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A technique to study the statistical distribution and collision rates of additive molecules in compartmentalized 
liquids introduced previously (J.  Phys. Chem. 1993,97,3418) is applied to Cu2+ in SDS micelles in conjunction 
with the preceding fluorescence quenching paper (J. Phys. Chem., previous paper in this issue) which employed 
Cu2+ as the quencher. The physical model employs a dilute solution of a hydrophobic nitroxide free radical, 
the indicator, in the presence and absence of a varying concentration of paramagnetic molecules, the broadeners, 
which are Cu2+ in this case. The aggregation numbers found in the companion paper, computed under the 
assumption that the Cu2+ ions are distributed among the micelles in conformance to a small electrostatic 
repulsion between Cu2+ ions residing upon the same micelle, are fixed in this EPR study. Using these fixed 
sizes, it was only possible to bring the experimental observations into agreement with theory by assuming 
electrostatic repulsions in the EPR experiment as well. This electrostatic energy deduced from EPR 
measurements decreases from €2 = 0.18 to 0.06 kT (T = absolute temperature, k = Boltzmann constant) as 
the micelle size increases from 50 to 85 molecules and are therefore comparable to those found in the preceding 
paper. The spin exchange frequency between the nitroxide free radical and one Cu2+ decreases linearly with 
the size of the micelle with a coefficient of correlation r = 0.997. The spin exchange frequencies are found 
to be quantitatively similar to fluorescence quenching rates, the ratio of the rates varying from about 1.5 to 
1.2 depending upon the detergent concentration. A practical result of the present investigation is that the 
EPR spectra may be obtained using magnetic field modulation amplitudes up to 70% of the line width without 
affecting the experimentally determined electrostatic repulsion energies or the spin exchange frequencies. 
This reduces the necessary data acquision time by about a factor of 100. It is concluded that fluorescence 
quenching and EPR are an excellent complementary pair of techniques to study micelles, and a brief summary 
of the strengths and weaknesses of the two methods is given. 

Introduction 

This is a companion to the previous paper.' The motivation 
to study SDS micelles as a function of the detergent concentra- 
tion is outlined there, and the general approach of using EPR 
to study the statistical distribution and collision rates of 
molecules added to compartmentalized liquids is discussed in 
ref 2. Previously,2 we fixed the size of the micelles using the 
best available estimates of the aggregation numbers and brought 
the theory into agreement with the EPR results by introducing 
a small electrostatic repulsion between added Co2+ ions. The 
present experiment is almost identical to the one described in 
detail in ref 2 with two exceptions: (1) Cu2+ is the broadening 
agent rather than Co2+, in order to use the same additive 
molecule in the EPR and fluorescence experiments, and (2) the 
sizes of the micelles are taken to be those found from 
fluorescence quenching experiments' interpreted using small 
electrostatic repulsion between the quenchers. 

Indicator-Broadener Method 
The first experiments of this type were reported by A i ~ a w a . ~ . ~  

The present method is described in detail in ref 2. Briefly, the 
EPR spectrum of a dilute solution of nitroxide free radicals, 
the indicator, is studied as a function of the concentration of a 
paramagnetic molecule, the broadener. The broadener must 
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collide with the indicator sufficiently often to broaden the EPR 
spectrum; however, the best results are obtained from experi- 
ments in which the collision rate is not so fast so as to produce 
broadenings large compared with the intrinsic line width of the 
indicator2. The companion paper' shows that the migration of 
Cu2+ accounts for 3% or less of the fluorescence quenching 
rate for SDS concentrations of 100 mM or less. At 200 mM 
SDS, migration becomes more important, accounting for about 
10% of the total quenching rate. This means that a Cu2+ ion 
originally associated with one micelle transfers to a different 
micelle on a time scale that is long compared with the 
fluorescence quenching rate. Thus to a good approximation 
for SDS concentrations of 100 mM or less, the spin relaxation 
determined line width of the EPR of the indicator depends only 
upon the number, N ,  of cations residing on the micelle in 
question as follows: 

where the superscript L refers to the Lorentzian component of 
the line width, d~ is the paramagnetic broadening due to 
collisions between one Cu2+ and the indicator, and ~ & O ) M ~  
is the line broadening due to all spin relaxation mechanisms in 
the absence of added Cu2+ ions. The subscript MI refers to the 
nuclear quantum number describing the EPR line that is under 
observation. The small diamagnetic effects upon the linewidth, 
given by d;, were separated2 from the paramagnetic effects 
by running parallel control experiments using diamagnetic 
 analogue^.^ AF&,(O)M~ is deduced from spectra in the absence 
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of broadener. For [SDS] above 100 mM, eq 1 is only 
approximately correct and a treatment of the effects of migating 
broadeners would need to be carried out in a manner analogous 
to those used to treat fluorescence experimentse6 This is 
straightforward but is beyond the scope of the present paper; 
therefore, it will need to be recognized that the collision rate 
determined by EPR in 200 mM SDS could be in error by as 
much as 10%. 

