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Theories allowing interpretation of the results of time-resolved polarization spectrofluorimetry in solutions
arc reviewed and their applicability under various conditions is discussed. For the reorientation of rigid
molecules in an isotropic medium, the most frequently employed models are presented. such as a rotational
diffusion model, the Fokker-Planck-Langevin model, cte. Systems with internal rotation, systems in
anisotropic media, systems with a complex electron relaxation and systems with energy transfer are
discussed as examples of more complex systems. A special attention is devoted to the polarization {luo-
rimetry of probes bound to/or sorbed at polymer and biopolymer chains. The review focuses on theoretical
models of reorientational motion for interpretation of fluorescence anisotropy decays. Experimental studics
and computer simulations are discussed only when it is necessary for comparison with theoretical
predictions. Complicated models for simultancous reorientational motion and energy transfer, solvent rela-
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xation, cte., although very important for many applications, exceed the scope of this review and are

mentioned only very briefly.

1. INTRODUCTION

Ultrafast time-resolved polarization spectroscopy cnables the study of a number of
dynamic phenomena on a molecular or submolecular level ina real time.

On irradiating the sample with a plane-polarized monochromatic light pulse of an
appropriate wavelength, excitation of a certain fraction of molecules takes place. The
probability that a photon is absorbed by a molecule depends not only on the square of

. e —>
the transition moment, w,

ijp (i.c. onoptical selection rules):

—>

luil = fll’jc P ;. de‘l’jv Wi, 4V N

but also on its oricntation to the polarization of excitation radiation'=, In Eq. (1), Wie
and 1, are the clectronic wave functions of the j and 7 slates, respectively, Wi and Py,
arc the vibrational wave functions, P is the dipole moment operator and integration is
performed over the entire space. The square of the second integral in the r.hus. ol Eq.
(1) represents the Franck—Condon factor. Immediately upon a short and vertically pola-
rized excitation pulse, orientation of excited molecules with an absorption transition
moment parallel to the vertical axis, z, is dominant. This gives rise to non-cquilibrium
and non-isotropic distributions of molecules in both the excited and the ground states.
The unstable distribution of excited molecules immediately starts to relax and the
reequilibration is attained via several simultancous processes™:

a) Radiative and non-radiative energetic relaxation of excited molecules (clectronic,
vibrational relaxation, encrgy transfer, cte.). The probability (or the rate) of the radia-
tive clectronic transition from the first excited singlet state S; to the ground state S,
(Muorescence) is controlled by optical selection rules. The rates ol possible competitive
non-radiative processes (internal conversion, intersysten crossing cte.) are influenced
by various lactors (structure of the fluorophore, microenvironment polarity, viscosity,
cte.). The absorption, lI)I, and cmission, [A—:, transition dipole moments are in many fluo-
rophores parallel to cach other and the emission is strongly polarized parallel to the
excitation polarization in carly times and then depolarizes due to the overall relaxation
of the system = see processes listed below in b) and ¢). (Dipole moments p_l:und ﬁf may
form a constant angle and the initial polarization may be smaller than that assuming the
parallel orientations.)

b) Rotational Brownian motion of molecules. Processes lalling in this category will
be discussed in great detail.
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¢) Reorientational relaxation of microenvironment. Discussion ol microenvironment
relaxation (e.g. that ol solvation shell) exceeds the scope of this review and will be
omitted.

The aforementioned relaxation processes may be studied by the time-resolved optical
spectroscopics: (i) cither by means of a sccond delayed (probe) pulse (the transicnt
absorption spectroscopy), or (ii) by studying the radiation emitted from the excited state
(the time-resolved fluorescence spectroscopy).

The time-resolved fluorescence anisotropy measurcment is an extremely suitable
mcthod for studying the reorientational motion of molecules. In this case, the time
decay of fluorescence intensities polarized parallel, (1), and perpendicular to the exci-
lation polarization, /, (1), are measured. The time-resolved fluorescence anisotropy, r(t),
is defined by the following equation:

0 - L0
O =10 20 @

S(r) = Ly(r) + 21.(1) is proportional to the total population of molecules in the excited
state and does not depend on the reorientational relaxation —i.c. S(¢) contains informa-
tion on encergy relaxation only®. Fluorescence decay I(y,f) polarized at an arbitrary

angle y to the excitation polarization may be expressed in the following form*:

I(yt) = %S(l)[ [+ @cos”y=1)r@)] . 3)

The principal advantage of Eq. (3) for experimental data analysis is that it allows onc
to analyze fluorescence depolarization decays ol complex systems without major ambi-
guities (a global analysis method® = 7). Itis evident from Eq. (3) that in measurements
with an analyzing polarizer oriented at the magic angle v, = 54.7°, 3cos?y,, - 1 = 0),
function S(¢) can be obtained directly:

I(Yn]’{) = S(I) * (4)
The time-resolved fluoreseence anisotropy, r(1), is related to the time correlation
function of: (i) the orientation of the emission transition moment at the time ¢, E:(l) and

.. . . . . I . . . . —>
(ii) the orientation of the absorption transition moment at the instant of excitation, p (4,
= 0). Function r(¢) can be expressed in the form®:

1) = 2P0 Kl =0)) | )
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where P, is the Legendre polynomial of the second order and the brackets < > denote
cnsemble averaging,.

