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Introduction 

Nitroxyl radicals have been widely used for a number of 
years for studying the properties and reactivities of assemblies 
such as bilayers and micelles.1 We describe an ESR method, 
based on the measurements of both signal intensity and change 
in hyperfine structure, for studying the association of surfac
tant nitroxyl radicals with micelles. 

Most previous studies that qualitatively2 and quantitatively3 

studied the association of nitroxyl radicals with micelles were 
based on the difference in field position observed for the 
high-field line of the bound and free nitroxyl radicals. This 
approach is limited to cases where the resulting field shift, due 
to changes in g values and nitrogen splitting for the bound and 
free spin labels, is large enough to be distinguished. 

Our approach, which does not have this limitation, provides 
the K for association of the nitroxyl radical with the micelle 
structure, as well as association information on the micelle 
itself (critical micelle concentration, i.e., CMC, and aggre
gation number). This methodology is demonstrated with the 
surfactant nitroxyl radical 1/hexadecyltrimethylammoniurn 

CH3(CH2J15-N(CH3J2-(^Jj-O Cl" 

chloride (more commonly called cetyltrimethylammonium 
chloride or "CTAC") system. Further, we analyzed the ESR 
data in terms of a multiple-step equilibrium model for incor
porating the spin label into the micelle structure.4 

Results and Discussion 

4-[JV,7V-Dimethyl-Ar-(rt - hexadecyl)ammonium] - 2,2,-
6,6-tetramethylpiperidinyl-jV-oxy chloride (1) was prepared 
by conventional procedures as described in the Experimental 
Section. 
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In pure water at ~ 1 0 - 5 M, 1 shows the typical three-line 
nitrogen-splitting pattern (^N = 16.9 G) of nitroxyl radicals. 
Degassed solutions reveal hydrogen hyperfine structure (~0.5 
G)5 which is particularly noticeable in the low- and middle-
field lines. (Figure 1). Although these hyperfine structures 
were previously reported,6 they have not been used for diag
nostic purposes. 

We find these structures to be sensitive to the microenvi-
ronment of 1. Figure 2, series A, shows representative spectra 
of the middle-field line. The top spectrum was recorded in pure 
water, while the bottom spectrum was observed in the presence 
of 4.0 X 1 0 - 2 M CTAC. The latter is well above the CMC 
point of CTAC, generally estimated to be ~1.0 X 10 - 3 M.7 We 
assume that the bottom spectrum in series A corresponds to 
1 singly bound to the CTAC micelle.8 The loss of the hydrogen 
hyperfine structure for singly bound 1 may be associated with 
a slower tumbling rate for 1 in the micelle environment.2,9 

As pointed out by Oakes,2a above the CMC point the ESR 
spectrum of a nitroxyl radical usually is a superposition of two 
individual spectra weighted according to the respective con
centrations of the aqueous and micellar states.10 Indeed, a 
series of spectra in the range 5-7 X 1O -3 M CTAC could be 
computer simulated as a composite of the free (top) and bound 
(bottom) states of 1; see Figure 2. Figure 2, series B, shows 
representative simulated spectra for two intermediate CTAC 
concentrations. Note that this matchup between the experi
mental and simulated spectra is based on the details in the 
hyperfine structure in addition to the slight differences in g and 
AN values of nitroxyl radicals in aqueous and micellar envi
ronments as used by previous studies.3 Further, our approach 
is not jeopardized by the superposition of a severely broadened 
(^5 G) spectrum of 1 in multiply occupied micelles which is 
described below. 

Since the composite spectra could be simulated using the 
line width of 1 in pure water, we estimate the broadening of free 
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Figure 1. ESR spectrum of 4.0 X 10-5 M 1 in water at 25 0C. Modulation 
amplitude 0.1 G. 

Figure 2. Comparison of experimental (series A) and simulated (series 
B) spectra of the middle-field line of 4.0 XlO-5Ml. Series A at [CTAC] 
of (top to bottom): 0, 5.0 X 10"3, 6.4 X lO"3, and 4.0 X 10~2 M. Series 
B for fraction of monomeric bound 1 (top to bottom): 0, 0.50, 0.85 and 
1.00. Modulation amplitude 0.1 G. 

