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POLARIZED FLUORESCENCE IN AN ELEtX’RK FIELD: STEADY STATE AND TRANSIENT VALUES 
FOR THE FOURTH MOMiENT OF THE ORIENTATION FIJi%CTION AT ARBITR4RY FIELDS 
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Steady state and time dependent expressions for the field dependence of the fourth moment of the orientation func 
tion at arbitrary fields, which are reqliested for the interpretation of polarisation of fluorescence.in an electric Geld, have 
been obtained for Permanent and induced dipole orientation. Some general features of the results and some problems con- 
nected with their application are pointed out. 

1. Introduction 

Changes in intensity of the polarized components 
of fluorescence resuhing from the molecular orienta- 
tion in an electrical field have been shown to be an 
interesting new electrooptical effect [ 1,2] _ The 
main advantages compared to birefringence and di- 
chroism [3] result from the specificity of fluores- 
cence, from the simultaneous study of the changes in 
the four polarized components (I$, HE,, V,, NH) 
and from their dependence upon not orJy the second 
but also the fourth moment of the orientation func- 
tion. It is worth noting that exactly the same advan- 
tages would be associated with the observation of the 
change in the polarized components of Raman scatter- 
ing upon orientation. Achievement of a satisfactory 
signal to noise ratio [4] generally requires the applica- 
tion of large electric field pulses. The measurements 
are therefore often performed outside of the region 
were the effects are proportionaI to the square of the 
appIied field (the “Kerr” region). The field dependence 
of the effect can then give information on the mecha- 
nism of orientation, riue either to a permanent dipole 
moment, to an anisotropy in electrical polarisability 
or to a combination of both. The expressions for the 
polarized components of fluorescence have been given 
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[1,2] as a function of the tsvo average values M.n20) 
and (sinSB). The fust one is directly related to the 
orientation factor in birefringence and dichroism 
# = (3 ~cos28~ - I)/2 which has already been calculat- 
ed by O’Konski and aI [S] _ We perform here the cal- 
culation of the second one. Not only its steady state 
value but also its rise and decay at low and high fields 
have been calculated. This is for example needed to 
evaluate at which conditions the field free decay at 
higher fields can be used for polydispersity analysis 
@I - 

2. Theory 

Because of the cyIindrical symmetry, the molec- 
ular orientation is fully described by the distribution 
f(#) where 0 is the angle between the rod axis and 
the direction of the applied electric field E. For 
long enough rod like particles, the rotational diffu- 
sion constant around a transverse axis is negligible 
at the time scale of the fluorescence Iife time r. The 
rotational diffusion around the rod axis is unchanged 
by orientation. Under these assumptions the magnitudes 
of the four pofarized components of fluorescence can 
be expressed as a function of the two averages (sin26) 
and <sin4f9. Their coefficients are function of the 
three angles x, x’ and JI which define the position of 
the absorption and emission transition moments in the 



molecular frame of reference [2] _ The steady state and 
transient values of &.in26> can be deduced from that 
of Q = (3 cos20 - 1)/2 the orientation factor calculat- 
ed in the case of electric birefringence or dichroism. 
We calculate here the corresponding values of <sin4f9>, 
for tl-_e same mechanisms of orientation corresponding 
to the existence of: 

a) a permanent dipole moment a along the rod axis 
b) an anisotropic electrical polarisability of the 

particle with two principal values o1 and cy2 along and 
perpendicular to the rod axis. This latter situation cor- 
responds in particular to the case of rigid polyelec- 
trolytes. The polar$ability originates then in the de- 
formability of the counter-ion atmosphere_ 

2.i. Sreudy stare orientation 

The nth power average of sin 6 is defined by: 

lsinlzej = _f sin"+1ef(f3de 
If(e) e de 7 (1) 

where f(O), the unnormalized orientation function 
can be simply replaced by the Boltzman factor 

exp c-u(e)/kfl 

where U(e), corresponding to the energy of the mole- 
cule in the electric field E, is given by: 

u(e) = -_crE cos 8 - +(a1 - a,)~2 c0s2e_ (2) 

We define as usual 

P = PWT, 2y=(5 - a2)E2/kT, 

and perform the calculations of sin469 as a function of 
P and y_ In a few cases we shall quote, for the easiness 
of comparison, the already known results for (sin28). 

