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Accuracy of f luorescence polarization measurements and 
discrimination of uniaxial deformation models 
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The technique of fluorescence polarization is examined for the influence of measuring errors on the light 
intensities and the depolarization correction parameter p. It is shown how the accuracy of the received 
orientation coefficients depends on the measured quantities, especially on the absolute value of p, the 
latter restricting the polymer systems to which the method is suitable. The lowest accuracy needed to 
take advantage of the information on the fourth moment of the orientation distribution function is 
calculated as well as the considerable accuracy required to discriminate orientation models, e.g. the 
pseudoaffine model, from others. 
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Introduction 
With the fluorescence polarization method (fpm), the 

2nd and 4th moment of the orientational distribution 
function (odt) of the anisotropic chromophores are 
determined 1,2. In the case of uniaxial symmetry of both 
the rigid anisotropic matrix (e.g. polymer films or fibres) 
and the fluorescent molecule, the angle 0, i.e. the angle 
between the orientation axis of the sample and the 
molecular orientation axis of the fluorescent molecule, is 
the only variable in the odf. In this case, with the fpm the 
moments (cos20) and (cos*0) are obtained. Equivalent 
to the presentation of moments is the use of the 2nd and 
the 4th coefficient of the development of the odf in a series 
of Legendre polynomials. These two coefficients usually 
allow for an approximate graph of the odf 3. 

In the aforementioned case of symmetry three polarized 
fluorescence components, e.g. Izz , l z y  , and Ivy (Z 
orientation axis of the sample, X optical beam axis of the 
apparatus; first subscript denotes the polarizer direction, 
second subscript the analyser direction) are independent 1. 
These three light intensities must be measured. 
Additionally, the photophysical parameter Pm which 
indicates the optical anisotropy of the absorption tensor 
a = (aij) and the emission tensor e = (eij) must be known to 
determine (cos/0) and (cos40). There is only one 

parameter Pm under the condition of rotationellipsoidic 
anisotropy of absorption and emission transition 
moments relative to the uniaxial symmetry of the 
fluorescent molecule mentioned above. 

2a22  2e22 

Pm -- 2 a22 -t- a33 -- 2 e22 + e33 (1) 

The parameter Pm (0~<Pm~<2/3 for a22~<a33; if a22>a33 
the true p,, may be calculated by exchanging a22 and a33 ) 
may be measured independently by means of a sample of 
known orientation, usually an isotropic sample. Pm is 
related to the fundamental fluorescence anisotropy r 0 by 

Pm= 2/3 -- 1/3x/10r o (2) 

where 

I z z - l z y  ) 
ro = ~ l z ~ T 2 / ~ z ~ / ,  . . . . .  ~ 

(3) 

is measured with two polarized intensities in the isotropic 
state. 

0032-3861/82/0607974)4503.00 
©1982 Butterworth & Co (Publishers) Ltd POLYMER, 1982, Vol 23, June  797 



Polymer communications 

In a real sample the so-measured parameter p,, (and 
respective r0) refers not only to the intramolecular 
properties but additionally may correct depolarization of 
fluorescence due to scattering, e.g. at the surface or at 
crystallites. For separation from the molecular constant 
p,,, the measured parameter is named p in this note with 
P>Pm in a non-ideal and p=p,, in an optically ideal 
sample. Assuming that the depolarization is independent 
of both the anisotropy of the sample and the wavelength 
of the exciting and the fluorescent light, no further 
correction is necessary. Otherwise, up to four scattering 
correction coefficients must be measured at each degree of 
deformation 4, an apparatus requirement which has not 
yet been realized for measurements during stretching. 

To take advantage of the 4th moment information on 
the type of the odf, the precision of the experimental 
results must be high. This is generally believed to be so 
since the moments are not independent from one another, 
especially if presumptions on the shape of the odf are 
madeQ Furthermore, the truncation of the series limits 
the evaluation of the odf 3'6. Unavoidably, the odf of the 
fluorescent moieties (labels, probe molecules, or intrinsic 
fluorescence of the matrix sample) must be correlated to 
the odf of the sample's structural units, in which one is 
usually interested. 

Influence of measurement errors on the orientation 
parameters 

The influence of an error in p and of a measurement error 
in the intensities*) on the values of (cos20>, (cos40) was 
calculated numerically for different cases. First, the error 
is assumed to originate separately in each of the light 
intensities lzz , lzr, Irr and the parameter p. Secondly, the 
error is allowed to occur in all components (statistical 
noise), and in p (constant error due to the distinct 
determination) simultaneously. The percentage of error 
for p was calculated from r 0 without exceeding the 
physical limits of p. 

