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magnetization upon the adsorption of one benzene mole- 
cule pB on the bare surface, 2 pB on the surface covered 
with hydrogen, and 2.7 k g  in the case of cyclohexene. 

Finally, the exchange experiments corroborate these 
findings: in the present case all the molecules present on 
the nickel surface can be exchanged for 14C-labeled benzene 
while, if benzene is directly chemisorbed on bare nickel, 
only 80-90% of the benzene can be e~changed .~  

At higher cyclohexene pressure, neutron measurements 
show that cyclohexane is present in the adsorbed phase 
with benzene and hydrogen. However, cyclohexane is only 
slightly perturbed: the characteristic frequencies are very 
close to their values in the solid state; cyclohexane is thus 
probably physisorbed at the surface; therefore, it is not 
surprising that pumping off at 300 K leads to a condensed 
phase containing cyclohexane, benzene, and cyclohexene. 

These results on polycrystalline samples can be inter- 
estingly compared with those reported by Tsai, Friend, and 
Muetterties,'O on Ni flat or stepped single crystal faces. 

(7) J. P. Candy, J. A. Dalmon, P. Fouilloux, and G. A. Martin, J. Chim. 
P ~ v s .  P h ~ . - C h h .  Bioi.. 72. 1075 (1975). 

18) J. P. Candy, P. Fouilloux, A d  B. Imelik, C. R. Hebd. Seances 

(9) J. P. Candy and P. Fouilloux, J .  Catal., 38, 110 (1975). 
(10) M. C. Tsai. C. M. Friend, and E. L. Muetterties, J. Am.  Chem. 

Acad. Sci., 285, 397 (1977). 

SOC., 104, 2539 (1982). 

Operating under ultrahigh-vacuum conditions, Le., equi- 
librium pressures not greater than torr, they have 
found that, for temperatures of 300-400 K, cyclohexene 
is converted to benzene and hydrogen and they did not 
detect any cyclohexane. This is quite similar to what we 
have observed in the second and third parts of our ex- 
periment. Indeed, when cyclohexane is formed, its sticking 
coefficient on an already covered surface is so low that one 
should increase the pressure to 1 torr to observe a phy- 
sisorbed layer containing this molecule. 

Now the question remains of the existence of cyclo- 
hexadiene as an intermediate in the formation of benzene 
from cyclohexene. No direct proof of the existence of this 
molecule has been afforded by the above authors. A sep- 
arate neutron measurement on Raney nickel where cy- 
clohexadiene was directly adsorbed on the bare surface 
gave a spectrum very similar to that observed upon ad- 
sorption of cyclohexene at low pressure. It is thus not 
conclusive, insofar as cyclohexadiene might be a transient 
state but with a very short lifetime. 

Finally, at low pressure, cyclohexene (or cyclohexadiene) 
forms directly chemisorbed benzene and hydrogen. If now 
the cyclohexane pressure is augmented, this molecule re- 
acts with adsorbed hydrogen in a bimolecular process 
which is probably rate limiting. 

Registry No. Nickel, 7440-02-0; cyclohexene, 110-83-8. 
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The formation of the complex between photogenerated magnesium octaethylporphyrin cation and hydroxide 
has been studied in mixed alcohol/water solvents. This complex has been postulated as a participant in the 
transport of hydroxide and/or hydrogen ion across bilayer lipid membranes. The absorption spectrum of the 
complex (Amm = 665 nm) is red shifted from that of the cation (A, = 680 nm) in both methanol/water (M/W) 
and ethanol/water (E/W) solvents. The formation constants for the complex in the two solvent systems are 
16 (in M/W) and 190 M-l (in E/W). The difference in the two constants is too great to be explained entirely 
by the Born equation (with correction for ion screening) in which the dielectric constant of the solvent system 
is the pertinent variable. Differential solvation effects appear to be involved. The rate constants, k,, for the 
reaction of the cation with the p-dinitrobenzene anion, p-DNB- (p-DNB is the electron acceptor for the 
photogeneration of the magnesium octaethylporphyrin cation), and k4, for the reaction of the complex with 
p-DNB-, are 1.1 X lo9 and 2.1 X lo9 M-l s-l in M/W and 1.3 X lo9 and 1.2 X lo9 M-'s-l in E/W. Although 
the rate constants are within an order of magnitude of being diffusion controlled, the fact that k4 2 k2 is indicative 
of some degree of activation control. 

