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It is generally assumed that the rotational diffusion coefficients of fluorophores are independent of time subsequent to
excitation, and that the rotational diffusion coefficients of the ground and the excited states are the same. We now describe a
linkage between the extent of solvent relaxation and the rate of fluorescence depolarization. Specifically, if a fluorophore
displays time-dependent solvent relaxation it may also show a time-dependent decrease in its rotational rate. A decreased rate
of rotation could result from the iacreased interaction with polar solvent molecules which occurs as a result of solvent
relaxation. The decays of anisctropy predicted from our model closely mimic those often observed for fluorophores which are
bound to macromolecules. For example, the decays are more complex than a single exponential, and the time-resolved
anisotropy can display a limiting value which does not decay to zero. The effect of solvent relaxation upon the rates of
rotational diffusion is expected to be most dramatic for solvent-sensitive fluorophores in a viscous environment. These
conditions are frequently encountered for fluorophore-macromolecule complexes. Consideration of the linkage between solvent
relaxation and rotational diffusion leads to two unusual predictions. First, even spherical fluorophores in an isotropic
environment could display multi- or nonexponential decays of fluorescence anisotropy. Secondly, for the special case in which
the fluorophore dipole moment decreases upon excitation. the theory predicts that the anisotropy decay rate may increase with
time subsequent to pulsed excitation. The predictions of this theory are consistent with published data on the effects of

red-edge excitation upon the apparent rotational rates of flucrophores in polar solvents.

Introduction

Measurements of fluorescence anisotropies,
particularly the time-resolved decays of the anisot-
ropy. are widely utilized to investigate the physical
properties of biological macromolecules. We note
the following examples. Fluorescence anisotropies
of labeled membranes, measured by the steady-
state, time-resolved and differential phase meth-
ods, were used to estimate the dynamic properties
and order parameters of the acyl side chain region
of membranes [1-5]. Time-resolved anisotropies of
labeled proteins, such as immunoglobulins and
membrane-bound proteins {6-9), have been used
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to quantify the segmental motions of regions and
amino acid residues of these proteins. Finally, the
time- and lifetime-dependent anisotropies of tryp-
tophan and tyrosine residues in proteins were used
to estimate the motional behavior of these residues
relative to the entire protein [10-13]. In native
proteins the amino acid residues are closely packed
[14]. For this reason segmental motions of the
tryptophan residues within the protein matrix are
thought to reflect the extent of structural fluctua-
tions within the protein matrix.

From the examples described above, it is evi-
dent why anisotropy measurements are useful for
quantifying the dynamics of macromolecules. The
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decay of anisotropy requires rotational displace-
ment of the fluorophore during the lifetime of the
excited state. Since typical excited state lifetimes
are near 10 ns, rotational displacements on this
time scale can be detected and quantified. For the
case of fluorophores bound to macromolecules the
measured decays of anisotropy are frequently non-
or multiexponential. Additionally. the anisotropies
frequently decay not to zero, as is found in homo-
geneous solution. but rater to nonzero limiting
values [2,3.9.15]. For completeness we note that
multiexponential decays of anisotropy are ex-
pected [16-7] and observed [18.19] for nonsym-
metrical and ellipsoidal fluorophores in isotropic
solutions. However, relative to the dramatic effects
seen for fluorophores bound to macromolecules,
the behavior in solution is rather ideal.

In ali the theoretical and experimental analyscs
mentioned above it is assumed that the decay of
anisotropy reflects the viscous drag and degree of
hindrance imposed on the fluorophore by its sur-
rounding environment. And moreover, it is as-
stmed that the rotational diffusion coefficient of
the (luorophore is constani during the lifetime of
the excited state. That is, for a spherical molecule,
the anisctropy decays as r(1)=r,e” ®?" where r, is
the anisotropy in the absence of rotationa! diffu-
sion. 7 the time. and D the rotational diffusion
coefficient. The rotational correlation time (&) is
related to the diffusion coefficient by ¢ = (6D) L.