Time-resolved polarization fluorimetry monitors a relaxation of the emission dipole
moment from a non-cquilibrium state, which was created due to appropriately chosen
initial conditions (a polarized excitation) to an cquilibrium (random) state. As mentio-
ned carlier, the anisotropy decay, r(f), is influenced by the rotational movement of
molecules and also by other types of relaxation (such as cnergy transfer’ = 13
microenvironment relaxation'®). A general theoretical model should consider all the
above mentioned phenomena. Ina number of systems, energy transfer does not take
place, or may be suppressed by using low fluorophore concentrations. The reorienta-
tional relaxation of the microenvironment is usually faster than both the clectron rela-
xation and the reorientational motion of common fluorophores in solutions, and it does
not dircctly affect the shape of fluorescence anisotropy decays. The most frequent
process occurring on the same time scale as clectron relaxation is the rotational
Brownian motion of molecules. Consequently, the theoretical analysis of the fluo-
rescence anisotropy decays is most frequently based on so rotational diffusion model.

This model falls into the category of theories describing vector movements!'s = 32)
some of which have quite general validity and may be applied to other experimental
methods (relaxation of molecules by NMR, dipolar relaxation, clectric and flow dichroism).

2. REORIENTATION OF RIGID MOLECULES IN AN ISOTROPIC MEDIUM

2.1. Rotational Diffusion (RD) Model

I'S is the oldest one. Reorientation motion

Historically the Debye hydrodynamic mode
of molecules is desceribed using a rotational diffusion cquation with a rotational diffu-
sion cocefficient given by the Stokes—Einstein equation. The model has been improved
and generalized by many authors'® = 2 and at present the rotational diffusion (RD)
model is the most widely used for interpretation of experimental data. A fluorophore is
supposed to be a solid (in general asymmetrical) elipsoid immersed in a viscous liquid.
Its orientation in the fixed laboratory coordinate system is characterized by Euler’s
angles ©, which describe the instantancous orientation of a coordinate system moving
with the molecule with respect to the laboratory coordinate system. It is assumed that
the molecule rotates by a very small angle between individual collisions (assumption of

small diffusion angles). The diffusion equation has the following form:
()
Q0 = -HQ (6)
(
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H is the Hamihonian operator, H = ZZL, D;;L;, where D
sion tensor, and L is the quantum mechanical operator of the angular momentum defi-
ned according to Rose™. Function f(Q,1) stands for the probability, that at a given time
(, the oricntation of a molecule (regardless of the clectronic state) is in a solid angle
interval from Q to Q + dQ. Provided that the moving coordinate system coincides with
the diagonal components of the diffusion tensor, e.g. with the principal diffusion axes,

arce the components of diffu-

the diffusion equation may be rewritten into a simplier form:

%IIQ") = ‘2 D, (L) f1Q,) )

which is the quantum mechanical operator equation for an asymmetric solid rotor. The
following classilication of molecules is based on the properties of the diffusion tensor:
a) the asymmetric top — clements ol difTusion tensor (principal diffusion cocfficients)
are mutually different,
b) the symmetric top — two main diffusion coelficients are identical, the third one is
different,
¢) the spherical top —all three cocefficients are identical.
Probability density, f(€2,1), is connected with the experimentally available quantitics
Iy(r) and 1, (r) by mecans of the following cquations:

() = [d4Q P (2.Q) K1) Q0 ()
I, () = fdQ P, (T.Q) K@) fQu), Q)

where K(f), which is proportional to S(r), is the probability that a molecule is in the
excited state at the time ¢, and P"(;l—:,Q) or P, (1,Q2) are the probabilitics that a molecule
with an cmission transition dipole moment L_(: whose orientation is determined by
Euler’s angles Q, emits fluorescence radiation polarized parallel or perpendicular to the
polarization of the excitation light, respectively.

The mathematical treatment'? based on the theory outlined above leads to the
following expression™ for r(r):

S

) = 3 Ajexp ;—’ ). (10)

=1

In the most general case there are five rotational correlation times, 1; = f(D,, D», D3),
which are functions of the principal diffusion coctficients, although only three of them
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arc independent. The pre-exponential factors A; = fiD, D,, D3,uj, Bj) arc functions of
the principal diffusion cocefficients and angles describing the orientation of the
absorption and emission transition moments with respect to the principal axes of diffu-
sion. [n many cases (¢.g. a special symmetry of the molecule, or a special orientation of
ﬁ:, E: to cach other, cte.), the analytical form of r(¢) is considerably simplilied and the
number of rotational correlation times is reduced — see Table L