Introduction 
Recent work' has suggested that the photogenerated 

cation of magnesium octaethylporphyrin in a lipid bilayer 
membrane can mediate the transport of OH- and/or H+ 
across the membrane. There is much evidence to support 
the contention' that under these conditions a water mol- 
ecule is probably tightly bound to the Mg in both the 
oxidized (cationic) and unoxidized (neutral) magnesium 
octaethylporphyrin (e.g., electrochemical evidence for an- 

(1) Young, R. C.; Feldberg, S. W. Biophys. J .  1979,27, 237. 

OO22-3654/83/2087-l23O$O 1.5O/O 

ionic complexation of cations of magnesium porphyrins,2 
of magnesium ~ h l o r i n , ~  and of chlorophyll a;3 X-ray crys- 
tallographic data for MgTPP+C104- (TPP = tetra- 
phenylporphyrin) indicating that the Mg is penta- 
coordinate ligating Clod- through the ~ x y g e n ; ~  and X-ray 

(2) Fajer, J.; Borg, D. C.; Forman, A,; Felton, R. H.; Vegh, L.; Dolphin, 

(3) Davis, M. S.; Forman, A.; Fajer, J. R o c .  Natl. Acad. Sci. U.S.A. 

(4) Barkigia, K .  M.; Spaulding, L. D.; Fajer, J. Inorg. Chem. 1983, 22, 

D. Ann. N.Y. Acad. Sci. 1973,206, 349. 

1979, 76, 4170. 

349. 
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data for ch l~rophyl l ides~~~ and MgTPP-H20' indicating 
that Mg in the unoxidized compounds is also penta- 
coordinate and binds water through the oxygen). Thus it 
was felt' that the most likely mechanism for the mediated 
OH-/H+ transport would involve the species P+ and POH. 
The neutral MgOEP we envision as P. 

EO-MgOEP' HO-MgOEP :O-MgOEP 

P' POH P 

We report here the effect of hydroxide ion on the 
spectrum of P+ in alcohol/water systems providing direct 
evidence for the equilibrium between the two species, P+ 
and POH, in waterlike solvents. This particular solvent 
system was selected in order to mimic the aqueous envi- 
ronment in the membrane experiments' and at  the same 
time maintain adequate solubility of the magnesium oc- 
taethylporphyrin (P). Also, the addition of water to the 
alcohol solvents prevents alkoxide formation. 

Conventional methods of generating P+ (e.g., coulome- 
tric) fail because the cation is unstable in alkaline media.' 
Photogeneration of P+ invokes the reaction between the 
porphyrin triplet (P*) and an electron acceptor (A) 

(RU P* + A - P+ + A- 
ki 

The approach is ideal since the back-reaction 

(R2) P+ + A-- P + A 
is fast enough to preclude any undesirable degenerative 
reactions of P+ with the solvent, and slow enough to permit 
spectral analysis of the products of reaction R1. We shall 
show that when P+ is generated in the presence of hy- 
droxide ion the following equilibrium exists: 

P+ + OH- POH + H 2 0  (R3) 

k2 

Thus one must consider the additional back-reaction 

POH + A- k., P + OH- + A (R4) 
Assuming that the equilibrium of R3 is instantaneous, we 
are able to determine the reaction rates (k, and k,) for both 
P+ and POH with the concomitantly photogenerated p- 
dinitrobenzene anion, A-. 