As the indicator, we employ the hydrophobic free radical I, 
which is very sparingly soluble in water.7 

0 
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Broadening Mechanism. Information on bimolecular en- 
counters in micelles is contained in d ~ .  In principle, the 
broadening d~ could be produced by Heisenberg spin exchange 
or magnetic dipole-dipole  interaction^;^.^-'^ however, we have 
argued before2 as have others4 that spin exchange dominates. 
The spin exchange frequency WHE is derived from the line 
broadening according to 

where y = 1.76 x lo7 s-l G-' is the gyromagnetic ratio of the 
electron. Spin exchange is a very short range interaction that 
is effective while the indicator and broadener are in close 
contact, so the spin exchange frequency is proportional to the 
collision frequency: l 4  

 HE = Pflmcollision (3) 

where p is the efficiency of spin exchange upon collision and 
f i s  a steric factor introduced by Molin et al.I4 The "strong" 
exchange limit corresponds to a theoretical maximum value of 
p ,  pmax, given by Table 4.1, p 150, of Molin et al.I4 The strong 
exchange limit has been shown to apply to nitroxide-transition 
metal complex interactions in most cases for complexes such 
as Cu2+ and Mn2+ with relatively long relaxation t i m e ~ . ~ % ' ~ - ' ~  
Thus for Cu2+, P,,, = '/2 is expected theoretically (Table 4.1, 
p 150, of ref 14), and found experimentally.I6 In eq 3, Ocollision 

is the collision frequency of one broadener with the indicator 
which differs from our previous definition2 by a factor of N 
which is the number of broadeners residing upon the micelle. 

A "collision" means an intimate contact between one of the 
atoms of the copper complex bearing a significant portion (spin 
density M or larger)I4 of the unpaired electron and the 
unpaired electron of the indicator which is effectively located 
at the nitroxide. We thus monitor the number of times per 
second Cu2+ strikes the nitroxide-labeled portion of the indica- 
tor. 

EPR Spectrum of the Indicator in Micelles. The observed 
spectrum of the indicator in the presence of an average of (N) 
broadeners per micelle may be written: 

(4) 

where SNM, is the normalized EPR spectrum of the MI line of 
one indicator in a micelle containing N broadeners. For a 
detailed discussion of the assumptions involved in eq 4, see ref 
2. Detailed account must be taken of the effect of inhomogeous 
broadeningI7 which lends Gaussian character to the form of the 

Figure 1. M I  = 0 line in the EPR spectrum of I showing the definitions 
of the overall linewidth, qp, the line height, V,,, and the line-shape 
parameter, ly. is a measure of the spectral intensity in the wings 
developed originally34 to separate the Gaussian and Lorentzian com- 
ponents of the spectrum. It is also used here to measure the influence 
of broadening due to Cu2+ ions on the EPR line shape of I. 

EPR lines, characterized by a Gaussian line width, qp. The 
single parameter, d~ together with qp, and dg 
measured from control experiments, fixes all S N M ~ ,  N = 0, 1,2, 
.... In eq 4, P(NN is the probability that a micelle contains N 
broadeners in a sample with an average of (If) broadeners per 
micelle. If a random distribution of broadeners is obtained, then 
P(N)N is given by the Poisson distribution, eq 8 of ref 1 which 
is fixed by measured quantities and the value of [SDSIf, thus 
no further parameters enter into the calculation of eq 4. If the 
broadeners interact with one another, then a general theory to 
calculate P(N)N as applied to electrostatice repulsions between 
Cu2+ ions yields the results eqs 10 and 11 of ref 1. This means 
that an additional parameter enters into the calculation of eq 4, 
the electrostatic repulsion parameter, d k T ,  eq 16 of ref 1, where 
T is the absolute temperature and k the Boltzmann constant. 

Calculation of (N) 

calculated from the following: 
The average number of broadeners per micelle may be 

= V N A  ( 5 )  

where N A  is the aggregation number and is given by 

11 = [CU~+]/([SDS] - [SDS],) (6 )  

where the brackets indicate molar concentrations. [SDS] and 
[SDS]f are the total and monomeric concentrations of SDS. 
Values of [SDS]f used in this work are given in Table 2 of 
ref 1. 

Comparison of Theory with Experiment 

Equation 4 is a sum of spectra originating from micelles 
containing at least one indicator and N = 0, 1,2,  ..., Cu2+ ions. 
This sum depends on one input parameter (6~) if a random 
distribution of the broadener is assumed and two ( d ~  and €21 

ki") if electrostatic repulsion is invoked. Ideally, a properly 
weighted nonlinear least-squares fit of eq 4 to an experimental 
spectrum would be advisable, but such a treatment is not yet 
available. Here, we compare theory and experiment as we did 
previously,2 by comparing three parameters that vary signifi- 
cantly with (N), the line width, A q p ,  the line height, Vpp, and 
the relative height of the wings, v ,  of the spectra. Figure 1, 
which is the central line, MI = 0, of the EPR spectrum of I, 
defines these parameters. These parameters are not independent 
of one another; however, they behave rather differently as 
functions of d~ and c2/kT allowing reasonably quick adjustment 
of theory to experiment. Since there are two input parameters 
in the theory and three measured parameters, the problem is 
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Solutions at lower CuS04:SDS ratios were prepared gravi- 
metrically by mixing the SDSD solution with the SDSWCuS04 
solution. [The density of SDS solutions as determined by Mr. 
Goran Svensk using a Paar density meter DMA60, varies 
linearly from 998.1 kg/m3 for [SDS] = 25 mM to 1005.0 kgl 
m3 for [SDS] = 200 mM, thus conversion to the molarity scale 
requires corrections of less than 0.5%.] These samples, the 
mother samples, have accurately the same I concentrations and 
CuS04:SDS ratios known to a relative precision of 0.2% 
assuming that all of the CuSO4 is dissolved. The mother 
samples were mixed by allowing them to swirl on a gyratory 
shaker for 5-10 min. Then, samples at lower values of [SDS] 
were prepared gravimetrically by dilution with water and 
similarly mixed on the gyratory shaker. This method of 
preparation preserves the CuS04:SDS ratios as well as the 1:SDS 
ratios. These samples, not degassed, were sealed into 50 pL 
disposable pipets for the EPR measurements. The effect of 
removing the oxygen from the samples is to reduce the linewidth 
of the EPR of I by about 5% and change the line shape in the 
predicted way." When these minor line-width and line-shape 
changes are properly treated, previous work has shown degas- 
sing to be unneccesary.2 

