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Diffusion Coefficients of Tetrazolium Blue 
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Diffusion coefficients of the electron acceptor dye tetrazolium blue were 
measured by the Taylor dispersion method, with an accuracy better than 4%, 
in two solvents: (i)a homogeneous one--aqueous phosphate buffer, 0.1 M, 
pH=7.0 (medium I); and (ii)a heterogeneous one--nonionic micelles of 
Triton X-100, 2.0mM (where M stands for mol.dm-3), in the same 
aqueous phosphate buffer (medium II). The values obtained were D1~2 = 3.64 x 
10-~~ -1 and Dll~=3.01xl0 1~ DII~ has the meaning of a 
"macroscopic" or "average" diffusion coefficient, in which the partition coef- 
ficient of tetrazotium blue between micelles and water, as well as the diffusion 
coefficients of this dye and of the micelles in the aqueous phase, are involved. 

KEY WORDS: diffusion; Taylor dispersion method; tetrazolium blue; Triton 
X-100 micelles. 

1. I N T R O D U C T I O N  

The knowledge  of the diffusion coefficients of organic  c o m p o u n d s  is very 
l imited,  even for l iquid phases  c o m p o s e d  of very simple molecules.  The 
exper imenta l  da t a  are difficult to obtain ,  and  the existing predict ive 
me thods  are quest ionable .  Only  empir ica l  es t imat ion  techniques are  
avai lable ,  and  their  app l i ca t ion  is no rma l ly  restr ic ted to the mixtures  for 
which they have been deve loped  [1, 2].  

The  p r o b l e m  of ob ta in ing  diffusion coefficients in complex  mice l la r  
solut ions,  l ike the ones used in this work ,  is still in its infancy, because the 
exper imenta l  measurements  are even more  difficult and  the es t imat ion  
techniques nonexis tent .  

1 Centro de Quimica Estrutural, Complexo I, Instituto Superior T6cnico, 1096 Lisboa Codex, 
Portugal. 
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In the photochemical research currently performed in our laboratory 
[3], the dye tetrazolium blue acts as a good electron acceptor, in both 
homogeneous and heterogeneous media. The need for the knowledge of 
some redox properties of tetrazolium blue led to the application of a series 
of electroana[ytical techniques to this dye. Calculation of electrochemical 
parameters for complex solutions is hampered by a lack of accurate 
experimental values for the diffusion coefficients. The error in these coef- 
ficients is, by far, the largest contributing factor to the error in the electro- 
chemical parameters evaluated. Consequently, we were forced to attempt 
the accurate measurement of the diffusion coefficients of tetrazolium blue in 
the solutions under study: a homogeneous, aqueous, medium (medium I) 
and a Triton X-100 micellar one (medium II). 

A convenient method of measurement was found to be the 
chromatographic dispersion technique, based on the work of Taylor [4]. 
The same technique has been previously applied by Weinheimer et al. [5] 
and by Evans et al. [6] to measure the diffusion coefficients of micelles in 
aqueous solution (Triton X-100 [5], sodium dodecyl sulfate [5, 6], and 
tetradecyltrimethylamonium bromide [-6] micelles). The first group of 
authors [5] also measured the diffusion coefficient, in Triton X-100 solu- 
tion, of a dye (methyl yellow) which is exclusively solubilized in the 
micellar pseudophase and, therefore, obtained a value close to that of the 
micelles themselves in aqueous solution. 

An additional complicating factor in micellar solutions arises when a 
solute is partitioned between the micelles and the surrounding water. In 
this case, the measured diffusion coefficient is expected to differ from the 
diffusion coefficient of the micelles, since it must also take into account the 
diffusion coefficient of the dye in the intermicellar phase, as well as its 
partition coefficient between the two pseudophases [7-9]. 

The aim of the present paper is to report the experimental measure- 
ment of the diffusion coefficient of tetrazolium blue (which, in Triton X-100 
solutions, is partitioned between the micelles and the aqueous phase 
[3, 10]), in the homogeneous and heterogeneous media mentioned above. 

2. THE TAYLOR DISPERSION M E T H O D  

The Taylor method for the measurement of diffusion coefficients in 
liquid solutions is based on a chromatographic dispersion technique, in 
which the sample, in the solvent under study, is injected in the same solvent, 
flowing in a long, circular tube, in a laminar regime. 