In tkis paper we describe an alternative origin
ro7 multi- or nonexponential decays of anisotropy.
We propose that the rotational correlation time of
a fluorophore can be itself dependent upon time.
Ir our opinion such time dependence can reasona-
bly originate with the well known phenomezon of
solvent relaxation (ref. 20, and references therein)
and with the known effects of increased hydrogen
bonding on the rates of rotation diffusion. To be
mwore specific, it appears that the rotational rates
of small molecules in solution are decreased
several-fold by hydrogen bonding [19.21-22]. Ex-
ceptions have been reporied [24]. Furthermore, for
polar fluorophores in polar viscous solvents, the
emission spectra are known to display time-depen-
dent shifts to longer emission wavelengths
[3.15 25.26}. These shifts are a result of increased
dipole-dipole interactions between the fluoiophore

and the surrounding solvent molecules. which in
turn result from the altered (generally increased)
dipole moment of the excited state. We suggest
that these time-dependent solvent-fluorophore in-
teractions can result in time-dependent changes in
the rotational diffusion coefficient, and hence
complex decays of fluorescence anisotropy.

To illustrate the potential effects of solvent
relaxation upon rotational diffusion we consider a
two-state model. Solvent relaxation, and its effects
on the rotational rates of fluorophores, is certainly
more complex than this model. However, this ex~
treme model illustrates the essential features of the
concept described above, and in addition, is sim-
ple enough to be described analytically and to be
understocd intuitively. In addition, a continuous
model is briefly considered. the quantitative and
qualitative predictions of both models are similar.

2. Theory

2.1. Two-state model

To illustrate the effects of solvent relaxation on
rotational diffusion we chose a two-state model, as
shown in fig. 1. It is assumed that upon excitation,
and following rapid internal conversion, the fluo-
rophore arrives in the initially excited or unrelaxed
state (F). Many fluorophores with polar sub-
stituents have altered dipole moments in the ex-
cited state. If the solvent is also composed of polar
molecules these dipoles reorient so as to decrease
the energy of the excited state. This process. called
solvent relaxation, results in a red-shifted emission
spectrum. The temperature, viscosity and chemical
properties of the solvent govern the rate of solvent
relaxation (k). If the solvent is fluid, the relaxa-
tion raie is more rapid than the decay rate (I') of
the fluorophore. That is, when & > I the emission
is mainly from the R state. Conversely, if the
solvent is extremely viscous then A << I and the
blue-shifted emission of the F state is observed.
The time-resolved intensity decays of the F and R
states (Ig(7) and I4(7)) were described previously
[27]. These decays are

T (1) =TemtT+kn (1)
Ir{#)=I[e~TT—emtIriny (&3]
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Fig. 1. Two-state model with different rotational rates for the
initially excited (F) and solvent relaxed (R) states.

where I' = 75! is the decay rate of the fluorophore
unperturbed by solvent relaxation and I' + &k = =5
the decay rate of the F state. This lifetime of the F
state (1) is decreased by relaxation away from the
observation wavelength. Other aspects of this
model, and more complex cases, were described
previously [28]. We have assumed that relaxation
is a simple two-state process, that solvent relaxa-
tion can be described by a singe rate constant, and
that the decay rate of the fluorophore is not al-
tered by the event of relaxation.

We are concerned with the effects of solvent
relaxation upon the steady-state and time-resolved
anisotropies of the F and the R states. To some
extent the F and R states may ke separately ob-
servablc by wavelength selection for the blue and
the red sides of the eniission, respectively. The
physical origin of the difference in the diffusion
coefficients is assumed to be the different solvent-
fluorophore interactions in the F and R states. It is
also assumed that solvent relaxation and rota-
tional diffusion are independent events. Hence, the
parallel (}|) and the perpendicular (.L) components
of the F state (F, and F,) interchange with the
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rate constant Dg, and the components of the R
state (R; and R ) interchange with Dg. In this
model there is no coupling of solvent relaxation
with rotational diffusion. For instance, F, cannot
be transformed directly into R, . More complex
models which contain such cross-terms would
probably show to a lesser extent the effect of
different rotational rates of the F and R states.

The dependence of the anisotropies upon the
kinetic constants of the system (I, k, D and Dg)
may be derived from the differential equations
describing the populations of the individual states
upon steady-state illumination or following pulsed
excitation. This derivation is described in detail in
the appendix. In the following paragraphs we de-
scribe the results of this derivation, and the experi-
mental implications of these results.

