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1. Introduction

Chiroptical methods have been used for many years to probe
the stereochemical and electronic structural features of mo-
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lecular systems. Optical rotation, optical rotatory dispersion
(ORD), and circular dichroism (CD) are extremely sensitive
probes of molecular stereochemistry in naturally optically active
(chiral) systems, and the observables associated with each of
these phenomena may be related directly to parameters char-
acteristic of specific electronic structural details." In most cases,
the structural information obtainable by these three chiroptical
techniques concerns molecular configurational or conforma-
tional features characteristic of thermally equilibrated (relaxed)
electronic ground states. In principle, one may also acquire
structural information about electronic excited states from CD
spectra by detailed analyses of band shapes and vibrational
structuring within CD bands, but even when sufficiently resolved
CD spectra are available, such analyses depend upon rather
uncertain theoretical models of spectroscopic vibronic transi-
tions. In practice, then, optical rotation, ORD, and CD (electronic
and vibrational) must be considered as probes of molecular
{electronic) ground-state structures.

Recently, considerable interest has developed in using the
emission analogue of CD to investigate the structural features
of the emitting states in chiral luminescent molecular systems.
This phenomenon has been variously referred to as circularly
polarized emission (CPE) or circularly polarized luminescence
(CPL). We shall adopt the latter designation (CPL) in the present
review, although it should be understood that in the present
context CPE and CPL have identical meanings. Just as CD refers
to the differential absorption of left- and right-circularly polarized
light by chiral systems, CPL refers to the differential (sponta-
neous) emission of left- and right-circularly polarized light by
chiral luminescent systems. However, whereas the CD ob-
servables reflect the chirality of molecular ground states, the
CPL observables reflect the chirality of molecular emitting states.
CPL, then, provides a probe of configurational and conforma-
tional structure in the emitting (or luminescent) states of mo-
lecular systems. With regard to molecular structural parameters,
the underlying physical principles of CD and CPL are quite
similar, and the experimental methods required to measure these
two phenomena make similar demands upon instrumentation
technology. However, whereas CD has been used extensively
over the past 15 years in molecular structure studies, develop-
ment of CPL spectroscopy has occurred mostly over the past
5 years. Furthermore, whereas commercially available CD in-
strumentation has reached an advanced state of development
and construction (making CD measurements a routine exercise),
CPL instrumentation is not yet commercially available and
measurements are generally carried out using custom-designed
and -constructed apparatus.
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The earliest reported measurements of CPL were by Sa-
moilov? who observed CD in the individual (f—f) absorption lines
and also circular polarization in the (f-f) emission lines of sodium
uranyl acetate crystals at liquid helium temperatures. Brodin and
Reznichenko® repeated these experiments and confirmed the
presence of circular polarization in the emission spectrum of
crystalline sodium uranyl acetate. Neunhoeffer and Ulrich?® ob-
served CPL from the sodium salt of 1,3,5-triphenylpyrazo-
linesulfonic acid both in the crystalline state and in glycerine
solution. These early, isolated observations of CPL did not
stimulate much interest in the phenomenon, however, and the
results were not subjected to detailed interpretation. The first
significant exploitation of CPL as a molecular structure probe
can be found in the pioneering studies of Oosterhoff and co-
workers at the University of Leiden (The Netherlands). In their
initial studies,5-7 Emeis and Qosterhoff irradiated resolved forms
(enantiomers) of trans-(3-hydrindanone, trans-g3-thiohydrindan-
one, and Cr(en)s(ClO,)3 in solution with unpolarized light, and
measured the relative intensities of the left- and right-circularly
polarized components of the emitted light. They defined a /u-
minescence dissymmetry factor, gyum = AV(L) = (I, = Ig)/
(YoXl. + Ig), where /_and I denote, respectively, the intensities
of the left- and right-circularly polarized components of the
emitted light, and compared their measured values of this
quantity to the values of the absorption dissymmetry factor, gaps
= Ae/¢, obtained from CD and absorption measurements. In the
case of trans-3-hydrindanone, they found that the variation of
Gaps across the absorption band associated with the carbonyt
n — 7" (singlet-singlet) transition was significantly different
from the observed variation of gy, across the emission band
associated with fluorescence from the 'nm* excited state. From
comparisons of absorption (¢), circular dichroism (Ae), total
emission (/), circularly polarized luminescence (A/), and linearly
polarized luminescence spectra (obtained at room temperature
and at 77 K), Emeis and Oosterhoff” were able to deduce specific
information about the relative geometries and electronic
structural features of the molecular system in its ground state
and 'nm* emitting state. This was the first demonstration that
CPL could be used to obtain qualitative and quantitative structurai
information about molecular emitting states.

An early study by Dekkers, Emeis, and Oosterhoff® also
demonstrated the possibitity of observing CPL from racemic
mixtures of chiral luminescent systems upon irradiation with
circularly polarized exciting light. In this experiment, the sample
(racemic mixture of enantiomers) is irradiated with circularly
polarized light and the emitted radiation is then analyzed for
differentia! circular polarization. Upon irradiation with, say,
left-circularly polarized light, one optical isomer is preferentially
excited and the excited-state concentration of this isomer in-
stantaneously exceeds that of its enantiomeric counterpart. If
the radiative rate constant exceeds that of racemization within
the excited state, then the excited state sample remains (par-
tially) resolved during at least part of the emission process and
CPL may be observed. In this type of experiment, the circularly
polarized exciting light both photoresolves and optically prepares
the sample for the emission event. Scanning the excitation
frequency over an absorption band of the sample molecules and
monitoring CPL at a fixed emission frequency (that is, measuring
excitation spectra) further allows indirect CD measurements on
the racemic mixture. This type of experiment has its greatest
practical value in studying chiral systems which are difficuit or
impossible to resolve in their ground states, and for ascertaining
whether a compound which does not exhibit CD (or ORD) is a
racemic mixture or has a meso structure. Steady-state CPL
measurements should be possible if the radiative lifetimes of
the emitting states are shorter than the half-life time of race-
mization. Dekkers et al.8 reported CPL measurements on a ra-
cemic mixture of trans-B-hydrindanone in isooctane irradiated
with 317-nm light.
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Following Oosterhoff's early experimental studies of CPL
phenomena in molecular systems, Steinberg and co-workers
at the Weizmann Institute (Israel) and Richardson and co-workers
at the University of Virginia (U.S.A.) designed and constructed
CPL instrumentation and initiated additional studies in this
area.®-1! Steinberg's work has included studies of small and
medium-sized chiral organic systems as well as very extensive
applications of CPL spectroscopy to large luminescent biomo-
lecular systems. Richardson’s experimental studies have con-
centrated primarily on chiral luminescent coordination com-
pounds comprised of lanthanide or transition metal ions and
organic ligands, and on lanthanide ion/protein complexes. More
recently, additional experimental CPL studies from other labo-
ratories have been reported in the literature, and these will be
referred to and discussed in section 1V of this review. An ex-
cellent review of CPL spectroscopy and its application to the
study of biomolecular systems has been written by
Steinberg. 12 »

The early work of Qosterhoff and co-workers included some
discussion of the theoretical aspects of molecular CPL. However,
the first detailed theoretical analyses of CPl phenomena were
published by Snir and Schellman'® and by Steinberg and
Ehrenberg.'* Snir and Schellman'® considered the effects of
excitation photoselection and orientational relaxation (by rotary
Brownian motion) on the CPL observables under specific con-
ditions of excitation polarization, excitation-emission geometries,
and molecular spectroscopic parameters. Steinberg and
Ehrenberg ' elaborated upon and extended Snir and Schellman’s
treatment to include consideration of (1) arbitrary excitation-
emission geometry, (2) use of polarized exciting radiation, and
(3) variable molecular spectroscopic (absorption and emission)
parameters. More recently, Riehl and Richardson'® have re-
ported a general theory of molecular CPL phenomena.

Just as all materials when placed in a magnetic field exhibit
circular dichroism in their absorption regions (called MCD when
the field is applied along the direction of light propagation), so
should all luminescent materials exhibit CPL in their emission
spectra when a magnetic field is applied to them along the di-
rection of emission detection. This emission analogue of MCD
has been observed for a number of systems and has been var-
iously referred to as MICE (magnetic induced circular emission),
MCE (magnetic circular emission), MCPE (magnetic circularly
polarized emission), and MCPL (magnetic circularly polarized
luminescence). We shalll refer to this phenomenon in the present
review as MCPL. MCPL is a rather more extensive topic than
natural CPL, and in the present review we shall restrict our
consideration of it to aspects of direct chemical structural in-
terest.

The primary emphasis in natural CD and CPL studies has been
on obtaining stereochemical (configurational and conformational)
information on molecular systems, while acquisition of electronic
structural information has been of secondary interest. On the
other hand, MCD and MCPL studies have been used primarily
to investigate electronic structural details of molecules and only
secondarily to acquire stereochemical information. The first
MCPL studies on molecular systems of direct chemical interest
were reported by McCaffery and co-workers?6-20 (at the Uni-
versity of Sussex, England), by Richardson and Schatz and co-
workers?1-23 (at the University of Virginia), and by Moreau,
Boccara, and Badoz2* (at the Laboratoire d’ Optique Physique,
France). More recently, Crosby and Hipps25 (at Washington State
University) and Schreiner2® (at North Carolina State University)
have developed MCPL instrumentation and have been carrying
out experimental studies in this area.

The general theory of MCPL and its applications to molecular
systems have been treated by Riehl and Richardson in two
separate papers’527 and also by Hipps.25

In the present review article we shall proceed by first exam-
ining the general theory of CPL and MCPL for molecular systems.
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The basic expressions will be developed in a quantum electro-
dynamic representation and special effects arising from exci-
tation photoselection, reorientational relaxation, excitation
polarization, excitation-emission geometry, energy transfer
processes, and intramolecular thermal equilibration processes
will be treated explicitly. Next we shall discuss measurement
procedures and techniques currently in use, and the relationships
between experimental observables and theoretical quantities.
Finally, the various applications of CPL and MCPL will be sur-
veyed and discussed, and a general assessment of their general
utility as spectroscopic structure probes will be offered.

ll. Theory

The general quantum theoretical basis of CPL and MCPL
(appropriate for molecular systems) will be presented here in
a form similar to that found in ref 15 and 27. Although the for-
malism and methods employed in the present treatment are
similar to those presented previously, many details have been
eliminated, and the reader is referred to the previous work for
a complete account of the basic theory.

A. General Formulation
1. Hamiltonian

The interaction of an electromagnetic field with an ensemble
of molecules may be described (to an appropriate level of ap-
proximation) by the following Hamiltonian operator (in the cou-
lomb gauge):27.28

H =2 [(2m)"(py — ec™ ' A,)? + (2m2c?)~ s,
VoV X (po —ec™ ' ALY —e(me) s, V X A,]

+ 3 {e?(m2c?)~ts, . sa'ryo 3
a<a’

—3(S4 * FaaNSar® raa’)raa'—s]} +V+ Hradiation (1)

In eq 1 we have assumed that the nuclei of the molecular system
are effectively clamped in their equilibrium positions and, thus,
the summations run only over the electrons («, «'). The mass
and charge of an electron are denoted respectively by mand e,
s, is the spin operator for electron «, p, is the linear momentum
operator for electron o, and r,, is an interelectronic distance.
V represents the total field-free potential energy of the electrons
arising from all electron—electron and electron—nuclei interac-
tions. A, the vector potential of the electromagnetic field at
the position of electron a, may, in general, be decomposed into
time-dependent (radiation) and time-independent (or static)
parts:

As=alt) + A 2

In what follows, A will describe a constant (static) externally
applied magnetic field (of strength by). In writing eq 1, all terms
arising from spin-orbit, spin-field, and spin-spin interactions
have been included.

In a series of papers by Power and co-workers,29-31 canonical
transfarmations have been applied to Hamiltonians of the form
given by eq 1 in order to obtain new forms which ensure gauge
invariance and in which the microscopic charges and charge
densities give rise to an electric polarization 2 and a magneti-
zation WM in multipolar form. The specific transformation may
be written formally as follows:

H= UAU (3)
where
U = exp[(—i’hc) [ P(r) - A ,d%r] (4)
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The volume of integration in eq 4 is over the interaction region
{cell), and the polarization P(r) is defined below.

An excellent discussion of canonical transformations and the
problems inherent to the selection of gauge as applied to ra-
diation-molecule Hamiltonians has been presented by Woo-
ley.32:33 The replacement of the vector potential in favor of the
transverse electric and magnetic field operators eliminates
gauge problems but may introduce computational difficulties
since matrix elements of length operators between inexact wave
functions are, in general, origin dependent. In certain calcula-
tions, therefore, where the choice of gauge is of little or no
consequence, it is often advantageous to use the vector potential
representation of the Hamiltonian (as given, for example, in eq
1). In the present treatment, we perform the transformation (eq
3) and employ the Hamiltonian H rather than 7.

The transformed Hamiltonian may be expressed as

H = Hradiation T Z(Qm)_1pa2 + Vv - f? -ed

= SM-B&r+ (o) f fO4r,r)Bi(r)By(r") d%rd%’
+onfPLladér (5)

where
Vi=v+ Hspin-orbit + Hspin-spin (6)
M = M) + M(r) (7)
M. = > (e/mc)s, (8)
and
B = b(r,t) + b, (9)

e and b are the transverse electric and magnetic (radiation) field
operators and O (r,r') is the ij component of the diamagnetic
tensor field.3* We have assumed for simplicity that the spin-orbit
co;lspling term commutes with the transformation operator
u.

It is convenient when discussing absorption and/or emission
of circularly polarized light to define a set of complex polarization
operators,36.37

d=P + M (10a)
dt =P - im (10b)
and a set of complex electromagnetic field operators
f=e+h (11a)
ff=e—1 (11b)
In second-quantized form, e and b are given by:
e= ’)Z (2Thw/ VY26, [az, explike « 1)
Nl
— a, exp(—ikg ] (12a)
= —iez (2mhwe! Vo) "2(é4, X ko)l ags explike + 1)
,a
= al,exp(—iks-v)] (12b)

where a}i, and ap, are respectively creation and annihilation
operators for photons of wave vector k, (frequency wp) and
polarization ¢.

