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Introduction 

In a recent communication Sheats and McConnell3 reported 
the photochemical reaction of an alkylcobalt complex, car-
boxymethylpentacyanocobaltate, with the nitroxide 4-hy-
droxytetramethylpiperidine-1-oxyl (Tempol, or R2NO) ac
cording to the equation 
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p 165. 

Since then a number of applications to the study of phospho
lipid membranes have appeared4,5 which illustrate the con
siderable scope and versatility of this class of reactions in 
biophysical chemistry. Although our interest in these reactions 
has been primarily in applications based on the stoichiometry 
of radical-radical reactions, we have recently found that a 
quantitative analysis of the kinetics of these reactions may also 
yield significant biophysical information. Here we report our 
results on two different alkylcobalt complexes, and describe 
preliminary applications to the structure and dynamics of 
model membranes (lipid bilayers). 

Reactions of Photoradicals with Nitroxide Spin Labels 

James R. Sheats2 and Harden M. McConnell* 

Contribution from the Stauffer Laboratory for Physical Chemistry, 
Stanford University, Stanford, California 94305. Received December 6, 1978 

Abstract: The kinetics of reactions of radicals R- with nitroxide spin labels have been studied, the radicals R- being produced by 
laser photodecomposition of alkylcobalt complexes having the general formula Co(CN)5

3-R. The rate of reaction of the radi
cals R- and nitroxide radicals is shown to be a sensitive function of the molecular environment of the nitroxide group, i.e., 
whether it is bound to a membrane or is free in solution. The ease with which a variety of alkylcobalt compounds Co(CN)5

3-R 
can be prepared with the corresponding radicals R- having different physical and chemical properties, and the ease with which 
the rate of generation of radicals R- can be varied with laser power, indicates that a number of applications of this photochemis
try to biophysical and biochemical problems may be possible. 
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Figure 1. Relative EPR signal intensity T vs. the product of k] and time 
for the photolysis of Tempol and Co(CN)5

3-CH2CO2
-. Initial concen

tration OfCo(CN)5
3-CH2CO2

- was 1.0 X 1O-3 M; initial concentrations 
of Tempol were such that (see text) (O) a = 1 ;(•)<* = 2;(n) a = 3; (•) 
a = 4. The solid lines are calculated from eq 6 with /3 = 10; k\ is obtained 
from initial rate data as described in the text. Laser power density was 34 
mW/cm2 (65 mW total beam power), T = 24 0C. Uncertainties are ±1.5 
s, ±0.03 relative concentration unit (T), and ±10% in absolute concen
trations. 

Experimental Section 

Materials. The preparation and characterization of the alkylcobalt 
complexes have been described previously.3,5 We gratefully ac
knowledge the gift of (TV-methyl)pyridylbromomethane from M. A. 
Schwartz.5 Tempol was prepared by standard procedures.6 Phos
pholipids were obtained from either Calbiochem or Sigma and a purity 
of >99% established by thin layer chromatography of the lipid and 
gas chromatography of fatty acid methyl esters. 

Preparation of Samples. Solutions were deoxygenated by flushing 
several times with argon. (Loss of water during this procedure was 
<1%.) Reaction mixtures were placed via syringe in preflushed 50-/uL 
pipets, which serve as EPR sample tubes; the pipets were sealed either 
by a septum cap or permanently with a torch. The carboxymethyl 
complex is not noticeably sensitive to room light; however, the pyri-
dylmethyl complex decomposes fairly rapidly in room light when 
mixed with nitroxide (first half-life of about 30 min), so all operations 
with it were conducted under red light. (It was verified that green light 
does not cause decomposition; the reaction is due entirely to blue and 
near-UV wavelengths.) 

The preparation of phospholipid membrane samples was carried 
out as described in ref 4. 

Kinetic Experiments. Samples were exposed to the beam of a 
Spectra-Physics 164-05 argon ion laser, 3511- and 3543-A lines, 
TEMoo mode, expanded 20 X by a pair of lenses. Total beam power 
was typically 50-250 mW (measured by the built-in power meter). 
The 50-juL capillaries, filled to a height of 10 mm, were placed per
pendicularly in the center of the beam. (The variation in intensity of 
the Gaussian beam over the length of the sample was thus about 10%.) 
EPR spectra were recorded on a Varian E-4. Optical absorption 
spectra were recorded on a Cary 15. The wavelength dependence of 
the reaction of the carboxymethyl complex was determined using a 
mercury arc source and monochromator (Bausch and Lomb), pro
vided by Professor B. S. Hudson. 