2.1.1. K&e case of purely pen,lanenr dipore moment 
on-enration 

In the absence of polarisability anisotropy (7 = 0), 
the integration of (1) can be performed analytically. 
One finds: 

<sin4e), =-E I-$ coth/3 _- 

P2 [ ( 1 Ls,, 
> p J p2 

(3) 

where the index p states that the mechanism of orien- 
tation is purely due to a permanent dipole moment 

and GP is the corresponding orientation factor cal- 
culated by O’Konski [5 J _ 

2.1.2. 77re case of simuiraneous pennanenr and in- 
duced dipole moment orie,mzrion 

in the case where U(B)jkT is a function of both p 
and y (i-e_ both a permanent and induced moment 
contribute to the orientation) the integration of (1) 
cannot be completely performed analytically and the 
results are expressed in term of the tabulated 
Dawson integral: 

x 

D(x) = emx2 f e2?dr (4) 
0 

One then finds: 

(&e)= I+&_ _!C 
2y 49 

x ( 1 -+-. [2y(eP + e+) - (@ - e+)J 

Low fields (LF) and high field @IF) expansions can 
be calculated and are given together with the cor- 
responding expansions for (sin28>_ 

LF 

HF 

In 

bin2e)p,7+0 =$[I -&@2+27) 

- & (472 i- 4& - 2p4) •r- . ..I ) 

hin4e)p,T+o = & [I -&cc2 +a> 

- * (472 -r- 4p2r - 3p4) -I- ___ ] . (6). 

(sh2e)p,+_ = 2/(p + 2~)~ 

<sin4e),,,, = sj(p -t 2~)~ = 2 hin2ej2_ (7) 

the case where the orientation is due only to an 



Table 1 
Valuesoftheorientationalaveragesforpermanent(P)andinduced(~)dipolemomentorientation. 

P kin*e) csin4e) Jr tsin*e) tsirfi4e) 

0 0.666666 0.533333 0 0.666666 0.533333 
0.1 0.666223 0.532826 0.1 0.665777 0.532317 
0.2 0.664896 0.531310 0.22 0.662200 0.528237 
0.3 0.662701 0.528803 0.30 0.658599 0.524136 
0.4 0.659562 0.525334 0.40 0.652223 0.516913 
0.6 0.651196 0.515683 0.50 0.643934 0.507540 
0.8 0.639852 0.502780 0.60 0.633628 0.495966 
1.00 0.626071 0.487153 0.70 0.621231 0.482141 
1.20 0.610340 0.469386 0.80 0.606663 0.466028 
1.40 0.593156 0.450067 0.90 0.589855 0.447613 
1.60 0.574986 0.429754 1.00 0.570769 0.426923 
1.80 0.556252 0.408942 1.20 0.525838 0.379141 
2.00 0.537315 0.388056 1.40 0.472764 0.324370 
2.50 0.490857 0.337564 1.60 0.413945 0.265866 
3.00 0447758 0.291879 1.80 0.353284 0.208200 
3.50 0.409210 0.252211 2.0 0.295373 0.156138 
4.00 0.37'336 0.218498 2.23 0.235734 0.106454 
4.50 0.345789 0.190150 2.83 0.137931 0.038793 
5.00 0.320036 0.166383 3.16 0.137272 0.023263 
5.50 0.297533 0.146433 4.47 0.051445 0.005304 
6.00 0.277782 0.129268 5 c).O40895 0.003349 
7.00 0.244898 0.103290 6.32 0.025334 0.001284 
8.00 0.218750 0.083984 7.07 0.020211 0.000817 
9.00 0.197531 0.069502 10 0.010051 0.000202 
10.00 0.180000 0.058400 14.14 0.005013 0.000050 
15.00 0.124444 0.028919 3 0 
20.00 0.095000 0.017150 

0 0 

induced dipole moment, the average (which will then 
be designated by an index y) can be calculated 
making j3 = 0 in relation (5). 