In Figure 1 we illustrate a generalized CPL experiment. The
detector is positioned in the positive 3-direction and measures
the differential intensity of the left- and right-circularly polarized
components of the luminescence, as well as the total lumines-
cence intensity. The emitted radiation is described by its polar-
ization properties (¢ = 1 and 2) with unit vectors é;4 and é,,,
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Figure 1. Schematic of a generalized CPL experiment depicting the
incident (excitation) radiatign, scattering center, emitted radiation, and
detector. The coordinates (1, 2, 3), polarization vectors (€, and é,), and
geometrical parameters (o and B3) are defined and discussed in section

Il of the text.

direction of propagation defined by the unit vector k, (3-direc-
tion), and energy hAw,.

Explicit expressions for f and f* are obtained by substitution
of eq 12a and 12b into eq 11a and 11b:

()= iez (8whwel/ V) V2[éLas explke - T)

— éLafz exp(—iky - 1))  (133)
tt(r)= ieZ (8mhwe! Vy)V'2[éragr explike « 1)
T
— épaj (exp(—/kg - 1)] (13b)
The unit vectors ég and é,_ are defined as
ér = (2)7V%é, — ié2) (14a)
éL = (2)_1/2(é1 + Iéz) (14b)

This is sometimes referred to as the chemist’s convention and
implies that the electric field vector of right-circularly polarized
light is viewed as moving in a clockwise manner by an observer
situated at the detector and looking back in the negative 3-di-
rection (i.e., looking toward the source). The definitions of the
operators ag_and ayg follow from eq 14a and 14b:

ag = (2" V3agy — iag) (15a)
ap = (2" V¥a},— ia},) (15b)
am = (2" V¥ay + iaz) (15¢)
afn = (2)”V¥a}it iaky) (15d)

These operators create or annihilate right- (R) or left- (L) circularly
polarized photons.

The Hamiltonian {eq 5) may be expressed in terms of the
complex polarization and field operators as follows:

H = Ho — () fd(r) - t¥(r) & — (V) f d*(r) - £(r) o
- fMmr -byd (16)
where we have discarded, for simplicity, the diamagnetic term

and that term involving the square of the transverse polarization
field. The zero-order Hamiltonian is given by

Hy = Hmolecute T Hradiation (17)
where
Hmolecule = Z(zm)—1pa2 + Vv (18)
and
Hradiation = (877)—1f(e2 + b2) dsr (19)

Finally, the interaction term may be separated into static
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(time-independent) and dynamic (time-dependent) parts as fol-
lows:

H' = Hy(t) + H, (20)
where
Hity = f(—|"ald-tt — | Voldt -6 d3r (21)
and
Hy=— M by dr (22)

2. Circularly Polarized Luminescence (CPL)

The differential spontaneous emission of left- and right-cir-
cularly polarized light by chiral molecular systems may be treated
by a straightforward application of time-dependent perturbation
theory. 5 The differential transition rates that we derive in this
section will be expressed in terms of the laboratory coordinate
system (1,2,3) shown in Figure 1. The effects of photoselection
and orientational relaxation will be discussed in a later sec-
tion.

The initial (/) and final (f) states of our system will be denoted
by

|i) = |m0) (23)
[ = |gkeéL) (24)
|fa) = | gikeér) (25)

We assume that the molecule is initially (¢ = 0) in an excited
molecular state |n) of energy E,, and decays (spontaneously)
to state | g> of energy £, with the emission of a left- or right-
circularly polarized photon, such that £, = E, ~ Aw. The dif-
ferential transition rate is given by

AWy = Wy — Wi, (26)

where the transition rates are calculated from the ‘‘golden rule”’
expression and eq 21:

Wi = @r/R)| (S = (hd -1+ &[i) |20 (27a)
Wi, = @7/R)| (o] f = ()d* -t 3|1} [20,  (27b)

Note that only that term in H,(t) which creates a left-circularly
polarized photon contributes to W, and only that term which
creates a right-circularly polarized photon contributes to Wg,.
The density of final radiation states, py, is given by:

pr = (wp2Vq/8T3c3h) (28)

~ Substituting for t and f*+ from eq 13a and 13b into eq 27a and

27b, and using eq 28, we obtain:

Wis = (web/2mcBh)| ég - DI"|? (29a)
Wi, = (we3/21c%h)| &, - D9n|2 (29b)
where
D97 = (g| fdexp(—iker)d®|n) (30a)
D9 = (g| fdt exp(— ke - 1) d3|n) (30b)

The differential transition rate is then given by
AWy = (w3 27clh)[ér - DI"DS* - &

- éL'Dgann' . éR] (31)
where (*) denotes complex conjugate, and use has been made
of the relation é_ = ér*.

The polarization and magnetization may each be expressed
as a multipole series.?® For a particular molecule (3,

Pir) = uiB)lr — Rg) — QyV;(r — Rg)+ ... (32)
and

Mr) = mB)s(r — Rg) — myV8(r — Rg) + ... (33)
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where u; and Q; are, respectively, components of the electric
dipole and electric quadrupole moments, and m; and m;;- are,
respectively, components of the magnetic dipole and magnetic
quadrupole moments. Explicit expressions for the matrix ele-
ments D" and D97 may be obtained by substitution of eq 32,
33, 10a, and 10b into eq 30a and 30b. For the jfth component we
obtain,

D§" = ud" + im§" — iQYP(ky)y

D§" = pu§" — imd" — iQff(ks)y

(34a)
(34b)

where we have assumed large (interaction) cell dimensions
compared to molecular dimensions to evaluate the integral over
cell volume, and all terms in the magnetic quadrupole moment
have been dropped. (Note that j' designates the propagation
direction of the emitted radiation.) In what follows we shall retain
only those terms in the multipolar expansions eq 32 and 33 in-
volving electric and magnetic dipoles and the electric quadru-
pole.

Substituting eq 34a, 34b, 14a, and 14b into eq 31 we ob-
tain:

AWir = Klw ) [(18"0%5 — ni" Qfke
+ iu§"m$" + iud"'mi"l (35)
where
Klwe®) = (web/mc3h) (36)

and we have assumed that all electric transition moments are
pure real and that all magnetic transition moments are pure
imaginary. The differential transition rate may be written in the
alternative form:

AW = Klw®)[Re(uf"Q%3 — ui"Qi)w o/ c)
= Im(u{"m{" + ug"mf"] (37)

Equation 36 and 37 are appropriate for the case where the
emitted light is being observed in the lab 3-direction and the
molecular parameters (17", m{", and Qf’) are defined in the
laboratory-fixed 1,2,3-coordinate system.

3. Magnetic Circularly Polarized Luminescence (MCPL)

The circularly polarized luminescence of achiral molecules
placed in an externally applied (static) magnetic field may be
satisfactorally described by second-order time-dependent per-
turbation theory in a manner entirely analogous to the first-order
treatment presented in the previous section for natural CPL.'S
A more common approach, however, is to first choose eigen-
functions of Hyoecule (field free) (see eq 18) that are diagonal
in Hx(22), and then apply stationary-state perturbation theory to
obtain field-dependent perturbed wave functions, followed by
a time-dependert perturbation treatment of the molecule-ra-
diation interaction.27-28.34 This latter approach is adopted
here.

Let |§) and | V) denote, respectively, zero-field ground and
excited eigenstates of the field-free electronic Hamiltonian,
Hmolecule- These states may, in general, be degenerate and we
shall label the degenerate components as | g) for |§) and as

n) for | V). As stated above, we choose the eigenkets | g) and

n) to diagonalize H,. When the magnetic field is ‘‘turned-on”’
the degeneracies will, in general, be lifted and a set of perturbed
eigenkets will emerge. These perturbed eigenkets will be labeled
|g') and | n'). To first order in Ha,

lg) =]g) + k; | k) (k| Ha| @)/ AEg (38)
g
and

|n”y = |n) + ; | m) {m| Ha| n)/AEpm, (39)
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Substitution of eq 22 and 33 into eq 38 and 39 yields to terms
linear in by,

[g) =1g) = X |k)(k|m|g) - bo/ AE, (40)
k=g

[n') = |n) — é |m) (m|m|n) + bo/ AEpm (41)

The energies of the perturbed states are given by
Ey = E;— (g|m|g) -bo = E; — m99- b, (42)
Ey= E,— (nlm|n) -by = E, — m". by (43)

The transition rates for the (spontaneous) emission of left- and
right-circularly polarized photons may now be calculated as in
the previous section (Il.A.2). The differential transition rate is
given by:

AWY = WiH— W4 = YoK(w)[6r - DIT'DI*

+6.— 6.-DIDI . &g]  (44)

Substitution of eq 34a, 34b, 10a, and 10b into eq 44 gives the
result,

AWH = —K(w®) Im[u3ug™ + m3¥ms™
— iwel eXmo Q% + m39 Q%)
+ (W P QY] (45)

In writing eq 45 we have retained only electric and magnetic
dipole terms as well as the electric quadrupole terms. We have
also assumed achiral luminescent molecular systems and have
placed the emission detector in the lab 3-direction.

B. Photoselection and Orientational Relaxation

1. General Aspects

In order to relate the transition rates (calculated above) to
observed emission intensities one must take into account the
following features which are common to all emission theories
for molecules.

(a) The spatial distribution of molecular orientations in the
emitting sample will, in general, be anisotropic even if the
sample is isotropic in the ground state (as, for example, in a fluid
or glassy medium). This anisotropy arises from excitation pho-
toselection. The precise initial distribution created by the exciting
light may be calculated from the polarization and direction of the
exciting light and the polarization properties of the molecular
absorption dipoles (or multipoles).

{b) In considering a fluid sample, the reorientational relaxation
of the molecules due to rotary Brownian motion in the time in-
terval between excitation and emission must be suitably de-
scribed.38-40

(c) The depletion of the emitting state population due to
competing nonradiative relaxation processes must be consid-
ered.

We begin our treatment of photoselection and orientational
relaxation by defining a function (6,9, as the probability that
the unit vector 4 (which is defined to point along the molecular
z axis) is in the direction (8,¢) at time t. The angles (6,¢) are
defined with respect to the lab 1,2,3-coordinate axis as shown
in Figure 2. From these definitions, it follows that:

R Yon T
Q0.p.1) = jo ddo j; sin 8y d0Q(60,00)
X G(flo,.90]0,4.1)  (46)

where G{fl,0|8,9,1 is a function that describes the time evo-
lution of the molecular orientation; Q{fy,00) = Q(f,¢,t = 0), and
absorption (excitation) takes place at ¢t = 0. We further assume
that the excitation involves a simple (electric) dipole transition,
and that the associated transition dipole vector defines the
molecular z axis (i.e., it points in the 4 direction). The initial (¢
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Figure 2. Relationship between the laboratory axes (1, 2, 3) and the
molecular axes (X, Y, 2) as defined by the angles of transformation (6,
o, ¥) (see section 11.B of text).

= 0) distribution of absorption dipoles {(excited molecules) in the
sample is calculated from the polarization and direction of the
incident (exciting) light beam. Any arbitrarily polarized beam of
light may be decomposed into components polarized along the
lab axes. For a linearly polarized beam with angles (,3) (see
Figure 1) measured from the lab system, the decomposition may
be represented as follows:

é1cosa+ érsinacos B+ éssinasinf (47)
The probability that a molecule will be excited at t = 0 is then
given by
Pabs = k2Q(fo,¢0) = (3/4m)k2[| 1 - ¥]2 cos? «

+ |é:-4|2sin2 v cos? B+ | &5+ 4|2 sin2 asin2 ] (48)
where k2 contains the geometry independent parts of the ab-
sorption probability and is, of course, a function of exciting light
intensity and the dipole strength of the absorbing transition.
Equation 48 may be rewritten as
P.ps = x2(3/8m)[cos? a sin? B, + sin® a cos? (3 sin? 8,

+ 2sin? o sin? 3 cos? fy]  (49)

or
Pavs = k¥(Yam)[1 — Fla,8)Px(cos bo)] (50)

where F is a geometrical factor defined by
= (1— 3sin? asin? B) (51)

and P(cos f) is the Legendre polynomial of order 2. [Note that
owing to the specific choice of coordinate system, Q(f,¢o), and
hence Pays, depends only on the angle 6,.]

Equation 46 may be solved by expanding G{flo,%0| 0,9, 1) in
terms of spherical harmonics, Yz n(0,¢), with time-dependent
coefficients, Czm(f), and by using the appropriate normalization
and boundary conditions. The result is easily shown to be:

Q0,6,0 = (Yam)[1 = FCy,0(t)Pa(cos 6)] (52)

The time-dependent coefficient C, off) [which we shall hence-
forth abbreviate to C(#)] may be viewed as describing the reor-
ientational relaxation in the time—correlation function formalism.
Indeed, for parallel transitions in symmetric-top molecules,
Gordon*' has shown that it is this same correlation function that
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contributes to the reorientational broadening of the Raman line
shape. In time—correlation notation

Oty == Co,o(t) = (P2[ix(0) - A(8)]) ens (53)

where {1 is a unit vector aligned along the transition polarization

direction (%) and the brackets denote an ensemble average.
The time dependence of any quantity, R, that is a function of

orientation and which is moving in space is given by

R(t,n) = R(m)Un.1) (54)

where ((n,t) is given by eq 52. In our applications, R(n) will be
comprised of molecular matrix elements defined with respect
to the lab coordinate system. Equation 54 may be spatially av-
eraged (over all molecular orientations) to obtain the result

= [Rn)Qn,1 dn

—(1/87r2>f f fd¢d¢smodoae¢¢

X [1 = FC(t)Pycos 0)] (55)

where (6, ¢, ¥) are the set of Euler angles which take the lab
coordinate system (1, 2, 3) into the molecular coordinate system
(x, ¥, 2). In the discussion that follows we shall be primarily
concerned with systems in which the molecules have random
orientations prior to excitation, so that eq 55 is appropriate.