These calculations were performed with a 
microcomputer, normalizing K to 1. The constant K is the 
total fluorescence intensity of the sample 7 

K = ~l, . j  ~ kgd c Q {i,j = X, Y,Z) (4) 
i , )  

1 
K - 3 _ 2 p + p 2 [ ( 3 - 2 p ) l z z + 8  lyy+4(3-p) l zv)]  {5) 

containing the optical density ~dc, the quantum yield Q, 
and an instrumental constant k, Using the pseudoaffine 
deformation scheme (pad) s'9 the change of the 
normalizing factor for K during stretching depends 
simply on the square root of the stretching ratio 2 which 
refers to the change of thickness. The orientational 
coefficients of the pad are given by: 

(COS20)= 3 T(1 arctanx/~3- 1-)for 2 > 1 

{6) 

23 / 1 1 +x/1 - ~3 ) 
( c o s 2 0 ) = l ~ X ~ 2 x / ~ l n l ~ x / ~ £  3 1 for2<l{7) 

* S i m i l a r  c a l c u l a t i o n s  were m a d e  wi th  i n t ens i t y  r a t i o s  a n d  can be 
o b t a i n e d  on  request .  
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Figure I (a) Do t ted  curves -+20% er ror  in I z z ;  broken curves 
-+20% error  in I y y .  (b) Do t t ed  curves +50% er ror  in p;  broken 
curves -+20% error in I z y .  Error ranges of (cos20) ' and K '  - 0 . 2  
( lef t  diagrams) drawn and (cos48) ' ( r ight diagrams) versus (cos20) 
and (cos40) respectively, calculated for the pad wi th  a constant  
error (+ and - )  in the quan t i t y  referred to  and t rue  values for the 
other quant i t ies 

~3 

(cosmO> =(m_2)(23 _ 1)((m- 1)(COSta-20)- 1) m=4,  6, 

8 . . .  {8) 

If one assumes a relatively large error (for clarity of 
graphical presentation) of +20% and -20% in the 
intensities and +50% and -50% in p, and a typical 
absolute value of p =0.2, the curves of Figure 1 can be 
calculated. In these curves (cos20) ', K ' -0 .2 ,  and 
(cos40) ' are the erroneous values calculated with the 
+ 20% and the -20% error of the indicated fluorescence 
intensity, resp. the + 50% and - 50% error in p. They are 
plotted versus the true values of (cos20) and respective 
(cos40) values. The curves show the very different role of 
the individual components in the orientational results, 
especially as a function of mean orientation. If one is 
interested in (cos40) or higher oriented samples, lzz, Izr, 
and p must be measured with greater accuracy. For the 
determination of (cos20) in the medium range, Izz and 
l r r  are more important than lzr or p. It should be 
realized, however, that these results depend on the 
absolute value of p which thus may influence the 
experimental procedure, e.g. the measuring times for the 
fluorescent components. 

If one allows for statistical noise (a=0.1) in all three 
components and a constant error in p ( + 10%), which may 
be a realistic view, the total error in (cos20), (cos40), and 
K is partially compensated. In this case the dependence of 
the relative error on the mean orientation is relatively 
weak in the region of 0 .2<(cos20)<1 but depends 
strongly on the absolute value of the parameter p, as can 
be seen from the example in Figure 2. Herein, the average 
relative error of (cos20) and (cos'~0) (broken line) in the 
region 0 .5<(cos20)< 1 is plotted versus the absolute 
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value ofp. It can be clearly seen that the accuracy declines 
dramatically on increasing p, especially in the case of 
(cos40) which shows an even higher percentage error. 
Similar curves are obtained by choosing different sets of 
error limits in the intensities and p. 

This result demands a very high accuracy in 
measurement, as much as in the case of scatter- 
depolarizing samples, (e.g. partially crystallized 
polymers a°, liquid crystalline polymers) as in the case of 
using chromophores showing an unfavourable value of p 
(e.g. the intrinsic fluorescence of some polymers aa). 
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Figure 2 Dependence of the error in (cos28) (solid curve) and 
(cos4e} (broken curve) on the absolute value of the correction 
parameter p (constant statistical noise of the intensities). Averaged 
in the region 0.5 < (cos28) < 1 

Measurement accuracy required to distinguish between 
different types of odf 

The claimed advantage of the fpm can only be utilized, 
if the accuracy of the 4th moment is sufficient. For 
example, let us consider the difference between the pad 
and a model which consists of a random odf(weight factor 
1 - )9  and a superimposed completely oriented portion 7 
(0~<7~< 1). For this simple model holds 5 

f(2) =f(4) = )' (9) 

and respectively 

and 
(cos*O) = 1.2 (cos20) -0 .2  for (cos20) >/1/3 

(cos*O) = 0.6 (cos20) for (cos20) ~< 1/3. 

The (cos*0) values of both models differ most greatly 
at a value of (cos20) = 0.65; the corresponding difference 
in the (cos*0) values amounts to 0.052, i.e. 9To referred to 
the pad. On account of a clear distinction between the two 
models we have to limit the mean relative error to half the 
size of the difference at least. This condition applied, one 
gets the required accuracies in Table 1, which differ in the 
selected regions of (cos20). The calculated accuracies 
already allow for partial compensation of the error in the 
three light intensities, which is reasonable in the case of 
Poisson-distributed photon counting error. 

