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The first experiments in fluorescence correlation spectroscopy (FCS)
[*] induced a number of theoretical studies in which the fluorescence
intensity autocorrelation function under continuous excitation was inves-
tigated. E. L. Elson and D. Magde p] considered translational and che-
mical processes responsible for fluorescence intensity fluctuations.
In addition, M. Ehrenberg and R. Rigler p- 4 ], and S. R. Aragon and
R. Pecora [5’ 6] considered the role of rotational diffusion in fluorescence
intensity fluctuations. The expressions for the fluorescence intensity
autocorrelation function also contain an anticorrelation term describing
the dynamics of electronic transitions [3 - 4]. All these terms have been
observed and used in experiments [ li7~9].

As one can see, a number of existing different processes influence the
fluorescence intensity autocorrelation function. It is of practical impor-
tance to separate the contribution of different processes in FCS experi-
ments, particularly the contribution of the rotational motion from that
of the other processes. This is the purpose of the present work. The
theories about the separation of the rotational contribution, having been
worked out in fluorescence dynamic depolarization (FDD) p°~ 12] and
fluorescence photobleaching recovery (FPR) [ 13~l6 ], serve as examples.

1. Fluorescence intensity fluctuations in solution

The fluorescence intensity from a microscopic sample at a given moment
depends on the polarization of the exciting light (with unit electric vec-

A A

tor a) and the polarization of the detection (with unit electric vector e,
perpendicular to the direction of detection). For example, the probability
density of the detection of photons emitted by a single fluorescent
molecule fixed at a position r and at an orientation со, can be expressed as

Here o’ is the isotropically averaged cross-section of absorption, q is the
quantum efficiency of fluorescence, r| is the quantum efficiency of detec-
tion, ft is the solid angle of detection, / (r) is the exciting light intensity,
U{r) is the spatial distribution of the emitted light collection efficiency,
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ау(г, со; a, e) =9oqr\ (А/4я)/(г) U(r) [а-ца (со)] 2 [е- |ie (w)] 2 . (1)



444

A

}Xa(to) is the unit vector of the absorption dipole, and (i e ((o) is the unit
vector of the emission dipole.

л о

2. Fluorescence intensity independent of label orientation

There are several ways to eliminate the contribution of rotation motion
in the fluorescence intensity fluctuations. The straightest way is to use
spatially unpolarized excitation and detection. However, it is more diffi-
cult to realize than to imagine it. It is more convenient to use polarized
excitation and detection. We denote the photon detection probability den-

Ж А Ж A

sity at time t and under given polarizations a and e as w{t\ a, e) , and
the correlation function

It is difficult to measure directly the correlation function given by
Eq. (2), because it is not possible to measure simultaneously the fluores-
cence intensities corresponding to two different polarizations of excita-

ж ж

tion, a' and a. However, one can replace the continuous excitation by the
pulse excitation at selected moments and selected polarizations, and the
time average in Eq. (2) by the ensemble average. In the following it
is assumed that the processes under studyr are much slower than the
fluorescence lifetime, i. e. that the photon absorption and the photon
emission occur simultaneously.

The fluorescence intensity independent of orientation, w{t\ 0,0), can
be obtained by taking the average from the intensities w{t\ a, e) over
all possible unit vectors a and e:

(Every character «0» denotes an integration over the respective unit
vector.)

Similarly, the autocorrelation function of the orientationally invariant
fluorescence intensity can be expressed as

For practical goals, every integration in Eq. (4) (for example,
over a) can be replaced by a summation over a small set, denoted by
ж ж

ai, ..., an . This set must fulfil the condition

This condition demands that the sum of the probabilities of excitation
or detection should not depend on the direction of the transition dipole
p of the molecule. One can choose a set of orthogonal unit vectors

It is experimentally possible to collect fluorescence light from the

w{t\ a', a, e) =G{%-, sl', e', a, e). (2)

w{t\ 0,0) = (l/4n) 2 // w{t\ a, e)dza.d2 e. (3)

G(т; О, О, 0,0) =(1 /4л) 4 //// G (т; а', е', а, е) d2a' dV d2a d2 e. (4)

(ji-ai) ;2 -f-... -f (|i- an ) 2= const { (li). (5)

Ж Ж Ж ж ж ж

ai=x; а2=у; a3=z; (6)
or, alternatively,

ai =3~ 1/2 (x +У+z) =m; a2=3~^2 (x■+ у —z); (7)

a3 =3_l/2 (x у + z); a 4 = 3~ 1/2(—x -f y + z).
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solid angle 2л or Ал. In this case the correlation functions G(x; a', 0, a, 0)
are directly measured and G(x;0, 0,0, 0) can be expressed simply as

3. Rotational contribution

The treatment of rotational contribution in fluorescence intensity
fluctuations is simplest if the ideal solution of a single, chemically
stable fluorescent substance, is studied. In this case the correlation
function can be expressed as a sum of the correlation functions for a
single molecule, this is the time-dependent term, and of a time-indepen-
dent term [ l7 ];

(The subscript index numbers the molecules.) Hence, only a single mole-
cule has to be treated theoretically.