The spectra were collected with a Bruker 200D X-band 
spectrometer employing 100 kHz field modulation and micro- 
wave power of 10 mW. The power is greater than that used 
previously; however, it is still within the linear range of the 
saturation curve. See Figure 19 of ref 2. Signal averaging was 
employed using a number of scans varying from 1 up to 128 
for the weaker samples. 4096 data points were collected in 
each scan. The scan time was 45 s using a time constant of 60 
ms. Since the smallest line width observed was 1.4 G, the ratio 
of the time to sweep through the narrowest line to the time 
constant was about 20 or better. The temperature was controlled 
and measured to f O . l  "C as described before.Is Detailed 
discussion of the selection of experimental parameters is given 
in Appendix D of ref 2. 

somewhat overdetermined when fitting one of the three lines. 
Since the same broadening and distribution function of the 
cations apply to all three lines, a severe test of the theory is 
provided when requiring nine measured parameters to be fit 
with two input parameters even though not all nine are 
independent. 

Equation 4 was coded in Basic and run on a Macintosh. The 
parameters representing the broadening, BA,  and the distribution 
function of the cations, d k T ,  are input. The probabilities P(N)N 
are calculated numerically from eqs 10 and 11 of the companion 
paper' as detailed in Appendix A of ref 2 over a span of (N) 
from zero to the maximum experimental value. The computer 
measures the theoretical values of A%,, Vpp, and qj and 
outputs these as a function of (N). 

The experimental spectra are fit one line at a time as follows: 
(1) Since V,, varies exponentially with (N) both theoretically 

and experimentally,* this parameter is fit first by assuming a 
random distribution of the cations, that is, by using Poisson 
statistics, €2 = 0. Thus initially only B A  is varied. 

(2) Since qp is a weak function of B A  and a strong 
function of &T, qp is fit by varying e2IkT. Holding c2IkT 
constant, step 1 is repeated. This procedure is carried out 
manually by running the program at each iteration, inputting 
the parameters by .  hand. Fortunately, after some skill is 
developed, the procedure converges in a few steps to a best fit 
as defined by eq 7 below. 

(3) Having fit @p and Vpp, the theoretical and experimen- 
tal wing height parameters, qj, are then compared with no further 
adjustment as a check on the consisitency of the treatment. This 
comparison is meaningless unless the line shapes are properly 
treated. 

Materials and Methods 

The SDS detergents used were SDSl and SDS2 described in 
Table 1 of the companion paper.' The CuSO4 was from the 
same mother solution as that used in the fluorescence experiment 
of the companion paper.' Vials containing CuSO4 prepared in 
Uppsala as described in ref 1 were hand-carried to Northridge. 
The EPR experiments were carried out over a period of 5 days. 
SDS solutions were prepared fresh from the same detergents 
used in the fluorescence work.' 

The spin probe I (Lot 90H3662) was purchased from Sigma 
and used as received. The material was dissolved in chloroform, 
weighed, and distributed by weight to a number of 20 mL vials. 
From the weights of the transferred chloroform solution, the 
mass of I in each vial was determined to a precision of 4~3%. 
After the chloroform was evaporated in a stream of dry, pure 
nitrogen gas, the vials were stored in the freezer until needed. 
Weighing ensured that residual chloroform was less than 1 part 
in lo6 in the final samples. An SDS solution near 189 mM 
was prepared in a vial containing I to a precision of better than 
0.1%. This solution was gently stirred for 1 h. The concentra- 
tion of I was chosen to correspond to an average number of 
indicators per micelle near 0.3 f 3%. The results of the 
indicator-broadener experiment were shown to be independent 
of the concentration of the indicator up to an average of 0.3 
indicators per micelle provided the small line shape and line 
width changes provoked by indicator-indicator interactions are 
properly handled. See Appendix C of ref 2 for a description of 
these line-shape and line-width changes that stem from the fact 
that a nonnegligible number of micelles contain two or more 
indicators. 

The SDS solution containing I was then added by weight to 
a vial containing CuSO4 to give molar ratios CuS04:SDS near 
1:30 to a precision of 0.2% and were stirred for 1 h. 