2. Intensities and Observables

The observed differential (spontaneous) emission intensity
for natural CPL is related to the differential transition rate, AW,
by

Al= = In = hweN, (AWjy) fop(w) (56)

where N, is the number of molecules in the emitting state n,
fepL{w) is @ normalized line-shape function centered at wg, and
the brackets denote a spatial average appropriate for the ori-
entational distribution of emitting molecules in the sample (see
eq 55). Substituting for the differential transition rate from eq 37
into eq 56, we obtain:

Al = hw K(w BN, fop(w){RIM) (57

where R9" is defined as the rotatory strength for the g <— n
transition, and is defined as

Re" = {(ui'm{" + u§'mi") + (w/ cYuf"Qfs — u{"Q%) (58)

Substituting eq 58 into eq 55 and performing the hecessary
integrations, one obtains the following expression for the
time-dependent rotatory strength (expressed in terms of dipole
and quadrupole moments referred to the molecular x,y,z-coor-
dinate system):

(Ren(t) = 4[(3) = (ho)FCUO) (g + u§m)
+ [(2/3 Fhs)FCt g ms")
+ (BIFCIOkALE Q% — u$"QS)  (59)

Again the brackets () denote a spatial average and it has been
assumed that the molecular absorption dipole is pointed in the
molecular z direction.

The function C(f), which describes the average random
thermal motion of the molecules in the fluid, has been shown
to be composed of five exponential decay terms for a compleiely
asymmetric ellipsoidal molecule.*? If the moiecule has a sym-
metric ellipsoidal shape, this reduces to three exponentials, and
for spherically shaped molecules the motion may be described
by a single exponential. Fortunately, most large molecules can
be reasonably accurately described as rotating spheres (so-
called Einstein spheres) of volume V in a solution of viscosity
1. C(#) then has the simple form,

C(f) = exp(—6Dt) (60)
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where D, the diffusion constant, is given by
D= kT/6Vn (61)

Assuming that excitation (at t = 0) is directly into the emitting
state, n, of the molecule and that the decay of this state follows
first-order kinetic processes, then the population of state n at
time tis given by

N, = N2 exp(—t/T) (62)

where N{ is the state population at t = 0 (excitation) and 7 is the
total “lifetime’’ of the state. The “lifetime’’ parameter 7 may be
expressed as

—=—+— (63)

where (1/7.44) is the rate constant for radiative decay and (1/7)
is the rate constant for radiationless decay processes. When
excitation is into a molecular state higher in energy than the
emitting state n, eq 62 remains valid only if relaxation processes
leading to population of n are much faster then (1/7). In what
follows we shall assume that the excited-state manifold of the
luminescent molecular system has reached a thermal equilibrium
prior to emission and that N2 may be treated as a constant {in-
dependent of time).

Substitution of eq 59, 60, and 62 into eq 57 yields the following
expression for the time-resolved differential CPL intensity:

ALt) = hw oK(w 2N, exp(—t/ 7)fop (@) i{( 2/3)
= (V1) F exp(=6D1)] [ug"'m" + u$"'mi"]
+ l[ %) + (%15)F exp(—6DH]us"md"

+ (s)F exp(—6D0k[ue"Q%; — ui"0%]}  (84)
To date, there have been no reported measurements of ‘‘time-
resolved’” CPL, and such measurements would be exceedingly
difficult (but not impossible) to perform. All of the reported data
have been obtained in the ‘‘steady-state’’ mode. The appropriate
expression for a steady-state experiment is obtained by aver-
aging eq 64 over long times:

Al = j;wAl(t)dt

= Aw Klw ANCT fop () i[(%s) — F/(90DT + 15)]
X (wd"md" + ;ﬂ"mgn + i[(%) + 2F/(90DT + 15)]ud"md"
+ [F/(30D7 + 5)] ko(u9"Q3] — uy”oiﬁ)} (65)

The measurement of absolute emission intensities is very
difficult experimentally. Consequently, the usual procedure in
CPL studies is to measure Al and / (= I + Ig) in arbitrary (or
relative) intensity units, and to determine the ratio, gy = A/
(//2), in absolute units. The steady-state total luminescence in-
tensity (/) is given by:

I = (YodhweKlw NG T frwl[(%a) — F/(90DT
+ 18)](| 9”2 + |8"|?) + [(%) + 2F/(90D7 + 15)] | u9"|2
+ (higher order terms)] (66)

The steady-state luminescence dissymmetry factor, gium, is then
given by:

_ A 4ifch(w)]
Gum = Yo [fTL(w) X

{[(3%) — F/(90D7 + 15)](u&"mg" + u9"m3")
+ [(3) + 2F/(90D7 + 15)]ug"m¢<”
— i[F/(30D7 + 5)|ku$"Q%] — ug O
{[(2/3)— F/(QODT+ 15)](|ﬂgnl2+ l“gnlg) (67)
+ [(35) + 2F/(90D7 + 15)] [u?"|3)
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fri{w) and fop(w) are normalized line-shape functions for total
luminescence (TL) and CPL, respectively. In writing eq 67 we
have included only the electric dipole contributions to the total
luminescence intensity (/). Equation 67 is a general result
showing the explicit dependence of g, upon (a) excitation
polarization and excitation—-emission geometry (through the
factor F), (b) molecular parameters (D, 7, and the transition
moment components), and (c) line-shape factors. Recall once
again that eq 67 was derived assuming that the absorption di-
poles are oriented (polarized) along the molecular z axis.

MCPL (and MCD) spectra are generally analyzed by resolving
the differential emission (or absorption) intensity into the so-
called Faraday A, B, and € terms.2® The definitions and deri-
vation of these terms in the context of MCPL theory has been
given by Riehl and Richardson?” and will not be reproduced here.
We present here only the generalized results for the case when
the magnetic field induced Zeeman splitting is much less than
the line width. In this case, the steady-state differential emission
intensity is given (to terms linear in bg) by:

= (Y2), hw K(w AN QAN — D cp(w) B

+ [BWNV — 9) + CN — G)/KT] Pycp(w)ibo)  (68)
where f'ycp{w) is the first derivative of the line shape, and N
and § imply summations over individual Zeeman levels. Explicit
expressions for the A, B, and @ parameters in the molecular
coordinate system are given in the Appendix (V) of this review
article. These expressions differ slightly from those presented
in ref 27. These changes were made so that the Faraday pa-
rameters used in MCD (absorption) and MCPL (emission) have
identical forms. For a detailed derivation of eq 68 and a general
treatment of MCPL theory, the reader is referred to ref 27.

C. Dissymmetry Factors (Natural CPL)
1. Definition

Operationally, the luminescence dissymmetry factor, g m{w),
is defined in terms of the observables, Al{w) and Kw), as fol-
lows:

Guml@) = 28Kw)/ ew) (69)

This quantity has also been called the emission anisotropy factor
or the fluorescence anisotropy factor in various papers dealing
with CPL phenomena. We prefer the usage of luminescence
dissymmetry factor since the quantity is dependent upon mo-
lecular chirality (dissymmetry) and arises from spontaneous
emission (luminescence). The term, emission anisotropy, has
a well-defined meaning and has found widespread use in linearly
polarized luminescence spectroscopy,*® and its use in CPL
spectroscopy can be potentially confusing.

Equation 67 expresses gym in terms of a set of molecular
parameters (D, 7, u9", m9"), TL and CPL band-shape functions
(fr.and fop ), and an orientation-dependent factor (F) appropriate
to the specific photoselection/orientational relaxation model
described in section II.B. In this section we examine the behavior
of eq 67 under various experimental conditions (as they affect
F and D) and for molecules of specific spectroscopic properties.
A more detailed analysis of g, in terms of molecular param-
eters will be given in section I.D.

2. Limiting Results

The observed CPL and TL intensities and, consequently, gium
have been shown to be dependent, in a precise manner, on the
reorientational motion of the emitting molecules. The explicit
dependence, which is illustrated in eq 67, is expressed in terms
of the product of the two dynamic constants, D, the diffusion
constant, and 7, the total emission lifetime. Very often in
emission experiments it is possible to make the assumption that
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TABLE I. Luminescence Dissymmetry Factors Calculated for Photoselected “Frozen” Samples under Several Conditions of Excltation Polarization

and Excitation-Emission Geometry2.®

A. Unpolarized Excitation

8 F
1 0° 1 (“head on" Gum = 4il fopL(w)/ fri{w)] X
excitation)
3ud'mi + 3ud"'my" + 4u'm?" — Bik, (u§"QY; — u"QY
81wi"|2 + 8u"|? + 4|ng|?
Tud'mg" + 7us'md" + 6ud"m3" + (3i/2) ke (13"QY — p9"QS
2, 90° = {“right angle"” £ £ T an 2# g i = l;rs#z =
excitation) 7|/~‘x {2+ 7|us"|2 + 6[ud"
3. 54.74° 0 p9" > m9/ | usn|2
(or 125.26°)
B. Linearly Polarized Excitation
o B F
. 3ud'me" + 3u"m + 4p'me" — 31 kg (uEQL — 8"

1. 0° 90° 1 (Ltoky s Uy “3 £ e(uﬂ QY7 — 1'%

3|ui”|2 +3[uf|? + 4fuf"|?

. 2 Q"mgn + 2 gnmgn + Q”mgn + ik Q”QQ"’ 9’709”

2. 90° 90° 2 (| toke) = by uEmE T Ke s e

2’|u‘i"l2 +2{uf"|2 + [ug]?
3. 35.26° 90° 0 @O+ mon/|pen|2

or 144.74°

2 The samples are presumed to be isotropic in their ground states (prior to excitation). ® The absorption transition dipole (electric) is taken to be oriented

along the molecular Z axis.

either (a) the emitting molecules are effectively ‘frozen’ or
“locked-in”* to their initial (t = Q) distribution, or (b) the photo-
selected distribution of molecules has ‘“‘relaxed’’ (become ran-
dom) by the time of emission. Case a would be applicable for
molecules with a short lifetime and/or a small diffusion constant
(slow rotational motion) such that D7 << 1. In this case,

G = [4ifch<w)] x

fru(w)
[(10 - Pui'ms" + gnmgn) + (10 + 2Aud"me"
- 3le£(/~19"an ©9"QI]

(10 + 2P| 7]

[(10 — Aus]2 + [u$"]2)
(70)

Examples of this case would be glassy samples or large fluo-
rescent molecules dissolved in viscous solvents. If the emitting
molecules are small enough to reorient rapidly and/or have a
long lifetime, such that D7 >> 1, then they would be treated as
case b:

difcp(wps'md" + ud"'md" + ui"'mi")

(71)
Gum = fTL w) l“ nlz + l“ynlz + I#gnl
or
4ifep(w)p 9" « m9" _ 4fcp (w)RY"
Gum = nl2 - an (72)
fri(w)| k97| fr(w)D

Note that in the ‘‘relaxed” limit (case b), the terms involving the
electric quadrupole moments vanish, and that the result is in-
dependent of the geometrical or orientational factor F (as it must
be, of course, since the emitting sample is isotropic in this
limit).

3. Experimental Configurations and Excitation
Polarizations

In the results presented so far we have assumed that the in-
cident beam is linearly polarized (see Figure 1). The factor F may
also be used to describe an unpolarized (or natural) excitation
source by summing two perpendicular (linear) polarizations. For
example, an unpolarized beam whose direction of propagation
is along the 2-axis (3 = 90°) may be decomposed into compo-
nents linearly polarized in the 1- and 3-directions [i.e., (1,)/2(é;

+ &3)]. F, in this case, is determined by summing the contribu-
tions for o = 0° and o = 90°:

= (1 — 3 s5in2 0° sin2 90°) + x(1 — 3 sin? 90° sinZ 90°)

==, (73)

It is sometimes desirable to eliminate the effects of photo-
selection from the emission spectra or to combine experiments
with different excitation-emission geometries and/or excitation
polarizations in order to obtain additional molecular information.
In this regard, Tinoco et al.*4 have carefully analyzed the *‘fro-
zen’' limit case for CPL and FDCD (fluorescence detected cir-
cular dichroism). They have shown how one can obtain the CPL
(or CD) along the direction of the emission (or absorption) tran-
sition moment without having to mechanically (or electrically)
orient the molecules. It is seen from eq 67 that, if the incident
excitation polarization and excitation-emission geometry are
chosen so as to make F = 0, then g,,,, reduces to the form of
eq 72. The conditions for F to vanish are apparent from its def-
inition (eq 51); for linearly polarized light, these conditions are
satisfied by

sin? o = 1/(3 sin2 () (74)

This condition (74) may always be satisfied if sin? 3 = (%), i.e.,
35.26° < 3 < 144.74°. A few special cases of interest are
presented in Table |. For unpolarized excitation,

o(1 — 3sin2@sin? B) + Yol1 ~3cos2xsin2B8) =0 (75)
or
sin2 8 = %5; B3 = 54.74° or 125.26° (76)
This result was previously derived by Steinberg and Ehren-
berg.'4
4. Molecular Transition Vectors

It is, perhaps, important to restate the somewhat obvious
result previously derived; namely, that in the limit that the dis-
tribution of excited molecules is isotropic about the emission
detection direction, the measured differential and total lumi-
nescence intensities are entirely independent of the polarization
of the excitation beam or the angle between the excitation and
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emission directions. As has been illustrated, an isotropic dis-
tribution results from either selecting an experimental configu-
ration such that £ = 0, or selecting a molecular system that
completely relaxes {(orientationally) in the time between emission
and absorption. it should also be apparent that, in this same limit,
the measured quantities (Al and /) carry no information regarding
the angle between the absorption and emission transition vec-
tors. However, the dependence of Al and / upon the strength of
the absorption transition remains, owing to the functional de-
pendence of N, on k2,

For a rigid (““frozen’’) system, the observed intensities (Al and
/) contain direct molecular information not only on the magnitude
and direction of the emission vectors, but also on the magnitude
and direction of the absorption vectors, since, in a sense, the
emitting molecule has complete memory [C(f) = 1] of the ex-
citation event. This feature of emission spectroscopy has been
exploited for many years in measurements of linearly polarized
fluorescence in order to determine the angle between the ab-
sorption and emission transition vectors. 243 These experiments
are typically done by freezing the sample in order to ensure a
rigid ensemble of emitting systems.