One may recognize from the third row of Table 1, that 
with usual conditions (p ~ 0.2) an accuracy of better than 
5~o in each of the four measured quantities is just sufficient 
to discriminate the two models mentioned above. This 
accuracy may be obtained, from our experience, under 
favourable conditions, i.e. sufficiently high K value, for the 
light intensities but rarely for the correction parameter p 
with its inherent assumptions (see Introduction). Thus, 
limited evidence can be given to a certain orientation 
model from fpm results, without regard to the uncertainty 
arising from the series truncation. However, orientation 
models leading to values of (cos*O) outside the accuracy 
range can be safely excluded. The calculation of (cos*O) 
values is of no value, if their relative error comes up to the 
range governed by the inequalities 5 

(cos*O)/> ((cos20)) 2 (10) 

and (cos*O) ~< (cos20) (11) 

Table I Difference between the pad and the superposition model (equation (9)) and the required measuring accuracy. For further explanation 
see text 

Region of (cos2e) 0 -0 .2  0 .2-0 .4  0 .4-0 .6  0.6--0.8 0 .8-1 

Averaged difference in (cos48) in % +43 +8.8 +10 +8.1 +3.3 
Required accuracy in % of the light intensities 
and r o at r 0 = 0.2 (p = 0.19) 5.7 5.0 6.4 5.4 2.4 
At  r o = 0.4 (p = 0) 28.3 7.2 9.8 11.9 9.2 

Table 2 Limiting measurement accuracy (in %) corresponding to the mathematically obtained limits (see equations (10) and (11 )}. For 
further explanation see text 

Region of (cos28) 0--0.2 0.2--0.4 0.4--0.6 0.6--0.8 0.8--1 

Averaged range of (cos4e} in % 82.7 54.5 33.8 18.2 6.2 
Required accuracy in % of the light intensities 
and r o at r o = 0.2 (p = 0.19) 27 54 45 24 9.8 
At  r o = 0.4 (p = 0) 109 86 69 57 48 
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which determine an upper and lower limit for (cos40). If 
one refers to the middle of the allowed (cos40) range, one 
obtains, according to the same concept as in Table 1, the 
results shown in Table 2. The data in Table 2 shows the 
experimental accuracy limit, i.e. error bars given in ~o, 
resulting from the mathematically well defined limits, e.g. 
(cos40) =0.375 +0.125 at (cos20) =0.5. 

It follows from the data in Table 2, that even in the case 
of moderate accuracy, e.g. 10~o, considerable reductions 
of the allowed range of (cos40) can be received. In such a 
way the type of the odf may be limited, allowing for 
discrimination between deformation models, provided 
they are sufficiently different. 

Conclusions 

The fpm is an efficient and valuable tool in 
discriminating types of odf and types of deformation 
schemes if one selects photophysically ideal chromophores 
(p,,~0) and if one investigates samples showing only 
moderate scattering depolarization. It is necessary to 
calculate and realize experimentally the required accuracy 

in the light intensity measurements and in the 
determination of the correcture parameter p, provided 
that the involved symmetry conditions of the sample and 
of the chromophore hold. 
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Intrinsic viscosity of cellulose derivatives and the persistent cylinder 
model of Yamakawa 
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By using the chain model proposed by Yamakawa, intrinsic viscosity measurements allow 
characterization of cellulose derivatives in dilute solution by persistence length and hydrodynamic 
diameter as a function of different parameters such as temperature of solvents, degree of substitution and 
type of substituent. 

Keywords Intrinsic viscosity; polymer; solution; persistence length; cellulose derivatives 

Anisotropic phases are formed in concentrated solutions 
of certain rigid polymers. The best known examples are 
the aromatic polyamides which have been studied with 
the help of various physico-chemical methods 1-7 
Recently, it has been demonstrated that polymer chains of 
lesser rigidity, such as the cellulose derivatives, can also 
form mesomorphic solutions at high concentrations, 
between 20 and 50 wt~o 8- t3. The concentration at which 
the anisotropic phase appears depends not only on the 
type of solvent but also on characteristics of the chain 
such as degree of substitution, type of substituent and so 
on. 

In these discussions a parameter of some importance is 
the chain rigidity. To gain an insight into the 
concentration dependence of the rigidity, we firstly 
studied dilute solutions and have investigated the intrinsic 
viscosity for a number of cellulose derivatives. 

Over a sufficiently small range of polymer molecular 
mass the intrinsic viscosity [~/] can be fitted to the 
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empirical Mark-Houwink equation14: 

[r/] = K . M  ~ (1) 

where K and ct are constants for a given polymer-solvent 
system. Qualitatively, ~ increases with increasing chain 
rigidity, but for a more complete analysis, it is necessary to 
consider a more detailed theoretical model such as that 
proposed by Yamakawa 15. Some authors have used this 
model and graphical methods to estimate the persistence 
length of flexible chainsl 6-18 and of or-helical 
polypeptides 19. Following ideas first proposed by 
Arpin 2°, we have calculated the hydrodynamic diameter 
and the persistence length from experimental values of 
intrinsic viscosity and molecular mass for a large variety 
of polymer systems. By refining and extending the method 
of Arpin, we have been able to obtain a systematic analysis 
of cellulose derivatives in solution. 