Results 

Careful studies of EPR line shapes and line widths require 
that the modulation amplitude be small compared with the line 
width, unless appropriate correction procedures are employed. 
A significant practical advance is due to Peric and Halpem,Ig 
who showed that field modulation on the order of the line width 
or less broadens only the Gaussian component of the EPR line. 
Therefore the Lorentzian line, from which the collision informa- 
tion is derived according to eq l ought to be unaffected by 
modulation broadening. We confirmed this result previously 
for the EPR spectrum of I in SDS micelles in the absence of 
broadenem2 Confirmation of this result in the presence of 
broadeners is shown in Figure 2 where experimental and 
theoretical results for all three lines are compared using 
modulation amplitudes that are 7% and 70% of the overall 
linewidth, qp. The circles represent data derived from 
purified detergent, SDS1, at high modulation amplitude. [See 
Table 1 in the preceding paper for a description of the 
detergents.] The squares and diamonds are derived from a 
comercial detergent, SDS2, at high and low modulation 
amplitudes, respectively. The detergent concentration for the 
results in Figure 2 is 50 mM. The nine curves in Figure 2 were 
all generated theoretically using the same parameters 8~ + 
8% = 1.40 G and €2 = 0.12kT. Apparent from Figure 2 is that 
fact that there is no significant difference in the line widths of 
I in the two detergents. Also, it is seen that constraining all of 
the lines to be described by one set of theoretical parameters 
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Figure 2. Line widths of the MI = f l  and 0 lines in the EPR spectra 
of I vs the average number of Cuz+ ions per micelle in purified sodium 
dodecyl sulfate, SDS1, with a modulation amplitude 1.0 G (0); a 
commercial sodium dodecyl sulfate, SDSZ, with a modulation amplitude 
1.0 G (0); and SDSZ with a modulation amplitude 0.1 G (0). The error 
bars are standard deviations in three measurements at different times 
using the same sample. The lines are simulated from eq 4 constraining 
the parameters BA + 6 2  = 1.40 G and €2 = 0.12kT to be the same for 
all nine lines. T = 25 O b .  

produces remarkable fits indeed; only the line width of the (A‘) 
= 2.2 spectrum for the MI = - 1 line appears to be overestimated 
significantly. This high-field line is the one most affected by 
hindered rotation of the nitroxide and is not well represented 
by a Voigt shape,” particularly at higher SDS concentrations 
where the viscosity is higher.2 Therefore the theory which 
assumes a good Voigt line shape is not precise. 

Of particular practical interest is the fact that overmodulation 
does not affect the parameters of interest in the indicator- 
broadener method. The signal-to-noise ratio is increased by a 
factor of approximately 10 by overmodulation permitting a 
reduction in acquisition time of approximately 100. The weaker 
signals in these studies required acquisition times of approxi- 
mately 1.5 h for one spectrum, so repeating the measurements 
three times on each sample requires considerable time. Figure 
2 only shows the effect of detergent source and modulation 
amplitude on the linewidths because the other parameters, $I 
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Figure 3. Variations of the line height, line width, and line shape of 
the MI = +1 line in the EPR spectra of I vs the average number of 
CuZ+ ions per micelle in 100 mM purified sodium dodecyl sulfate, 
SDSl. The error bars, in most cases smaller than the symbols, are 
standard deviations in three measurements at different times using the 
same sample. The dashed line is simulated from eq 4 using parameters 
6~ + 6 2  = 1.54 G and €2 = 0 and represents the best fit of the data 
using Poisson statistics. The solid line uses parameters BA + Bg = 
1.27 G and €2 = 0.079kT representing the best fit using a small 
electrostatic repulsion between the Cu2+ ions. T = 25 “C. 

and relative V,, (after normalization), are much less affected 
by modulation broadening. 

Figure 3 shows all three parameters for the MI = 1 line in 
SDSl at [SDS] = 100 mM. Operationally, the top curve is fit 
by adjusting 6~ and then the middle curve is fit by adjusting €2 
while readjusting 8~ to maintain the fit of the top curve. The 
bottom curve is not adjusted, serving as a consistency check. 
The agreement between theory and experiment is impressive. 
Constraining the broadener distribution to Poisson statistics 
produces the dashed curves in Figure 3. The parameters $I and 
V,, can be fit using the Poisson, but qp cannot; there is no 
value of BA that can bring theory and experiment into agreement 
with c2/kT set to zero. The final values of the parameters 6~ 
and ~ l k T  are found by minimizing the squared differences 
between theoretical and experimental line widths as follows: 
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where theor and exp indicate theoretical and experimental, 
respectively, and 0 is the standard deviation in the determination 
of the line width. One might think that 0 would be correlated 
with the line width, but this correlation is so weak (9 = 0.34) 
that 0 was set equal to the constant value of 0.039 G derived 
as the average value from all of the data. A plot of x2 vs €2 is 
shown in Figure 4, where the curve is a parabolic least-squares 
fit to the points. It should be kept in mind that 6~ is continually 
adjusted to maintain agreement between the theoretical and 
experimental values of VPp. The minimum in x2 is rather well 
defined, and the value of €2 = 0 corresponding to the Poisson 
distribution is well off scale. 

The MI = 0 and -1 lines can be fit well also provided the 
parameters 6~ and €2 are adjusted. We haveshosen to fit each 
line separately in order to use the discrepancies in 6, and €2 as 
a measure of their uncertainties. Table 1 gives the results. Fits 
of spectra at detergent concentrations near 50 mM and above 
are quite satisfactory; however, fits near 25 mM are less so. 
Figure 5 illustrates this point. Included in Figure 5 are 
indications of the uncertainties in (N) which become more severe 
at low detergent concentrations because the uncertainty in the 
factor [SDSIf in eq 6 becomes more significant. Too, the signals 
are weaker at lower detergent concentrations because of the 
necessity to maintain a constant detergent:indicator ratio. The 
difficulty in fitting these spectra arises because the experimental 
line width increases more rapidly than theory at low values of 
(N). At low values of (N), the distinction between the Poisson 
and the electrostatic repulsion models narrows so the discrep- 
ancy cannot be explained by interaction between the broadeners. 
Even though the fit in Figure 5 is not perfect, it is still clear 
that the electrostatic repulsion model explains the overall data 
better than the Poisson which is indicated by the dashed line. 
Fits, such as those in Figure 5 depend critically upon the 
aggregation number, and it is appropriate to recall that these 
numbers are not yet of high precision.' 