The procedure for photolyzing phospholipid multilayer samples 
was exactly the same as that described in ref 4, except that no mask 
was used in the present work. 

All bulk solution experiments were carried out at room temperature 
(20-24 0C), without thermostating. (Heating of the samples by the 
laser beam can be shown to be completely negligible for these condi
tions,7) The multilayer experiments were thermostated with a circu
lating water bath (Forma Scientific). The reactions were started and 
stopped by moving a barrier in and out of the beam path by hand, and 
times recorded with a stopwatch. The uncertainty in time by this 
procedure is about ± 1.5 s. 

Figure 2. Logarithm of relative EPR signal intensity (measured as 100 
log (IOOT); see text) vs. the product of k\ and time for the photolysis of 
Tempol and Co(CN)5

3-CH2CO2
-, initially 5.0 X 1O-3 M each. The line 

is calculated from eq 6 with /3 = 10. Photolysis with mercury arc source, 
A = 367 nm, power density 26 mW/cm2, T = 24 0C. Here ki = 5.4 X 10-3 

s-1; when adjusted for light intensity and extinction coefficient (6353/«367 
= 1.26), this agrees with the value in Table I. 

EPR signal intensities were taken directly from first derivative 
peak-to-peak heights. For bulk solution experiments the uncertainty 
(due mainly to positioning of samples in the resonance cavity and the 
incomplete uniformity of illumination of the tube length) is about 
±3%. For multilayer experiments the positioning error was less but 
a small amount of line broadening by the Con(CN)5

3-, which could 
only be estimated, caused the uncertainty to be about ±8%, and 
somewhat greater at the end of the reaction where the spectrometer 
signal-to-noise became less favorable. 

Results 

Experimental Observations. The following features of the 
reaction of C o ( C N ) 5

3 - C H 2 C O 2 - and 

Co( CN)Z-CH. -CH, 

with Tempol in homogeneous solution were established. 
(1) The initial rate of disappearance of nitroxide (hereafter 

referred to simply as "the initial rate") is linear in alkylcobalt 
concentration and independent of nitroxide concentration, at 
least for concentrations in the range 10~ 2 -10 - 4 M (Figure 
1). 

(2) The course of the reaction out to near completion is 
shown for various cases in Figures 1-3, where it is qualitatively 
apparent that neither first- nor second-order kinetics is being 
obeyed. Figure 2 shows an apparent first-order decay for the 
carboxymethyl complex with the ratio of initial concentrations 
of alkylcobalt to nitroxide (which we call a) equal to 1, but in 
Figure 1 it is seen that, with a = 3 or 4, an essentially linear 
decay is seen out to very long times. The pyridylmethyl com
plex (Figure 3) shows an apparently exponential decay for 2 
half-lives (though not beyond) with a = 2.2, but closely ap
proximates second-order decay with a = 1,4. 

(3) The initial rate varies linearly with incident power at 
constant wavelength, and linearly with extinction coefficient 
of the alkylcobalt complex for varying wavelength at constant 
power; thus the quantum yield of the photochemical event is 
independent of wavelength. (This behavior has been reported 
by Endicott and co-workers8-10 for related reactions.) The lack 
of any dependence on the extinction coefficient of the nitroxide 
argues against participation by the excited state of the ni
troxide. Photolysis of the nitroxide alone leads to no reaction 
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Table I. Parameters for Photolysis of Alkylcobalt Complexes with Tempol" 

*i «350 

CCXCN)J1 CH2CO2 

CCX CN J5
3-CH2 — f _ n — CH3 

0.010 

0.040 

34 

78 

0.16 

0.016 

10 

2 

265 

1.1 X 104 

" Rate constants k\, incident power density P (in mW/cm2), quantum yield 0, 0 = k2/k-], and molar extinction coefficients e at 350 nm, 
for photolysis of alkylcobalt complexes at 350 nm, 22 0C, in aqueous solution (see text). k\ is calculated using eq 7 and the data of Figures 
1 and 3; estimated uncertainty ± 20%. /3 is obtained from eq 6 and the same data; estimated uncertainty ±30%. 0 is calculated by the equation 
<p - k\/2.303Pe (In 10). P is obtained by dividing the total beam power in a circle of radius 1 cm by the area of the circle. 