2.2. Anisotropy of the F state

The steady-state (rg) and time-resolved (rg(r)
anisotropies of the F state are rather simple, and
characteristic of that expected for a spherical
inolecular in homogeneous solution. The time-re-
solved decay of the F state is given by

re(1) = e %Ps, 3)
and the steady-state anisotropy of the F state is

o

TP (A+6Dpre) ()
In these equations r, is the anisotropy in the
absence of rotational motion and 7z = (I + k)7!
the lifetime of the F state. This lifetime is less than
the lifetime in the absence of solvent rel.xation
(7o = I'"1!) because relaxation is an additior.al rate
process depopulating the excited state, and thereby
decreasing the lifetime. The simplicity of eqs. 3
and 4 is a result of assuming solvent relaxation to
be irreversible and a result of our assump:ion that
the rotation rates of the fluorophore about its
molecular axes are identical. Eq. 3 is the usual
exponential decay of anisotropy expected for a
spherical fluorophore in a homogeneous environ-
ment, and eq. 4 is the Perrin equation {29] as
expressed in terms of the anisotropy rather than
polarization [30].
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2.3. Anisotropy of the R state

Somewhat more complex expressions are needed
to describe the anisotropy of the relaxed state.
These expressions are

i
"R (1+6Dpm) )
kry
r F T e o ———
r{7) (6Dp+k~6Dg)
% [ et F+6DRY _ o~(I+k wm,,,}

e Tt g—tI'+&)r

(6)

First, consider eq. 5 for the steady-state ani-
sotropy- In words, this equation indicates that the
steady-state anisotropy of the R state is de-
termined by the steady-state anisotropy of the F
state (rg). the intrinsic lifetime of the R state if
this state could be directly excited (7,), and the
rotational rate of the fluorophore in this state
( Dg). Notice that the form of this equation is
analogous to eq. 4 except that r, is replaced by rg.
Since the F state populates the R state, the ani-
sotropy of the F state partially determines that of
the R state.

Consideration of egs. 4 and 5 suggests experi-
mental means by which one could measure the
rotational rates of the individual states. Assume
that these states could be selectively observed by
choice of appropriate emission wavelengths. Then,
the diffusion coefficient of each state can be
calculated. Specifically, D¢ could be obtained from
7 and re (eq. 4) and Dy could be obtained from
re and 1, (eq. 5). We note that v can be measured
directly, and that 7, may be obtained from the
phase difference between the red and the blue
sides of the emission [28]. or from the time-re-
solved intensity decay of the R state (eq. 2). Spec-
tral overlap of the emission of the F and the R
states could prevent the successful determination
of the individual rotational rates.

A first examination the time-resolved ani-
sotropy of the R state is seemingly complex {(eq. 6).
We note the following limiting cases which are
evidence that this expression is correct. If D = Dy
= D then as expected, rp(¢)=rye %2 Alsc, if
Dy = Dy =0 then rg(1) = r,. If &k =0 then there is
no relaxed emission, which is also the result at

t = 0. Finally, integration of eq. 6 using the decay
law for the R staie yields the expected steady-state
anisotropy (eq. 3);

waR(;)rR(t)dr
(43

e 7
® j(’) I (#)dr ™

2.4. Anisotropy of the rotal emission

Anisotropy measurements are commonly per-
formed using emission filters which transmit most
of the emission. As a result, both the F and the R
state emissions are observed simultaneously. It is
known that for multiple emitting species, the mea-
sured anisotropy is the weighted sum of the anisot-
ropies of the individual anisotropies [29]. Hence,
for our two-state model, the total anisotropy is
given by

r()=fe(2)re(0)+ fa (1) ra (1) (8)

where f(r) and f, (1) are the iractional intensities
of the F and the R states at various times after

excitation. These values may be obtained from egs.
1 and 2,

Te(1) —ke
SO f ety ©
S G M
f“(')—lp(:)a»za(:) =1-e* (10)

Combination of eq. 8 with eqs. 3 and 6 yields the
time-resolved anisotropy for the total emission,

o

"= @by v k—6D0)

X [ ke8Pt 4 (6Dp — 6Dy ) etk +6De¥] an
The steady-state anisotropy is given by
re= ferg+ fora 12)

where the steady-state fractional intensities are
fe=T/ATC+k)yand fa=k/A+ k). Eq. 11 is un-
usual because if Dy > D it can contain a term
with a negative preexponential factor, which ap-
pears similar to that found for the emission from
the product of an excited-state process (eq. 2).
Hence, unusual behavior of r(r) may be expected
when Dy > D,.. For most fluorophores we expect
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solvent relaxation to decrease the rate of rotational
diffusion, i.e., Dy < D. Then, eq. 12 predicts a
doubly-exponential decay of anisotropy.