The model was later extended® also 1o the cases when the microscopic structure and
molecular nature of the surrounding liquid cannot be neglected. The clffect of the
microscopic structure of the environment and of its interaction with a fluorophore on
the rotational dilfusion is caused especially by a capability of the studied fluorophore
to bind solvent molecules (Lo form a solvation shell). Two limiting situations are consi-
dered: (i) stick condition, a situation when a layer of solvent molecules (first solvation
shell) moves simultancously with the fluorophore, and (ii) slip condition, a situation
when the solvent molecules are not bound to the fluorophore and consequently the
(Tuorophore rotation is free, nevertheless hindered by the necessity to dislocate the
surrounding solvent molecules. This results ina hydrodynamic friction. In some cases

Tanee
Special cases when the number of rotational correlation times, Ne-p. is reduced

Ner Possible physical situations

3 ayDy =Dy = Dy =D2= D3y < symmetric-op

. . . .
b) probe randomly attached 10 a rigid macromolecule ¢.g. all orientations of p, pe with respeet to
g e . .pe P2 12 . .
the diffusion axes are of cqual probability. thus (j1i)” = ()™ = 1/3 for cach i
¢) 1, or i is perpendicular to one of the main diffusion axes. but not parallel to any of the

remaining ones

N . . — . . .
2 a) symmetric-top (D). 1) and simultancously g or i is perpendicular to the axis of symmetry

b) symmetric-top together with the slip conditions in theory they are three, but in practice two of

them are indistinguishable
— . S
¢) G or i are parallel to some of the main diffusion axes
. . - — Lo

1 a) symmetric-top (D). D) and simultancously ji, or pie are parallel 1o the axis ol symmetry

bYDy = Dy =Dy =1 < spherical-top

. . A . . e . 17
¢) for an oblate clipsoid in theory they are three, but in practice they are indistinguishable

Collect. Czech. Chem. Commun. (Vol. 58) (1993)



Review 219

it is necessary 1o take into account not only this hydrodynamic friction, but also the
diclectrie friction™, which is a consequence ol dipolar interaction of a fluorophore with
solvent molecules. Introduction of the stick and slip limiting conditions may affect
drastically values of the rotational correlation times™.

A very special theoretical anisotropy decay predicted by Eq. (10) for special orienta-
tions of JT, p_t: (mutually perpendicular) and appropriate magnitudes of D; (symmetric
molecules with Dy > D)), when r(f) may reach a maximum at intermediate times and
later decreases again, has been obtained also experimentally for perylene®>30,

In practice, only two or three correlation times can be resolved within experimental
crrors. The experimental rotational correlation times are therefore certain weighted
averages of the theoretical rotational times. The fact that for many fluorophores the
orientations of l_l—). J: are not known may further complicate the evaluation of expe-
rimental data.

Further important characteristics are initial anisotropy ry = r(t = 0)= X, A;, and resi-
dual anisotropy r, = lim,_, r(t). The initial anisotropy depends on the angle « between
the absorption and emission dipole moments and for a fluid system of randomly
oricnted fTuorophores (prior to excitation) it may be expressed as [ollows:

rop = 0.6cosa - 0.2, (11

Experimental values r for various [luid systems should be in the interval <0.2; 0.4>.
Cocllicients A, may depend on the excitation and cmission wavelengths, but not on
temperature, viscosity, and for symmetric-top on D;. The residual anisotropy should
attain zero value for a rigid molecule inan isotropic medium. If the experimental value
differs from zero, it means that: (i) cither the rotational movement is restricted (due to
the bonding to the rigid system, as a result ol anisotropy of the medium - sce paragraph
4, cte.), (i) or that the rotational correlation times are long as compared with the fluo-
rescence lifetime and the true r cannot be reached experimentally. Information obtai-
nable from [Tuorescence anisotropy measurcments are summarized in Table 11

The rotational diffusion model has been employed by many authors for a successful
description of experimental data of fluorescence depolarization and their relation to the
rotation ol molecules (see c.g. a survey of rotational correlation times of selected mole-
cules on p. 137 in rell®).

2.2. Extended Diffusion (ED) Model

e B gyt . . . ) . . AR .

Fhe extended diftusion model (for lincar™ and for spherical®™ molecules, for
. 3y DY . . D . . . .

symmetric=®?” and for asymmetric™ molecules) climinates the assumption of small

diffusion angles.
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According to the ED model, reorientation of molecules proceeds via possibly long
and mutually independent diffusion steps. Molecules rotate freely without any change
in the angular momentum between collisions. The probability of diffusion steps of
different lengths is given by the Poisson distribution. A collision is considered to be a
very fast event as compared to the average time of the free rotation of a molccule.
According to the character of changes in angular momentum, two limiting cases of the
ED modecl can be distinguished. In the J-diffusion, changes in both the magnitude and
the oricntation of angular momentum take place. Changes in the angular momentum
oricntations are supposed to be random, and the probability of changes in the angular
momentum magnitudes are given by the Boltzmann distribution. In the M-diffusion, the
angular momentum magnitude does not change during a collision, only its orientation
changes randomly.

Time-resolved anisotropy has a complex form of an infinite series. Gordon®* has
shown that for lincar molecules the theoretical rotational correlation function may have
in certain special cases a form ol damped oscillations, which really has been observed
experimentally, and the RD model could offer no explanation for this situation. The
agreement of numerical values calculated using the ED model with experimental values
has been verified for spherical molecules by McClung?’. Calculations for asymmetric

28

molecules= assuming the J-diffusion have agreed with experiments, whereas the

assumption of M-diffusion has proved to be unrcalistic.