Figure 3. Relative EPR signal intensity T vs. the product of k\ and time 
for the photolysis of Tempol and Co(CN)53_ (A'-methyl)pyridylmethyl. 
a= 1.4: A0= 1.3 X 10-4M.a = 2.2:/40= 1.0 X 10"4 M. Solid lines are 
calculated with /3 = 2. Laser power 150 mW (78 mW/cm2), T = 24 
0C. 

whatever, even after very long times and at very high power 
(30OmW; 10_4einsteins/cm2-s). 

(4) As long as the incident light intensity is not raised orders 
of magnitude higher than ~ 1 0 - 7 einsteins/cm2-s, the stoi-
chiometry is exactly as given in eq 1, and no other organic 
products were seen by gas chromatography-mass spectro-
graphic analysis. Thus, significant dimerization of alkyl rad
icals does not occur under our conditions. 

(5) The initial rate obtained from nitroxide EPR signal in
tensity was the same as that obtained from optical absorption 
spectra for the pyridylmethyl complex. For the most part the 
EPR method was preferable for several reasons: (a) with the 
carboxymethyl complex, with its much lower extinction coef
ficient, there is significant interference from nitroxide and 
Co(CN)5OH bands; (b) the EPR allows a wider range of 
concentrations to be sampled more easily; (c) later work with 
phospholipid membrane samples can only be done with 
EPR. 

Kinetic Scheme. The kinetic scheme which accounts for 
these observations and which is in accord with expectations 
based on previous work in alkylcobalt photochemistry is as 
follows. 

* i . Co(CN) 5
3 -R <d± Co(CN)5

3" 

(O * - i (D) 
+ R-

(B) 

( R 2 ) N O + R--

(A) (B) 

• (R 2 )NOR 

(2a) 

(2b) 

The absence of alkyl radical dimerization, along with the 
results of alkylcobalamin flash photolysis studies,8 indicates 
applicability of the steady-state assumption to the alkyl radical 
concentration; hence the rate equations are (using the notation 

defined in eq 2) 

dA _ — k\k2AC 
dt k2A + k-]D 

dC ^ r 
d 7 = - * l C 

, 1 
1 k2A/k-iD+ 1 

and the steady-state alkyl radical concentration is 

R - kiC 

(3a) 

(3b) 

k2A + k-\D 

If the conditions B « A, B « C are valid, then we can write 
A = A0-(C0- C), C = A- A0 + C0, andD = C0-C = A0 

— A, where subscript 0 indicates initial concentration. With 
the definitions T = AjA0, a = C0/A0, and /3 = k2/k-\ the rate 
equation becomes 

d T = - / t , / 3 ( r - l + a ) 
dt 

and the integrated form is 

klt = \ ~ \ \ 
1 

a - 1 

kit = \ -

These equations reduce to 

T = 1 - ak\t 

( 0 + i / r - i ) 
rm is 

InT + [ ( 1 I l + I l - J ' ' 
X In r - 1 + a) 

a J 

( / 3 - I ) I n T - J j + ! 

8 

a=±\ 

a= 1 

WJ 

(6a) 

(6b) 

(7) 

for short times, a result which of course can also be obtained 
directly from eq 3. Thus the initial rate yields the photo
chemical rate constant k\, and the long-time behavior gives 
the ratio j3. 

For order of magnitude estimates, it is known that k-\ for 
other alkylcobalt complexes8-10 is 10s—109 L/mol-s, and k2 can 
similarly be estimated1' to be 107-109 L/mol-s. The measured 
value of k\ for the light intensity used here is listed in Table 
I. It can thus be seen from eq 4 that the conditions for the va
lidity of eq 6 are satisfied. 