The time-dependent terms Gi(x; ah e', a, e) can be expressed through
the conditional probability density of a molecule to be situated at the
position r and at the orientation со at time t, in case it was placed at the
position r' and at the orientation to' at zero time. The treatment of orien-
tational motion is greatly simplified if it is assumed that this conditio-
nal probability density can be factorized as R (r, rh t) Q (со, о/, t) [ls ].

Then the time-dependent term is expressed as

Here C is the concentration of the label, and К is a normalization
constant.

The spatial and orientational variables can be separated and one
obtains

Л is a constant of apparatus.
As it follows from Eq. (11), to separate the rotational factor in

A A A A

G (x; ab eb a, e)
, its time-dependent term has to be divided by the time-

dependent term of the orientationally invariant correlation function
G(x; 0,0, 0,0)..

G (t; 0,0, 0,0) = G(t; z, 0, m, 0). (8)

G (x; a', e', a, e) = (w t (0; a', e') Wj (x; a, e) >=
i j

= JJ(Wi( O; a', e')Wi(x; a, e) >+ <ш* (0; a', e')Wj{x; a, e)>=
г г j

гф j

=G 1 (x; a', e', a, e) ~\-w (a', e') w (a, e). (9)

G t (x; a 7, eh a, e) —CK ffff w(rh co'; а', е / )да(г, со; a, e)R(r, r', x)X
X Q (О), со', t) d3r d3CO d3r' d\o'. ( 10)

G t (x; ah eh a, e) = CKA ff I (r) J (r') /? (r, rh t) d3r dh'X

Xff [a' -pa (co/

)] 2 [e r
- |ie (ico y

) ]|2 [а- р я (/со) ]2[e- ge (co) ]2Q (со, со', x) d3® d3•co/=
=81 Gt (x; 0,0, 0, 0)X

X<>{i' *Pa [со (0) ]}2(eV •pe[со (0) 2{а■ p a [со (hr) ] }2 {e ■ [со (hr) ] }'2 > . (11)
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The expression for the FPR signal [ls ] can be written in the form
similar to Eq. (11):

where p is the unit vector of polarization of the bleaching pulse, and
|ip the unit vector along the respective transition dipole. This expres-
sion is formally equivalent to the expression for the correlation function

ААЛ *
"

Gy (t; a', 0, a, e). One can also find the similarity between the expressi-
A A

ons for the FDD signal and the correlation function Gy (x\ a, 0,0, e).
In other words, the rotational factor of the FPR tor the FDD) signal
is expressed as the average over one tor two) dimensions of a more
detailed function, the rotational term of the FCS signal. Conseciuently,
of the three fluorescent methods to study orientational motion, the FCS
is the most powerful.

As it follows from Eq. (1), the amount of information about the
A A A A

orientation obtainable from w(r, со; a, e) is least meaningful if p a = u,„.
Consequently, in FCS the fluorescent labels must be used for which
a, a . • ’*’7l

Pe-
As we have seen, to separate the rotational contribution from the

nonorientational one in FCS, the fluorescence intensity cross-correla-
tion functions fo r different polarizations of excitation and detection have
to be studied. The rotational factors of the cross-correlation functions
carry along multifarious information about rotational motion and are
therefore suggested to be taken into use in the rotational diffusion
studies of ünisotropic molecules or larger systems.
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	Рис. 4. Спектр выжигания в области o—o-перехода0—0-перехода мономера (а), с~0,9-10“4 моль/л и димера (б), с~3-10~4 моль/л этиопорфирина I в стекле метилциклогексан—изооктан (1:1) при 4,2 К. A4(A)=4i(A,)—А2(Х), где — спектр поглощения до выжигания провала, Лг(А.) спектр поглощения после выжигания провала.
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	Спектры флуоресценции БХл в матрице диизоамилового эфира при 7= 5 К; возбуждение в вибронной области спектра поглощения при длине волны 703,2 (а) и 724,5 нм (б). Вставка: провал в o—o-полосе, зарегистрированной как спектр возбуждения флуоресценции для Хрег. —785 нм, после 90-секундного выжигания на длине волны 773 нм.
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