For each of the three hyperfine lines (MI = hl, 0), the results 
in Table 1 were averaged over the two sources of SDS and the 
two values of the modulation amplitude. The previous- 
ly determined2 values of 62 were then subtracted from the 
average values of 6~ + d g .  The diamagnetic correction d; 
amounts to 2-5% of 6~ being highest at 200 mM SDS. 
Combining eqs 2 and 3, the collision frequency of the indicator 
with one broadener was then calculated from 

ucollis,on = 1/3y 6, = (3.05 x lo7 s-' G-')6, 
2Pf 

where the second equality in eq 8 results from using p = '12, f 
= 1, and the gyromagnetic ratio of the electron, y = 1.76 x 

Finally the mean values of Wcollision from each of the three 
lines, weighted inversely by its own variance, were averaged 
using eqs 5 and 6, p 70 of ref 20. This procedure compensates 
somewhat for the fact that the high-field line, MI = -1, is not 
precisely a Voigt shape and yields less reproducible results. The 
results are given in Table 2 and plotted in Figure 6 as a function 
of SDS concentration. The error bars are the estimated errors 
of the means computed from eqs 5-10 of ref 20. 

Writing an equation comparable to eq 2 of the companion 
paper' yields 

107 s - l  G-1. 

1 ,  I I 

0.6 
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N 
X 

0.2 i 
0 '  1 1 I I 
0.06 0.07 0.08 0.09 0.1 

E ~ I H  

Figure 4. Goodness of line width fit, x2, eq 7, vs the electrostatic 
repulsion energy, €2, for the data in Figure 3. The solid line is a linear 
least-squares quadratic fit. 

where R is the radius of the micelle, D is the sum of the 
translational diffusion coefficients of the indicator and the 
broadener, and YE is a constant. The subscript E refers to EPR. 
Following the same development as in the companion paper,' 
leads to 

where V' is the effective volume per SDS molecule in the 
micelle and K I  is the constant of proportionality in eq l a  of ref 
1. Figure 6 shows the least-squares fits of Ocollision to eq 10. 
The slope of this fit yields 

4n 2/3 = (2.65 f 0.11) x lo7 s-' Y@(w) 
with coefficient of correlation r = 0.935. Using the same 
assumptions as those following eq 25 of ref 1, we find YED e 
1.8 x lo-'' m2/s and assuming l/yE 7 x 
1O-Io. Clearly the EPR results do not fit eq 10 as well as the 
fluorescence results. In fact, the EPR results fit an equation of 
the form Wcollision = w ~ V ,  where V is the micelle volume and 
w2 is a constant. Employing eqs l a  and 23 of ref 1, we find 

4 leads to D 

The best fit of the data in Figure 6 to eq 12 yields the dashed 
line and 

m2/K1 V' = (2.08 f 0.02) x lo7 s-'; r = 0.997 (13) 

To compare the two rates derived from fluorescence quench- 
ing and spin exchange, respectively, the ratio wcollislonlkq~ where 
kq is the fluorescence quenching constant, is plotted in Figure 
7 vs [SDS]. The values of kq have been adjusted to the slightly 
different SDS concentrations used in the EPR experiment using 
Figure 10 of the companion paper;' however, these adjustments 
are insignificant, being less than the uncertainties in k,. The 
fact that the functional dependence of the two rates on micelle 
size is different in the two experiments is evident by the 
departure of the data in Figure 7 from a horizontal line. 
Nevertheless, the correlation of the two rates and their similarity 
in magnitude are remarkable. The spin exchange frequency is 
thought to be diffusion controlled,I6 Le., p = '12, f = 1 in eq 3. 
Assuming this to be so, the fluorescence quenching rate is also 
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TABLE 1: Broadening of I by One Cu2+ Ion in SDS Micelles and Electrostatic Repulsion Energies (T = 25 "C) 
 MI=+^ MI = 0 M ,  = -1 

SDS, mh4 Hm," G 6 A  + 6: ~ l k ,  T B A  + 6: ~ 2 / k ,  T B A  + 6: ~ 2 I k .  T 
SDSl 23.6 1 .o 1.75 0.175 
SDSl 47.2 
SDSl 94.5 
SDSl 189 
SDS2 23.6 
SDS2 47.2 
SDS2 94.5 
SDS2 189 
SDS2 47.2 
SDS2 94.5 
SDS2 189 

1 .o 
1 .o 
1 .o 
0.10 
0.10 
0.10 
0.10 
1 .o 
1 .o 
1 .o 

a Peak-to-peak modulation amplitude. 

1.43 0.12- 
1.27 0.079 
1.10 0.062 
1.72 0.16 
1.37 0.096 
1.17 0.10 
1.02 0.070 
1.65 0.12 
1.25 0.088 
1.06 0.066 

very nearly so. Averaging the results in Figure 7 yields WcollisloJ 

k, =1.4 f 0.1. 