TasLe 11

Information obtainable from tluorescence anisotropy decay

Source Information
Ncr information on molecule symmetry
- . . . L= — . L
information on mutual orientation of . pg and principal axis of symmetry (sce
Table 1)
Magnitude of magnitude of the principal diffusion cocflicients Dy and/or Di/D; i.c. microviscosity
rotational of the medium. interaction with the medium, “shape™ of a molecule in the excited
correlation times state (in symmetrie molecules e.g. the ratio of semi-axes
Initial anisotropy specification of mutual orientation of y and
Residual criterion of equivalence of all directions of rotation (criterion of anisotropy of the
anisotropy medium)
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2.3. Fokker-Planck—Langevin (FPL) Model

Another improvement of the hydrodynamic model celiminating the restriction to small
diffusion angle steps is the Fokker—Planck—Langevin model (for lincar®, spherical®
and symmetric®! tops).

In the FPL model, the molecule is treated as a solid body of a convenient shape
(clipsoid) immersed in a viscous liquid. Rotational movement is affected by: (i) the
slowly changing frictional force given by the viscosity of the medium, and (i) the
quickly changing Brownian force, which results from the changes in instantancous
structure of the medium,

The FPL model is based upon a rotational Fokker—Planck equation for the condi-
tional probability density of orientation and magnitude of angular velocity of the mole-
cule. The derived correlation functions are expressed as an infinite series (whose terms
are simple exponential functions of time), which converge sulliciently fast. Accurate
numerical values for the correlation functions and spectral densities were obtained
using only a small number of terms in the truncated scerices.

The physical assumptions of the FPL and ED modecls are quite different from cach
other although both are extensions of the rotational diffusion model and remove the
restriction ol small diltusion angles. The FPL and ED models represent two extreme
approaches how to treat the influence of the microenvironment forces on the rotational
diffusion of a molccule. In the ED model molecules perform unhindered rotations
interrupted by strong collisions ol short duration which result in great changes in the
magnitude and orientation of the angular velocity of the molecule. In the FPL model
both a slowly changing friction force and a more quickly changing Brownian force are
involved. To create a great change in the FPL model, however, a large number of
fTuctuations of the Brownian force occurring in the statistical set of particles is needed.

A detailed comparison of calculations of the FPL and ED models for lincar and
spherical molecules with experimental values has been published by G. Lévi et al. ™,
Both models offer an almost indistinguishable macroscopic description of the rotational
movement of molecules in liquids and it is difficult to decide which is more relevant.
The authors recommend a great deal of caution in drawing conclusions concerning the
microscopic details of movement of molecules in real liquids based on the agreement
of experimental data with model predictions.

2.4. Partially Relaxed Rotation (PRR) Model and Its Generalization, 2t Model

An interesting extension of the RD model for a symmetric-top fluorophore, which is
similar to the ED model®, is a partially relaxed rotation model and its generalization, a
2t model*.

These modcels are based on the experimentally verified fact that the rotation around
the symmetry axis does not require any significant displacement of solvent molecules
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and is quite free, while the tumbling motion connected with changes in spatial oricnta-
tion of this axis is a complex relaxation process controlled by collisions with
surrounding solvent molecules.

Non-correlated instantancous binary collisions are supposed to perturb the angular
velocity perpendicular to the symmetry axis (the tumbling motion) but leave the
parallel component (the free rotation) unchanged. Distribution of angular velocities for
the free rotation around the symmetry axis is given by the Maxwell-Boltzmann
function and the relaxation of the tumbling motion is described by a characteristic time ;.

A more general model, which is called 2t model, considers also the relaxation of the
movement around the symmetry axis. This relaxation process is described by a charac-
teristic time s, The following limiting cases, may be distinguished:

1) il t5 = o, then for any 1, the model corresponds to the PRR model
2 I

2) il t; = o, then for any Ts, the model corresponds to the EDJ model

3)ilt, = = and v, = =, the model corresponds to the free rotor model.

3. SYSTEM WITH POSSIBLE INTERNAL ROTATION

Rigidity or flexibility of a molecule with possible internal rotation (mostly a synthetic
polymer or a biological macromolecule) may be classified for the purposes of this
review by the ratio of rotational correlation time of the individual part of the molecule
to the rotational correlation time of the entire molecule. Fluorescence anisotropy in a
fTexible system monitors simultancously several motions: (i) rotation of the system as a
whole, (ii) rotation of the fluorophore around a single covalent bond and (iii) rotation
of the fluorophore together with a part of the molecule. In some special cases it may
monitor also a coiling or a bending of the polymer chain®. For fluorimetric studies the
flexible systems may be divided into two large groups. The fluorophore may be: (i)
cither an inherent part of a macromolecule — an intrinsic probe, (ii) or it may be addi-
tionally chemically bonded to a macromolecule (fluorescent labelled polymers) or
preferentially dispersed in a macromolecular system — an extrinsic probe. Dispersed
fluorophores are not particularly suitable for study ol possible internal rotations of a
molecule or molecule lexibility and are used mainly lor studies of anisotropic
properties ol a medium.