Equation 6 is plotted in Figures 4 and 5 for various values 
of a and /3 to display its general behavior and its dependence 
on these parameters. Particularly noteworthy is the high sen
sitivity to changes in /3. In Figures 6 and 7 the time required 
to reach a specific value of Y (fraction of nitroxide remaining) 
is plotted vs. /3 (for fixed a). The accurate measurement of /3, 
which is of interest for biophysical studies, can thus be ac
complished over several orders of magnitude. Although in 
principle only one value of T (at known time) serves to fix /3, 
greater accuracy is obviously obtained by a least-squares fit 
of eq 6 to a series of points; this was done in the present work 
(except that the fit is by eye rather than by least squares). An 
additional advantage of this procedure is that deviations from 
eq 6, due to side reactions which might arise unexpectedly in 
a biochemical system, will become apparent. 
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Figure 4. Plots of relative EPR intensity T obtained from eq 6 vs. the 
product of k j and time for various values of the parameters a and /3 (see 
text). 
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Figure 6. The time required to reach a given T (fractional reduction of 
paramagnetic resonance signal intensity) as a function of the kinetic ratio 
parameter /3 for various values of a (see text). (1) T = 0.1, a = 1; (2) T 
= 0.25, a = 1; (3) T = 0.1, a = 2; (4) T = 0.25, a = 2. 

Figure 5. Plot of relative EPR intensity T obtained from eq 6 vs. the 
product of k \ and time for various values of the parameters a and @, and 
for long times (see text). 

In Figures 1-3 and 8-10 the solid curves drawn are calcu
lated from eq 6, using the value of k \ obtained from the initial 
slope (see Table I), and 0 was adjusted to give a good ("eye
ball") fit. In all cases eq 6 is consistent with the data to within 
experimental error, and predicts all of the unusual features 
mentioned previously (see "Experimental Observations"). The 
uncertainty in /3 is about ±30% for Figures 1-3 and ±40% for 
Figures 8-10; altering /3 outside these limits gives curves which 
are well outside the error limits of the data. The possible dis
crepancy toward the end of the reaction in Figure 3 is probably 
due to the neglect of alkyl radical dimerization: using eq 4 one 
calculates that if k-\ ~ 108 , thenfi~4X 1O-6 M,and when 
T = 0.1 (and hence A ^ 1 X 10-5 M), B is no longer negligible 
with respect to A. 

The intrusion of alkyl radical dimerization for initial con
centrations lower than ~10 - 5 M or power densities higher than 
~ 1 0 - 4 einsteins/cm2-s is also indicated by a departure from 
the stoichiometry of eq 1: less alkyl nitroxide is produced, al
though optical spectra show that the alkylcobalt complex has 
been destroyed. (Alkyl radical dimerization can be included 
in the kinetic scheme, but the resulting equations are no longer 
analytically integrable.) 

Accurate quantum yields have not been evaluated inasmuch 

Figure 7. The time required to reach a specified T as a function of /3 (for 
Q = I ) . Upper curve (upper scale): T = 0.01. Lower curve (lower scale): 
r = o.i. 

as we have not done any actinometry; however, using the power 
given by the laser power meter (accuracy not better than 10%) 
approximate values can be calculated, and these are also given 
in Table I. They are of the order of magnitude expected from 
comparison to the results of others8-10 on macrocyclic te-
traamine complexes, indicating that the mechanism of pho-
tohomolysis for the alkylpentacyanocobaltates is probably 
similar to the others. The relative quantum yields calculated 
can be rationalized on the basis of the influence of charge on 
the cage recombination probability (although differences 
arising from electronic structure have certainly not been ruled 
out). 

Phospholipid Multilayer Experiments. Figures 8-10 show 
the result for the photolysis of coplanar phosphatidylcholine 
multilayer samples containing 0.2 mol % spin label I and either 

CHi(CH2)Ud 

1O (CH2J14CH3 

P O CH2CH2 N 

CT CH 

N O 

alkylcobalt complex. The radical functionalities involved are 
essentially identical with those discussed in the preceding 
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Figure 8. Relative EPR signal intensity T vs. the product of k \ and time 
for the photolysis of 0.2 mol % spin label I and 0.6 mol % Co-
(CN)s3_CH2C02_ in dimyristoylphosphatidylcholine multilayers, 20.5 
0C. Solid line calculated for a = 3, 3 = 0.15. Laser power 117 mW/cm2; 
k, = 0.034 (note that k \ in this figure is the product of k\ from Table I 
and the ratio of power densities). Uncertainty in T is ±0.08, and in B 
±40%; these also apply to Figures 9 and 10. (Uncertainty in t is negligible 
on this scale.) 