Discussion 

If both the fluorescence quenching of pyrene by Cu2+ and 
the spin exchange between I and Cu2+ were controlled by the 
diffusion of Cu2+, then the two rates would be equal. This 
would imply that YE = YF, which is doubtful; nevertheless, 
Figure 7 shows that they are quantitatively very similar. This 
is a rather remarkable result given the differences in mechanisms 
that lead to the measurements of the rates. It also lends 
confidence that the results from both of the methods are 
interpreted correctly. Given the fact that the estimated diffusion 
rates in both experiments are of the same order of magnitude 
as those for Cu2+ in water, it seems reasonable to conclude that 
both pyrene and I are readily available at the surface of the 
micelle to interact with the Cu2+ ion and that the Cu2+ ion does 
not linger very long in one location at the micelle surface. This 
supports a model of the association of divalent cations with 
anionic micelles as one of nonspecific electrostatic attraction2I 
rather than "binding sites".4 We imagine the cation executing 
a random walk near the surface of the micelle, exiting a very 
short distance and retuming. 

Spin exchange rates are potentially more revealing as to the 
dynamic behavior of systems of aggregates since the mechanism 
is well understood and in homogeneous liquids has provided a 
very satisfatory understanding of diffusion in liquids of low 
viscosities.* In the case of nitroxide free radicals serving as 
broadeners as well as indicators, which we envision will tum 
out to be the most popular form of the EPR method, the strong 
exchange case (the factors p = l/2 andf = 1, eq 3) has been 
found in every case except at low values of the viscosity.22 Thus, 
the conversion from spin exchange rates to collision rates, eq 
3, applies to all cases. Nevertheless, for a few paramagnetic 
complexes, Co2+ being one of them, the factors p and f in eq 3 
are not yet well established, so it is our opinion and that of 
Hyde et aL5 that these factors need more experimental testing. 

Aizawa4 has carried out similar experiments in SDS using 
Ni2+ as the broadener and a hydrophobic nitroxide free radical 
as the indicator but has arrived at different conclusions. The 
spin exchange frequencies deduced from a comparison of the 
observed spectra with simulated spectra were smaller than those 
reported here, leading to lower estimates of the diffusion 
coefficients. The spin exchange frequencies were found to 
increase with SDS concentration4 rather than decrease as we 
have found here for Cu2+ and previously for C O ~ + ; ~  however, a 
single aggregation number was assumed for SDS micelles in 
the detergent concentration range 45-180 mM, so this might 
account for the difference. The techniques used to interprete 
the spectra were quite different than ours, so it is difficult to 
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1.28 
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0.090 
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2.03 
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1.35 
1.29 
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1.38 
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1.10 

0.086 
0.075 
0.047 
0.0 
0.132 
0.01 
0.0 
0.12 
0.05 
0.01 
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pinpoint if the differences are due to a qualitatively different 
behavior of Ni2+. Aizawa's experiments4 were carried out over 
a larger broadener concentration range and, since a general 
method of computing statistical distributions was not available 
at that time,2 were interpreted using a binomial distribution of 
the Ni2+ ions. The experiments involved only the MI = -1 
line, which we have found to be the least reliable, and did not 
take into account the detailed EPR line shapes of the indicator. 

Even though the rate constants k, and wcolllslon are similar, 
their dependence upon micelle size is different. Since the 
motion of Cu2+, which dominates the rate constants, must be 
very nearly the same in the two experiments, one must look 
for differences on the part of pyrene vs I. The factors YE and 
YF are likely different since they depend on the effective radius 
of i n t e rac t i~n ,~~  but one or the other would have to vary with 
micelle size to explain the different micelle size dependence of 
the rate constants. Purely speculative is the notion that the 
exposure of pyrene or I at the micelle surface might change 
with micelle size leading to a size dependent YE or YF. Part of 
the discrepancy could be due to a difference in the mobilities 
of pyrene vs I. Strictly, the collision frequency involves the 
sum of the diffusion coefficients of Cu2+ and either pyrene 
(fluorescence) or I (EPR). Since the microviscosity of the 
environment of I increases from 6.2 to 8.3 mPa s as [SDS] 
increases from 25 to 200 mM2, the contribution of the diffusion 
of I to the spin exchange rate would decrease. The diffusion 
coefficients of free radicals similar to I in micelles are unknown; 
however, Wikander et al.24 suggested using the diffusion of 
surfactants in the cubic liquid phase of potassium octonoate as 
a guide (0.88 x m2/s). To get an idea how much an 
effect the changing diffusion coefficient of I would have on 
the curve of Figure 6, let us suppose that the diffusion coefficient 
of I, DI % 0.88 x mz/s, at [SDS] = 200 mM. The 
Stokes-Einstein relation would predict DI % 1.2 x m2/s 
at [SDS] = 25 mM since DI is inversely proportional to the 
viscosity. This would imply that the change in the diffusion 
coefficient of the indicator over the range of the curve of Figure 
6 would be just %0.3 x 1O-Io, which would lower the plotted 
point near log([SDS]) = 1.4 to a point near the bottom of the 
error bar. In other words, such an effect is in the proper 
direction to rectify the observed variation of o ~ ~ I I , ~ ~ ~ ~  to eq 9 
but does not seem to be enough. Perhaps the diffusion 
coefficient of I is underestimated and the effect would be larger. 
Perhaps EPR techniques such as those successful in related 
systemsz5 could clarify these matters. 