On the molecular level, the very simplest case of an excita-
tion-emission process would be excitation from state g — n,
followed by emission g <— n; that is, the electronic states in-
volved in absorption and emission are the same. The notion that
for a particular electronic transition there exists a unigue tran-
sition direction (or polarization) is, however, not generally true
owing to the vibronic nature of the transitions. The polarizations
of the transition moment vectors are determined by the initial
and final sets of vibronic (vibrational and electronic) quantum
numbers and not by the electronic quantum numbers alone.
Thus, the transition moment vectors associated with different
vibronic components of a given electronic transition may have
different polarization properties. Polarization direction may vary
across the vibronic profile of an electronic absorption or emis-
sion band. This is particularly relevant in studies of low-symmetry
chiral compounds where few symmetry constraints are placed
on the electronic and vibronic state functions. As was pointed
out by Steinberg,'? CPL studies should include the measurement
of gium across an entire emission band. Variations in gy, across
an emission band associated with a particular electronic tran-
sition generally reflect: (a) differences in the vibronic mecha-
nisms contributing to the dipole vs. rotatory strengths; (b) the
presence of several different emitting species with dissimilar
chirality properties; or (c) changes in the angle between the
absorption and emission dipoles on going from one (emission)
vibronic component to another across the emission band en-
velop. These considerations also apply to situations in which the
absorption (excitation) is into a high-energy electronic state, and
the emitting state is populated by radiationless processes.

If the absorption and emission transition directions are indeed
parallel (i.e., u$" = uy" = 0, in emission), then gi,m again re-
duces to the isotropic (relaxed) limit (eq 72), since, as demon-
strated by Snir and Schellman,'® the geometrical factors for the
dipole strength and rotatory strength are identical and thus
cancel.

Additional considerations need be made when the emitting
state is populated by radiationless energy transfer between
chromophores in large molecules, for example, proteins. This
situation is more complicated, since the relative orientation of
the chromophores not only affects the intensities through pure
geometrical factors, but also affects the efficiency of the energy
transfer itself. This is further complicated by the fact that the
fixed relative orientation of the chromophores themselves may
in some systems be the principal source of chirality in the
emission through a dynamic coupling mechanism.?

It is anticipated that studies of this type could yield valuable
structural information about macromolecules. However, addi-
tional theoretical work must be undertaken, and suitable model
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experimental systems must be developed and studied in order
that the various contributing factors may be analyzed. Of par-
ticular importance is a more complete understanding of higher
order (than dipole—dipole) multipolar contributions to radiation-
less energy transfer, and the effects of static and dynamic ori-
entational averaging.

D. Comparison of Electronic Rotatory Strengths
Obtained from CPL and CD Band Spectra

In chiroptical spectroscopy, spectra~structure relationships
are generally based on obtaining electronic rotatory strengths
from the observed CD (or CPL) spectra and then relating the signs
and magnitudes of these rotatory strengths to specific stereo-
chemical and electronic structural features of the molecular
system. Detailed models of molecular optical activity are de-
signed to calculate electronic rotatory strengths in terms of
parameters related directly to stereochemical and electronic
structural details. Here we shall consider the rotatory strength
associated with a particular molecular electronic transition, g
— nin absorption and g <— n in emission. Furthermore, we shall
assume an isotropic absorbing sample and an isotropic emitting
sample. Under these conditions, the absorption rotatory strength
and the emission rotatory strength are defined (in the electric
dipole-magnetic dipole approximation) by:

R&g—n) = Im(g|u|n) - (n|m|g)
Re(g<—n) = Im{g*|p|n*) - (n*|m|g*) emission (78)

absorption (77)

where u and m are the electric and magnetic dipole operators,
respectively. We shall assume thermal equilibration in both the
ground state (prior to absorption) and the emitting state (prior
to emission), so that |g) and |n) are eigenstates of the
ground-state electronic Hamittonian [H(r,Q)] and |g*) and |n*)
are eigenstates of the excited state electronic Hamiltonian [H(r,
Q*)]. The ground-state normal coordinates are denoted by {Q),
the excited (emitting) state normal coordinates are denoted by
;3’ }, and the electronic coordinates are denoted collectively by
ri.

The experimental observable in CD spectroscopy is Ae(w),
and R3(g— n) may be related to this quantity according to:

R3(g—n) = 23.0 X 10‘4°f Ae(w) dw/w (79)

g—n

where the integration is over the frequency interval spanned by
the g — n absorption band envelop and R3(g—n) is expressed
in cgs units (esu? cm?). The analogous experimental observable
in CPL spectroscopy is Alw), and R®(g<—n) may be related to
this quantity according to:

Re(g<—n) = Cnf Allw) dw/w? (80)
gn

where the integration is over the frequency interval spanned by
the g <— n emission band envelop and (assuming steady-state
emission conditions) C, is a constant given by

n = wC3/N, (81)

where N, is the ‘'steady-state’’ population of the emitting state
n. Equations 79 and 80 are the expressions required for relating
the experimental observables, A¢(w) and AKw), to the theoretical
quantities, R g—n) and R®(g«—n), under conditions of sample
isotropy (in absorption and emission), complete thermal equili-
bration (in the states |g) and |n*}), and “‘steady-state”” emission
observation.

It is obvious from eq 77 and 78 that R g—>n) = R®(g<—n) only
when He(r,Q) = Hq(r,Q*). Insofar as Hy(r,Q) and Hy(r,Q*) reflect
molecular conformational (stereochemical) and other geomet-
rical features in the ground state (| g)) and emitting state (| n*)),
respectively, observed differences in R3(g—>n) and Re(g<—n)
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may be traced to differences in molecular structural details in
the ground and emitting states. This may be examined in a bit
more detail by performing a simple vibronic analysis of R¥g—>n)
and R®(g<—n) within the Born—Oppenheimer (B-O) approxima-
tion. Ignoring alil “'hot-band” vibronic contributions in both ab-
sorption and emission (T = 0 K), we may write:

RA(g—>n) = LR¥g0—>nv) = T Im(gO|u|nv) - (nv|m|go)

=1m(0|{g|u|n),- {(n|m|g),|0)q
=1m(0|p9"- m"9|0)q (82)
and

Ré(g<—n) = L_R¥gv<—n0)

= YIm{gv|u|n0*) - (n0*|m|gw)

=1Im(0*[{(glul|n), - (n|m|g),|0*)q-
= Im(0*|u9" - m"9|0*) . (83)

where a subscript r on a bracket denotes integration over
electronic coordinates, a subscript Q or Q* denotes integration
over normal coordinate space ({Q} or {Q*}, respectively), and
the absence of a subscript indicates integration over both {r} and
{Q} (or {@*}). The vibrational levels of the ground state are labeled
by v, and the vibrational levels of the excited electronic state (n)
are labeled by v. |0) denotes the ground vibrational level of the
ground electronic state and IO*) denotes the ground vibrational
level of the excited electronic state (n). Within the B-O approx-
imation, both |g) and | n) retain nuclear coordinate dependence
and so both p9" and m"9 are also dependent upon nuclear
coordinates (expressed as normal coordinates in the present
development). The operators, u and m, are pure electronic op-
erators since we are considering transitions between two dif-
ferent electronic states (g and n).

From eq 82 and 83, it is clear that R%(g—>n) is just the ex-
pectation vaiue of Im(x 97 + m"9) in the ground vibrational level
of the ground electronic state, and R®(g<—n) is the expectation
value of Im(u 9" - m"9) in the ground vibrational level of the ex-
cited (emitting) electronic state (n). Setting Im(u 9" - m"9) equal
to Ry, and expanding this quantity in a Taylor series in Q about
the equilibrium nuclear geometry of the ground state (Q = Q),
we obtain for R?(g—>n):

Re(g—n) = Rgn(Q) + (02Ryn/ 0025 (0]Q,2[0)

+ ... = RenlQ + LR"4na(0]Q210) o+ . ... (84)
[24
Likewise, expanding Ry, in a Taylor series in Q* (normal coor-

dinates of the emitting state) about the equilibrium nuclear ge-
ometry of the excited state (Q* = Q*), we obtain for

Re(g<—n):
Re(g«—n) = Rgn(Q") + %(b'é‘ﬁgn/boéz)a;

X (0*

Qz2|0%) o+ . ..

= Ry(Q%) + %n;nﬁﬁ(o*]o;ﬂo*)o* +... (85)

Clearly, if a molecule has a different geometry and/or symmetry
in the ground (g) and emitting (n) states, then R%(g—>n) will, in
general, differ from R®(g<—n). Both Rg,(Q) and R'g,,,a (in eq 84)
are evaluated at the equilibrium nuclear geometry of the ground
state (g), and both Rg,(Q*) and R;,,_B (in eq 85) are evaluated at
the equilibrium nuclear geometry of the emitting state (n).
The possibility of probing ground-state/excited-state structural
differences by comparing measured values of R%g—>n) and
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Re(g<—n) represents one of the very attractive applications of
combined CPL/CD studies. Recall, however, that in order to
determine R®(g<—n) from experimental data one must evaluate
the expression given in eq 80. In all the CPL experiments re-
ported to date, Al has been measured in arbitrary (rather than
absolute) intensity units precluding the determination of R® values
in terms of absolute magnitude. Experimentally, only the signs
and relative intensities of A/ have been measured and only the
signs and relative magnitudes of R® may be determined. On the
other hand, luminescence dissymmetry factors, gi,m = Al/(I/2),
have been measured and reported in absolute units. Dfiferences
observed in the values of g,m and g.ps (SAe/€) for a given
electronic transition are also expected to be directly related to
ground-state/excited-state structural differences in chiral mo-
lecular systems.

The total (net) gaps associated with an electronic transition,
g—>n, may be expressed as:

Gans(g—n) = 4R¥g—>n)/D¥g—>n)

=f —A‘(“’)dw/f 49y (86)
g—>n W g—>n W

where D?(g—>n) is the dipole strength of the transition and is
defined by,

Dg—n) = | (g|u|m|? (87)

The total (net) gium associated with an electronic transition,
g<—n, may be expressed as:

Guuml(g=—n) = 4R%(g<—n)/D*(g*—n)

Alw) f Kw)
g<—n_w4 dw/ s dw (88)

De(g—n) = |(g*|u|n*)|? (89)

If Alw) and w) are measured in the same (arbitrary) intensity
units, then the absolute values of (Al/1), Giym, and Gum({w) may
be determined. Equation 86 and 88 apply only under conditions
of sample isotropy (in absorption and emission), complete
thermal equilibration (in the ground and emitting states), and
‘““steady-state’’ emission observation.

At this point it is important to point out that observed differ-
ences between R} g—>n) and R®(g<—n) or between G,ps(g—n)
and Gy,m(g<—n) may be attributable to other than static ground-
state/excited-state structural differences (i.e., differences in
symmetry or in geometrical parameters). Dynamical perturba-
tions such as those arising from vibronic coupling may differ
significantly in the molecular ground and emitting states, and this
could also be reflected in observed differences between
R(g— n) and R®(g<—n) or between G,,s(g—n) and Gy,m(g<n).
Furthermore, vibronically induced perturbations upon the dipole
strength quantities (D? and D®) will, in general, be qualitatively
and quantitatively different than those influencing the rotatory
strength quantities (R? and R®). For this reason, observed dif-
ferences between Gy and G may reflect other than changes
in molecular chirality in going from the electronic ground state
to the electronic excited (emitting) state.

The most refined and detailed spectra-structure correlations
must be based on CPL/CD band-shape analyses or on the
evaluation of CPL/CD band fine-structure features (when reso-
lution permits). Differences in CPL and CD band shapes or
fine-structure features carry detailed information about relative
ground-state/excited-state structural characteristics and about
the nature of vibronic perturbations within the ground and excited
states. Exploitation of this aspect of comparative CPL/CD studies
is nicely demonstrated in an early paper of Emeis and Oost-
erhoff’ and in a recent study reported by Dekkers and
Closs.45

where



Circularly Polarized Luminescence Spectroscopy

e

1. EXCITATION SOURCE 7.
(LASER OR ARC LAMP)

2. POLARIZING OR DEPOLARIZING OPTICS 8.
(OPTIONAL)

3. EXCITATION MONOCHROMATOR OR FILTERS
4. MAGNET (FOR MCPL)

5. SAMPLE

6. MECHANICAL CHOPPER (fc)

Chemical Reviews, 1977, Vol. 77, No. 6 783

OPTICAL PHASE MODULATOR (fm)
(CIRCULAR ANALYZER)

EMISSION MONOCHROMATOR
PHOTOMULTIPLIER AND COOLER
PREAMPLIFIER

LOCK-IN AMPLIFIERS (fc AND fm)
RATIOMETER (TO MEASURE 4I/1)
RECORDER

Figure 3. Block diagram depicting the basic components of a CPL spectrophotometer {see section |ll.B of text).

Equations 86 and 88 yield total (net) values for the absorption
and luminescence dissymmetry factors. If the absorption and
CD band shapes are identical, then the value of g,ps(w) across
an absorption/CD band will be constant and equal to 4R2/D?2.
Likewise, if the total luminescence and CPL band shapes are
identical, then the value of g,,m(w) across a luminescence/CPL
band will be constant and equal to 4R®/D®. That s,

_ Allw) _ 4R° fop(w)
Gum(w) lw)/2 D° frw) (90)
and,
Gum = 4Re/De = C';Ium (91)

when fop (w) = fr (w) for all w. Variations in g,,m, across a total
luminescence/CPL band associated with a particular electronic
transition indicate different vibronic intensity distributions for
the total luminescence (/) vs. CPL (A/) spectra, and suggest that
different vibronic intensity mechanisms contribute to D® and R®.
Variations in g,,m with frequency may also be diagnostic of
multiple emitting species in the sample or of simultaneous
emission from two (or more) closely spaced electronic excited
states.

lll. Measurement Procedures and Techniques
A. General Aspects

CPL experiments may be carried out in precisely the same
way as any other kind of polarized emission experiment. The only
difference between linearly polarized luminescence measure-
ments and circularly polarized luminescence measurements is
that, in the latter case, the emitted light is analyzed for its content
of left- or right-circularly polarized components, whereas, in the
former case, the emitted light is analyzed in terms of linear po-
larization in one or two (orthogonal) directions.*® The unique
feature, then, of any CPL instrumentation is the presence of a
circular analyzer between the emitting sample and the detector
unit. This circular analyzer must be capable of discriminating
between left- and right-circularly polarized radiation.