1 in the presence of micelles, due to exchange of 1 between the 
aqueous and micellar environments, is 50.1 G, which indicates 
an exchange frequency <3 X 105 Hz.11 

In the presence of 5 X 10 - 3 M CTAC, under conditions of 
high modulation amplitude, the broad-field spectrum of 1 
clearly reveals the presence of a broadened spectrum in addi
tion to the narrower (1.7 G) composite spectra as shown in 
Figure 4. We assume this severe broadening results from spin 
exchange2b (vide infra) between nitroxyl radicals incorporated 
into the same micelle.12 Thus, while the spectrum of 1 in singly 
occupied micelles only shows loss of hyperfine structure 
compared to free 1, the spectrum of 1 in multiply occupied 
micelles is broadened to 5:5.0 G, which leads to apparent in
tensity loss in peak to peak measurements on the 1.7-G mid
dle-field line.13 

Figure 3, upper, shows the results of these intensity mea
surements. The intensity loss is most pronounced near 5 X 10 - 3 

M CTAC (Figure 4) where the normalized intensity corre
sponds to only 30% of that in pure water. This minimum occurs 
just above our estimate of the CTAC CMC point (see discus
sion below). Thereafter, the intensity increases again and re
turns completely near 0.05 M CTAC (Figure 4). 

The onset of intensity loss with added CTAC below the 
CMC point suggests that 1 is associating with submicellar 
aggregates of CTAC.14 The maximum intensity loss appears 
just after micellization when 1 is clustered among the few 
available micelles. The intensity return with added CTAC 
above the CMC point is understandable, since 1 is increasingly 
dispersed among the growing number of micelles.15 

The lower part of Figure 3 is a plot of the ratio of bound 1 
[Nb] to free 1 [N] vs. added surfactant. The [Nb]/[N] values 
were determined as follows. [Nb] = [M-N] + 2[M-N2] . . . + 
«[M-N„], where [M-Nn] is the concentration of micelles with 
n nitroxyl radicals. If we assume the intensity loss is due to all 
M-Nn, where n > I,12 the total concentration of monomeric 
1 (bound and free) is given by 

[M-N] + [N] = / , . [ N T ] (D 
where / r is the normalized relative intensity. The [M-N]/[N] 
values are available from the simulated spectra (Figure 2B). 
Thus, from the intensity measurements and simulations, we 
determined [N], [M-N] and Sn[M-Nn] where n > 1. 
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Figure 3. Effect of added CTAC on the middle-field line ESR spectrum 
of 1. (O) Normalized relative intensity. (D) Ratio of [total bound 1] to 
[free I]. (. . .) simulated normalized relative intensity profiles for intensity 
loss due to [M-N„] where (A) n < 2 and (B) n = 1. 

Figure 4. ESR spectrum of 4.0 X 10~5 M 1 in (A) pure water, in the (B) 
presence of 5.0 X 10~3 M CTAC, and in the (C) presence of 4.0 X 10~2 

M CTAC. Modulation amplitude 1.0 G. 

Analysis of the Data. From the [Nb] / [N] data in Figure 3, 
we place the CMC point of CTAC near 4 X l O - 3 M 1 6 which 
is the origin of the sharp discontinuity in the [Nb] / [N] values. 
Also at this concentration of CTAC, the loss of signal intensity 
accelerates, suggesting again that it is a point of discontinu
ity. 

The intensity loss below the CMC point apparently results 
from the aggregation of 1 in premicellar structures of CTAC. 
The determination of the usefulness of ESR intensity mea
surements for the quantitative study of this premicellar state 
is outside the scope of the present investigation. 

Above the apparent CMC point, the data is consistent with 
a stepwise incorporation of 1 into the micellar structure by the 
scheme shown below. 

M + N ^ = i M-N 
k' 

M-N-I-N 2k' M-N2 

M-Nn-I + N ^ M - N „ 
nk' 

(2) 

(3) 

(4) 

In this scheme, it is assumed that the rate constant for as
sociation of N into the micelle is k at each step, while the dis-
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sociation rate constant is nk'. The equilibrium constant for 
each step is 

Kn = [M-N„]/( [M-Nn-i][N]| (5) 

where Kn = k/nk' = K/n. 
The total concentration of 1 is 

[NT] = [ N ] + t B[M-Nn]. (6) 

Based on the relationships in eq 5, 

[NT] = [N] + [M]ZiT[N] + [M](ZC[N])2 + 0.5[M](ZC[N])3 

. . . ^ - ^ [ M K * [ N ] ) " (7) 

which can be rewritten as 

[Nx] = [N] + [M]ZC[N])I + (/C[N]) + 0.5(/C[N])2 

. . . [ l / (« - l ) ! ] ( /C[N])" - '} (8) 
Noting that the second term in the above is a Taylor series 
expansion, it follows that: 