Is there electrostatic repulsion between two Cu2+ or two Cozc 
ions residing upon the same micelle? The improvement in the 
agreement between theory and experiment in both experiments 
point in that direction. Further, the variation of EZIkT with 
micelle size is exactly as one would expect, decreasing with 
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Figure 5. Variations of the line height, line width, and line shape of 
the M I  = 0 line in the EPR spectra of I vs the average number of Cu2+ 
ions per micelle in 25 mM purified sodium dodecyl sulfate, SDSl (0); 
and a commercial sodium dodecyl sulfate, SDSZ, (0). The vertical error 
bars are standard deviations in three measurements at different times 
using the same sample. The horizontal error bars represent the 
uncertainty in (N) due to the uncertainty in [SDS]f (eqs 5 and 6), taken 
to be [SDSIf = cmc at one extreme and [SDSIf = zero at the other. 
The uncertainty in (N) due to the uncertainty in the evaluation of N A  
from fluorescence data would extend the horizontal error bars by an 
additional one-third. The dashed line is simulated from eq 4 using 
parameters SA + ddia = 5.0 G and €2 = 0 and represents the best fit 
of the data using Poisson statistics. The solid line uses parameters SA 
+ d$ = 1.75 G and 62 = 0.175kT representing the best fit using a 
small electrostatic repulsion between the Cu2+ ions. T = 25 "C. 

TABLE 2: Paramagnetic Broadening and Collision Rates 
between One Cuz+ Ion and I in SDS Micelles (2' = 25 "C) 

MJ 

23.6 5.28 f 0.18 1.73 5 0.06 
47.2 4.53 f 0.27 1.48 f 0.09 
94.5 3.75 f 0.18 1.23 f 0.06 

189 3.06 f 0.05 1.00 f 0.02 

micelle size as predicted by eq 17 of the preceding paper. The 
values deduced from the two experiments, denoted by c2(EPR) 
and ~2(fluorescence) respectively are linearly correlated by 

7.0 1 I I 1 1 I 

5 7.5 1 
7.4 

1.2 1.4 1.6 1.8 2 2.2 2.4 
Log ([SDSI, mM) 

Figure 6. Collision frequency between the nitroxide group of I and 
one Cu2+ ion as a function of SDS concentration. The results for each 
the MI = f l  and 0 lines were averaged over three runs each using two 
detergents and two modulation amplitudes. The points represent the 
averages over the three lines where the means from each line were 
weighted inversely by its own variance and the error bars are the 
estimated errors of the means The point near log mco~~lslon = 7.5 
corresponding to [SDS] = 200 mM has not been corrected for migration 
of Cu2+ ions between micelles and could be in error (too high) by as 
much as 10%. Migration affects the other points negligibily compared 
with the uncertainties. The solid line is a linear least-squares fit of the 
data to eq 10 and the dashed line is the best fit to eq 12. T = 25 "C. 
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Figure 7. Ratio of the collision frequencies measured by EPR and 
the first-order rate constant, kq, measured by time-resolved fluorescence 
quenching as a function of detergent concentration. T = 25 "C. 

c2(EPR) = (1.4 f 0.2)~2(fluorescence) with r = 0.78. Fitting 
both Q(EPR) and ~(fluorescence) to an equation of the form 
eq 17 of the preceeding paper yields c2IkT = (1.7 i~ 0.2 A)IR; 
r = 0.45. To get a sense of the magnitude of this repulsive 
energy, this may be compared with eq 17 of ref 1 which, after 
substituting Z = 2 for divalent ions yields c2/kT = (1.12 x lo3 
AYR. n u s  the electrostatic repulsion energy is a small fraction 
(1.5 x of the energy resulting from the addition of one 
ion to a sphere of radius R in vacuum. If the aggregation 
numbers that we have used are correct, then the model we have 
used cannot be rationalized to the experimental results using 
the Poisson distribution, that is, the distribution which results 
from noninteracting divalent cations. Perhaps the model is 
wrong, but that is unlikely, since it is the same model that has 
been utilized successfully for many years in fluorescence 
quenching experiments. Perhaps the aggregation numbers in 
Table 3 of the companion paper' are not yet correct. If they 
were to be larger, the EPR results could be explained using the 
Poisson distribution. If we ignore the fact that the line width 
can not be fit using the Poisson distribution and use the best fit 
of V,, to  estimate the collision frequencies, these frequencies 
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are about 10% higher that those in Table 2. All in all, even 
though the question of the existence of electrostatic repulsion 
energies is interesting theoretically, at values of (N) % 2 or less, 
it is not very important practically. The issue could be pursued 
further with control experiments using mixtures of diamagnetic 
and paramagnetic divalent cations since the former ions would 
contribute to the repulsion and not the broadening. 

Three problems that remain to be solved are as follows: (1) 
what effect does a small value of electrostatic repulsion have 
on the values of kq in the fluorescence experiment, (2) how does 
broadener migration affect the calculation of Wcollision in the EPR 
experiment, and (3) what values of N A  would result from the 
EPR experiment if the Poisson distribution were assumed to be 
valid and the EPR spectrum were fit by varying N A  as a 
parameter? It is clear from efforts to fit the spectra with the 
Poisson distribution, that such values of NA would be larger 
that those in the final column of Table 3 of the companion 
paper.26 

Despite the fact that there are still some problems to be 
solved, it already seems clear that fluorescence quenching and 
EPR can be effective complementary tools in research on 
aggregates. Both techniques share the advantages outlined 
nicely in ref 27. The strengths and weaknesses of the two 
methods are compared briefly as follows: 

1. The time resolution in the fluorescence quenching method 
allows one to detect quencher migration directly, while the EPR 
method, in its present form, being a static experiment, cannot. 
Whether modem time-resolved EPR techniques may be devel- 
oped to detect migration is unknown. 