The simplest design for a circular analyzer involves the use
of just two optical components: a quarter-wave retardation el-
ement followed by a linear polarizer (or analyzer in this case).
The quarter-wave retardation element serves to convert circu-
larly polarized light into linearly polarized light. The left- and
right-circularly polarized components of the incident light will
be linearly polarized in two mutually orthogonal directions. The

linear analyzer then functions to select one or the other of these
two linearly polarized components for detection and measure-
ment. To measure A/(=/_— k), one may take the difference
in intensities measured when the linear analyzer is set in the two
appropriate mutually orthogonal orientations, or one may keep
the orientation of the linear analyzer fixed and measure the dif-
ference in intensities produced by (+) or (—) quarter-wave re-
tardation of the incident light. In most instances, it is easier and
more convenient to modulate the retardation element between
(+) and (=) 90° phase changes than it is to rotate the linear
analyzer by £90°.

Only two detailed accounts of CPL instrumentation design and
construction have appeared in the literature. These were pre-
pared by Steinberg and Gafni® and by Shatwell and McCaffery.2°
Additionally, Hipps has given a detailed description of CPL in-
strumentation design and construction in his Ph.D. dissertation.25
In this review article we shall outline the basic design features
of the CPL instrumentation used in our laboratory (University of
Virginia). Our instrumentation is. similar in design and perfor-
mance to that used by Steinberg,® by McCaffery,2® and by
Hipps.25

B. Instrumentation

A block diagram depicting the basic components of our
general-purpose, steady-state CPL instrumentation is given in
Figure 3. These components include: (1) excitation source
(continuous output), (2) excitation monochromator, (3) excitation
beam polarizer, (4) sample cell (or holder), (5) mechanical beam
chopper, (6) modulated circular analyzer, (7) emission mono-
chromator, (8) emission detector, (9) phase-sensitive signal
amplification electronics, and (10) recorder. In experiments
where unpolarized excitation light is desired, the excitation beam
polarizer may either be removed or be replaced by a depolarizing
element (as may be required when a laser excitation source is
used or when the output of the excitation monochromator is
significantly polarized). MCPL experiments are conducted by
placing the emitting sample in a magnetic field whose field di-
rection is aligned parallel to the direction of emission detec-
tion.

The mechanical beam chopper (operated at a chopping fre-
quency of f, = 13 Hz) modulates the total emission output of the
sample and provides the reference signal for one of the two
phase-sensitive lock-in amplifiers in the system. The circular
analyzer is comprised of an optical phase modulator (operated
at a frequency of f,, = 50 kHz) and a stationary linear analyzer.
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The optical phase modulator alternately advances and retards

the electric vector of the emitted light by 90° which has the ef-
fect of converting the circularly polarized components of the light
into mutually orthogonal linearly polarized components. The
modulated (at f.,) optical signal emerging from the linear analyzer
is, then, alternately proportional to the number of left- and
right-circularly polarized photons emitted by the sample. The
second phase-sensitive, lock-in amplifier in the system is ref-
erenced to the f,, = 50 kHz frequency of the optical phase
modulator.

The electronics of the CPL instrumentation system are de-
signed to amplify the electrical signals supplied by the photo-
multiplier detector, to discriminate between the signal variables
which carry differential circular polarization information and
those which are proportional to total emission intensity, and to
record any two of the following: (1) CPL intensity (A/) in arbitrary
units, (2) total luminescence intensity (/) in arbitrary units, and
(8) A¥/!in absolute units (following instrumentation calibration).
The magnitude and phase of the f, signal carry the CPL intensity
and sign information, and the f; signal carries the total lumi-
nescence intensity information.

The dynamically operated quarter-wave retardation element
(optical phase modulator) used in our CPL instrumentation (and
in Steinberg’s,® McCaffery’s,20 and Hipps’ and Crosby’s25) is a
photoelastic modulator (PEM) comprised of an isotropic material
which is made optically anisotropic upon application of a
stress.*6-48 The stress is applied periodically at a frequency of
50 kHz, and the stress axis lies in a plane perpendicular to the
direction of propagation of the emission beam being analyzed.
The voltage of the 50-kHz ac electric field used to introduce the
stress determines the phase-shift (or retardation) properties of
the PEM. The electronics of the PEM are coupled to the wave-
length drive of the emission monochromator to ensure that the
PEM introduces phase shifts of £90° (quarter-wave retardation
or advancement) on alternate half-cycles of its operation over
the entire wavelength range of emission detection and analysis.
The linear analyzer positioned behind the PEM is oriented (in a
fixed orientation) with its optic axis aligned at £:45° to the stress
axis of the PEM.

The PEM has found widespread application in ellipsome-
try,46:47 CD,49-55 linear dichroism (LD),5% CPL,%:20:25 MCD,50.56
and polarized fluorescence measurements,57 and the reader is
referred to the references cited for further discussion of its de-
sign, operating, and performance characteristics.

As noted previously, in all of the CPL (and MCPL) experiments
reported to date A/ and / have been measured in arbitrary in-
tensity units. However, in most cases absolute values have been
reported for Al/! (the degree of circular polarization). Absolute
values of Al// may be obtained by simply introducing light into
the circular analyzer/detector train of the instrument which has
a known degree of circular polarization (or ellipticity), and then
determining the proportionality constant in the relationship,

(AI/I)measured = C(A//I)known

C then becomes the instrument calibration factor and may be
used to convert measured vaiues of (A// /) into actual (absoclute)
values of the degree of circular polarization. This calibration
factor will, in general, be wavelength dependent, and it is nec-
essary to know C as a function of (emission) wavelength for
doing highly accurate measurements. Perhaps the most accurate
and ingenius (but simple) calibration procedure has been de-
veloped and discussed by Steinberg and Gafni.®

The sensitivity of CPL instrumentation, as determined by how
small a value of Al// may be measured, depends quite critically
upon the amount of total emission which can be collected from
the sample and (circularly) analyzed. The wide acceptance angle
of the PEM unit offers significant advantages in emission col-
lection. For very strong emitters (such as the Mn** ion in the
Cs,GeFg crystalline host), values of Al//as small as 10~8 have
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been determined.?" in general, the detection limits for A/ will
depend upon: (1) excitation power, (2) radiative quantum ef-
ficiencies of emitting species, (3) collection optics and geometry,
and (4) other instrumentation factors such as (emission) mono-
chromator efficiency and detector/amplification characteris-
tics.

Time-resolved CPL/MCPL measurements have not yet been
reported in the literature, although it is readily apparent from the
analysis presented in section |1.B that such measurements would

be of significant interest and utility.

IV. Survey of Applications
A. Natural CPL
1. Lanthanide lon Complexes

Many trivalent lanthanide chelate systems are luminescent
in solution media at room temperature. Furthermore, when the
trivalent lanthanide ion (Ln3%) resides in a chiral ligand envi-
ronment, its f—f transitions exhibit natural optical activity. The
CD/absorption spectra of these transitions are difficult to
measure and analyze, however, because the Ae and ¢ values
are generally quite small.58-%7 Richardson and co-workers have
carried out extensive CPL/emission studies on a number of chiral
Tb3*+ and Eud* complexes in solution media,168-73 and on a
variety of achiral Tb3* and Eu3t chelate systems dissolved in
optically active (chiral) solvents.”2 These studies demonstrated
the extreme sensitivity of the CPL observables to metal-ligand
binding characteristics, to structural features of the lanthanide
ion/ligand complexes, and to chelate-solvent interaction.

CPL spectra have been used to follow the complexation of
optically active carboxylic acid ligands with Tb®* and Eu3* in
aqueous solution as a function of solution pH,11.68.69.73 Thg |j-
gands examined in these studies included tartaric acid, malic
acid, and a wide variety of «-amino acids. Each of these ligands
is potentially bidentate or multidentate, and, depending upon
denticity, each may bind to the Ln®* ion by single or multiple (bis,
tris, or tetrakis) chelations. The mode of metal-ligand binding
is expected to be extremely sensitive to solution pH (which de-
termines the availability of ligand donor groups for binding), and
the chirality (of the ligand environment) as sensed by the f
electrons on the Ln3t ion is determined by the mode of metal-
ligand binding. CPL observed for the Ln®* f-f transitions has
proved to be a very sensitive probe of the structural character-
istics of the ligand environment about the lanthanide ion, and the
pH-dependent spectra permit monitoring of structural changes
occurring in the ligand environment (due to changes in ligand
binding or to alterations in ligand or chelate stereochemistry).
Energy transfer between Tb%*+ and Eu®* ions in aqueous solution
with various multidentate optically active carboxylic acids has
also been investigated using CPL/emission techniques. 11:89

The CPL spectra of chiral tris(3-diketonato)europium(iil)
chelates in solution media have also been reported.”®72 The
ligands employed in these studies were 3-trifluoroacetyl-d-
camphorate (facam) and heptafluoropropylhydroxymethylene-
d-camphorate (hfc). The optical activity of the f—f transitions in
Eu(facam); and Eu(hfc); may arise from configurational dis-
symmetry due to a chiral distribution of chelate rings about the
Eut ion, and/or from vicinal interactions between the lanthanide
ion and the asymmetric centers in the ligands. The CPL spectra
of Eu(facam)s and Eu(hfc); were found to be extraordinarily
sensitive to the nature of the solvent used, indicating strong
solvent perturbations upon the structural details of these chelate
systems. Furthermore, the signs and magnitudes of the observed
Gium values could be correlated with the relative nucleophilicities
(Lewis-base properties) and steric properties of the solvent
molecules. The solvents examined in these studies included
dimethyl sulfoxide, dimethylformamide, pyridine, saturated ke-
tones, alkyl amines, and alcohols. The sensitivity of the CPL/



Circularly Polarized Luminescence Spectroscopy

emission technique permitted measurements to be made over
concentration ranges down to as low as 1073 M in chelate.

CPL spectra on a number of achiral tris(3-diketonato)euro-
pium(lll) chelates dissolved in optically active (chiral) solvents
have also been reported. The ligands employed in these studies
were: (a) dipivalomethanate (dpm), (b) 2,2-dimethyl-
6,6,7,7,8,8,8-heptafluoro-3,5-octanedionate (fod), (c) 1-ben-
zoylmethanate (bzac), (d) dibenzoylmethanate (dbm), and (e)
2,2,6,6-tetramethylheptane-3,5-dionate (tmhd). The chelates,
Eu{dpm)s, Eu(fod)s, Eu(bzac)s, Eu(dbm)s, and Eu(tmhd)s, are
achiral and exhibit no optical activity in achiral solvents. How-
ever, when dissolved in an optically active solvent such as a-
phenylethylamine, the Eu3* f—f transitions exhibit strong CPL.
This induction of CPL in inherently achiral chelate systems by
a chiral solvent suggests strong chelate-solvent interactions
(perhaps formation of chelate/solvent adducts with well-defined
stoichiometries and geometries).

CPL studies have also been reported for chiral Eu(facam); and
Eu(hfc)s dissolved in the levo (/) and dextro (d) forms of a-
phenylethylamine.”2 Substantial differences were observed in
the CPL spectra (and in the giym values) obtained for the d(so-
lute)-d(solvent) systems vs. the d(solute)-/solvent) systems,
indicating chira! discrimination (or recognition) in the chelate-
(solute)-solvent interactions.

The CPL/emission spectra reported for the terbium(lll) com-
plexes in solution media at room temperature were obtained
from Tb3* transitions of 7F ; «<— 5D, free-ion parentage.’!73 The
largest | gum| values were observed for components of the
magnetic-dipole allowed 7F5 < 5D4 and "F5 < 5D, transitions.
In the terbium(lll) complexes studied thus far, the 7F, and 5D,
free-ion levels are extensively split by the low-symmetry crystal
fields created by the ligand environment. For this reason, the sign
and splitting patterns observed in the CPL spectra associated
with the 7Fg, 7Fs, 'F4, "F3 < 5D, transitions are exceedingly
complex and not amenable to detailed interpretation in the ab-
sence of a definitive theoretical model for Ln3* f—f optical activity
and absorption/emission intensity.

The CPL/emission spectra reported for chiral europium(lll)
complexes in solution media at room temperature were obtained
from Eu®* transitions of 7F ;< 5D (where J = 0, 1, 2, 3, or 4)
free-ion parentage.169-73 The 7F, <— 5D, transition generally
exhibits the most intense CPL (A/) and total emission (/), but the
magnetic-dipole allowed "F <— 5Dy transition always produces
the largest | gium| values. The |gium| values for 7F4 < 5D,
components are generally at least an order of magnitude larger
than those observed for 7F, <~ 5Dy components. CPL in the re-
gions of the 7F3 < 5Dy and "F4 <— 5D, transitions is readily ob-
servable in most of the cases studied to date;®%70.7273 however,
it is somewhat weaker than that observed for the 7F, 7F, < 3D
transitions. The highly forbidden 7F, < 5D, transition exhibits
CPL only in a very few systems where the Eu®* ion is presumed
to be involved in dimeric or oligomeric species (with possibly
strong metal-metal interactions). Both the CPL (A/) and total
emission (/) of this transition are always found to be weak (when
observable), and the observed | gium| values are <1074,

From the studies reported to date,®8-7% it appears that
CPL/emission spectroscopy is a sensitive and useful technique
for probing the structural features and binding characteristics
of luminescent Ln®* complexes in solution. The inherent sen-
sitivity of emission measurement techniques permits studies to
be conducted at very low concentrations, and the CPL sign and
intensity variables are extraordinarily sensitive to stereochemical
and electronic structural details of the luminescent systems.
However, full exploitation of CPL/emission spectroscopy in
structural studies of Ln®* complexes must await development
of detailed spectra—structure relationships and an understanding
of the mechanisms whereby the Ln3* {-f transitions acquire
optical activity in a chiral ligand environment.
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2. Transition Metal Complexes

CPL/emission spectra of only one chiral transition metal
complex have been reported in the literature. This is rather re-
markable in view of the existence of a number of such systems
which could be usefully studied by CPL/emission spectroscopy.
However, procedures for resolving the optical isomers (enan-
tiomers) of transition metal complexes are not always so
straightforward, and the radiative quantum yields of most lumi-
nescent transition metal complexes are extremely sensitive to
solvent type and temperature. Many transition metal complexes
emit strongly only at reduced temperatures (e.g., liquid-nitrogen
temperature) in glassy media. Preparation of isotropic, strain-free
glasses suitable for CPL experiments is extremely difficult.