The dispersion profile of the sample is obtained at the exit of the tube. 
The observed broadening of the profile is due to the molecular diffusion of 
the sample through the solvent, enhanced by the convection of the solvent 
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Fig. 1. Schematic diagram of the dispersion profile of the sample through 
chromatographic tube, in the ideal Taylor dispersion experiment. From Ref. 11. 

the 

itself (in a parabolic velocity profile). For a 6-pulse input, the dispersion 
profile is a Gaussian distribution (see Fig. 1). The diffusion coefficient of 
the sample in the solvent under study (D12) is evaluated from the first two 
temporal  moments  of the distribution [first moment  or time of residence 
(t) and second central moment  or variance (a2)]. 

The theoretical principles of the method, first described by Taylor [4],  
have been developed by Alizadeh etal.  in 1980 [11]. References 12-15 
describe some applications of the method, using the same experimental 
apparatus used here. For  these reasons, only the experimental conditions 
and the equations strictly needed to the calculations are presented here. 

The mutual  diffusion coefficient of a solute 1 in a solvent 2 (D12), as 
described in Ref. 11, can be evaluated by the following equation: 

ag ~ 1  +4aid/tia+3 1 1 

D12=  l+40 d/t?d+20 d/Sd--1 2+2 (1.a) 
with 

•a = 12.800~o (1.b) 
and 

20.2  ,"2 %~[/4 d , - 2 2  -- + 4tid O'id lid+ 
~0 = 8/Td _ 4 a ~  d (1.C) 

where a0 stands for the internal radius of the diffusion tube; and ~d and a~a 
are, respectively, the first and second temporal  moments  obtained in an 
ideal experiment. 2 

2 This ideal experiment would involve the injection of an infinitesimal volume of the sample, 
as a 6-pulse; a laminar flow regime of the chromatographic solvent; an infinitely long 
tube, perfectly straight, with a uniform circular cross section; a concentration detector with 
infinitesimal volume; and a fluid (solute + solvent) with physical properties independent of 
the composition, particularly D12. 
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The two (ideal) temporal moments are related to the respective 
experimentally measured moments (t-exp, 2 ~exp) by the equations 

i 

~2d = azxp + 2 aa2 (2.b) 
i 

where at-, and 6~ 2 are small corrections, that take into account the following 
factors: 

(1)  a finite volume of the injection pulse (instead of a a-pulse, the 
injection is approximately a rectangular pulse); 

(2) a finite volume of the concentration monitor (which is located at 
the exit of the diffusion tube, a distance L from the injection 
point); and 

(3) the existence of a connecting tube between the diffusion tube and 
the concentration monitor. 

These factors, encountered in any nonideal experiment, cannot be 
eliminated by the design of the apparatus [11, 12]. The calculation of these 
corrections is described in Ref. 11. 

A final correction is needed for the dependence of the physical proper- 
ties of the mixture (in this case O12 ) with its composition [11]. The 
evaluated value of D12 does not correspond to the real concentration (Clr) 
of the sample injected, but to a reference concentration (C~). These are 
related by 

Cir = Clr+ aC1 (3) 

in which the small correction (6C1) is a function of the number of extra 
moles injected (N1). 

3. E X P E R I M E N T A L  

Tetrazolium blue [3,3'-dianisole-4,4'-bis(2,5-diphenyltetrazolium) 
chloride] was obtained from Fluka, in a p.a. grade, for bacteriology. Triton 
X-100 [iso-octylphenoxy-poly(oxyethylene)-glycol, containing a mean of 
10 oxyethylene units per molecule] was purchased from BDH, in a 
scintillation grade. The other chemicals were of analytical grade. All the 
commercial reagents and solvents were used without further purification. 

Triton X-100 solutions, with a surfactant concentration of 2.00 mM 3 

3 M stands for mol-dm 3. 
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Table I. Diffusion Tube [13] and Sample Characterization 
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Diffusion-tube length, L 
Diffusion-tube internal radius, a o 
Coil radius, R c 
Injection volume, Vi 
Detector volume, Vd 
Length of connecting tube, l 
Internal radius of connecting tube, ac 

13.1337 m 
3.904 x 10 4 m 

0.1608 m 
2 x l O  8m3 

l x l O  8m3 

0.3584 m 
1.143x10 4m 

Sample [TB 2+ ] (raM) a Solvent 

I 0.500 Phosphate buffer, 0.1 M, pH = 7.0/water 
II 0.500 , Triton X-100, 2 raM/phosphate buffer/water 

a M stands for tool. din-3. 