Numerical calculations in the case Csin48)p and 
<sin40),, have been performed. They ar$ reported in 
table 1 together with the corresponding values of 
Cs.in28) for convenience for further numerical applica- 
tions_ Since the quantities of interest in the inter- 
pretation of electrooptic effects are often only the 
relative changes: 

((sin2e),, - (sti2e))/hh2e)E,o = 1 +sin2Q) = 4, 

((sh4e:,, - <sin4e)y<sin4e)Ezo = I -G xsin4e) = A, 

(8) 

it is their values, which vary from 0 to 1 which have 
been reported in figs. 1 and 2. It is interesting to see 
to what extent these relative changes can be represent- 

ed by a simple E2 dependence at low field and by their 
asymptotic expansion at high fields. For that purpose 
dotted lines corresponding in fig. 1 to the HF ex- 
pansion and in fig. 2 to the LF expansion have been 
drawn for comparison with the exact result. As al- 
ready observed by O’Konski for @,, Ar increases 
more rapidly than predicted by the first term in the 
LF expansion_ From an experimental point of view 
however, an essentially E’ dependence is expected up 
to 50% of the electrooptical effect at saturation for 
induced moment orientation, while a pronounced 
curvature should already be present at 15% of the ef- 
fect at saturation in the case of permanent moment 
orientation_ 

2.2. Tramient effect - Rise 

A general formulation of the time dependent orien- 
tation function f (0, r) following the sudden application 
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Fig. 1. The ‘degrees of orientation” q5 and A as a function 
of the square of the electric field for induced (2y = 
(aI - a&T’/kT) and permanent (p = p.F/‘kT) moment 
orientation. Dotted lines correspond to the asymptotic ex- 
pansions at high tields (relation 7). 

of an electric field has been given for a rod-like 
particle by Nisbinari and Yoshioka [7] _ Using their 
formulation in term of the operator i 

- Pt” 
f(e,~)=exp(~~r)f(e,O)=~~* T@, 

n 

@=(I _u2)a2_2u 
au2 

& (1 - u2)@ + 7u) & 

+ 2pu + 7(3u2 - 1)/2, (9) 

where u = cos 0 and D is the rotational diffusion con- 
stant around the transverse axis of the particle, one 
calculates the time dependence of Q and A in terms 
of a serie expansion in powers of Dr (the superscript 
tr stands here for “transient-rise”) 

,pf’ =$Dt -I- (p2 - 67 i-$r2)D2r2 

- (!$2 - 127 +3927 + +72 ‘~73)DV -!- ___ ) 

At= =$7ot t (p2 - 67)D2t2 

- ($3 - 12-y -t2 a27 -$f2 + g-y3)D3t3 -t __. _ 

Fig 2. Same as fg_ 3. Detail of the low field behaviour. Dotted 
lines correspond to the first term in the low field expansions 
(relation 6). 

More exact expressions can be calculated from the 
analytical expressions of the time dependent orienta-‘ 
tion function f(O, t) given by severa? authors in special 
cases. 

2.2.2. Small orientation at low field 
Using the expression off(O, t) given by Benoit ES]. 

one gets: 

A& = & D2 _t 27 -.$.fi2e-2Dr _t (/j2/2 - 27)e-6Dr] 

(11) 

2.2.2. Pure induced dipole moment orientatioiz at 

high fields 
From the expression off (0, t) given by Schwarz [9] 

one calculates: 

(sb4e)fr = 
e4YDl_ 4 

Y 
2(e4yD’ - 1)2 

arctg(e4rDr - 1)y2 + e4rDt -t 2 

(e 4yDt - 1p2 e4yD’ 

_ (f2) 

_ 4 1 
One should remark that the short time expansion 

Ar” =-$7Dt -*73o3r3 + . . . (13) 

contain only, by contrast with (IO), terms of the form 
flD”t”. 
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Fig. 3. A as a function of Q for p and 7 orientation. The dotted 
lines correspond to the fust tern in respectively the low field 
(6) and high field (7) expansions. 