Experimental Section 
Materials. The solvents were prepared from methanol 

(Eastman, spectrophotometric grade) or ethanol (Rossville 
Gold Shield, 200 proof) with 11.1 M deionized water. 
Aldrich p-dinitrobenzene was recrystallized from a mixture 
of methanol and water. Purum grade tetramethyl- 
ammonium hydroxide pentahydrate, TMAOH (Fluka), 
purum grade tetramethylammonium chloride, TMACl 
(Fluka), and KC1 were used without further purification. 
The magnesium octaethylporphyrin was a gift from Jack 
Fajer, Brookhaven National Laboratory. 

Methods. The laser flash photolysis apparatus used in 
this work has been described elsewhere.* Changes in 
optical density were determined as -log (1 + Al,/Io) 
where Io is the intensity of the interrogating light trans- 
mitted by the experimental solution before the flash and 
AZt is the change in this intensity measured at  a time ( t )  
subsequent to the flash. All flash photolysis experiments 

(5) Chow, H. C.; Serbin, R.; Strouse, C. E. J. Am. Chem. SOC. 1975,97, 

(6) Serbin, R.: Chow, H. C.: Strouse, D. C. J. Am. Chem. SOC. 1975, 
7230. 

97, 7237. 
(7) Timkovich, R.; Tulinsky, A. J. Am. Chem. SOC. 1969, 91, 4430. 
(8) Smalley, J. F.; Feldberg, S. W.; Brunschwig, B. S. J. Phys. Chem., 

in press. 
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were performed at  25 f 1 "C. Optical cells had a path 
length (6) of 0.7 cm. 

Alcohol-water solutions contained magnesium octa- 
ethylporphyrin (-2 X loe6 M), p-dinitrobenzene ( N l X 

M), and in most cases TMAOH and TMACl at a 
constant total ionic strength (0.5 M assuming 100% ion- 
ization). Solutions were outgassed on a grease-free and 
mercury-free vacuum line by six freeze-thaw cycles and 
then pumped on once at 195 K to remove carbon dioxide. 

P+, which is unstable over a period of seconds in solu- 
tions containing hydroxide, was produced by flash pho- 
tolysis of P in the presence of the electron acceptor (p- 
dinitrobenzene). The wavelength of the light pulse pro- 
duced by the dye laser with rhodamine 6G peaks at 590 
nm,9 nicely overlapping the 578-nm absorption peak of 
magnesium octaethylporphyrin.'O The optical density of 
the solutions at 590 nm is approximately 0.05. The in- 
tensity of the flash was kept high to effect virtually com- 
plete (>go%) bleaching of the porphyrin. This ensures 
that the concentration of the photogenerated species is 
nearly uniform throughout the interrogated region of the 
cell-this is particularly important for study of second- 
order rate processes. Normally the laser was operated at 
20 kV with [rhodamine 6G] = 25 pM, but in several ex- 
periments, in order to ensure complete (>99%) bleaching 
of the porphyrin, the laser was operated at 25 kV with 
[rhodamine 6G] = 50 pM. 

Theory. The experimental objective of the present work 
is to demonstrate that oxidized magnesium octaethyl- 
porphyrin can exist in two forms in the presence of OH-: 
P+ and POH. The theoretically predicted changes in the 
optical density are based on two suppositions: (1) that the 
spectra of P+ and POH are distinguishable; and (2) that 
the system chemistry is adequately described by reactions 
Rl-R4. In making the first assumption we take advantage 
of "prescience" gained by preliminary experimentation. It 
is important to note at the outset that even if P+ and POH 
were spectrally indistinguishable their existepre might still 
be demonstrated by their different rates of reaction (re- 
actions R2 and R4). The development of the theory is 
prerequisite to discussion of the experimental procedures. 