Emeis and QOosterhoff®¢ measured CPL in the A, «— 2E
phosphorescence of Cr(en)s(ClO4) (en = ethylenediamine)
dissolved in a 1:2 mixture of water/ethylene glycol at room
temperature. They could not obtain a CPL spectrum (A/vs. A),
however, because of the weakness of the emission. Using
somewhat more sensitive CPL/emission instrumentation,
Hilmes, Brittain, and Richardson’4 succeeded in measuring the
CPL/emission spectra of Cr(en);Cl; dissolved in a 1:2 water/
ethylene glycol solution at room temperature. The (—)s4s-
[Cr(en)sCl3] isomer exhibited a CPL (A/) maximum at 14 900
em~ 1 with a gium value of —0.046. The single, narrow band ap-
pearing in the CPL spectrum is assigned to the spin-forbidden
4A, < 2E transition. The corresponding “A, — 2E transition
appearing in the CD/absorption spectra of (—)s4e-[Cr{en)sClz]
in 1:2 water/ethylene glycol solution has a gaps value of —0.031
at 14 950 cm™ (the position of the CD maximum).

3. Small Organic Molecules

The class of organic compounds studied most intensively by
CPL/emission spectroscopy is that comprised of chiral ketones.
The fluorescent level in these systems is the 'n7* state. In
formaldehyde this state is known to have a somewhat different
symmetry (Cs) and geometry from that of the ground electronic
state.”5:76 Pyramidal distortion of the >C==0 moiety upon going
from the ground state to the 'nm* excited state is also expected
in other, more complicated ketone molecules. Comparative
CPL/emission and CD/absorption studies are uniquely suitable
as diagnostic probes of such ground-state/excited (emitting)-
state structural differences when the molecules are chiral, and
when the diagnostic absorption/emission transition is localized
near the site of structural change. The n — 7* transition in chiral
ketones satisfies this latter condition completely. Observed
differences between CD and CPL band shapes (and origins), as
well as between gups(w) and gumlw), may be related to ground-
state/emitting-state stereochemical differences and/or to dif-
ferent vibronic intensity mechanisms operative in the ground and
emitting states.

Emeis and Qosterhoff” have reported a detailed CPL/emis-
sion, CD/absorption study of optically active trans-3-hydrinda-
none, and Dekkers and Closs*® have recently reported similar
studies on a series of ten additional cyclic monoketone com-
pounds. These studies were all carried out in solution at room
temperature. Both relative CPL vs. CD band shapes and relative
Olum V8. Gabs Values were analyzed in terms of ground-state/
emitting-state structural differences and differences between
absorption and emission vibronic intensity mechanisms. It was
concluded that the geometry of the 'nm* state in these large
ketone systems is significantly distorted with respect to the
ground-state equilibrium geometry.

Luk and Richardson'© have reported the CPL/emission and
CD/absorption spectra of the a-diketone, d-camphorquinone,
in solution at room temperature. The fluorescent level in this
compound is a dicarbonyl 'nw* state, and the optical activity of
the n — 7* transition can arise from: (a) inherent chirality within
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a cisoid dicarbonyl moiety, (b) vicinal perturbations originating
with the asymmetric carbon atom in the bicyclic ring system,
or (c) both (a) and (b). The g,ps value at the CD band maximum
(of the lowest energy n — 7* singlet-singlet transition) was
reported to be ~ —9.0 X 10~3, while the corresponding gium
value (measured at the CPL band maximum) was determined to
be —1.0 X 1073 This order-of-magnitude difference between
Oabs and gym was attributed to ground-state/emitting-state
(*n7*) structural differences within the dicarbony! chromophoric
moiety. A detailed analysis of CPL vs. CD band shapes was not
attempted.

Brittain and Richardson”” have recently reported solvent-
induced CPL from the achiral fluorescein molecule. Fluorescein
dissolved in optically active a-phenylethylamine (ata 2 X 1073
M concentration of fluorescein) exhibits CPL over the 500-
600-nm region with g, values ranging from —~3 X 10~3 to —6.8
X 1072 over the broad emission band. This experiment was
conducted at room temperature using the 458-nm output of an
argon ion laser for excitation. No CD was observed for the flu-
orescein/a-phenylethylamine system throughout the 210-
500-nm region, and it was concluded that, if solvent-induced CD
was present, the gaps(Ae/€) value had to be <5 X 1075, These
results suggest significantly different solute-solvent interactions
in the excited (emitting) state vs. the ground state.

Gafni and Steinberg have performed CD/absorption studies
and CPL/emission studies on optically active 1,1'-bianthra-
cene-2,2'-dicarboxylic acid in chloroform solution at room
temperature.”® The luminescent dissymmetry factor, gium, Was
measured across the 420-560-nm fluorescence band and was
found to be two- to threefold smaller in absolute magnitude than
the absorption dissymmetry factor, gans, measured across the
corresponding absorption band (340-430 nm). 1,1'-Bianthra-
cene-2,2'-dicarboxylic does not possess any asymmetric atoms;
it is optically active by virtue of inherent chirality about the
carbon-carbon single band which connects the two anthracene
moieties in the molecule. Rotation about this single bond is highly
restricted owing to steric hindrance, and the molecule may be
resolved into two optical isomers in which the two anthracene
moieties (and the two carobxyl groups) are in a cisoid (0° < ¢>|
< 90°), transoid (90° < |¢| < 180°), or perpendicular (|| =
90°) arrangement about the C—C single bond (¢ = dihedral angle
between the planes of the two anthracene rings). In this system,
one may expect the CPL and CD to be extremely sensitive to the
equilibrium values of ¢ in the emitting state and ground state,
respectively. Using a quantum mechanical extension of the
consistent force-field method of conformational analysis,
Schlessinger and Warshel”® calculated g,,m and gaps values as
a function of the conformational variable ¢ and compared the
calculated values with the experimental data. It was deduced
that the difference in dihedral angle between the ground-state
and emitting (fluorescent)-state equilibrium conformations is
about 20°. In the ground state, the calculated values of ¢
(equilibrium) fall within the range 85-100°; in the excited
(emitting) state, the calculated values of ¢(equilibrium) were
reported to be 75 £ 5° and 113 £ 5° (the excited-state con-
formational energy surface shows two shallow minima, near ¢
= 75° and ¢ = 113°, and the experimental g, data may be fit
using either 75 or 113° for ¢).

Schlessinger, Gafni, and Steinberg® have reported an ex-
ceptionally informative study of the CD/absorption and CPL/
emission properties of various cyclic dipeptides cortaining lu-
minescent aromatic side chains. The electronic transitions lo-
calized on the aromatic chromophoric groups of such cyclic
dipeptides (diketopiperazines) may acquire optical activity by
direct interactions between the aromatic sidechains and chiral
features of the diketopiperazine ring (asymmetric centers or
chiral ring conformations), or by interactions between two
substituted aromatic groups whose relative arrangement in
space is chiral. The latter mechanism is operative, of course,

F. S. Richardson and J. P. Riehi

only when two aromatic sidechains are attached to the diketo-
piperazine system. At room temperature in fluid media, it is
expected that considerable conformational space about the
diketopiperazine ring is accessible to the aromatic chromophoric
groups. It is further expected that, in general, the preferred
(lowest energy) regions in this conformational space will differ
in the ground and excited states of the molecular systems. Dif-
ferences in the ground-state and excited-state chiroptical
properties will reflect these ground-state vs. excited-state
conformational preferences.

In low-viscosity fluid media at room temperature, the lifetimes
of the excited aromatic chromophores are long enough to permit
partial or complete relaxation of molecular geometry (and
conformation) to the emitting state equilibrium geometry before
radiative erhission occurs. Thus, CPL/emission properties may
be caorrelated with the equilibrium geometry and conformation
of the emitting excited state, and CD/absorption spectra may
be correlated with the equilibrium structure of the molecular
ground state. Schlessinger et al.8° studied the CD/absorption
and CPL/emission properties of the following cyclic dipeptides
in dioxane at room temperature: cyclo{Gly-L-Tyr), cyclo-(L-
Tyr-L-Tyr), cyclo-(L-Trp-L-Phe), cyclo{L-Trp-L-Tyr), cyclo-L-
Trp-L-Trp), cyclo~(L-Trp-L-Val), and cyclo<L-Trp-b-Val). In each
case, excitation was into the lowest energy singlet excited state
of the aromatic chromophore, and CPL/emission was measured
throughout the fluorescence band associated with the aromatic
groups. CD/absorption spectra were measured over the ab-
sorptiort region of the lowest energy singlet-singlet transition
in the aromatic chromophores. In the CD resuits, evidence was
found for interactions between the aromatic side chains and the
diketopiperazine ring and, in the cases where two aromatic side
chains are present, evidence was found for mutual (chiral) in-
teractions between the side chains. However, the most striking
result obtained from these studies was the absence of any ob-
servable CPL. gy, was measured to be zero to within experi-
mental error (estimated to be 3 X 1075) in each case. These
results suggest drastic differences between the ground-state and
fluorescent-state conformational features of the aromatic side
chains. In the fluorescent state, the aromatic chromophores do
not sense the same chiral environment as they do in the ground
state. The same results were obtained when the seven cyclic
dipeptide molecules were studied in dimethyl sulfoxide (DMSO)
solvent.

Schlessinger et al.0 also investigated the CD/absorption ahd
CPL/emission properties of the seven cyclic dipeptide systems
(mentioned above) dissolved in highly viscous solvent media
comprised of: poly(methyl methacrylate) in chloroform, cellulose
acetate in dioxane, or polyoxypropylene in dioxane. The viscosity
of these solutions was reported to be so high that they ‘'could
hardly flow at room temperature”. Under these conditions, it is
expected that molecular conformational changes involving the
bulky side chains would be very sluggish, and that the associated
(conformational relaxation) rate constants would be smaller than
the rate constants governing fluorescence. In other words, it is
highly likely that the molecular conformation (at least with re-
spect to the bulky side chains) in the fluorescent state will be
identical with, or similar to, that characteristic of the equilibrium
ground state. The molecule remains *‘frozen’” (conformationally)
throughout the excitation/emission sequence of events. These
expectations are nicely confirmed by the observation that gaps
and gium are essentially the same when the CD/absorption and
CPL/emission measurements are carried out on the highly vis-
cous solutions of the cyclic dipeptides.

Schlessinger et al.80 further demonstrated that the rate of
rotational (orientational) relaxation of the molecules in the
low-viscosity solutions (as monitored by linear polarization of
fluorescence measurements) is slower than the conformational
relaxation processes responsible for loss of emitting state optical
activity (as determined by CPL).
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Shindo and Miura®! have reported CD/absorption and
CPL/emission spectra for optically active sodium 1,3,5-tri-
phenyl-A2-pyrazotinyl sulfate in methanol at room temperature.
This system is strongly fluorescent and possesses optical activity
by virtue of an asymmetric carbon atom at the 5 position of the
pyrazoline ring. The g,m factor was found to be relatively con-
stant (~4 X 10~4) across the 390-560-nm emission band. The
maximum value of g,,s observed in the corresponding CD/
absorption band was determined to be ~16 X 1074,

The number of chiral luminescent organic molecules studied
by CPL/emission spectroscopy remains small compared to the
large number of such systems which may be usefully investi-
gated by this technique. With the increasing availability of sen-
sitive CPL/emission spectrophotometers, it may be anticipated
that many more studies in this area will be carried out in the near
future.

4. Biomolecular Systems

Perhaps the most extensive applications of CPL/emission
spectroscopy as a structure probe have been in the area of
biomolecular structure investigation. In this area, it is generally
desirable to study samples in which the concentration of
biomolecular species is quite low (e.g., 1073-1075 M), making
the inherent sensitivity of emission measurement techniques
very appealing. Furthermore, most molecular systems of bio-
logical interest are inherently chiral, with the degree of chirality
being a sensitive indicator of structure or structural change.
Steinberg's research group at the Weizmann Institute of Science
(Israel) has pioneered the applications of CPL/emission spec-
troscopy to problems in biomolecular structure evalua-
tion,12.82-97 and Martin’s and Richardson’s research groups at
the University of Virginia have made several recent contributions
in this area.8-102 Additional studies in this area are underway
at the University of Calgary (Canada) under the supervision of
Professor Rodney Roche. 103

The CPL/emission investigations carried out by Martin,
Richardson, and co-workers®8-102 have dealt primarily with the
use of Tb3* emission as a probe of Ca?* and Mg?* binding sites
in proteins. The similarities between Ca?t and Ln3* ions with
respect to their coordination chemistries and their physical and
chemical properties permit, in many instances, replacement of
Ca?* with Ln3* ions in calcium binding proteins without signif-
icant alterations in structure. Additionally, in some cases, the
enzymatic activity of such proteins is at least partially retained
upon replacement of Ca2* with Ln3* ions. Trivalent terbium
exhibits a strong luminescence when bound to protein systems,
and the intensity and degree of circular polarization of this lu-
minescence appear to depend quite sensitively upon the nature
of Tb®+-protein binding and the structural features of the binding
sites. Furthermore, the terbium CPL/emission in these systems
may be excited by energy transfer from aromatic side chains (of
phenylalanine, tyrosine, or tryptophan residues) which are ex-
cited directly by near-ultraviolet radiation. Detailed investigations
of the excitation/energy-transfer processes leading to terbium
CPL/emission afford the opportunity of characterizing the Tb3*
binding sites with respect to their proximity to specific aromatic
residues in the protein. The circular polarization in the terbium
luminescence of these systems is generated by dissymmetric
interactions between the f electrons of the bound Tb3* ions and
the inherently chiral structure of the protein. Martin, Richardson,
and co-workers®®-192 have reported terbium CPL/emission
measurements on 40 different proteins, many but not all of which
are known to interact with Ca2*. Thirty-six of these protein/Tb3+
systems show a strong, green emission from terbium upon ex-
citation in the aromatic region (250-300 nm). Circular polar-
ization of terbium emission was observed in nine cases: carp
parvalbumin, rabbit skeletal troponin-C, bovine cardiac tro-
ponin-C, pronase, porcine elastase, collagenase, bacterial a-
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amylase, porcine c-amylase, and thermolysin. The sensitivity
levels achieved in these experiments only permitted detection
of | gum| values >1073. Gafni and Steinberg®” have employed
terbium CPL/emission to probe the metal binding sites of
transferrin and conalbumin. In these systems, g, values as
large as 0.23 were observed in the region of 'F5 <— 5D, Tb3*
emission (530-560 nm) upon excitation with 290-305 nm ra-
diation from a 100-W mercury arc lamp. Epstein% has also used
terbium CPL/emission in studying the lanthanide binding sites
in bovine and porcine trypsin.