[Nx] = [N] + [M]/C[N]e*INl (9) 

where the total concentration of bound 1 is 

[Nb] = [M]A-[N]^[N] (10) 

Similarly, the total micelle concentration is expressed as 

[Mx] = [M]eK^ (H) 

From eq 10 and 11, 

[Nb]/[N]=/C[Mx] (12) 

Ignoring any premicellar aggregates, the total concentration 
of micelles is related to the CMC by 

[Mx] = {[CTAC] - [CMC]|/V (13) 

where n' is the aggregation number. Thus, 

[Nb]/[N] = /Cl[CTAC] - [CMC]}/V (14) 

Equation 14 predicts a linear plot for [Nb]/[N] vs. [CTAC] 
with an x axis intercept of [CTAC] = [CMC]. The lower 
portion of Figure 3 shows this plot which provides [CMC] =* 
4 X 10"3M16 and a slope of/C/«' = (5.4 ± 0.3) X 103M-1. 

From eq 5 with n = 1 and eq 10 

[Nb]/[M-N] =e*[N] (15) 

which predicts that a plot of In ([Nb] / [M-N]} vs. [N] should 
be linear with a slope of K. This plot in Figure 5 provides /C = 
(3.2 ±0.2) X 105M -1 . Using this/C with the slope of Figure 
3, lower, gives n' = 59 ± 7. 

The K =* 3 X 105 M - 1 for the incorporation of 1 into the 
CTAC micelle is comparable in magnitude to /C = 7.00 X 105 

M - 1 for incorporation of 2 into the hexadecyltrimethylam-

2 

monium bromide micelle.17 This latter value was indirectly 
determined by a kinetic study of the hydrolysis of 2 under 
micellar conditions. 

The n' = 59 ± 718 determined in this study for the CTAC 
micelle is a number-average (TVn) aggregation number. Oth
ers1413 have pointed out that different estimates of aggregation 
number are obtained by different methods of investigation 
depending on whether the result is a weight average (7VW) or 
Nn. This difference between Nn and 7VW occurs when the mi-
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Figure 5. Plot of In [(total bound l)/(monomeric bound I)] vs. free 1. 

celle system is polydispersed, meaning that a range of micelles 
of varying size is present. For polydispersed micelles, A\v > 
Nn. 

Self-consistency of the Data. The assumption stated earlier 
that the intensity loss in peak to peak measurements is asso
ciated with all micelles containing two or more spin probes can 
be examined. The unbroadened signal intensity provides a 
measure of [N] (i.e., free 1) and [N^] (i.e., all the bound 1 
having unbroadened lines and where the spin-probe occupancy 
level is not yet specified). The portion of the narrow line in
tensity due to [N] is determined by the previously described 
analysis of the composite spectra with the assumption that the 
observed narrow-line spectra are a weighted linear combination 
of two individual spectra due to [N] and [Nb']. The concen
tration of all bound 1 (i.e., the bound 1 having either narrow 
or broadened lines) is [Nb] = [Nx] — [N]. The relative pop
ulations of J[M-N], [M-N2] . . . [M-Nn]I that comprise [Nb] 
are determined by the Poisson distribution function.19 

Pn = (X"/nl)e-x (16) 

where X = [Nb]/[MX] with [Mx] being determined from eq 
13 using our values for [CMC] and «'. 

In Figure 3 are shown the calculated relative intensity curves 
for the two cases where the observed (unbroadened) intensity 
is due to contributions from (A) + [N] + [M-N] + [M-N2] 
or (B) [N] + [M-N]. Case B is within experimental error of 
the measured intensities while A is not, indicating that there 
are no significant peak to peak intensity contributions from 
[M-Nn] when n > 2. 

In summary, computer simulations, based on the differences 
in the hyperfine structure in the ESR spectra of nitroxyl rad
icals, were used to follow binding of the latter to micelles. The 
measurements of spin-intensity loss, due to aggregates M-N2 
and higher, and the computer simulations were analyzed using 
a multiple-step equilibrium model for nitroxyl-radical binding 
to the micelle. This approach provides the /C for association as 
well as the CMC point and number-average aggregation 
number of the micelle. 

