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where Ke is the equilibrium constant between S and P. The value 
of V is at a maximum when 

*i = kd (5) 

where A:d is the bimolecular rate constant for a diffusion-controlled 
process. The value of k3 is at a maximum for a given value of 
K3 when k3 = kd. It follows that 

Ic3 = (*_,* , ) /* 2 (6) 

Substituting eq 611 and 5 into eq 3 and maximizing k (equivalent 
to minimizing l/k) with respect to AL1 at fixed10 k2 and AL2 gives 

bk/dk_x = 0 

1/K1
5Ar2 = (1 + 1/K2)(I /k3) (7) 

As pointed out by Knowles and Albery, eq 7 is a result of max­
imizing the efficiency function under the constraint of uniform 
binding.12 

Differential Binding. Differential binding involves changes in 
the relative stabilities of the internal intermediates and the con­
sequential effects on the internal transition states. A mathematical 
equation that describes the condition for optimal k attainable by 
uniform binding and differential binding is derived below. 

Solving eq 6 for AL1 and substituting this into eq 7 after con­
verting K{

s into kxs/k.x gives 

(Kt (K2+\\X<2 

Assuming that a linear free energy relationship13 holds for the 
elementary catalytic step (k2), 

k2 = CK/ (9) 

where C is a constant and /3 is the Bronsted coefficient. Using 
eq 5, 8, and 9, the terms Ar1

8, k3, k2, and k2 in eq 3 can be replaced, 
and k can be written in terms of kd [S] 0, K1., K2, C, and /3. 
Maximizing k with respect to K2 gives 

dk/dK2 = 0 

( K2" \'2 (kd°Ke\<
2 

where kd
s = AcJS]0. Equation 10 is the result of maximizing k 

(or minimizing 1/A:) with respect to AL̂  and K2 (corresponding 
to maximizing k by uniform binding and differential binding). 
In the original paper by Knowles and Albery2 it is suggested that 
after minimizing \/k with respect to AL,, minimizing \/k with 
respect to K2 is equivalent to minimizing XfK^k2 with respect to 
AT2. They arrived at this conclusion from inspection of their energy 
diagram. At a first glance, this appears reasonable since mini­
mizing \/K{

sk2 also minimizes \/k3 + l/(K2k3) (by eq 7). The 
terms \/k* and \/(Kx^K2Ic3) are constants since they are equivalent 
to \/kd and \j(kdKt), respectively. However, it is clear from 
eq 3 that the therm \/k2 has to be accounted for. Maximizing 
k with respect to AL1 and maximizing K^k2 with respect to K2 leads 
to eq 11, in agreement with Knowles and Albery: 

K2 = 8/(1 -P) (11) 

Clearly, eq 10 is inconsistent with eq 11 since the left side of eq 
10 is zero if eq 11 holds, whereas the right side of eq 10 is a 
constant. Knowles and Albery applied eq 11 to conclude that the 
equilibrium constant between the enzyme's bound species is unity. 

The right side of eq 10 approaches zero when the external 
equilibrium constant (Ks) approaches zero or when C is large, 
which corresponds to a small intrinsic barrier.14 

(11) Inherent in substituting eq 6 into eq 3 is the assumption that it is 
easier to improve k) relative to K2. 

(12) Equation iii in the Appendix of ref 2 and eq 7 of this paper are for 
irreversible processes. Equation 12 of ref 2 reduces to eq iii for irreversible 
processes. 

(13) Moore, J. W.; Pearson, R. G. "Kinetics and Mechanism"; Wiley-In-
terscience: New York, 1981; p 357. 

(14) Murdoch, J. R. J. Am. Chem. Soc. 1972, 94, 4411. 

Equation 3 was derived for the case that the product is con­
sumed rapidly in a subsequent reaction, so that there is no sig­
nificant back reaction (irreversible case). If the product con­
centration is allowed to accumulate to its equilibrium value (re­
versible case), the observed rate constant is given by a different 
equation. It had been unclear7,12 whether the internal equilibrium 
constant should be unity for the irreversible case, the reversible 
case, or both. Equation 11 is obtained by solving the equilibrium 
equation9 in a manner analogous to that shown in this paper for 
solving the steady-state equation. Therefore, the internal equi­
librium constant should be unity if the enzyme is under evolu­
tionary pressure when the product concentration is at its equi­
librium value. 