Steinberg, Schlessinger, and Gafni®3°0 have employed ac-
ridine dyes as CPL/emission probes of a number of biomolecular
systems including: DNA, poly-A, and polyglutamic acid. In these
systems, the achiral dye molecules acquire optical activity (CD
and CPL) through their binding to the inherently chiral macro-
molecular structures. Steinberg and co-workers have also
studied the CPL/emission properties of a number of other achiral
fluorescent probes attached to chiral biomolecular systems. For
example, 2-p-toluidinylnaphthalene-6-sulfonate (TNS) and the
fluorescent anthraniloyl group were used to examine confor-
mational features of chymotrypsin.®2 In the chymotrypsin—-TNS
complex, the TNS chromophore is bound at a specific site which
is not the active site of the enzyme, whereas in the chymo-
trypsin—-anthraniloyl complex the anthraniloy! group is bound at
the active site. Dramatic differences between ga,s and gi,m were
observed for the chymotrypsin—-TNS complex with gi,m being
about tenfold smaller than g,ps.

The fluorescent analog of NAD*, 1, NB-ethenoadenine nico-
tinamide dinucleotide (or eNAD), has been used to probe the
NAD™ binding sites in a number of dehydrogenases.2588 From
these studies, based on CPL/emission measurements, it was
possible to demonstrate that there is a difference in structure
between the adenine subsite in rabbit muscle glyceraldehyde
3-phosphate dehydrogenase, on the one hand, and pig heart
lactate dehydrogenase, horse liver alcohol dehydrogenase, beef
liver glutamate dehydrogenase, and pig heart malate dehydro-
genase, on the other hand.

CPL/emission studies of fluorescent dansyl derivatives bound
to anti-dansyl antibodies have been reported by Schlessinger,
Steinberg, and Pecht.88 Sensitivity of the observed CPL to ex-
citation wavelength, to alterations in residues attached to the
dansyl group, and to other experimental and structural param-
eters were correlated to specific features of antibody—hapten
interactions. Furthermore, the lack of CD in the 300-400-nm
dansyl absorption region for dansyl-anti-dansy! complexes
showing strong CPL indicated that a change in the mode of in-
teractions between the chromophore and its binding site takes
place upon electronic excitation.

The CPL/emission properties of 1-anilinonaphthalene-8-
sulfonate (ANS) bound to bovine serum albumin have been
studied by Steinberg, Schlessinger, and Gafni.%°

Intrinsic protein fluorescence normally occurs from the indole
chromophore of tryptophan residues or from the phenol chro-
mophore of tyrosine residues. If both tyrosine and tryptophan
residues are present, then the fluorescence is almost always
dominated by (or is exclusively due to) tryptophan emission. The
intensity and frequency distribution of tryptophan fluorescence
from protein systems is quite sensitive to the nature of the en-
vironment about the emitting indole moiety (or moieties) in the
protein. Furthermore, the linear polarization properties of the
tryptophan fiuorescence may be related to static or dynamic
orientational (or reorientational) characteristics of the emitting
chromophore(s). It may be anticipated that the circular polar-
ization of intrinsic protein fluorescence can be used as an ad-
ditional, and very sensitive, diagnostic probe of the structural
features characteristic of the environment of the emitting
chromophoric moieties. To this end, Steinberg and co-workers
have investigated tryptophanyl (and tyrosyl) CPL/emission in a
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number of protein systems.89-95.97 Among the systems studied
are: azurins and azurin derivatives (derived from Pseudomonas
aeruginosa),®' subtilisin types Novo and Carlsberg,?® staph-
ylococal nuclease,®® human serum albumin,®® chicken pepsi-
nogen,® protein 315 and its fragments (Fab’and Fv),%2 and
various antibody and antibody-ligand systems.93-9597 These
studies demonstrated the extreme sensitivity of CPL to protein
conformational change, protein-ligand interactions, and protein
subunit interactions. In all the cases reported, tryptophan and
tyrosine CPL was found to be zero (to within experimental error)
for fully reduced and denatured proteins, and the CPL observed
for native proteins was found to reflect the effects of secondary
and tertiary structure upon the fluorescent aromatic side
chains.

Gafni, Hardt, and Steinberg® have also reported CD/ab-
sorption and CPL/emission studies on chlorophyll a dimers in
solution, subchloroplast particles, and intact chioroplasts.
Comparisons between the CD/absorption and CPL/emission
results revealed that marked changes in the structure of chlo-
rophyll dimers take place upon electronic excitation.

The application of CPL/emission spectroscopy as a probe
of biomolecular structure has been surveyed previously by
Steinberg and co-workers. 290 The scope of these applications
is enormous, and full exploitation of the CPL technique in the
study of biomolecutar structure and structural dynamics has yet
to be accomplished. CPL arising from intrinsic protein fluores-
cence has special advantages over CD in probing the (chiral)
structural environment of fluorescent aromatic side chains (the
indole group of tryptophan, the phenol group of tyrosine, or the
pheny! group of phenylalanine). CD observed in the 240-310-nm
spectral region of proteins generally reflects ‘‘averaged”
structural information pertaining to all of the tryptophan, tyrosine,
phenylalanine, and disulfide moieties present in the system. In
most cases, contributions made by specific kinds of these
chromophoric subunits to the observed CD spectra cannot be
resolved or separated out, and contributions made by a single
chromophoric group can never be satisfactorily assessed ex-
cept when only one of its kind is present. On the other hand,
disulfide moieties are nonfluorescent and hence will never
contribute to CPL. Furthermore, phenylalanine residues are
fluorescent only in the absence of tryptophan and tyrosine
residues, and tyrosine seldom emits in the presence of trypto-
phan. When fluorescence does occur from both tyrosine and
tryptophan (as in the subtlisins of type Novo and Carlsberg),®°
the contributions of tyrosine and tryptophan to the observed CPL
may be readily resolved.'2:8% CPL, then, may be used to probe
specific kinds of fluorescent aromatic side chains and, in special
cases, may be used to probe a specific (single) chromophore.
This affords the opportunity of obtaining ‘‘local’’ structure in-
formation in complex protein systems.

The CPL associated with extrinsic fluorescent probes attached
or bound to biomolecular systems has proved to be an extremely
valuable structure tool. Many coenzymes are fluorescent or can
be made to luminesce by relatively minor chemical modifica-
tions. Luminescent metal ions may be used to probe metal
binding sites, and fluorescent ligands (such as dyes) may be
found which bind to biomolecular systems in specific ways.
Furthermore, enzyme inhibitors are frequently encountered
which show a characteristic fluorescence. In each of these
cases, the CPL exhibited by the extrinsic fluorescent chromo-
phore is expected to contain detailed information regarding
binding and the structural environment of the binding site.

5. Crystals

No reports of natural CPL from optically active crystalline
systems have appeared in the literature. However, preliminary
investigations of crystalline benzil have been carried out and
weak CPL has been observed. %% Benzil belongs to a small class
of molecular systems which are not optically active in solution
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but which crystallize into an optically active form. Benzil crys-
tallizes in the trigonal trapezohedral class with a space group
P3421 or P3,21. The unit cell accommodates three molecules
disposed helically about the trigonal axis. The benzil molecule
(in the crystalline state) has a skew structure with exact C;
point-group symmetry. Optical activity in crystalline benzil may
derive, then, from both inherent molecular chirality and chirality
due to the arrangement of molecules within a unit cell. Crystalline
benzil emits at room temperature and exhibits a broad, weak
(] glum| < 1074) CPL in the 490-560-nm region. The emission
becomes sharper and more intense at low temperatures, but the
crystal appears to undergo a phase transition to a biaxial form
near 80 K, making CPL measurements below this temperature
impossible. Additional CPL/emission measurements on crys-
talline benzil down to 80 K are currently in progress (at the
University of Virginia).

B. Magnetic CPL
1. Transition Metal lons

Schatz, Richardson, and co-workers2'2% have reported a
detailed MCPL/emission study of the 4Ag <— 2Eq Mn*t transition
in crystalline Cs,GeFg:Mn**+. The MCPL/emission measurements
were carried out at low temperatures (~5-15 K) and high res-
olution (spectral band widths <5 cm™"), and excitation was
accomplished using either the 458-nm line or the 488-nm line
of an argon ion laser. Cs,GeFg:Mn** is cubic, space group O3,
with the Ge** (and Mn**) ions located at sites of octahedral (Op)
symmetry. Measurements were made with the applied magnetic
field (and the emission detection direction) along the [001]
(F-Mn-F bond) and the [111] crystallographic axes. Although
the Zeeman energy patterns were found to be isotropic, the in-
tensity patterns among Zeeman components in the MCPL/
emission spectra were not. This orientation dependence of the
intensities associated with components of the 4Ayq <~ %Eg
transition in a magnetic field is in accord with theoretical pre-
dictions. 1% The MCPL/emission spectra could be accounted
for and interpreted, in farge part, in terms of a theoretical analysis
based on a crystal-field model and a vibronic intensity model
applied to MnFg2~ clusters.

Richardson, Schatz, and co-workers2? have also reported
high-resolution, low-temperature MCPL/emission results for
Re** (5d°%) doped into single crystals of Cs,ZrClg. With 367-nm
excitation (from a Xe-Hg arc lamp source), sharp-line MCPL/
emission was observed in the 700-740-nm region which was
assigned to vibronic components of the T'g(*Azg) < I'7(3T2g)
Re*t transition. As \g, (excitation wavelength) was varied from
367 to 458 nm, emission in the 700-740-nm region was found
to diminish (gradually) to zero, but new emission appears in the
740-770-nm region which gradually increases in intensity. At
Aex > 458 nm, only emission in the 740-770-nm region was
observed. Both concentration dependence data and excitation
dependence studies suggested that the 740-770-nm emission
originates with Re pairs, whereas the 700-740-nm emission
features arise entirely from single ion (Re*™) transitions. The
MCPL/emission features observed in the 700-740-nm regions
were well accounted for in terms of a crystal-field/vibronic in-
tensity mechanism treatment of octahedral ReClg2™ clusters.
Differences were observed in the MCPL and MCD of specific
vibronic components of the intraconfigurational (tzga) I‘a(“Agg)
< I'7(%T,g) Re** transition. These MCPL vs. MCD differences
were attributed to differences in the vibronic mechanisms and
phonon coupling in the ground and excited states of the sys-
tem.

McCaffery and co-workers have reported?6-19.107-108 gayeral
MCPL/emission studies on transition metal ion species. In their
initial report,’® they presented low-temperature (20 K)
MCPL/emission spectra of zinc octaethylporphyrin (ZnOEP)
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dissolved in a rigid poly(methy! methacrylate) matrix and excited
with the 514.5-nm line of an argon ion laser. More recently, they
have reported'® a detailed MCPL/emission study of copper and
palladium octaethylporphyrin dissolved in a poly(methyl meth-
acrylate) matrix at 20 K. In this latter study, magnetic moments
of the emitting states were obtained, and the results were in-
terpreted in terms of various theoretical treatments of emitting
states in diamagnetic and paramagnetic metalloporphyrins.
Additionally, a ‘‘moments theory”’ suitable for treating the MCPL
results was given.

Another early study of McCaffery and co-workers'” concerned
the MCPL/emission spectra of Cr®* in hexagonal guanidinium
aluminum sulfate hexahydrate (GASH). The emission spectra
were obtained at liquid helium temperature and excitation was
from the 514.5-nm line of an argon ion laser. MCPL/emission
was observed over the 14 150-12 800-cm™" region and was
assigned to various vibronic and site-group components of the
4A, < 2E Cr3t transition. Four emission peaks, each with an
MCPL A-term, were observed in the “A, < 2E origin region
(14 150—14 050 cm™"). These features were interpreted in terms
of separate emission from the Cs, and Cz Cr3% sites in the
hexagonal GASH host lattice. A value of —185 cm™" was de-
duced for the trigonal-field parameter V. Tentative assignments
were offered for the rich vibrational structure observed in the
14 000-12 800-cm™" region. More recently, Shatwell and
McCaffery'® have studied the MCPL/emission spectra of MgO:
Cr®*, and have performed a detailed analysis of the spectra in
the 4A,4 «— %E4 phosphorescence region.

Shatwell and McCaffery°7-1%° have also used MCPL/emission
(as well as MCD/absorption) to investigate the 8A g < 4T 14(G)
transition region of antiferromagnetic MnF,.

Moreau et al. have employed MCPL/emission spectroscopy
and stress-induced polarized emission spectra to probe Jahn-
Teller coupling in the relaxed 'T,g excited state of Ni>* doped
into MgO.2* The emission spectra were carried out at 1.3-4.2
K, and 404-nm excitation ((A,g — 3T 5) from a xenon arc lamp
was used. Evidence was obtained for a strong Jahn-Teller
coupling of 1T2g with an ey vibrational mode (E;r &~ 515
cm™).