Figure 9. Plots similar to those in Figure 8 except with (closed circles) a 
= 7 (0.2 mol % spin label). Solid line calculated for/3 = 0.15. (Open cir
cles) 0.6 mol % spin label I in dipalmitoylphosphatidylcholine multilayers, 
a = 2.5, 48 0C, P = 157 mW/cm2; &, = 0.046. Solid line calculated for 
3 = 0.3. 

section on bulk solution experiments, yet the value of ft is 
dramatically lower. Since there is no reason to expect k~\ to 
be substantially different, the change must be in ki, and must 
reflect a large degree of protection of the membrane-bound 
nitroxide, even though it is known (for example, by availability 
of the nitroxide hapten to water-soluble specific antibodies12) 
to be located near or in the aqueous region. There also appears 
to be a significant difference in ft between dimyristoylphos
phatidylcholine (below its chain melting transition temperature 
of 23.5 0C) and dipalmitoylphosphatidylcholine (above its 
chain melting transition temperature of 41.5 0C). 

An even more striking result is obtained when 33 mol % 
cholesterol is incorporated into the multilayers: ft now returns 
to approximately its bulk solution value. (The binding of spe
cific antibodies against the nitroxide group also increases with 
increasing cholesterol concentration12.) There is consequently 
a very high degree of sensitivity of the rate constant k2 to bi
layer structure. The magnitude of the change shown by these 
experiments is sufficiently large to suggest that even relatively 

M 
Figure 10. 0.2 mol % spin label 1 in dimyristoylphosphatidylcholine mul
tilayers with Co(CN)53~ (A'-methyl)pyridylmethyl; a = 3. Solid line 
calculated for B = 0.1. P = 78 mW/cm2, ki =0.04, T = 20 0C. 

small structural changes may be detectable by changes in these 
reaction rates. 

In these experiments it is important that there is no reaction 
of the alkyl radical with components of the membrane other 
than the nitroxide. For values of a < 10 no evidence of such 
reaction has been observed, either by EPR or by thin layer 
chromatography of the phospholipids.4,7 In the case of the 
pyridylmethyl complex, even 100-fold excesses lead to no 
nonspecific reactions.5 In addition, even when the nitroxide is 
attached to the hydrocarbon chains in the bilayer interior, 
specific reaction with the nitroxide is obtained with the pyri
dylmethyl complex (unpublished experiments). 

Discussion 
We anticipate that there may be a number of applications 

of the foregoing kinetic analysis to problems in membrane 
biophysical chemistry. One area where this technique should 
be useful is in cell surface immunology. Previous work12 has 
already indicated that the specific conformation of mem
brane-bound nitroxide haptens can significantly affect both 
the extent of antibody binding and the degree of complement 
depletion.12 The degree of complement depletion has been 
shown to depend on the degree of activation of the first com
ponent of complement (Cl).13 This complement component 
is activated by its binding to antibodies specifically bound to 
membrane-bound nitroxide groups. Cellular activation of 
components of the immune system (e.g., neutrophils) can also 
be brought about by the specific binding of antibodies to 
membrane-bound nitroxide groups.14 Specific antibody de
pendent activation of these components of the immune system 
depends strongly on the physical state of the membrane lipids 
(i.e., whether they are in a "fluid" or "crystalline" state), on 
the cholesterol content of the bilayer membrane, and on the 
length of the molecular chain connecting the phosphodiester 
group and the quaternary nitrogen atom, i.e., -CH2CH2- in 
I. The immunochemical data, as well as the paramagnetic 
resonance spectra of the nitroxide group itself, suggest that 
motional freedom and/or structural availability of the ni
troxide group to these components of the immune system may 
play a critical role in their activation. However, other mem
brane properties, i.e., the rate of lateral diffusion of membrane 
components, may also be important. The sensitivity of the ki
netic parameter ft to lipid composition described above strongly 
suggests that a systematic comparison of these parameters with 
the rates of immunochemical activation may prove to be a 
highly useful study, since this kinetic parameter must surely 
be an index of the availability of the nitroxide group to the 
aqueous environment surrounding the membrane. 
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A limitation in the above kinetic analysis is that the quasi-
two-dimensional nature of the reaction in multilayer samples 
has not been taken into account. There are two ways in which 
this circumstance may manifest itself. 