An ideal [Tuorescence probe should mecet the following requirements:

«) it should specifically monitor the behaviour ol a selected part of the molecule,

b) it must not perturh the studied system (in biological molecules it should not
influence the physiological function of the system),

¢) it should have appropriate and simple spectral properties (single exponential [Tuo-
rescence decay inan isotropic system with a convenient lifetime, i.e. somewhat longer
than that of the reorientation motion).
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The major ambiguity of the extrinsic probe techniques lies in the assumption that the
rotational motion ol the probe is a good indicator of that of the host system.

The fluorescence anisotropy is related in a relatively complicated way to the beha-
viour of the system. It is advantageous for interpretation of experimental data to begin
with a hypothesis on the possible arrangement and processes occurring in the system.
Owing to the complexity of these relations, there has been no genceral theory formulated
so far, but since polarization {luorimetry is a promising source of interesting informa-
tion on polymers and biopolymers, a number of papers has appeared analyzing simpli-
ficd cases™ =7,

For a polymer containing a [luorophore as one of the internal chain segments (i.c.
.. .M-M-F-M-M. . ., where M and F stands for monomeric unit and fluorophore,
respectively), there exists a model, which considers a three-bond motion (a sort of the
crankshaft motion) on a hypothetical tetrahedral lattice™ . The derived fluorescence
anisotropy may be written in the following form:

Mt) = r, exp (L) crl'c\/'z: , (12)
')

where pois the relaxation time which may contain parameters, describing the diffusion
jump frequency and the conformational structure of the chain. In a more realistic
model, when both valence angles and internal rotation angles are allowed to vary from
those associated with an ideal lattice, the fluorescence anisotropy assumes the follo-
wing form™:

r(ty = r, c,\'p(—E’) exp (i) crll'\/?—)_ , (13)

where 0 is the correction relaxation time reflecting the perturbation relaxation of the
lattice points positions. The validity of Eq. (/2) has been verified experimentally, c.g.
in rel.* for anthracene labelled polystyrene (emission transition moment parallel to a
polymer chain) and with 9,10-diphenyl anthracene labelled polystyrene (emission
transition moment perpendicular to a polymer chain). The approximation has been
found satisfactory with the exception of the short-time region.

Recently, the cooperative crankshalt motion of polymer chain has been discussed in
ref.3) which considers several (two, three or nine) simultancous bond rotations.

A model for [Tuorescence anisotropy of a compact and rigid globular macromolecule
with a mobile pendant fluorophore was presented by Gottlich and Wahl*’. The fluo-
rescent group is supposed 1o be mobile around one ol its rotational diffusion axes. This
is a fairly frequent case of globular proteins where the axis of rotation represents a
single covalent bond. A fixed and radial oricntation ol the axis of rotation with respect
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to the carricr molecule is assumed in this model. Two limiting cases have been treated:
(i) a non-hindered rotational diftusion of the fluorophore (which corresponds to a free
internal rotation of the fluorophore) and (ii) a jump dilfusion among discrete positions
(which corresponds to an internal rotation with discrete positions).

The following analytical form has been derived for the free internal rotation:

- - -2
r(t) = cxp(—T—l ) { g+ oy exp ( —T-—’ )+ oy cxp(‘;i) }, (4)
M I ¥

where 1y is the rotational correlation time ol a macromolecule, Ty is the rotational
correlation time of a (luorophore, and o, «, (g are constants depending on the angles
between the transition moments and the axis of the rotation.

47

For a thermally activated jump diffusion™’) the time-resolved anisotropy has been

derived in the form:

r(t) = cxp(fi) {ay+dsexp(=-Kwt)}, (15)

m

where K is the normalization constant, w is the jump frequency and ag, ¢, are constants
reflecting the orientation of transition moments within a molecule.

A discontinuous jump model for large carriers with [luorophores which may have a
finite number of positions has been also published by Weber?®,

A more general model for the time-resolved fluorescence anisotropy for a {luo-
rophore undergoing rotational diffusion about a single axis while attached to a non-
fluorescent rotationally diffusing, symmetrical carricr molecule, was presented by
Burghardt*. In contrast to the previous work?”) the rotational axis of the fluorophore is
assumed to have an arbitrary orientation relative to the carrier.

A system of compact spherical macromolecules, cach containing a pendant fluo-
rophore attached covalently to the macromolecule has been treated also by Tanaka ct
al.® for a more complex energy relaxation process (angularly dependent quenching of
fTuorescence). Numerical computations fitted well the experimentally observed (luo-
rescence decays from single tryptophan in apocytochrome c.