It is informative to consider the case where
solvent relaxation is faster than either rate of
rotation; i.e., k> Dy and k> Dg. Then the de-
cay of the total anisotropy (eq. 11) becomes a
single exponential with

r{t) =rye %P=? (13)

Under these circumstances the fluorophore quickly
relaxes to the R state and the rotational rate of
this state determines the decay of the anisotropy.
Such behavior would prevent the observation of a
time-dependent rate of rotation. It seems probably
that this is the usual occurrence in polar solvents
because the solvent relaxation generally precedes
rotational diffusion [27]. This disparity of rates is
probably a consequence of the larger molecular
motions necessary for rotationai diffusion as com-
pared with those required for solvent relaxation.

2.5. Continuous model

As an alternative to the two-state model de-
scribed above one may assume that the rotational
rate of the fluorophores changes continuous from
the initial value D¢ to the final value Dg. Hence,
we will assume that the time-dependent diffusion
coefficient ( D(z)) is given by

D(t)=Dg +(Dg— Dg)e ™ a4

where k is the rate of solvent relaxation. During
each time interval At, occurring at time ¢, the
depolarization is given by e~ 62247 The total de-
polarization at time ¢ is given by the product of
these individual depolarization factors. Hence,

s

r(l) _ H ',oe—ﬁD(l)Jl (15)

7, =0
which can be rearranged to
r(1)=roexp(—6 > D(:)m). 16)
=0
As Ar approaches zero the sum in eq. 16 becomes

(Dg— Dg)
k

f(D.1) =j(')’p(:')dl'= Dgpt + (1—e %)y @a7)

Hence, for the case of an exponential decay of the
diffusion coefficient from D¢ to Dy the anisotropy
at time 7 is given by

r(t) =r,e/tP-0, (18)

3. Results
3.1. Modeling of the time-resolved anisotropies

It is informative to examine model calculations
which illustrate the effect of solvent relaxation and
an altered rate of rotational diffusion on the time-
resolved anisotropies. We will consider the total
emission, since this is the most commonly used
experimental circumstance. Initially. we consider
the effect of a decreased rotational rate of the R
state relative to the F state. Decreased rotational
rates are expected for solvent-sensitive fluoro-
phores because hydrogen bonding interactions are
known to be correlated with slower rotational rates
[19,21-23], and of course, solvent relaxation is a
consequence of increased fluorophore-solvent in-
teractions. The parameters chosen for modeling
are comparable in magnitude with those found for

0.9
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02 S Da=001
\\
\\
r(t) S
\\
o1t >~ Dn=003
~
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Fig. 2. Effect of slower rotational diffusion of the R state on
the time-resolved decays of anisotropy. The chosen parameters
are given on the figure. The dashed line (----- - ) illustrates the
effect of a slower relaxation rate on the apparent limiting
anisotropy of the total anisotropy r(t); k =0.1 ns~!, D= 0.1
ns~ !, and Dg = 0. The dotted line (- - - - - - ) shows the expected
anisotrophy decay of the R state, rg (7)., fork =1ns~ 1 Dg=0.1
ns~', and Dg =001 ns™ .
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many fluorophores. In particular, r, was assumed
to be 0.4. the relaxation rate (k) was assumed to
be 1 ns™', and the rotational rate (D) of the F
state was assumed to be 0.1 ns™'. The somewhat
more rapid rate of solvent relaxation relative to
the rotational rate is consistent with the results
found for fluorophores in viscous solvents [20,27].
The effect of progressively decreasing values of Dy
on the time-resolved anisotropies are shown in fig.
2. When Dy = D = 0.1 ns™! the decay of the total
anisotropy is a single exponential, as is evident
from the linear dependence of log r(¢#) upon time.
This line ( Dy = 0.1 ns™!) also represents the de-
cays of re(1) and rp(¢) for this special case. When
D is decreased to one-third of the magnitude of
Dy (Dp =003 ns™') the decay of anisotropy
clearly appears to be multi- or nonexponential.
Stiil greater nonlinearity is seen when Dg is de-
creased 10-fold relative to Dp. When Dy is de-
creased stiil further (to Dy = 0) one notices that
the decay of anisotropy becomes comparable to
that found for a fluorophore in an environment
which hinders its motions beyond a maximum
angle [31]. This apparent limiting anisotropy (7.)
is given by
ok
= EB;)?T (19)

and is hence dependent upon the rotational rate of
the F state and the rate of solvent relaxation. If
the relaxation rate is decreased. then there is more
time for rotational diffusion of the fluorophore
prior to the fluorophore arriving in the assumed
immobile R state. and ence a lower value for the
apparent limiting anisotropy r.. (- - -).