A t  a particular time, t,  the general expression for the 
change in optical density, L L ~ ~ , ~ ,  at a given wavelength, X, 
is 

where is the decadic extinction coefficient of species 
j at  wavelength A, cj,t is the concentration of species j at 
time t, and 6 is the optical path length of the cell (0.7 cm). 
We assume that equilibrium for reaction R3 obtains at all 
times. Thus 

(3) 

where 

[P+lT,t = [P'lt + [POHI, (4) 

and, since [POH], < [P+]T,t << [OH-] in all cases, [OH-] 
is the total concentration of hydroxide in the solution. The 
rate expression for the disappearance of [P+]T,t effected 

(9) Marling, J. B.; Hawley, J. G.; Liston, E. M.; Grant, W. B. Appl. 
Opt. 1974, 13, 2317. 

(10) Fuhrhop, J.-H.; Mauzerall, D. J. Am. Chem. SOC. 1968,90,3875. 
Fajer, D. C.; Forman, A.; Dolphin, D.; Felton, R. H. Ibid.  1970,92,3451. 
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by reactions R2 and R4 is (remembering that [P+]T,t = 

The Journal of Physical Chemistty, Vol. 87, No. 7, 1983 

LA-]) 
d[P+lT,t kqK3[OH-] + kz 

dt 1 + K,[OH-] [P+lT,t2 (5) --= 

Smalley and Feldberg 

(A = 660,670,680, and 690 nm). This procedure, repeated 
five times for a total of 20 flashes, permits confirmation 
that the flash is producing a constant value of [P+]t=o. A 
nonlinear least-squares analysis of the absorbance-ratio 
data (eq 16) for four wavelengths and solutions of varying 
[OH-] yields the values of the three unknowns in eq 16: 

Thus 

If we assume that OH- does not absorb in the spectral 
region of interest and that the spectra of A- and A are not 
affected by OH-, then the general expression for is 
(from eq 1) 

where 
th,a = EX,POH + EX,A- - ~ X , P  - ~ X , A  (8) 

€X,b = + €X,A- - €A,&' - tX,A (9) 

The expression for the time dependence of is ob- 
tained by combining eq 6 and 7 

[P'lT,t=O(tX,aK3[oH-l + %,b) 

1 + Ks[OH-] + (k,K,[OH-] k2)[P+]T,t=Ot 
AAh,t = 

(10) 
Experimental Procedures and Data Analysis. A linear 

plot of l/AAX,t vs. t (see eq 10) confirms the second-order 
character of reactions R2 and R4. The slope, SX,[OH-], and 
intercept, IX,[OH-], are 

(k4K3[OH-l + k2) 
SX,[OH-] = (11) 

6(cX,aK3[OH-l + h , b )  

and the slope/intercept ratio, which is independent of A, 
is 

(k.&3[OH-I + k2)[PlT,t=O 
1 + K,[OH-] 

(13) 

Although a plot of l/AAX,t vs. t (eq 10) is a useful dem- 
onstration of second-order kinetics, parameters s&[,H-,] and 
IX,[OH-l (eq 11 and 12) are evaluated from a nonlinear 
least-squares fi t  to eq 10. 

An additional useful relationship is obtained by com- 
paring the changes in absorption obtained at two different 
wavelengths, Aj  and A k ,  and at a given time t. Thus (see 
eq 10) 

R[OH-] = 

For notational convenience we define 

Equation 14 can now be rewritten 

A given solution is flashed with the changes in optical 
density monitored at  each of four different wavelengths 

rj,a k , 6 ( 3 ,  rj,bJk,b, and rk,a k ,6 (3*  
k n g  the saturating &99% bleaching) high-intensity 

flash we can presume that 

[P+lT,t=O = [PI0 (17) 

where [PIo is the total concentration of P in the solution. 
Equation 12 can be rewritten to give 

Since r.n,a,n,&3 is already known, data from saturating 
flashes at four wavelengths for each of two different OH- 
concentrations lead directly to the determination of K3. 
The ratio of the values of IX,,[OH-][Pl0 at a given An for two 
different [OH-] is 

IX,,[OH-]l([PIO)l - (1 + K~[OH-]~)([OH-]~U + 1) 

(1 + K~[OH-]~)([OH-]~U + 1) 
- 

'I = Ih,,[OH~]2([P10)2 
(19) 

= rn,a/n,6(3 (20) 
where 

[OH-I~U + 1 - &([OH-]~U + 1) 

P~[OH-l~([OH-l1~ + 1) - [OH-]~([OH-IVJ + 1) 
K3 = 

(21) 
One can now deduce the values of and tX,,, by sub- 
stitution back into eq 18 and combining with previously 
determined terms. 