An another approach was published in refs™370 A general formulation was presented
for the decay of the fluorescence polarization anisotropy ol species that exhibit a local
cylindrical symmetry. This formulation encompasses ordinary rotational diffusion of
rigid species, and also admits various deformational Brownian motions that proceed
under the influence of hookean restoring torques. These latter motions include the
overdamped twisting deformations of an clastic filament, and overdamped local rota-
tions of the fluorophore in a harmonic angular potential well fixed in the local macro-
molecular rame. Explicit formulas valid in particular cases have been presented.
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Szabo™ has formulated modcel-independent cquations for fluorescence anisotropy,
which can be used for any macroscopically isotropic system and which are particularly
suitable for systems with an internal rotation:

{Ckde) plo,t) Py | 1030 1(0) ] ))
(( kd2) plw,t) )) ’

2
o = 2 (16)

where (( kL) p(w,r) )) is the overall fluorescence (i.e. S(1)), k() is the clectronic transi-
tion rate constant, and p(w,f) describes the fluorescence spectrum, P, is the Legendre
polynomial, and {( )) denotes ansamble average with respect to possible orientations
and cnergy states. Time-changes of the conditional probability density p(i,Q;¢ | /,2,:0)
must fulfill the following equation:

(T('; P2 1,.25:0) = {L(L,RQ) - k(1,Q) } p(i,2:0) |/,92,:0), (17)

where parameter ¢ indicates the energy state of a molecule, the Euler angles Q describe
its orientation, operator L(1,2) comprises reversible energy and reorientation transi-
tions, and K(1,Q2) describes the complex rate constants of irreversible transitions of the
system (both radiative and non-radiative). The form of the operator {L(1,Q2) - k(i,Q)}
results from the chosen model. The set of Eqs (/7) represents a matrix of integro-diffe-
rential equations, which may take into account in a comprehensive and unified form a
number of phenomena — energy transfer, heterogenceity of microenvironment (a location
of the probe in conformations with different emission characteristics), interconversion
of excited states with different emission characteristics, as well as both overall and
internal rotation of a molecule and anisotropy of a medium. Energy transfer takes into
account the mutual orientation of fluorophores and therefore the rate constants k(i,Q)
depend explicitly on Q. An analytical solution is possible only for some particular
forms ol operator L(1,Q2) and rate constant K(1,82), i.c. just for a few particular model
systems. The solution is feasible provided that the energy and orientation relaxations
are uncoupled, and the overall and internal rotations are not correlated. Paper® gives
the fluorescence anisotropy behaviour for an internal rotation of a probe around one or
several fixed axes or for a rotation around an axis which is not fixed and may move in
an angularly symmetric potential ficld. The latter case can describe also the motion of
a probe in a membrane (see also the Chapter 4). No particular assumptions on the
nature of the internal motion of the probe were a priori made and jump motion, free
motion and restricted motion of the probe were treated as special examples.

A realistic description of the behaviour of systems with possible internal rotations is
so complex that all models had to introduce simplifying assumptions (often rather
unrcalistically oversimplilying assumptions), and a catholic use of the derived cqua-
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tions is impossible. The find fluorescence anisotropy formulas are usually so compli-
cated that even superior quality data (with ultrashort excitation, deconvolution, a great
number of counts in time-channels, ete.) do not permit to determine unambiguously all
parameters with a sufficient accuracy. Despite a great number of theoretical studies** — %7
dealing with the problems of the internal rotation, analyses of experimental data arc
usually based on semiquantitative considerations™ =00,

For small and flexible molecules, such as biphenyl or butane, a more specific theo-
retical description of individual external and internal rotational modes is possible. For
butane type molecules, there exists a strong coupling beween internal (recoil) and
overall motions. Both rotational modes proceed on comparable time-scales and their
coupling have to be taken into account to intepret experimental data correctly. A scries
of theoretical papers® =03 have been published which treat the coupling effect from the
point of view ol the t;-NMR-relaxation times. Their applications to fluorimetry is fairly
straightforward.

4. RIGID MOLECULE IN AN ANISOTROPIC MEDIUM

Fluorescence anisotropy of fluorophores embedded in a lipid bilayer, vesicle or
membrane gives indirect information on the structure of the medium. The movement of
a fTuorophore is not equivalent in all three directions and the system usually doces not
relax completely — residual anisotropy is non-zero. Rotational relaxation is controlled
by a potential ficld prefering certain orientations of the embedded probe. An centirely
general theory does not exist; models for particular cases, however, do.

Most authors treat the behaviour of a symmetric-top probe. For a macroscopically
isotropic suspension of plane lipid bilayers containing cylindrically symmetric (luo-

1.9, The movement of lipid mole-

rophore, a theory has been developed by Kinosita et a
cules as a whole is neglected and it is assumed that a {luorophore may rotate with
respect Lo its symmetry axis, which can move. Movement of the symmetry axis is trea-
ted as a diffusion motion in an angularly symmetric potential. It has been shown quite
generally (regardless ol any model) that, the ratio of residual and initial anisotropics
characterizes an cffective anisotropy ol the medium — which is called the degree of
oricntational constraint; and the time derivative ol () at time ¢ = 0 characterizes the
average “velocity” with which the molecule wobbles within a confined angle.