(micellar concentration of 12.2 #M), were prepared by dissolution of the 
surfactant in a 0.10 M phosphate buffer, at pH = 7.00. Tetrazolium blue, 
at a concentration of 500 #M, was directly dissolved in these buffer or 
micellar solutions [3].  For medium II, a mean occupation number of 7.8 
can be calculated for tetrazolium blue in Triton X-100 micelles. At these 
concentrations, fluorescent methods suggest that the micellar structure of 
Triton X-100 (size, shape, etc.) is not appreciably altered [3, 10]. 

Table I summarizes the experimental conditions used: the samples and 
the characteristics of the diffusion apparatus. The concentration of the 
samples at the end of the diffusion tube was monitored by a differential 
refractometer (Waters, Model R-401), with a resolution of 4 x 1 0  4 
refraction index units, in the scale used. The dispersion profiles were 
obtained in an X - t  recorder. For  each sample, a set of at least five 
experiments was performed. 

4. RESULTS 

Figure 2 shows one of the dispersion profiles obtained for tetrazolium 
blue (TB 2+) in the micellar medium referred to above (medium II). These 
profiles are approximately Gaussian, so the experimentally measured 
parameters--residence time, t-oxp, and width at half-height of the peak, 
Win--can be related, respectively, to the mean velocity of the flow (60) and 
to the standard deviation (a), by Eqs. (4) and (5): 

L 
Uo = - (4) 

texp 

W1/2 = 2.3540"ex p (5) 
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Fig.  2. Typical dispersion profile for tetrazolium blue in Triton X-100 micelles (sample II). 

For each profile, O12 was  calculated by means of Eqs. (1) and (2), 
with the corrections in the real parameters - 2 (texp, O'exp) previously eva lua ted .  
The relative error obtained in the sum of all the three correction factors is 
typically of the order of 0.2 to 0.3 %. 

Table II illustrates the experimental results obtained for one experi- 
ment in Sample I (homogeneous medium) and one experiment in Sample II 
(micellar medium). The ideal moments of the dispersion profiles, and 
the final value, D~2, are therein displayed. A set of five experiments with 
sample I and a set of six experiments with sample II were performed. The 
mean values of D12 obtained in both media are indicated in Table III. 
Herein are also shown the values of the reference concentration, [TB 2+ It ,  
corrected for the extra moles of tetrazolium blue injected, by means of 
Eq. (3). 

Table  II. Typical Runs for Samples I and II 

Sample I Sample II 

T (K) 298.25 298.23 
t-ox v (s) 3960.0 3900.0 
10-3Uo (m .s -1) 3.317 3.368 
Wi'/2 (s) 620.0 680.0 
tr~x p (s 2) 69367.0 83442.0 

~d (S) 
~ (s :) 

3970.0 3912.0 
69476.0 83581.0 

101~ (m 2. s - 1) 3.62 2.96 
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Table IIl. Average Diffusion Coefficients for Samples I and II 
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Sample [T B2+ ]r (raM) a T (K) 101~ (m 2. s -1) 

I 0.506 298.25 3.64 _+ 0.13 
II 0.506 298.22 3.01 _+ 0.10 

M stands for tool -din -3. 

5. D I S C U S S I O N  

As expected, the order of magnitude of the diffusion coefficients deter- 
mined for both samples is the same, but D~12 is larger than DIt~, as the long 
polyoxyethylene chains in the Triton X-100 surfactant molecules should 
slow down the diffusional movement  of tetrazolium blue ions (TB 2+), as 
compared to water and phosphate ions. 

As tetrazolium blue exists in a partition equilibrium between the 
micellar and the intermicellar pseudophases [-3], DIll2 is in fact a "macro- 
scopic" or "average" diffusion coefficient, in which this equilibrium (in 
terms of its partition coefficient), and the diffusion coefficients of 
tetrazolium blue and of the micelles in the aqueous intermicellar phase, 
must be taken into account. This equilibrium should also decrease D~I I 
relatively to the diffusion coefficient of tetrazolium blue in the same inter- 
micellar medium, as the diffusion of the micelles themselves is expected to 
be much slower than the diffusion of TB 2+ ions, when the same medium 
is considered. 

