xe- - - X2 6R|C1,®1 + Coy®s +
+ Cijq)t+ + an¢n>

which, if orthonormal basis functions are used, reduces
to

1 o o
Py = —<eR;-
17 di? {6 ek,

Py = 2101.1<X116R£IX11> = Z:ICHTH

The corresponding dipole strength, Dy, is given by

n

n
D;=%,% =2 2, CiCripi-br

i=1 k=1

The transition magnetic dipole moment can also be de-

Yol. 2

rived on a similar semiempirical basis provided we as-
sume that the transition dipole moment is produced by
the displacement of a point charge. An electron of mass
m and (negative) charge ¢ with a linear momentum p
rotating about a point at a distance 7 produces a mag-
netic moment z at right angles to the plane of rotation
which is given by

e
p=5 XD
where ¢ is the velocity of light. The transition linear
momentum and the transition dipole moment produced
by the excitation of an electron between two stationary
states ¢, and ¢,, separated by a wave number frequency
7 are connected by the relationship

12Temy

p= <¢m|el—é[¢n>

é

whence the transition magnetic dipole moment is related
to the electric transition dipole moment by

i = 1190 X {en|eR|en))

The expression for the magnetic moment, u,, produced
by the transition between the ground state, ¥;, and the

7th excited state, ¥,, of the assembly is therefore given

by

iy = lrz:l C94(7s X <X1’I6R1[Xi>)

n
Wy = iﬂzlciﬂ"’i(?f X p1)
=

Hence, the rotational strength, ®&;, for ¥, — ¥, is given
by

®; = Imp, 5, = Wzlg‘_,lcuckﬁk_ﬁi'(?k X B

The details of these calculations for inorganic com-
plexes may be found in ref 21. We should point out
that for the nonidentical ligand cases there can be a
problem of defining the origin for the magnetic moment,
and hence the value of 7 in Table I is somewhat arbi-
trary. However, a dipole velocity calculation shows
that the present definition of r gives the correct semi-
quantitative results for the present systems. The quan-
tities in Table I which remain to be defined are the fol-
lowing. The terms V;; are the interaction energies be-
tween the electric transition dipole moments and do not
include the differences between the static multipole in-
teractions. These have been set to zero. Using the
point-dipole-point-dipole approximation the expressions
for Vi, (interaction between like molecules, e.g., phen~
phen) and for V13 (interaction between unlike molecules,
e.g., phen-bipy) are given by

and

Vi = 1 {g1_ps __3pmpin }
S dlaa 2 4(7‘1 + 7‘3)2
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where p is the transition dipole moment and d,; is the
effective distance between the electric point dipoles of
adjacent ligand molecules in the complex. The mixing
coefficients for case ¢ are given by

AE, — AF; — K
2 {sz + (AEI s K>Z}%
2
V12
{V122 + (AEI e K>Z}%

where K = {(—AE; — AEy)? + 4Vt — 4AE A}
Similarly the mixing coefficients for case d are

Ci~ = Cpt =

Cp— = —ChT =
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Cit = —-C =
—V2Vy
{ oVt + (AE1 + Vi — AE; — L)Z}‘/’
2
Cyt = C,~ =

AE, + Ve — AE; — L
— - 2) /3
\ {2V132 N (AEI + Vo — 4B, L)}

2

where L = {(—AE; — AE; — Vi)? — 4(ABAE;Vy —
2V132)} J/* In these expressions AE, refers to the tran-
sition energy of the nth ligand.
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The behavior of aromatic compounds at high temper-
atures has intrigued chemists for many decades. In the
early days of chemistry, as recorded in the first edition
of Beilstein,! reagents were routinely passed through
glowing porcelain or iron tubes and attempts were made
to identify the produets.

In 1929 Hurd? gathered in one volume the pyrolytic
reactions of organic molecules. No researcher since has
tried to write a comprehensive treatise similar to
Hurd’s; it would be a formidable task indeed. The
reactions at high temperatures of a simple molecule
such as toluene would appear predictable, involving
scission of only C-H and C-C bonds. Yet in 1960
Badger and Spotswood? identified 23 products from tol-
uene at 700°, and an additional 16 unidentified species
were detected. Introduction of the heteroatoms O, S,
and N vastly increases the complexity of thermal be-
havior.

A guide to introduce order and predictability into
this complexity was obviously most desirable and neces-
sary. A potential guide was found when we observed
some striking parallels in the behavior of several com-
pounds on pyrolysis and under electron impact in the
mass spectrometer.~® Such parallels had been re-

(1) “Beilstein’s Handbuch der Organische Chemie,”’ Vol. 5, Julius
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ported earlier in a few scattered instances, for example,
the similarity of the thermal retro-Diels-Alder reaction
to that in the mass spectrometer.’~'* However, the
mechanistic implications and synthetic utility for or-
ganic chemists of relating thermal and mass spectral
fragmentations were not widely realized until very re-
cently.

Mass spectral fragmentation patterns have proven
extremely useful to us, not only in explaining the course
of some thermal reactions, but also in guiding our ex-
perimentation along new lines. Thus, for example, the
partial mass spectrum of phthalic anhydride!* and ten-
tative structures of the ions in the main reaction se-
quence are as given in Table I. The large amount of
CeH,* formed, most simply formulated as benzyne al-
though the structure is not established, prompted us to
try to duplicate this reaction thermally.
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