A modcl of diffusion-in-a-cone assumes the simplest angularly dependent potential:
W(0) = 0 for 0=0,,, and W(O) = =« for 0>0

symmetry axis of {Tuorophore and the axis which is perpendicular to the bilayer. This

max mawe 0 being the angle between the

model has been applied to three types of fluorescent molecules:

a) rod-shaped molecules with emission transition moment parallel to the long
symmetry axis (a wobbling-in-a-cone modcl),

b) rod-shaped molecules with emission transition moment perpendicular to the long
symmeltry axis (a spinning-in-an-cquatorial-band modcl),
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¢) disk-shaped molecules with emission and absorption transition moments in the
planc ol a disk, which undergo free in-plane rotation and restricted out-ol-plane rota-
tion.

Model predictions for the r(1)/r(0) and r_/ry ratios has been presented in the form of
infinite series, as well as truncated approximate formulas.

In later work Kinosita ¢t al.®” introduced the Gaussian model (the steady-state distri-
bution of probe orientations prior to excitation is approximated by a Gaussian curve)
and compared the results of the Gaussian modcel with those of the diflusion-in-a-cone
modcl. The authors concluded that if only two parameters are usced, the details of the
model have no decisive impact on the data analysis provided that the symmetry of the
rotational constraint is properly respected.

A similar modcel of fluorophores embedded ina membrane was developed by Lipari
et al.® He generalized Kinosita’s model® by also considering the overall segmental
motion under the assumption that the overall and internal motions are independent. In
this work®, a general and model-independent equation for residual anisotropy of rod-
shaped and disk-shaped molecules has been derived:

B

P, (cos (0)) P, (cos(0) S-, (18)

v

]
‘Nl

S = (Picos0)) (19

where Sis an order parameter, 0, and 0 are the angles between L_l:, H: and the symmetry
axis ol molecule, () denotes an ensemble average, P, is the second degree Legendre
polynomial and 0 is a variable angle between the symmetry axis of the fluorophore and
that of the lipid bilayver.

A promising modcel-independent approach to fluorescence depolarization of cylindri-
cally symmetric fluorophore in the most compact form has been introduced by Heyn®.
Oricntation of the fluorophore is described by the probability density function, f(0),
where 0 is the angle between the symmetry axis ol the fTuorophore and that of the lipid
bilayer. Function f(0) is expanded in a scries of Legendre polynomials:

X

[0) = & D @ua 1) (P,) P, (cos0), (20)

= n=\0

where the n-rank oricntational order parameters S are defined:

+1
S, = (P,) = J P, (cos0) f0) d(cos 0). QI
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Symmetry propertics of Legendre polynomials for odd n’s lead to S = 0. For an isotro-
pic medium, f(0) is independent of the angle 0, and it follows from Eq. (27) that S, =0
for all n=0 and Sy = 1/2. For a system with perfectly ordered (aligned) fluorophores
(i.c. f10) = 0 only for 0 =0) arc all S, = 1. Ina general case, S may attain valuces in the
interval <0,1> depending on the directional constraint of the fluorophore movement.
This modcl-independent approach has been further improved by van der Mcer ct
al.7? 1.7 it has been shown that if only two
parameters are used, the choice of a model is unimportant. The applicability of the

. In agreement with the conclusions in re

approach presented in rel.’? has been verified experimentally by Ameloot et al.”!.

Later works’ have proved that more than two parameters cannot be unambiguously
determined from fTuorescence anisotropy measurements in vesicles.

A modcel-independent determination of more parameters was successtully achieved
for macroscopically oricnted lipid multilayer systems” 7,

A solution for an asymmetric probe reorienting in a membrane bilayer was presented
by Tarroni and Zannoni™. They gave general expressions for the rotational diffusion
matrix clements and performed numerical computations for some special casces.

Some older experimental fluorimetry works together with theorctical aspects of

membrane studies are reviewed in ref.’e.

S. MORE COMPLEX ELECTRON RELAXATIONS

As soon as two or more clectron transitions may take place simultancously, expressions
for fluorescence anisotropy become much more complicated.

In measurements of fluorescence decay kineties of two or more dilferent (mutually
noninteracting) labels in the same medium (@ = 1, N) or of one label in several distinet
microenvironments (i = 1, N), the following cquation holds for r(f):

L0 - 10 2, Di(1)

S + 2500 IS0

rt) =

LSO rm
" Tiso ) P, (22)

NO)

where fi(1) = > S(1)

(23)

arc the fractional intensities. The necessary prerequisite for such a situation is that all
the radiative clectronic transitions must contribute additionally to the same emission
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wavelength. For the simplest case of this type — i.c. two fluorophores cach of which
exhibits only one fluorescence lifetime and one rotational correlation time (the two
lifetimes differ from cach other and the same do the two rotational correlation times),
the fluorescence anisotropy is the sum of two fluorescence anisotropies describing the
respective fluorophores. The pre-exponential factors are time dependent, but can be
obtained by measuring the fluorescence lifetimes, which facilitates the analysis of fluo-
rescenee anisotropy.