In conclusion, the previous theoretical prediction that the 
equilibrium constant between the enzyme's bound species is close 
to unity is not general. This prediction is a result of optimizing 
only a part (K*k2) of the overall rate constant (A:) involved in the 
enzyme-catalyzed process. The "internal" equilibrium constant 
is a function of the "external" equilibrium constant and the intrinsic 
barrier of the catalytic step when the reaction is catalyzed irre­
versibly. Knowles and Albery's perfect-enzyme theory is a pow­
erful theory in that it can predict the values of all of the rate 
constants involved in a given reaction mechanism provided that 
the mechanism involves catalysis by a perfect enzyme. The 
precision of the prediction may be qualitative or quantitative 
depending on the validity of the assumptions inherent in the theory. 
As experimental techniques improve, allowing more and more 
accurate measurements of kinetic and thermodynamic parameters, 
the perfect-enzyme theory may be tested15 more precisely and 
improved upon as it becomes necessary. 
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The question of solubilization sites provided by micelles, vesicles, 
and microemulsions is one of considerable interest and investi­
gation. Although many early and even some recent studies suggest 
that organic reagents are solubilized in an oil-like interior for both 
micelles and vesicles,2"5 much recent evidence suggests that a wide 
variety of solutes are solubilized in what appear to be moderately 
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Table I. HC-MV2+ Charge-Transfer Complex Maxima Correlated 
with the "Py" (IJl3 Fluorescence) Solvent Parameter 

slope of "Py" 
HC VS. hvCT

a "Py"SDS "Py"sDeS 

frafls-stilbene 2.51 X 10~4 1.25 
frarcs-4-methoxystilbene 2.60 X ICT4 1.29 1.46 
frarcs-4-hydroxystilbene 2.27 X 10~4 1.37 
frans-4,4'-dimethoxystilbene 2.56 X 10"4 1.48 
frarcs,?ra/7s-l,4-diphenyl-l,3- 2.66 X 10"4 1.29 

butadiene 
trans, trans- l-(p- 2.77 X ICT4 1.35 1.64 

methoxyphenyl)-4-
phenyl-1,3-butadiene 
a All spectra recorded at 25 0C. 

polar and, most likely, interfacial sites, especially in simple de­
tergent micelles.6"10 With regard to the latter, a major question 
is how much the solute "perturbs" the micelle. Since micelles are 
highly dynamic it is not unreasonable to expect that different 
solutes may modify the micelle such that the solubilization process 
is highly interactive. 

In the present paper we report results of a study of intermo-
lecular charge-transfer complex formation between a variety of 
hydrocarbons (HC) and methyl viologen (MV2+) in homogeneous 
solution and in aqueous anionic micelles. The results of this study 
suggest that even in a "family" of similar complexes rather dif­
ferent solubilization sites are occupied. Although the results do 
not provide a distinction between the two "limiting" views of a 
micelle—the one a more-or-less static picture in which the micelle 
provides a rich variety of solvent environments (and/or interface 
sites), which are occupied differently by different solutes, with 
the other an interactive one in which a fluid detergent aggregate, 
water, and solute interact to provide perhaps a unique environment 
or range of environments for a given solute—they emphasize the 
complexity of the solubilization process and underline the difficulty 
of making generalizations regarding the "solvent" properties of 
microheterogeneous media. 

We previously reported that hydrocarbons such as rra/w-stilbene, 
some surfactant stilbenes, and 1,4-diphenyl-l,3-butadiene form 
ground-state complexes with organic cations such as MV2+.10,11 

Other studies12"14 have shown that similar complexes are formed 
between the same cations and nicotinamide derivatives and other 
hydrocarbons such as pyrene. Complex formation is readily 
detectable by fluorescence quenching, as well as by a broadening 
of the long-wavelength w,w* transition of the hydrocarbon. We 
also observed that at high concentrations of HC and MV2+ a weak, 
unstructured band appears in the visible spectrum. This band is 
evidently a classical intermolecular charge-transfer (CT) transition 
since its position is strongly solvent dependent. The blue shift in 
the spectrum with increasing solvent polarity (e.g., from 492 nm 
in ethanol to 445 nm in acetonitrile for /raw-4-hydroxystilbene 
and MV2+) and the little-modified HC 7r,7r* band are consistent 
with a complex according to the Mulliken formulation15 in which 
there is little CT in the ground state but extensive electron dis­
placement from donor to acceptor during excitation (eq 1). 