Instead of observing the entire emission through
a broad-band filter one may choose to use selected
wavelengths to observe. to the extent possible. the
emission of the F or the R states. Of course, the
anisotropy of the F state decays exponentially.
The time-resolved anisotropy of the R state (----)
is shown in fig. 2 for the case of Dy =0.01 ns™ L.
One notices that the multiexponential nature of
this decay i»> less apparent than that of the total
decay. When the total decay is monitored. the
population of fluorophores which is observed
changes with time according to egs. 9 and 10.
When the R state alone is observed the changing

contribution of the F and R states to the total
emission does not alter the observed anisotropy. It
is important to note that the form of the time-re-
solved decay calculated using our simple model is
clearly comparable to that found for membrane
bound fluorophores {2,15], protein-bound fluoro-
phores [6,7,9] and for the intrinsic tryptophan
residues of proteins {11]. We are not claiming that
our model correctly describes these diverse ob-
servations of nonexponential decays of anisotropy.
This is clearly not the case, since some molecules
which display substantial limiting anisotropies in
membranes, such as as diphenylhexatriene and
perylene [2,32}, are not likely to form substantial
hydrogen bonds even in the excited state. Rather,
we wish to indicate that in a polar medium the
anisotropy of a polar fluorophore may decay first
rapidly. and then more slowly, as a result of a
time-dependent change in its interacticns with the
surrounding environment.

Qur model allows a unique prediction which, to
the best of our knowledge, has not been detected
experimentally. In the discussion of fig. 2 we con-
sidered the case in which the relaxed state of the
fluorophore interacted more strongly with the
solvent. This is commonly the case because the
dipole moments of excited states are generally
larger than those of ground states. Now we con-~
sider a molecule whose dipole moment decreases
in the excited state, i.e., its distribution of elec-
tronic charges becomes more uniform. Such mole-
cules are known to exist {33,34], but their fluores-
cence spectral properties have not been reported in
detail. OQur model predicts that such molecules
may display unique time-resolved decays of anisot-
ropy. As a result of the larger ground-state dipole
moment, the solvent-fluorophore interactions are
expected 1o be stronger in the ground state than in
the excited state. Conscquently, the solvent-fluoro-
phore interactions become weaker subsequent to
excitation, and the rate of fluorophore rotation
may increase. The time-resolved anisotropy of such
a fluorophore is modeled in fig. 3. We assumed
that Dy > D, by factors of 3- and 10-fold. Re-
markably. the time-resolved anisotropy of such a
molecular would display an initial slow decay,
followed by a faster decay as the molecule be-
comes detached from the surrounding solvent.
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Fig. 3. Effect of faster rotational diffusion of the R state on the
time-resolved decays of anisotropy.

Notice also that the anisotropy, extrapolated to
t=0(— — —), would exceed the r; value of the
fluorophore. The increase could be substantial.
For example, for the case described in fig. 3 the
apparent value of r at 1 = 0 would be near 0.55.

One important characteristic of these predicted
results is that they are distinct from those which
may be observed for a fluorophore in an environ-
ment which hinders its motion [31] or those possi-
ble for an asymmetric molecr'= [16—-19]. For these
molecules the average rate . rotational motion
can only appear to decrease w.uh time. In contrast,
for a fluorophore which can uncouple from the
solvent in the excited state, the apparent anisot-
ropy decay rate can show a time-dependent in-
crease. To the best of our knowledge such unusual
time-dependent decays of anisotropy have not Leen
observed for any sample containing a fluorcphore
in a single environment. The possibility that fluo-
rophores can display a time-dependent decrease in
their dipole-dipole interactions with polar solvents
has been demonstrated by Nemkovich et al. [35].
Upon excitation on the extreme red edge of the
absorption band these workers observed a time-de-
pendent increase in the anti-Stokes emission.

We also performed model calculations using the

continuous model (eqs. 17 and 18). These are not
shown because the resuiis are similar to those
presented in Figs. 2 and 3. Using the same as-
sumed parameters, the calculated time-resolved
decays were quantitatively comparable to those
obtained using the two-state model. Hence.
whether on regards solvent relaxation as a stepwise
or a continuous process. the effects on the decays
of anisotropy are similar.