Thus far the analysis has depended entirely upon the 
spectrophotometric data and not at all upon the kinetic 
data (except for intercept data which really has no kinetic 
information). Clearly, if I t z  = k4, the kinetics can reveal 
no information about the distribution of the forms P+ and 
POH. Once the value of K3 has been established, however, 
i t  is possible to deduce the values of k, and k4. Since all 
the other variables have been determined one can compute 
the term (see eq 11) 

ssX,[OH-](eX,aKs[OH-] + 'X,b) - k4K3[OH-] kz - 
(1 + &[OH-]) (1 + K3[OH-l) 

Y[OH-] = 

(22) 

Defining 

eq 22 can be rewritten 
Y[OH-] = a[OH-](k4 - k2) + k2 (24) 

A plot of y[OH-] vs. the corresponding value of "[OH-] should 
be linear with a slope, k4 - k,, and intercept, k2. 

Results 
Confirmation of Second-Order Kinetics. Several ex- 

amples of the experimental plot l/AAX,t vs. t are shown 
in Figure 1. Data for methanol-water solvent systems 
exhibit excellent conformation to the anticipated second- 
order kinetics. Data obtained at hydroxide concentrations 
between and lo-' M for the ethanol-water systems (see 
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Flgure 2. Plot of AAx,t=ers/AA h,tlep vs. A. Data obtained with a 
nearly saturating flash. Curves approximate the spectra of P+ under 
various conditions. 
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Flgure 1. Plot of l / A A  (l/DA) vs. t demonstrating second-order 
kinetics for reactions R2 and R4. Conditions were as follows: (a) 
CH30H/Hp0, [OH-] = 3.01 X M, X = 680 nm; (b) CH,OH/H,O, 
[OW] = 3.01 X 10-1 M, X = 670 nm; (c) C2H,0H/H20, [OH-] = 1.00 
X M, A = 660 nm; (d) C2H,0H/H,0, [OH-] = 5.01 X lo-' M, 
X = 665 nm. 

i 

I 1 

 IO-^ 10-2 10-1 I .oo 
[OH-] ( M I  

Flgure 3. The variation of the ratio R = AA x=eso,,=e,,JAA h=e70,t=eps 
as a function of [W]. Ionic strength of all solutions is 0.5 M. Values 
of parameters in eq 16 used to fit data (for C,H,OH/H,O and 
CH,OH/HZO, respectively): re~o,~~e,o,bK3 = 3.1 X 10' and 4.9 M-'; 
re7o,de7o,bK3 = 1.1 x 1O2and 1.4 x 10' rem,b/670,b = 1.1 and 1.1. 

Figure IC), however, indicate the possibility of some other 
kinetic phenomena at  longer times. These aberrations 
from a "perfect" second-order plot are not dependent upon 
A. Since these data are analyzed by a nonlinear least- 
squares fit of eq 10 the values of the reported rate con- 
stants are strongly dependent upon the data at the shorter 
times. 