2.2.3. Pure permanent dipole orientation at high fields 
f(t), t) has been given by O’Konski [S] _ It leads to: 

Atr = 1 6e2sD’ 
P 

3(&Df - 1)2 

_ 1 2j3Dt(e40Df + e2pDr) 

(e 
2pDt - I)3 1 (14) 

The short time expansion gives: 

A; =+J2D2t2 -s jS4D4t4 -%&flD6t6 + ___ _ (15) 

where the same observation as in sect. 2.2.2. applies_ 

2.3. Transient effect - Free decay 

Expressions of the time dependent function 
f (0, t) following the sudden switch off of the electric 
field have only been given in the two limiting cases 
of small and complete initial orientation_ They ap- 
pear as series in Legendre polynomials with terms 
proportional to P,(cos B)exp I--7432 + 1)Dt) [S] _ 
Since sin48 can be expressed as a combination of P2 
and P4: 

sin4e=* - $~$P,(cos~)+&~~(cos~), 

it is a simple matter, using the orthogonality of the 
Legendre polynomials to obtain: 

A f d &-PO 
A&. (p2 + T)e-LDt, (16) 

A* d =s -6Dt 
P 7-m 9 

, e _-+-20Dt, (17) 

where the superscript td stands here for “transient- 
decay”. 

3. Discussion 

Several remarks can be made on the practical use 
of the results in the interpretation of the changes in 
the intensity of polarized components of fluorescence 
in an electric field. 

3.1. Steady state orientation 

It is often difficult, from an experimental point of 
view to reach complete saturation of the electro- 
optical effect, and there is a large difference in the 
approach of saturation for induced and dipole 
moment orientation. Fig. 1 shows that this difference 
is found for A as well as for @, but that A increases 
more rapidly than @ and reaches values close to 1 at 
lower tieids. This &ould make the field dependence 
of the steady state changes in polarized fluorescence 
an interesting mean to differentiate between the two 
orientation mechanisms_ 

A particular advantage of polarized fluorescence 
is the observation of the four polarized components 
of fluorescence. There exists in the Kerr region, a rela- 
tion between their changes which is related to the 
proportionality between Q and A [2] _ This relation 
has been found experimentally to hold at higher fields 
[2,4] _ This can be understood considering fig. 3 
where it is shown that the low field proportionality 
remains approximately verified up to A - 0.5, what- 
ever the mechanisms of orientation. 

Since it has been found that in the high field ap- 
proximation, whatever the mechanism of orientation 
<sin4fI> = 3 (sin2e>2, it is not very surprosing that the 
relation between 4 and A is not very sensitive to the 
mechanism of orientation. This might however be 
useful to obtain their absolute values when the mag- 
nitude of the effect at saturation of the orientation is 
not experimentally or theoretically accessibIe_ 
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3.2. Traxien t effects Acknowledgements 

The time dependence of A following the sudden 
application of an electric field shows the same dif- 
ference between permanent and induced dipole mo- 
ment orientation as that of +_ Relation (10) shows that 
for permanent dipole moment orientation the initial 
slope is zero while it is proportional to 70 for induced 
dipole moment orientation. The transient changes in 

the polarized components of fluorescence can there- 
fore help to characterize the type of orientation 
mechanism. 

Thanks are due to the French Government for a 
grant to S. Sokerclv and to Professor H. Benoit and the 
C.N.R.S. who made possible his stay in Strasbourg, 
during which this work was performed_ 
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