HC1MV2+ • (HC+,MV+)* (1) 

(6) Zachariasse, K. A.; Van Phuc, N.; Kozankiewicz, B. J. Phys. Chem. 
1981, 85, 2676. 

(7) Mukerjee, P.; Cardinal, J, R.; Desai, N. R. In "Micellization, Solu­
bilization, and Microemulsions"; Mittal, K. L., Ed.; Plenum Press: New york, 
1977; Vol. I. 

(8) Menger, F. M. Ace. Chem. Res. 1979, 12, 111. 
(9) Schanze, K. S.; Mattox, T. F.; Whitten, D. G. J. Am. Chem. Soc. 1982, 

104, 1733. 
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103, 3219. 
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100, 228. 
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(15) Mulliken, R. S. J. Phys. Chem. 1952, 56, 801. 
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Figure 1. Plot of "Py" Vs. absorption maxima (cm"1) for the trans-A-
hydroxystilbene/methyl viologen CT complex. 

Efforts to correlate hvCj with various single-parameter measures 
of solvent polarity have met with mixed success. For example, 
neither the Kosower "Z"16 or Reichardt-Dimroth £T '7 values give 
good linear plots for a range of moderately polar protic and aprotic 
solvents; this can be attributed to the sensitivity of these parameters 
to H-bonding effects. In contrast a good linear relationship exists 
for hvCJ for each of the HC-MV2+ systems examined and the 
empirical I1/1^ values for pyrene fluorescence (Py) developed by 
Thomas,18 Nakajima,19 and Dong and Winnik.20 The latter has 
been suggested as a good single-parameter indicator of solvent 
polarity that is insensitive to H-bonding or aprotic-protic ef­
fects.19,20 A typical plot is shown in Figure 1, and slopes obtained 
for several HC-MV2+ complexes are given in Table I. 

The readily observed CT complex between the different HCs 
and MV2+ in anionic micelles suggests that the measured hvCJ 

values could be used to provide an estimate of apparent polarity 
or "Pyeff" in the micelle solubilization sites. In fact, pyrene in 
aqueous sodium dodecyl sulfate (SDS) gives an IxJI1, ratio of 1.21, 
which is slightly higher than that for ethanol.21 As entries in 
Table I indicate, a rather wide range of values is obtained for the 
two surfactants, SDS and sodium decyl sulfate (SDeS), for the 
several systems; values extracted from the plots range from 1.25 
to 1.64, according to "Py" values spanning the range from chlo­
roform to ethylene glycol.20 The deviation for the different micelles 
are clearly significant since the average deviation of individual 
points is in the range ±0.02 ("Py" values). Furthermore, an 
independent estimate of "Py" for nitromethane from hvQj values 
("Py" cannot be measured in this solvent) gives 1.47 ± 0.03 with 
no systematic variation. 

There appears to be a systematic variation in the "Py" values 
abstracted for the different HC-MV2+ complexes in the two 
surfactant solutions. In SDS there is a general increase in "Py" 
with the substitution of polar, electron-donating groups (OH and 
OCH3) on the hydrocarbon; the "Py" values in both surfactants 
tend to be higher for the l,4-diphenyl-l,3-butadienes than for 
corresponding stilbene derivatives, and there is a marked increase 

(16) Kosower, E. M. J. Am. Chem. Soc. 1958, 80, 3253. 
(17) Reichardt, C. "Solvent Effects in Organic Chemistry"; Verlag Che-

mie: New York, 1979; Chapter 7 and references therein. 
(18) Kalyanasundaram, K.; Thomas, J. K. J. Am. Chem. Soc. 1911, 99, 

2039. 
(19) Nakajima, A. Bull. Chem. Soc. Jpn. 1971, 44, 3272; Speetrochim. 