2. Provided one is sure that the Poisson distribution of 
quenchers is adequate, fluorescence, in the same experiment, 
gives both size and rate constant information. Tempering this 
advantage is the fact that precise sizes depend upon the data 
reduction technique.28 EPR is useful in that it may uncover 
departures from the Poisson distribution. EPR at present does 
not provide absolute size information, although such information 
ought to be available. It is worth noting that size information 
in the fluorescence quenching experiment comes from the 
probablilty that a micelle contains no quenchers (eq 9 of the 
companion paper’), while such information in EPR would come 
from all of the probabilities, eq 4. 

3. For experiments requiring about the same data acquisiton 
times, the superior sensitivity of the flourescence allows the 
use of an order of magnitude less indicator than EPR. This is 
particularly an advantage at very low detergent concentrations. 
It does not necessarily follow that fluorescence quenching has 
an advantage in the degree of perturbation of the micelle since 
information is obtained only from micelles that have at least 
one indicator; therefore, the “perturbed” population is always 
the one being measured. In both cases, proper handling of 
mutiply indicator-occupied micelles has been a c h e i ~ e d . ~ . ~ ~  
4. The fluorescence technique works best at low quencher 

concentrations because curves such as those in Figures 2 and 3 
of the companion paper may be nicely interpreted in terms of 
eq 3 of that paper up to an average number of quenchers of (N) 
x 2-3 but become more difficult at higher values. Working 
at low values of (N) has the advantage that the effect of 
nonrandom distributions may be minimized. If exploration of 
higher values of (N) is of interest in some studies, EPR offers 
the advantage that it may be extended to any value of (N) limited 
only by the solubility of the broadener. 

5. Average polarity variations of the micelle can be detected 
by the III/I intensity ratio, although with limited precision 
(Figure 11 of the companion paper]), while measurements of 
relative polarity are quite precise using EPR. In the two 

Bales and Stenland 

experiments reported to date, the I4N hyperfine coupling 
constant, Ao, was found to vary linearly with [SDS]’14 with 9 
= 0.99730 and 9 = O.99fJ2. The precision of the measurements 
is capable of detecting polarity changes when [SDS]’14 changes 
by 0.003 M’14, Le., a change that corresponds to an average 
change in N A  of less than one molecule per micelle.30 Whether 
carrying out fluorescence quenching measurements or any other 
type of investigation involving the addition of molecules to 
micelles, it is often of interest to leam if this addition provokes 
a change in the micelle size, so in these applications, EPR can 
be a good auxiliary tool. For example, in the work described 
here and before,* the question arises: do SDS micelles grow 
under the influence of up to (N) = 2 divalent cations per micelle? 
Previously we found2 that the average effect of adding two 
cations per micelle, either Zn2+ or Co2+, is to increase the size 
of the micelle by about one molecule. An obvious advantage 
in the EPR experiment is that one has a control on the size of 
the very micelles that yield the indicator-broadener information, 
rather than just micelles at large. 

6. The fluorescence quenching technique is limited in its 
use of a relatively small number of indicators. See, for example, 
Table 2 of ref 27. In contrast, the number of nitroxide indicators 
already available and potentially available using well established 
synthetic techniques is very large. A worker can vary the 
charge, size, hydrophobicity, and the point of attachment of the 
nitroxide group in the indicator, over an impressive range. 
Indicators are available (e.g., Fremy’ s salt) that are hydrophilic 
and can serve as indicators from the aqueous side of the interface 
in cationic micelles. Since the same nitroxide free radical serves 
as the indicator in EPR experiments and the quencher in 
fluorescence quenching  experiment^,^' a large variety of inves- 
tigations using both methods is feasible. It is easy to synthesize 
nitroxide indicators that form micelles t h e m ~ e l v e s . ~ ’ - ~ ~  

7. The rotational rates of some nitroxide indicators may be 
measured with excellent relative precision in micelles.2 Invok- 
ing a Stokes-Einstein relationship, using an effective hydro- 
dynamic radius, leads to estimates of the microviscosity of the 
environment of the nitroxide indicator that can be informative. 
For example, it is relatively easy to detect the small increase in 
the microviscosity provoked by the addition of one Zn2+ ion to 
an SDS micelle2. 

Conclusions 

Using aggregation numbers calculated from fluorescence 
quenching measurements invoking electrostatic repulsion be- 
tween Cu2+ ions residing upon the same micelle, it is found 
that the best agreement between theory and EPR results are 
obtained using electrostatic repulsion energies. The electrostatic 
repulsion energies are similar in the two experiments. The rates 
at which Cu2+ quenches pyrene fluorescence is quantitatively 
similar to the rate that Cu2+ undergoes spin exchange with the 
nitroxide indicator I. Both rates are fast; near the diffusion 
control limit with diffusion constants near those for Cu2+ in 
water supporting a model of the association of divalent cations 
with anionic micelles as one of nonspecific electrostatic 
attractionz1 with cations executing a random walk near the 
surface of the micelle, exiting a very short distance and 
returning. Of practical importance, the EPR experiment may 
be carried out under conditions of overmodulation, reducing 
the time necessary to collect the data. 
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