Spectrophotometric Evidence for Pt and POH. A plot 
of hAA,t=6&4&&=6@ clearly indicates (Figure 2) that the 
solution spectra are dependent upon the concentration of 
OH-. Since P,l0 A, and A-ll do not absorb significantly 
a t  X > 600 nm, the spectral changes are evidence that P+ 
is being complexed. The data conform to reactions Rl-R4 

as a function of [OH-] (see eq 16). Similar curves are 
obtained by using data from any pair of the four wave- 

88 s h o w  in Figure 3 by a plot Of hAh=ssq, t=s~/hAx=670, t=6-  

(11) Shida, T.; Swata, s. J .  Phys. Chem. 1971, 75, 2591. 
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TABLE I: Experimental Results 
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k4 in either solvent. The fact that k4 2 k2 may indicate 
some activation control. 

The - 12-fold difference in the values of K3 in the two 
solvents (Table I) is more than a factor of four larger than 
the value estimated by using the Born equation with 
corrections for ion screening.I2 It is not unreasonable to 
assume that chemical (e.g., solvation) effects as well as 
electrostatic effects are responsible for the change in K,. 

The work which initiated this study' presented evidence 
for the formation of the POH complex in a lipid bilayer 
at pH 5: P+, photogenerated within the bilayer (e < 5, with 
no other screening ions), reacts with OH- in the aqueous 
phase to form POH in the membrane phase. Both P+ and 
POH are insoluble in the aqueous phase. The steady-state 
conductance at  pH 5 (g,,, attributed to the translocation 
of the neutral complex POH) is about 20% of the initial 
conductance (go, attributed to translocation of P+). With 
some simple assumptions it is possible to estimate the 
value of K3 in a bilayer lipid membrane: 

If we assume that the simple carrier transport mecha- 
nism is as described by Stark et al.13 and that the equi- 
librium for R3 is instantaneously achieved for small values 
of the transmembrane potential, Au (i.e., exp[Au/2] N 1 
+ Au/2), the following relationship is deduced 

methanol/ ethanol/  
solvent water water 

dielectric constant at  298 K a  41.8 34 .6  
viscosity at  298 K,b  cP 1 .131  1.736 
hmax,P+, nm 680 680 
*max,POH, "$ 665  665  
~66inmas M- 1.5  X l o 4  1.6 X l o 4  
~69onm,a, M-'  cm- ' 0.5 x 104 0.5 x 104 
E690nm,b, M - l  cm-' 1.9 x 104 2.8 x i o 4  
~68onm,a, M-' cm- '  0.9 x 1 0 4  1.0 x 104 

~67onm,a, M-'  cm-'  1 .4  x 104 1.5 x 104 
Es?onm,b, M-' 1.8 x 104 2.4 x i o 4  
~66onm,b, M- '  cm- '  1.4 x 104 2.0 x 1 0 4  

E68onm,b? M-' cm-'  2.3 X l o 4  2.8 X l o4  

~66onm,a, M-'  em- '  1.5 X l o4  1.5 X l o 4  
K,, M- 1 6 t  4 190 t 40 
10-9k,, M - 1  s-1 1.1 -L 0.1 1.3 I 0.1  
10-9k,, M - 1  s - l  2 . 1  0.2 1 .2  i 0 . 3  

&I West, R. C., Ed. "Handbook of Chemistry and Physics", 
CRC Press: Cleveland, OH,  1976.  

a Akerlof, K. J.  Am. Chem. SOC. 1932, 54, 4125.  

I I I I I I I I I 

, 
0.80i 1 1 I I I I 1 1 
0 00 0.20 0.4 0 0.60 0.80 I .oo 

a 
Figure 4. for CH,OH/H,O (0) and 
C,H,OH/H,O (0). Ionic strength of all solutions is 0.5 M. 

lengths used. The reproducibility of the variables of eq 
16 computed from these data is &lo%. 

Data obtained from saturating flashes a t  [OH-] = 0.0 
and 0.5 M in methanol and at  1.0 X lo-,, 2.0 X and 
0.5 M in ethanol lead directly (eq 17-21) to an evaluation 
of K,  in the two solvent systems (see Table I). When one 
of the concentrations of OH- is zero (as was the case for 
methanol) or infinity (which was effectively the case for 
0.5 M [OH-] in ethanol) eq 21  assumes a somewhat sim- 
plified form. 