Expansion of the RD model to fluorescence anisotropy of a single fluorophore with
several possible clectron transitions is treated in refs’”7®, Molecular movement is
described in terms of the rotational diffusion of an asymmetric rotor. It is assumed that
clectronic transitions may be described by first-order rate constants unaffected by mole-
cule orientation. Electronic transitions proceed very quickly so that no change in
orientation takes place during the transitions. The number of energy levels is not limi-
ted, and the diffusive motion of tluorophores at individual energy levels may be gence-
rally different. To simplify the problem, a restricting assumption of the identical
oricntation of the principal dilfusion axes for all electron states is employed, although
the magnitudes of diffusion cocefflicients for individual excited states may differ.
Authors usced the following set ol diflerential equations for probability densities of
molecule orientations of individual clectron levels, fi(Q.I):

n-1

S0 = - 2D L) @0 + B Ky f(Qo, “
P:

m=|

where Di“ (m =1, 2, 3) are diagonal clements ol diffusion tensor for an i-th level, L is
operator of the orbital angular momentum defined according to Rose™, K;j are clements
of the matrix ol rate constants in an n-level system. For a genceral case of an n-level
system, the sct of Eqs (24) cannot be solved directly, but it can be solved formally
using diagonalization. For n = 1 the cquations reduce to the RD model. The study””78
includes application of the method for five actual cases:

a) two-level system with different diffusion tensors,

b) four-level system, in which the transition from the excited state does not go back
to the ground state, but in which chemical isomerization takes place,

¢) three-level system, in which the main contribution to the signal results from
birefringence,

d) system in which a fast relaxation into several other electron levels may take place,

¢) system in which an absorption into two mutually overlapping energy bands may
oceur.
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The same fluorescence anisotropy decay of a multilevel system without internal rota-

S3
’s™ approach.

tion can be obtained as a special case of the more general Szabo’s
The theory of multilevel fluorescence depolarization was in the most complex and
modecl-independent form discussed by Fisz’.

6. FLUORESCENCE ANISOTROPY DECAYS FOR SYSTEMS
WITH MORE COMPLEX ENERGETIC INTERACTIONS

Depolarization of {luorescence may be also influenced by some processes in which
excited fluorophores take part. Processes depending on the chemical composition of a
solution may be roughly divided into two groups: (i) processes depending on fluo-
rophore concentration (such as energy transfer or migration, exciplex or excimer forma-
tion and other photochemical reactions), and (ii) processes depending on the chemical
nature of the solvent (such as reorientational relaxation of solvation shell).

Encrgy transfer or migration arce strongly concentration-dependent, and therefore
their influence is often called concentration depolarization. These cffects have been
treated in a number of cxperimental and theoretical studies (e.g. refs!>!380 - 82y - A

8484y is most

theoretical description of energy transfer or migration (sec c.g. refs
frequently based on the Forster mechanism of energy transfer®®. The first theoretical
studies presumed that orientational relaxation did not affect fluorescence depolarization
(steady-state measurements®®, frozen solutions”!'#7 = %) The influence of the
concentration [luorescence quenching on the fluorescence anisotropy decay was also
studied®. Later, it was assumed that oricntational relaxation did proceed, but was
uncoupled to energy transfer®>“?, Recently, with the latest achievements of ultrafast
spectrofluorimetry, newer studies” = % have appeared which try to treat both coupled
phenomena.

Although it is obvious that the concentration depolarization must be taken into
account in many systems, we will not deal with this effect in more details, as it exceeds
the scope and extent of this review.

For a more general case, when it is necessary to take into account an influence of
photochemical reactions on fluorescence anisotropy, it is possible to use the Fisz
lhcmyw.

An interesting anisotropy decay was predicted theoretically for a system in which
rotational and translational diffusion take place simultancously with a reversible
complex formation®”. Description of such molecular behaviour is based on the rota-
tional difffusion model and the Smoluchowski theory of diffusion-controlled reactions.

In the case that the solvent relaxation is slow and proceeds on the same time-scale as
the rotational diffusion (c.g. in polar organic solvents containing inorganic ions), the
solvation shell of the excited fluorophore may change during anisotropy decay meas-
urements. This may provoke changes in the effective rotor shape and modify the decay
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curve. Such behaviour has been observed experimentally”™. This problem will not be
treated here in more detail.

7. CONCLUSION

The paper presents a survey ol principal theoretical models describing a reorientational
motion of molecules in solutions and summarizes theories suitable for interpretation of
anisotropy decays. The prerequisites, scope of applicability and resulting equation for
experimentally measurable quantities are analvzed. Although a genceral theory appli-
cable 1o any svstem is lacking, for a great majority ol the studied systems a fairly
suitable model may be found. So far a description of systems in which reorientation is
coupled with a complex energy relaxation (by means of energy transfer or migration,
dvnamic equilibrium of formation and decay ol excimer or exciplex, cte.) has not yet
been satisfactorily solved, but these problems have been intensively studied in the

recent time.

The authors wish to express their gratitude to Professor 1D, Phillips from Department of Chemistry, Impe-
rial College of Science, Technology and Medicine, London, UK. and to Professor S. E. Webber from
Department of Chemistry and Biochemistry, and Center for Polvmer Rescarch, University of Texas at Austin,
Texas, USA. for helpful discussion.
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