2. Lanthanide lons

Although MCPL/emission studies of lanthanide ions and lan-
thanide ion complexes would appear to hold great promise for
eliciting structural information about these complicated systems,
only one such study has been reported to date. Richardson,
Schwartz, and co-workers''® have measured and analyzed the
MPCL/emission spectra of crystalline Cs,;NaTbClg. Low-tem-
perature, high-resolution MCPL/emission spectra were mea-
sured throughout the 7Fg, "Fs, TF4, F3 < 5D, transition regions
of Tb3*. Cs,NaTbClg is cubic with the Tb3t ions located at sites
of exact octahedral (Or) symmetry. A weak-field crystal-field
model was used to analyze the MCPL/emission spectra in terms
of the crystal-field components of the “F, and 5D, free-ion states.
Using the transition energies and A/D ratios (where A is the
Faraday A-term and D is the dipole strength) calculated ac-
cording to this model for the magnetic-dipole allowed transitions,
a complete set of assignments was possible in the F5, 'F3 <
5D, transition regions and additional assignments were made
in the 7Fg, 7F4 <— 5Dy transition regions. The AJ = odd (’F5, 7F3
< 5D,) emission spectra exhibited only (0-0) magnetic-dipole
lines, whereas the AJ = even ("Fg, "F4 < °D,) emission spectra
exhibited both magnetic-dipole lines and phonon-assisted
electric-dipole lines.

A number of additional MCPL/emission studies on Cs,NalLnClg
(Ln = trivalent lanthanide ion) systems have been carried out or
are underway, in our laboratory at the University of Virginia, but
the data obtained from these studies have not yet been analyzed
and reported. 1! Preliminary MCPL/emission data have also been
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acquired on a series of tris(3-diketonate)lanthanide(lll) chelates
in solution media. 12

3. Other Systems

Marrone and Kabler''® have observed strong magnetic-
field-induced circular polarization in many of the intrinsic re-
combination (emissive) transitions from a number of alkali halide
crystals. In these experiments, the luminescence was excited
by 50-kV x-rays and MCPL was measured as a function of
magnetic field strength and sample temperature. Excited
(emitting) state magnetic moments were determined from the
MCPL data, and it was concluded that the observed lumines-
cence originates in triplet states of self-trapped excitons.

Schatz and co-workers (at the University of Virginia) have
initiated MCPL/emission studies on luminescent species trapped
in rare gas matrices at low temperatures. Preliminary results
have been obtained on XeF and KrF (trapped in solid argon and
neon matrices) and on Cl, (trapped in a solid argon matrix). These
emission studies coupled with MCD/absorption measurements
show great promise for elucidating the ground-state and emit-
ting-state structural features of such systems.

In a study of predissociation effects in the B3IIy+, state of
molecular iodine, Vigue et al.’™* observed magnetic-fieid-in-
duced circular polarization in the emission spectrum of this state.
In these experiments, fluorescence was excited by linearly
polarized radiation from a laser source and the emission was
observed in the direction of the applied magnetic field. Circular
polarization (/. — Ig) of opposite signs was observed for the R
and P rotational lines in the fluorescence spectrum. Furthermore,
separate lifetime measurements on /_ emission and /g emission
showed that the left- and right-circularly polarized components
in the emission had different lifetimes, and that the lifetimes and
lifetime differences (between /. and Ig) were field dependent.
They concluded that the circular polarization observed in the
emission is a lifetime effect induced by the applied magnetic
field. It was postulated that the magnetic field influences the
relaxation rates of the +M and —M Zeeman sublevels of the
emitting state differently, and that the stationary-state populations
of these levels will, consequently, be different. This leads to a
net orientation of the emitting state with respect to the magnetic
field and to a nonzero (), — [g) difference. The influence of the
magnetic field upon the relative relaxation rates of the +Mand
—M Zeeman sublevels was presumed to arise as a direct con-
sequence of interference between magnetic and natural pre-
dissociation of the B3II+, state of molecular iodine.

V. Related Emission Phenomena

A. Circular Polarization of Resonance
Fluorescence Excited by Circularly Polarized
Radiation

The major theme of this review is circular polarization of
molecular luminescence arising either from inherent molecular
chirality (natural CPL) or from the application of a magnetic field
aligned parallel to the direction of emission detection (MCPL).
In our theoretical treatment of CPL and MCPL (see section [l),
we assumed that excitation was effected via electric-dipole
absorption processes. The angular momentum properties of the
absorbing states were neglected, and the transfer of angular
momentum between a circularly polarized excitation beam and
the molecule during an absorption event was presumed to have
no influence on the CPL and MCPL properties of the emitting
system. This treatment is entirely satisfactory under conditions
of thermal equilibrium within the molecular excited-state man-
ifold prior to emission, and will usually be satisfactory for rep-
resenting non-resonance emission properties. Under these
conditions, the emitting (lJuminescent) state of the molecular



790 Chemical Reviews, 1977, Vol. 77, No. 6

system has no “memory”’ of the angular momentum properties
of the exciting radiation. However, when resonance fluorescence
of molecular systems is excited by circularly polarized radiation
under conditions leading to nonthermal distributions of excited
(emitting) states, the theory presented in section Il of this review
is no longer adequate. In this case, the emission may be (partially
or entirely) circularly polarized even for achiral molecules in the
absence of any externally applied fields.

The origins of circular polarization in the resonance fluores-
cence of achiral molecules (in the absence of externally applied
fields) is not difficult to understand. Circularly polarized exciting
radiation will selectively excite rotational levels of the molecular
excited states which have well-defined angular momentum (M,)
quantum numbers. In the absence of complete thermal equili-
bration among the rotational levels of the excited state prior to
emission (i.e., complete orientational relaxation of the mole-
cules), the emission will be dominated by those M, levels pop-
ulated by direct excitation. Only those M, levels having angular
momenta equal to that of the exciting radiation are excited, and
it is these which will dominate the emission. The net angular
momentum (and, therefore, circular polarization) of the emitted
photon flux will be identical in sign with that of the exciting photon
beam. The degree of circular polarization in the emission, C =
(L — RY/(IL + ), will reflect the extent to which thermal relax-
ation and reorientational motion occurs prior to emission. In
effect then, C is a measure of the relative populations of the M,
levels in the molecular emitting states and may be related to
various elastic and rotationally inelastic collisional processes
occurring in the sample.

Detailed consideration of circularly polarized resonance flu-
orescence from molecules excited with circularly polarized light
lies outside the scope of this review article. The reader is re-
ferred to Feofilov'' and to several recent papers by McCaffery
and co-workers'16-118 for more detailed discussions of this
phenomenon and its applications to the study of molecular
structure and dynamics. The recent work of McCaffery and co-
workers'16-118 on circularly polarized emission from molecular
iodine demonstrates the great potential of this technique as a
spectroscopic probe of molecular excited-state dynamics. The
circular polarization of the rotationafly resolved emission from
diatomic molecules contains much information on the nature
of reorientation processes and level crossing induced by elastic
and inelastic collisions.

B. Fluorescence Detected Circular Dichroism
(FDCD)

Tinoco and co-workers (University of California, Berkeley)
have recently developed a novel method of measuring the cir-
cular dichroism (CD) of luminescent molecular species.119-122
The method is referred to as fluorescence detected circular di-
chroism (FDCD). In FDCD, the difference in absorption for left-
and right-circularly polarized light (i.e., CD) is obtained by
measuring the difference in (total) fluorescence intensity for left-
and right-circularly polarized excitation. The differential circularly
polarized excitation spectrum then mimics the CD spectrum.
This method is based on the usually valid assumption that the
excitation spectrum of a luminescent molecule or chromophore
parallels its absorption spectrum. This assumption, of course,
breaks down for systems in which energy transfer occurs be-
tween absorbing and emitting chromophores; but even in these
cases FDCD retains some utility if appropriate models can be
developed for treating the energy-transfer mechanisms and
processes. By placing the luminescent sample in a magnetic
field (aligned parallel to the direction of excitation), one may also
measure fluorescence detected magnetic circular dichroism
(FDMCD).123

in the conventional FDCD experiment, the tfotal luminescence
intensity is measured without regard for polarization content.
FDCD experiments may also be performed in which the lumi-
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nescence is assayed for linearly polarized components or for
the intensity ratios of (orthogonal) linearly polarized components.
Tinoco et al.’22 have shown that these latter experiments can
provide very valuable and unique molecular structural infor-
mation in cases where the optically active sample contains an
orientationally nonisotropic distribution of excited (emitting)
molecules due to photoselection and slow reorientational re-
laxation processes.

FDCD, like conventional CD spectroscopy, is a probe of
molecular ground-state structural parameters (conformation,
configuration, stereochemistry, etc.). in contradistinction, CPL
is a probe of molecular excited (emitting) state structural fea-
tures. Therefore, although the instrumentation and measure-
ments techniques for FDCD and CPL have many features in
common, these two spectroscopic methods probe different
aspects of molecular structure. FDCD has enormous potential
as a tool for studying molecular structure, and many of its ap-
plications have been described and discussed in a series of
papers by Tinoco and his collaborators.1®-122 Problems arising
in the interpretation of FDCD data have also been discussed by
White, Pao, and Tang'2* and by Ehrenberg and Steinberg.125

Vi. Summary

Circular polarization of molecular luminescence is a phe-
nomenon of significant potential for exploitation as a probe of
molecular stereochemistry and electronic structure. Natural CPL
may be used to probe the stereochemical details of molecular
emitting states just as CD is used to study ground-state molecular
corformation and stereochemistry. Furthermore, the effects of
photoselection and orientational relaxation upon CPL observ-
ables (such as A/and gi,m) may be used to evaluate molecular
parameters (static and dynamic) not amenable to investigation
by other spectroscopic techniques.# 1527 The inherent sensi-
tivity of emission measurement techniques affords the oppor-
tunity of using CPL and MCPL to probe excited (emitting) states
not accessible by absorption (CD and MCD) techniques. Time-
resolved CPL and MCPL measurements offer the additional
possibility of studying molecular excited-state dynamics.

The general theory of molecular CPL and MCPL has been
worked out; 41527 however, detailed models relating the CPL
observables to specific molecular structural properties remain
in a somewhat less developed state. Useful spectra-structure
correlations have been achieved in a large number of cases, but
these remain qualitative or semiquantitative rather than quan-
titative. The obstacles to further developments in spectra
(CPL)-structure relationships are similar to those encountered
in the use of CD and MCD as molecular structure probes.

The instrumentation required for performing ‘‘steady-state”’
CPL/MCPL measurements is simple in design and construc-
tion.®20 High-sensitivity emission instrumentation may be readily
modified or adapted for measuring the differential circutar po-
larization of luminescence. Time-resolved CPL/MCPL mea-
surements have not yet been reported. Such measurements
present very difficult technical problems, but their potential value
demands that they be attempted.

Further development of CPL spectroscopy as a probe of
molecular structure will depend upon progress in the following
areas: (a) development of detailed molecular theories (or models)
relating CPL observables to specific molecular parameters, (b)
improvement of CPL instrumentation and the capability of per-
forming time-resolved measurements, (c) experimentation with
various excitation-emission geometries and excitation polar-
izations, and (d) the extension of applications to a wider variety
of luminescent systems.

Vil. Appendix

Equation 68 gives the magnetic-field-induced CPL intensity
(AN for a N — & emission in terms of the Faraday A, B, and
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@ parameters. Explicit expressions for the A, B, and € pa-
rameters in the molecular coordinate system are given in this
appendix, for the case of steady-state emission detection. Bars
over the A, B, and € parameters denote steady-state emission
conditions. These expressions include only the electric dipole—
electric dipole contributions to the transition probabilities (see
ref 27 for higher order contributions). Furthermore, these ex-
pressions were derived based on the photoselection/reorien-
tational relaxation model discussed in section I1.B. The notation
is that introduced in section I1.B.

A= ()hweKweINy 7 bof AN =) fuon(w)/h
+ [BN—8) + C(N—8)/ kThcp (w)}

Isotropic (‘‘Relaxed’’) Limit: D7 >> 1

AN—>G) = (=1/dp) Z(allm[p"d X por
an

- (m" = mea)] (A1)

BWN—>G)=(+1/ds) Z(V)im{ 3= [um X u97+ mm
an m#n

+ ur9X pdm e mm™/ Ay + 3 [p™ X p97 . mke
k=g

+ um9X pkn . moK|/AE,  (A2)

CN—8) = (—1/dy) Tim{(Va)u"9 X p9" - m™} (A3)
g,n

Photoselected (‘“Frozen”) Limit: D7 < 1

AN —8) = (+1/5d )2 Im{(1 + 2 sin? o sin? B)[u)%u§"
an
X (m7" = m%) — ufu " (m}" — m¥)] + (14 2 cos? a)
w g (my" — mf) — uifud(my” — m)]
+ (1+ 2sin2acos? B)« [u7fud(my" — m¥)
— uPFud(my" — m§H]}  (A4)

BN—>9) = (—1/5d,) TIm{ T [(1+ 2 sin? a sin2 B)
an m=n
X (uyou g 'm;m
= uxoud'm:™ + (1 + 2 cos? afu Tou"'my"
~ wyoud"mi™ + (1 + 2 sin? a cos? B)u7%u " m”
= u7%u$"'my™ + (1 + 2 sin? o sin? 8) » (u o $"m7"
= uBud™mP™ + (14 2 cos? a)(uFud™my" — w¥ud"m")
+ (1 + 2sin? & cos? B)u 2" my" — uiui"miN]/ AEy,
+ kég[ﬁ + 2 sin? a sin? B)(u J ud"mie — uFud"me)
+(1+2cos? a) - (uypIm — pudm)
+ (1 + 25sin? o cos? B)(uXu g mif— uiug"mye)
+ (1 + 2 sin? & sin? B)(u})%u k"me* — 1 fuk"m)
+(1+ 2 cos? a)(uifus'mi — uious"mg

+ (1 + 2sin? o cos? B) « (uPus"mg* — uggu‘;nmfk)]/AEgk}

(A5)
CN—8) = (+1/5d4)> tm{(1 + 2 sin? o sin2 B)
a.n

X (5emi" = uiud"mi" + (1 + 2 cos? a)(uiou&"my"
— P Em" + (1 4+ 2 sin? o cos? B (uFus"'my’
— uFug'mint  (A6)
Note that eq A4, A5, and A8 reduce to the isotropic limit (given
above) if 3 = 90° and o = 35.26° (or 144.74°).
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