Determination of k2 and kq. A plot of the kinetic term, 
Y[OH-] (eq 24) vs. a (Figure 4) clearly indicates that the 
values of k, and k4 are significantly different in methanol 
and virtually identical (within experimental error) in 
ethanol. Data are summarized in Table I. 

Discussion 
The solvent effects upon the rate constants k2 and k4 

(Table I) are qualitatively predicted when one considers 
effects of differing dielectric constants and viscosities. 
Since the rate constants for these reactions are within an 
order of magnitude of being purely diffusion controlled it 
is not surprising that they are similar. The decrease in the 
value of k4 from 2.1 X lo9 M-' s-' in methanol/water to 
1.2 X 109 M-' s-' in ethanol/water approximates the change 
predicted by the difference in viscosities. The value of k2 
is virtually the same in both solvents, perhaps reflecting 
the compensating effect of the decrease in the dielectric 
constant on a reaction between two oppositely charged 
species. The same reasoning predicts, however, that k, > 

A plot of Y[~,,-] vs. 

where k, and k,  are the rate constanta for the translocation 
of P+ and POH, respectively. Since a charged species will 
encounter an electrostatic barrierI4 and the neutral species 
will not, one can qualitatively predict that k, >> k,. Data 
for carriers such as valinomycin and the actins13J5J6 sup- 
port this conclusion. 

If we make the conservative assumption that k, N k,, 
we can now deduce from the observation' that g,,/go N 

0.2 at pH 5, that K,[OH-] N 0.25. The small radius of the 
hydroxide ion renders it very hydrophilic and its concen- 
tration in the lipid bilayer will be orders of magnitude 
smaller than its aqueous concentration. Thus we conclude 
that K3 is probably orders of magnitude greater than lo9 
M-' in order to effect the carrier mechanism suggested in 
ref 1 for the transport of H+ and/or OH- across lipid bi- 
layer membranes. Extrapolation from the limited data we 
have would be fanciful to say the least. I t  is not unrea- 
sonable, however, to suggest that in a relatively noncom- 
plexing solvent of low dielectric (€ < 5) the value of K3 
could be large enough to effect the observed behavior.' 

Conclusions 
The experimental data support the conclusion that a 

porphyrin cation can form a hydroxide complex in alco- 
hol/water mixtures. The reaction is probably an acid-base 
reaction in which the aquated P+ looses a proton: 

HO-MgOEP+ + OH- = HO-MgOEP + H,O H 

As was suggested previously,l it is also possible that H20, 

(12) Day, M. C., Jr.; Selbin, J. "Theoretical Inorganic Chemistry"; 
Reinhold: New York, 1969; pp 529 and 560. 

(13) Stark, G.; Ketterer, B.; Benz, R.; Lauger, P. Biophys. J. 1971,11, 
981. Hladky, S. B. J. Membr. Biol. 1972, 10, 67. 

(14) Lauger, P.; Neumke, B. In 'Membranes, A Series of Advances"; 
G. Eisenman, Ed.; Marcel Dekker: New York, 1973; Vol. 2, p 1. 

(15) Laprade, R.; Ciani, S. M.; Eisenman, G.; Szabo, G. In 
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the low value of the dielectric constant within a bilayer 
lipid membrane will highly favor deprotonation. 
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which will be present in a lipid bilayer a t  much higher 
concentrations than OH-, may be the active agent: 

HO-MgOEP+ + H,O = HO-MgOEP + H,O+ H 

Although the equilibrium constants which we have de- 
termined for these reactions (see Table I) seem, at  first 
glance, too small to effect the phenomenon observed in ref 
1 a t  pH's between 5 and 7, it  must be remembered that 
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We present a theoretical interpretation of the mechanism of a biocatalytic membrane electrode with particular 
emphasis on the time dependence of the approach to steady state. We make use of a model based on diffusion 
from a bulk solution with diffusion constant DII into an enzyme layer of thickness L with diffusion constant 
DI, combined with a chemical reaction obeying Michaelis-Menten kinetics within the enzyme layer. We report 
an exact calculation of the time dependence of the product concentration within the enzyme layer for the 
high-concentration case and an approximate treatment for the low-concentration case. We find that in all cases 
the difference between the product concentration and its steady-state value is proportional to the inverse square 
root of the time. The approach to steady state is strongly affected by stirring and by the thickness L of the 
enzyme layer; it is much less dependent on the value of the diffusion constant DI.  