4. Discussion

It is of interest to describe the experimental
circumstances where a linkage of solvent relaxa-
tion and rotational diffusion may be observed.
Since solvent relaxation requires interaction be-
tween polar solvent molecules and a polar fluoro-
phore, solvent relaxation is not observed if either
the soivent or the fluorophore is nonpolar. Conse-
quently, a time-dependent change in the rotational
diffusion coefficient is not expected in nonpolar
solvents. irrespective of the viscosity. Similarity,
fluorophores lacking polar substituents do not dis-
play significan. solvent-dependent shifts and the
rotational diffusion coefficients are not expected
to shown any significant time dependence. For a
polar fluorophore in polar solvents the observa-
tions of a time-dependent diffusion coefficient re-
quires that solvent relaxation and rotational diffu-
sion occur at comparable rates. Such conditions
are found in solvents of moderate viscosity, and
are often found for fluorophores bound to macro-
molecules [5.20.25.36]. It seems possible that the
covalent linkage of fluorophores to macromole-
cules could enhance the effects of excited-state
interactions on rotational diffusion. For instance,
if the fluorophore is also covalently bound to the
macromolecule, the formation of a single hydrogen
bond between the excited state of a fluorophore
and the macromolecule may substantially decrease
its diffusive motion. Supporting this speculation is
experimental evidence which seems to indicate that
the diffusive rates of fluorophores bound to pro-
teins are decreased by hydrogen bonding [9].

It is important to emphasize that time-depen-
dent diffusion coefficients are not expected for all
polar fluorophores in polar solvents. Such effects
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are only expected if the excited fluorophore dis-
plays a time-dependent shift of the emission spec-
trum to lower energies, indicating an increased
extent of dipole-dipole interaction with the solvent.
Many polar fluorophores do not show such
solvent-dependent shifts, even though they are hy-
drogen bonded to the solvent. Examples of such
molecules include fluorescein and rhodamine 6G.
Finally. it seem appropriate to examine the
experimental evidence which may indicate that
solvent relaxation can affect the rates of rotational
d.ffusion. In oener';] such a correlation seems rea-
sonable. since the apparent molecular volumes of
solutes are known to increase with the number of
fluorophore-solvent hydrogen bonds [19,21-24.371.
Moreover. multiexponential decays of anisotropy

are freguency observed for polar fluorophores in
are requ <y po:a TORACres in

membranes [9.38] and bound to proteins [9,11]. A
more definitive observation supporting this con-
cept may nave been accomplished Valeur and
Weber [39.40]. These workers found that excita-
tion on the red edge of the 8&501’{‘1{{03 spectrum of
many fluorophores resulted in an increase in the
fluorescence anisotropy. These results were inter-
preted as indicating a larger apparent mc.ecular
volume, which in turn was explained as the result
of an out-of-piane eiectronic transition. Valeur
and Weber suggested that these out-of-plane tran-
sitions are selectively excited upon red-edge excita-
tion.

We suggest an alternative explanation of these
data. which is a decreased rotational rate of the

fluorophore in the relaxed state. Upon excitation
on the red P‘r‘up of an absorntion band it is known

1 ADSOTPUON Dan Xxno

that the cmission spectra are shifted to longer
waovelengths relative to that observed with centr-
ally located excitation wavelengths (refs. 41-43;
and J.R. Lakowicz and S. Keating-Nakamoto. un-

nubliched results). In general. the gnertral ~haro
PUsIIsnead Suils). iR geéndérai, nd specirax cnar-

acteristics of thke excited state formed upon red-
cdge excitation are simiiar to those of the solvent
relax d states. That is. on red-edge excitation. one
i cites a subclass of the fluorophores
which are 53‘1:‘:1‘4\,1”15 more strongly with the polar
soivent molecules. Hence, one may expect these
‘relaxed’ fluorophores to rotate more slowly. This
is precisely the result found by Valeur and Weber
[39]. The polar solvent propylene glycol was used