Acta Part A 1974, 30A, 360; J. Lumin. 1971, / / , 429. 
(20) Dong. D. C; Winnik, M. A. Photochem. Photobiol. 1982, 35, 17. 
(21) Russell, J. C, private communication. 
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in Py on going from SDS to the smaller SDeS. These trends are 
explainable: the more polar HC derivatives and their corre­
sponding CT complexes with MV2+ should prefer more polar 
solubilization sites. The SDS/SDeS and butadiene/stilbene 
differences can both be attributed to size effects. A reasonable 
estimate of the "length" of stilbene in terms of effective CH2 groups 
is ca. 10,22 and frafw,;n3M.s-l,4-diphenyl-l,3-butadiene is certainly 
"longer" such that the two rigid molecules are comparable in length 
to the micelle radius in any reasonable model for the surfactant 
aggregate; clearly then the HC-MV2+ complexes are of significant 
size or volume compared to the SDS or SDeS aggregates that 
solubilize them. Obviously the probability of the hydrocarbon 
portion of the aggregate completely "swallowing" the CT com­
plexes decreases as the size of the complex increases, or the length 
of the detergent chain decreases, and it is thus more likely that 
greater exposure to the aqueous phase will result. It is probably 
not necessary or prudent to speculate further on the nature of the 
various solubilization sites other than to suggest that they are 
probably moderately polar and, hence, "interfacial". What is 
noteworthy about the results obtained is the pronounced difference 
in solubilization sites for such small variations in complex and 
detergent structure. This underlines the danger of ascribing a 
single "character" to the solvent environment provided by detergent 
micelles and helps to reconcile apparent contradictions raised by 
different studies employing different techniques or probes to assess 
the solvent properties of aqueous surfactants. 
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We recently reported3,4 absolute rate constants, /C1, for the 
reaction of a-tocopherol (la) and some related phenols (ArOH) 

CH3 

HO, 

H3C 

ROO- + ArOH ROOH + ArO- U) 

l_a 

IS 

IS. 

Id 

R1 = CH3 , R2 = C1 6H3 3 

R1 = CH3 , R2 = CH3 

R, = CH3 , R2= CO2H 

R1= CH3 , R2= CO2CH3 

R1= H R,= H 

with poly(peroxystyryl)peroxyl radicals (ROO-) at 30 0C (eq 1). 

(1) Issued as NRCC No. 22670, 
(2) NRCC Research Associate, 1982-1983. 
(3) Burton, G. W.; Ingold, K. U. J. Am. Chem. Soc. 1981, 103, 

6472-6477. 
(4) Burton, G. W.; Hughes, L.; Ingold, K. U. J. Am. Chem. Soc. 1983, 

105, 5950. 

Compounds la and lb were found to be more reactive toward 
ROO- than any other phenolic, chain-breaking antioxidants 
Ot1(Ia) = 3.2 X 106, Zk1(Ib) = 3.8 X 106 M"1 s"1).4 This was 
attributed to stereoelectronic factors relating to the orientation 
of the p-type lone pair on the oxygen in position 1 with respect 
to the aromatic ring. This lone pair will stabilize the phenoxyl 
radical—and hence make the phenol a better antioxidant— 
provided its orbital can overlap with the orbital containing the 
unpaired electron. The extent of the stabilization is expected to 
follow a cos2 8 relation, where 8 is the dihedral angle between the 
O1-C2 bond and the C8-C9-C10 plane. By inference 8 is also the 
dihedral angle between the 1-oxygen's p-type lone-pair orbital and 
the p-orbital of the adjacent aromatic carbon (see 2a and 2b). 

2Q 

2b 

2c 

Maximum stabilization will occur when 8 = 0°. The fused-ring 
system in la ensures that 8 will at least tend to approach this value, 
and indeed, an X-ray structure for lb3 gives 8 = 18.5° and 15.2°.5'6 

In contrast, Ic1, for the ring-opened analogue, 4-methoxy-
2,3,5,6-tetramethylphenol, is only 2.1 X 105 M"' s"1.3 This com­
pound has 6 = 90° so that stabilization is minimized. 

Work aimed at gaining additional understanding of the factors 
that control kx led to the discovery of a compound, 3a, that was 

3a 

3b 

CH, 

CH, R2= COjH 

1.66 times as reactive toward ROO- as la and 1.43 times as 
reactive as lb.4 Although some enhanced activity was anticipated 
because of the expected decrease in 8, the magnitude of the en­
hancement was surprising. That is, if in lb 8 has the average value 
of 16.85°, then even if 8 is 0° in 3a the increase in the extent of 
stabilization would be only 1.09 (=l/cos2 16.85°). The increase 

(5) There are two different molecules in the unit cell. 
(6) These angles differ slightly from those given originally,3 which corre­

sponded to the dihedral angle between the C8-C9 bond and the 0,-C2 bond. 
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