I. Introduction 
An important new device for medicoanalytical and di- 

agnostic purposes is the immobilized enzyme electrode or 
the biocatalytic membrane electrode. Many enzymes react 
specifically with one and only one organic or biological 
substance. If such an enzyme is trapped in a matrix layer 
of a thickness of the order of 0.01 cm and if the layer is 
in contact with a substrate solution of the substance that 
the enzyme reacts with, then the immobilized enzyme 
electrode can be used for rapid quantitative analysis of the 
substrate solution. Typical examples of such enzyme 
electrodes are the glucose electrode, described by Clark and 
Lyons1 and constructed by Updike and Hicks,* and the 
urea electrode, developed by Guilbault and M~nta lvo .~  In 
recently proposed electrodes the immobilized enzyme layer 
has been replaced by bacterial, mitochondrial, or even 
tissue  layer^.^ 

The general theoretical description of the various types 
of biocatalytic membrane electrodes is based on the one- 
dimensional model that we have sketched in Figure 1. 
Here it is assumed that the biocatalyst is distributed ho- 
mogeneously in the layer 0 I X I L; we denote the enzyme 
layer by the Roman numeral I. The region X > L,  which 
we denote by 11, contains the substrate solution. 

~ 

(1) L. C. Clark and C. Lyons, Ann. N. Y. Acad. Sci., 102, 29 (1962). 
(2) S. J. Updike and G .  P. Hicks, Nature (London), 214,986 (1967). 
(3) G. G. Guilbault and J. Montalvo, Jr., J. Am. Chem. SOC., 91,2164 

(4) M. A. Arnold and G .  A. Rechnitz, Anal. Chem., 52, 1170 (1980). 
(1969); 92, 2533 (1970). 
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Recently we derived the stationary-state solutions of the 
substrate and product concentration profiles for the above 
theoretical modeL5 We obtained analytical expressions 
for the concentration profiles and we al.so derived pow- 
er-series expansions that could be used for convenient 
numerical evaluation. We should also mention the work 
by Morf,6 who approached the same problem from a dif- 
feren t viewpoint. 

In the present paper we want to derive the time de- 
pendence of the approach to steady state; that is, we at- 
tempt to calculate the time-dependent solutions of the 
concentration profiles corresponding to specific initial 
conditions. We shall see that we are able to derive these 
time-dependent solutions only for certain limiting situa- 
tions corresponding to either large or small concentrations. 
Nevertheless, we hope that our theoretical results con- 
tribute toward a general understanding of the time de- 
pendence of the approach to steady state. 

In most biocatalytic membrane electrodes the substrate 
solution is stirred and this aspect of the electrode must 
be incorporated in the theoretical description. Fortunately, 
the effect of stirring has been studied experimentally by 
Morf, Lindner, and Simon.7 Even though this study deals 
with neutral carriers rather than with biocatalytic mem- 

( 5 )  H. F. Hameka and G. A. Rechnitz, Anal. Chem., 53, 1586 (1981). 
(6) W. E. Morf, Mikrochim. Acta, 317 (1980). 
(7) (a) W. E. Morf, E. Lindner, and W. Simon, Anal. Chem., 47, 1596 

(1975); (b) W. E. Morf and W. Simon in "Ion-Selective Electrodes in 
Analytical Chemistry", H. Freiser, Ed., Plenum Press, New York, 1978. 
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