in all their measurements, and the temperatures
were adjusted to yield solutions of moderate
viscosity. Hence, the rates of solvent relaxation
and rotational diffusion may have been compara-
ble. As predicied from our modsl, only those
molecules which are known to display significant
solvent relaxation also showed the decreased rota-
tional rate on red-edge excitation. To support our
interpretation further we note that decreased rota-
tion rates on red-edge excitation were not found
for fluorophores which were not capable of hydro-
gen bonding to the solvent. For clarity and com-
pleteness we note the following details concerning
the fluorophores examined by Valeur and Weber.
Decreased rotational rates upon red-edge excita-
tion were observed for indole and five other

aromatic amines. Such an effect was not chserved
aromalic amundeés, sucn an &iid

for perylene or 9-aminoacridine. Of course, per-
vlene is nonpolar so no effect is expected. 9-
Aminoacridine is polar, but like fluorescein, it
does not display substantial solvent-dependent
spectral shifts. In seeming contradiction to our
interpretation, anthracene did show a decreased
rotational rate on red-edge excitation. However,
examination of its polarization spectrum in the
absence of rotational diffusion indicates that the
iong-wavelength absorption band is composed of
two or more electronic transitions. Hence. the
decrease in the apparent rotational rate of
anthracene was probably due to selective exci-
tation of one of these states. It is well known that
the apparent rotational rates of nonspherical fluo-
rophores are dependent upon the angle between

abcorntion and emicssion dinoleg nﬁ 1R] Hence
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the red-edge excitation experiments of Valeur and
Weber [39] are essentially in complete agreement
with our model linking solvent relaxation and
rotational diffusion. In spite of this seemingly

ad wa cantion thnat tha flunracrance
éu\.}“ asl\;\:lll\_ll& Y \—l—-utl\ill l-llul. Lll\— BAWBUIL W b AN

lifetimes were not measured for the red-edge exci-
tation conditions for most of the compounds
studied. The inclusion of such additional data in
calculation of the rotational rates may alter the
outcome of their analysis. We note that other
workers have suggested that fluorophores may have
different rotational rates in the ground and the
excited states [44.45]. This suggested difference

was used to explain the possibly different rota-
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tional rates measured by either transient polarized
absorption or time-resolved emission. However, to
the best of our knowledge, time-dependent changes
in the diffusive rates have not be suggested previ-
ously.

In summary, we suggest that the time-depen-
dent interactions between a polar fluorophore and
its environment can result in complex decays of
fluorescence anisotropy. For such fluorophores,
the rotational correlation times may themselves be
time dependent. Multiexponential decays of ani-
sotropy are expected even for spherical molecules
in homogeneous solutions. Such effects should also
be considered in the interpretation of the anisotro-
pies of fluorophores that are bound to biological
macromolecules.

Appendix
Al. Derivation of the steady-state anisotropies

Consider a fluorophore randomly oriented in
homogeneous solution, and excited with light which
is linearly polarized along the Z axis (fig. 4). The
equations describing the steady-state and time-re-
solved anisotropies can be derived using the
mathematical procedures described earlier [46]. The
kinetic equations describing the excited-state
population of the F state fluorophores are

dF
i
7 = /() (T +k+aDg) Fy +4DeF, (A1)
dF,
5 =V () +2DeF — (L + k+2Dg) F, (A2)

F, and F, are the time-dependent populations of
the individual polarized components of the F state,

Fig. 4. F state and R state fiuorophores in a coordinate system.

I" the decay rate of the fluorophore, & the rate of
relaxation to the R state, and f(z) the time-depen-
dent excitation. y, and vy, are the extent to which
the lighi is absorbed by fluorophores aligned along
each axis. For ventrically polarized and constant
excitation f(z) can be set equal to unity. The
selection factors are

vy =3(1+2r) (A3)
Y. =3(1-7r) (Ad)
where r, is the anisotropy in the absence of rota-
tional diffusion. Using I"=I"+ k and D=d/drs
the kinetic equations become

(D+I"+4D.)F, —4D.F, =8,f(r) (AS)
~2DpFy+(D+I"+2Dg)F, =8, f(1) (A6)
For steady-state illumination the derivatives are
equal to zero. Egs. A1 and A2 become
YW=(I'+k+A4Dg)F —4DcF, (A7)
Y, =—"2DeFy+ (I +k+2Dg)F, (A8)
Application of Cramer’s rule to eqs. A7 and A8
yields expression for £ and F
AFy=y(I+k+2Dg)+v,4D¢ (A9)
AF, =y, (F'+k+4Dg)+v,2Dg¢ (A10)

where A is the determinant. For D =0

A= (F'+k+4Dg) —4Dg
—2D¢ (IF'+k+2Dg)
=T+ k)T +k6Dg) (All1)

For d/dr + 0 the determinant is A=(D+ T +k
+ 6D YD+ I' + k). Using eqgs. A9 and A10 and
the definition of the anisotropy

Fy—-F,

T +2F, (A12)

one obtains the steady-state anisotropy of the F
state;
To

"F=1x6Drm (Al13)

where 7 =(I'+ k)~ ! and ry =y, — v, . Since the
anisotropy is a ratio is not necessary to consicer
the emissive rate of the fluorophore.