(1) The spin label, which has a diffusion coefficient 
~10_7-10~8 cm2/s in the fluid phase,4 is essentially "immo
bile" with respect to the alkyl radicals. Thus a "diffusion-
controlled" rate constant may be lowered by a factor of 2 
compared to the case where both molecules are equally mo
bile. 

(2) The spin label is constrained to move strictly in the plane 
of the membrane head-group region, and the free water-soluble 
molecules are constrained to move in a strip which is only ~20 
A wide, hence nearly but not strictly two-dimensional. The 
collision probability per unit time, and hence the rate constant, 
is then enhanced over the three-dimensional case.,5~18 It is 
difficult to predict the magnitude of this effect precisely but 
it is not likely to be more than a factor of the order of 4.18 

Considering the magnitudes of these effects, and the fact 
that they work in opposite directions, we conclude that the 
order of magnitude variations we have observed cannot be due 
to such effects. In more detailed studies they should be con
sidered quantitatively. Non-membrane-bound, water-soluble 
spin labels can be readily included in multilayer preparations, 
so that the kinetics with such species can be compared to the 
membrane-bound case. It is interesting to note that this affords 
a system for the study of two-dimensional reaction ki
netics.15-18 

There are other useful properties of this reaction which are 
not dealt with here experimentally, but which the kinetic 
analysis makes explicit. The fact that the homolysis is revers-

We have previously shown that the o-quinonoid species 
isoindenes can be generated by aryl migration on photolysis 
of 1,1-diarylindenes.1 In the former study, we used kinetic 
isotope effects, substituent effects, and activation parameters 
to characterize the decay pathway of the isoindene transients. 

ible in a step of rate comparable to the "forward" irreversible 
step {ki) is of the utmost importance, since it allows one to 
control the lifetime of the alkyl radicals by varying the con
centration of Co(CN)53-.19 This feature makes the reaction 
suitable for time-resolved studies of fast processes by flash 
photolysis. 
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It was concluded that the data were consistent with a supra-
facial 1,5-hydrogen shift (giving stable indenes) as the mode 
of decay. o-Quinonoid species have been produced by photol
ysis of various 2-indanones.2 In a paper in 1966, Starr and 
Eastman3 studied the photodecarbonylation of 1,1,3,3-tetra-
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Abstract: Transients assigned as o-xylylenes have been observed in the flash photolysis of a series of methylated 2-indanones. 
Thus, l,l,3,3-tetramethyl-2-indanone gives a transient, assigned as 7,7,8,8-tetramethyl-o-xylylene (absorption maximum at 
350 nm), while l,l-dimethyl-2-indanone gives a transient with absorption maximum at 360 nm, assigned as 7,7-dimethyl-o-
xylylene. Both these transients decay (thermally and photochemically) by a 1,5-hydrogen shift to yield alkyl isopropenylben-
zenes. The rates of thermal decay are 0.0020 and 0.038 S-' for the tetra- and dimethyl compounds, respectively, at ca. 20 0C 
in deoxygenated hexane. The decay of tetramethyl-o-xylylene showed a kinetic isotope effect (^HMD) of 5.4. Activation pa
rameters were £3=19 kcal/mol, AS0* = -7.7 eu (tetramethyl-o-xylylene); £a = 15.5 kcal/mol, AS°* = -13.9 eu (di-
methyl-o-xylylene). Photolysis of l,l,3,3-tetramethyl-4,5-benzindan-2-one gives the thermally stable 9,9,10,10-tetramethyl-
1,2-naphthoquinodimethane, which decays photochemically to l-isopropenyl-2-isopropylnaphthalene. A transient with a life
time of about 5 fis could be observed in the flash photolysis of 1,1,3,3-tetramethyl-5,6-benzindan-2-one, which gives two photo-
products: 2-isopropyl-3-isopropenylnaphthalene and 3,3,4,4-tetramethylnaphtho[6]cyclobutene. The rates of thermal decay 
of the transients are consistent with thermochemical calculations. Spectroscopic evidence, together with theoretical calcula
tions, indicates that the transients are twisted about the "essential" single bonds of the nonaromatic ring, and cannot adopt the 
planar geometry necessary for the allowed suprafacial 1,5-H shift. This, together with the photolability of the transients, 
suggests that the thermal decay may involve the previously unknown antarafacial 1,5-hydrogen shift. 
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