The present results can therefore be compared with those of 
Weinheimer et al. [5]  for Triton X-100 micelle and monomer  diffusion. In 
a range of surfactant concentrations (1.6 to 2 .7mM)  above the critical 
micelle concentration (CMC = 0.25 mM for Triton X-100 [16])  and similar 
to ours (2.00 mM),  these authors obtained a value of 6.9 x 10 -11 m 2. S i for 
the diffusion coefficient of Triton X-100 micelles in aqueous solution; for a 
surfactant concentration below the C M C  (0.03 mM, where Triton X-100 is 
mainly in the monomeric  form), they obtained a value of 8.3 x 10 - 11 m 2 . s - 1 
In the present work, the diffusion coefficient of tetrazolium blue in the 
Triton X-100 micellar medium (DI~= 3.01 x 10 - l~  m 2 -s -1) was found to 
be larger than both of these values. This result seems to confirm the 
expected behavior of mass transport  in this type of complex solutions, as 
the movement  of the long surfactant molecules (either aggregated in 
micelles or not) should be restricted, compared to the movement  of 
TB 2+ ions in the same micellar solutions. 
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From the work of Burkey et al. [7] and of Amstrong et al. [8, 9], the 
observed diffusion coefficient of an organic solute partitioned between 
a micellar and an aqueous pseudophase (Oobs) is related to both of the 
diffusion coefficients of the micelle (D~m q) and of the solute (O aq) in the 
intermicellar medium (aqueous surfactant solution just below the CMC), 
by means of the equation 

Dob s =fD~ + (1 - - f )  Os aq (6.a) 

where f (the molar fraction of the solute in the micellar pseudophase) is 
given by 

f l  1 -  VM[-M ]) 1 
f =  l + ~ K ~ ~ ~  (6.b) 

with [M]  (the concentration of the micelles) given by 

[-S] -CMC 
[M]  - (6.c) 

In these equations, Kp is the partition coefficient of the solute between the 
micellar and the aqueous pseudophases, VM is the molar micellar volume 
(200.6 M -1 for Triton X-100 [17]), IS] is the surfactant concentration, 
CMC is the critical micellar concentration, as stated before, and v is the 
mean aggregation number (143 for Triton X- 100 [ 17 ] ). 

From the accurate measurement of the diffusion coefficients, Dob s 
(which in our case would be n aq aq D12), Dm, and D s , the partition coefficient 
of the solute between the two pseudophases can therefore be evaluated. 

In our work, the partition coefficients of tetrazolium blue (Kp) 
as a function of the mean occupation number (h) were determined 
independently by a fluorescent method [-3, 10]. A value of D~2 = 
3.09 x 10 - l~ m 2. s -1 can then be evaluated by Eqs. (6) above, for the solu- 
tions studied in this work (with ~ =  7.8, Kp= 94, and f =  0.188), if we take 
the result of Weinheimer etal. [-5] (D"mq=6.9x10-11m2.s 1) for the 
diffusion coefficient of the Triton X-100 micelles, and our own value of DI12 
(3.64 x 10-1~ 2 .s -1) as an approximation for Os aq (these values should 
not be very different: i aq D12 > D S ). This result is in excellent agreement with 
our own experimental value, D ~ = 3 . 0 1 x l 0 - 1 ~  1 (less than 3% 
error). 

As shown in the work of Burkey et al. [-7] and Amstrong et al. [8-9], 
and in our own work, the Taylor's technique (or any other that accurately 
measures diffusion coefficients) is therefore a valuable tool for determining 
partition coefficients of solutes in micellar solutions or, conversely, for 
checking these values when determined by independent methods. 
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T h e  va lues  n o w  o b t a i n e d  were  used  in c o n n e c t i o n  wi th  p o l a r o g r a p h i c  

a n d  cycl ic  v o l t a m e t r i c  d a t a  to i m p r o v e  the  accu racy  of  the  e l e c t r o c h e m i c a l  

p a r a m e t e r s  e v a l u a t e d  for  t e t r a z o l i u m  b lue  [ 18].  
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