Similar procedures may be used to obtain the
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steady-state anisotropy of the R state. However,
instead of the photoselection factors y, and v, ,
the pumping functions of R, and R, are given by
kF,and kF, . respectively. From fig. 4 it is evident
that the differential equations for the R state are

—d—l'— =AhF, — (T +4Dg)R +4DgR (A14)
dR
—d—'~=kFL +2DpR,—(F+2Dg)R {AlS)

For steady-state illumination the derivatives are
zero, and the F, values become equal to the
steady-state values. Using Cramer’s rule one ob-
tains

AR,=kF{I'+2Dy)+kF, 4Dy (A16)
AR | = kF2Dy + kF, (I'+4Dy) (A17)

where A is the determinant for this system of eqgs.
Al4 and Al5. Adding and subtracting egs. Al6
and A17 accordiag to the definition of the anisot-
ropy yields

r g
rR:r’\"+(‘D;zl+GDRTu (A18)

A2 Derivation of the time-resolved anisotropies

The time-resolved anisotropies can be obtained
by solving eas. Al and A2, Al14 and Al5 subject
to the appropriate boundary conditions. After the
puised excitation f(r)=0. and egs. Al and A2
vield
(D HIYD+ I +6D¢)F, =0 (A19)
(D+I"WPD+I"+6DLYF, =0 {A20)

where I = I'+ & and D = d/d:. The solutions to
these homogeneous equations are of the form

FQr)=dde ,"’#B,f: (w6 (AZI)
The constanis 4, and B, can be determinad by
inserting the boundary condition at 1= 0. These
are A + By =v,and A, + B, =v, . This exercise
vields the usual expressions for the time-resolved
decays of the individual polarized components [47].
These are

Fay= e ™A g jpe-fedvtben (A22)

F_ ()= ‘,c-”"“' _ t‘rue.,”wl\ LN Y ISV (A23)

J.R. Lakowicz / Time-dependent rotational rates of jfluorophores

Substitution into the anisotropy definition (eq.
A1l2) yields the usual single-exponential decay of
fluorescence anisotropy (eq. 3).

The time-resolved anisotropy of the R state can
be obtained in a similar manner. Using eqgs. Al4
and A15 one obtains

(D + ' +4DR) R, —4DxR , = kF, (A24)
—2DpR,+(D+ T +2Dx)}R, =kF, (A25)

The time-dependent values of Ry and R, are one
again obtained using Cramer’s rule,

AR, =(D+I'+2Dg)kF,+4DkF, (A26)
AR, =2DgkF +{(D+ I +4Dy)kF, {A27)

where A=(D+ I'(D + T+ 6Dg). The solution
of these equations can be assumed to be a sum of
that expected for the homogeneous portion ( F, = 0)
and the nonhomogeneous portion { F, # 0). Hence,
the solution can be assumed to be of the form
R{ty=a,e 14+ b oI +eba)

+c‘e-(l'Mﬁ)rJ__d‘e—(l'+x+6D,.—)r (A28)

In this expression the last two terms (nonhomoge-
neous) originate with the similar decays found for
£, and F (eqs. A22 and A23). The terms a,~d, are
obtained from the boundary conditions. At t =0,
R ()= R, (#)=0. Substitution of eq. A28 into
eqs. Al4 and A15. followed by equating of similar
exponential terms. yields expression for the
polarized components of the R state. These expres-
sions are

R,(1)=R()+IG(1) (A29)
R, {1}=R(1)~1G(1) {A30)
where

R{z)y=e 1 lomtiran (A31)
Glr)= krg [e(F+A=6Pr _ oI+ 0D}

(GDR —k—6Dg)
{A32)

Using the definition of the anisotropy these equa-
tions (egs. A29-A32) vield eq. 6.
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