Experimental Section 

Syntheses. 4-(JV,iV-Dimethylamino)-2,2,6,6-tetraniethylpiperidine 
(2) was prepared by the method of Icke and Wisegarver.20 To 25.5 g 
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(0.5 mol) of 90% formic acid cooled in an ice bath was added with 
stirring 15.6 g (0.1 mol) of 4-amino-2,2,6,6-tetramethylpiperidine 
(Aldrich Chemical Co.) followed by 17.8 g (0.22 mol) of 37% aqueous 
formaldehyde solution. The mixture was then refluxed for 8 h, 11 g 
of concentrated hydrochloric acid was added, and the formic acid and 
excess formaldehyde were removed under reduced pressure. The oily 
orange residue was dissolved in 75 mL of water and 30 g of solid so
dium hydroxide was added. The orange upper layer was collected and 
the lower aqueous layer was extracted twice with 50 mL of diethyl 
ether. The combined extracts were added to the upper layer and dried 
over potassium hydroxide pellets. The ether was removed in vacuo and 
the residue was vacuum distilled [32 0C (0.1 mm)] to give a colorless 
liquid (70%). 

4-[ N,N-Dimethyl- /V-(n-hexadecyl)ammonium]-2,2,6,6-tetrameth-
ylpiperidinyl Bromide (3). To 2.4 g (0.013 mol) of 2 was added 4.6 g 
(0.015 mol) of «-hexadecyl bromide. The mixture was heated in an 
oil bath at 75 0C for 12 h. The cooled glassy residue was triturated 
several times with petroleum ether to give a fine white granular solid 
(mp 77-80 0C). 

4-[N,N-Dimethyl-N-(n-hexadecyl)ammonium]-2,2,6,6-tetrarneth-
ylpiperidinyl-N-oxy chloride (1) was prepared by the oxidation pro
cedure described by Rozantsev.2' To a mixture of 0.15 g of disodium 
ethylenediaminetetraacetate dihydrate and 0.15 g of sodium hydrogen 
tungstate in 20 mL of water was added 4.9 g (0.010 mol) of 3 in 20 
mL of methanol. The resulting mixture was cooled in an ice bath and 
2.5 mL of 30% hydrogen peroxide was added with stirring. The mix
ture was stirred at room temperature for 10 days. The final orange 
solution was extracted twice with 50 mL of dichloromethane. The 
extracts were combined and concentrated in vacuo to give an orange 
solid residue which was triturated several times with petroleum ether. 
The product was recrystallized three times from dichloromethane-
petroleum ether, yielding an orange powder: mp 134-135 0C; UV-vis 
\m a , 450 nm, t 10. 

Anal. Calcd for C27H56N2OBr: C, 64.28; H, 11.11; N, 5.56. Found: 
C, 63.55; H, 1 1.08; N, 5.43. 

The chloride salt was prepared by passing an aqueous solution of 
the bromide salt through an Amberlite, IRA-400, ion-exchange col
umn. 

ESR Measurements. All spectra were recorded on a Varian E-12 
X-band spectrometer equipped with a V-4532 dual sample cavity 
operated in the TE 102 mode with a resonance frequency near 9.5 
GHz and a modulation frequency of 100 kHz. The sample tubes were 
I 00-ML disposable micropipets manufactured by Corning Glass Corp. 
(no. 7099S). Using these sample tubes, we obtained tube to tube re
producible signal intensity of ±5%. The samples of 1 in the concen
tration range (4-7) X 10 -3 M CTAC were degassed by the freeze-
pump-thaw method in order to better resolve the hyperfine structure 
of free 1. 

The intensity measurements were made relative to standard aqueous 
solutions of 4-carboxyl-2,2,6,6-tetramethylpiperidinyl-A/-oxy22 in the 
second channel of the dual cavity. Identical microwave power, crystal 
biasing current, field-scanning rate, and modulation amplitude were 
used in each cavity. The sample/standard dual-cavity spectra were 
recorded twice in the A channel/B channel and B channel/A channel 
configurations, and the data were analyzed using the double-inte
gration method as suggested by Ayscough.23 The intensity measure
ments with and without the dual-cavity technique agreed within 5%, 
suggesting little or no perturbation of the cavity Q by the small sample 
cells and low concentrations used. 

Computer Simulations. The simulated spectra were obtained by 
digitizing the normalized spectra of the free (SN) and bound (SM-N) 
1 (top and bottom spectra, Figure 2A) and recombining them ac
cording to 

Sc = / ( S N ) + 0 - / ) ( S M . N ) 

where Sc is the composite spectrum and/is the fraction of free 1. 
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