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ESR Studies of the Dynamic Properties of Ion Radicals
Captured by Surfactant Micelles
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ESR spectra of duroquinone anion radical (DQ~), methyl viologen cation radical (MV*), and 5,10-dimethyl-
5,10-dihydrophenazine cation radical (DMPZ™) were measured in various aqueous surfactant solutions. The line
width of each peak of the ESR spectra for DQ™ in cationic and anionic surfactant solutions showed a quadratic
dependence on the total nuclear quantum number, M=3%m; (i=1 to 12), of methyl protons of DQ~. The
rotational correlation times, 1., of DQ~ determined from these dependences, were 107°—1078 s in cationic
surfactant (dodecyl-, tetradecyl-, and hexadecyltrimethylammonium bromide) solutions, and 1071°—10° s in
nonionic surfactant (Triton X-100) solution. ESR spectra of MVt and DMPZ* in anionic surfactant (sodium
dodecyl sulfate; SDS) solution showed anomalous patterns as not exhibiting the hyperfine splittings due to the
nitrogen nucleus. These anomalies were explained by the more significant broadening of the outer peaks due to
nitrogen splitting compared with the broadening of the central peaks corresponding to the nuclear quantum
number of nitrogen, Mx=mn+mn:=0. From these results, the rotational correlation time for DMPZ' in SDS

solution was estimated as about 10710 s,

Many nitroxide radicals have been used as spin
probes in order to study the dynamic properties of
micelles and bilayers.1=12) ESR spectra of nitroxide
radicals solubilized into micelles have unsymmetric
hyperfine structure mainly consisting of three peaks
due to the nitrogen atom in the nitroxide radical.
These unsymmetric properties of spectra are explained
by the incomplete averaging of the anisotropic g ten-
sor and the hyperfine coupling tensor. By the analysis
of the unsymmetry of these spectfa, dynamic properties
of micelle and micelle solubilized substances have been
determined.1=12" We are studying the electron-transfer
reactions of ion radicals captured by the micelle. In
order to study the correlation between the reactivities
and the dynamic properties of ion radicals, it is neces-
sary to know the dynamic properties of these ion radi-
cals. However, the ESR spectra of paramagnetic sub-
stances solubilized into a micelle other than nitroxide
radicals have received little attention. In this paper,
we report the characteristics of the ESR spectra of
duroquinone anion radical (DQ~), the 5,10-dimethyl-
5,10-dihydrophenazine cation radical (DMPZ*) and
the methyl viologen cation radical (MV?) in several
surfactants solutions. Furthermore, we report the
dynamic properties, as a rotational correlation time, of
ion radicals captured by the micelle obtained from
these ESR spectra.

Experimental

Duroquinone (DQ) and methyl viologen dibromide
(MV2*Br§~) used were reagent grade and were used without
further purification. 5,10-Dimethyl-5,10-dihydrophenazine
(DMPZ) was provide by Dr. Y. Ohsawa in this laboratory.
Sodium dodecyl sulfate (SDS), dodecyltrimethylammonium
bromide (C;,TMAB), tetradecyltrimethylammonium bro-
mide (C,TMAB), hexadecyltrimethylammonium bromide
(C16TMAB) and Triton X-100 (TX-100) were reagent grade
and used without further purification.

tPresent address: Seiko Instruments Inc., Takatsuka,
Matsudo, Chiba 271.

Sample solutions of DQ~ and MV* were prepared by the
reduction of aqueous solutions of DQ and MV?* with sodium
dithionite (NayS;0,) in the presence or absence of a surfac-
tant. Sample solutions of DMPZ* were prepared by the oxi-
dation of aqueous micellar or acetonitrile solution of DMPZ
with ceric sulfate (Ce(SOy)y).

Sample cells for ESR measurements were Pyrex glass
capillary cells with about 1 mm inner diameter. ESR spectra
were measured by a JEOL-FE3X1 ESR spectrometer
equipped with a variable temperature adapter. Computer
simulation of ESR spectra were carried out with the Hitachi
M-280H computer system at the Computer Center of Tokyo
Institute of Technology.

Results and Discussion

ESR Spectra for DQ~ in Various Surfactant Soluti-
ons. Figure 1 shows the ESR spectra for DQ™ in var-
ious solutions. The ESR spectrum for an aqueous
solution of DQ~ without surfactant was symmetric
and the relative intensity of each peak agreed reasona-
bly with those calculated theoretically. The observed
hyperfine coupling constant for twelve equivalent
methyl protons of DQ~ in this spectrum was 1.90 G
(1G=10"* T) and agreed well with the value for DQ"
in C;HsOH!® and in CH3;0H-H,0 mixture.’¥ The
ESR spectrum for the DQ~ in 0.5 M (1 M=1 mol dm™3)
SDS solution was similar to that mentioned above. On
the other hand, the ESR spectra for DQ~ in the nonio-
nic and cationic surfactant solutions were unsymmet-
rical and the degree of dissymmetry was larger for
those in the cationic surfactant solutions than that in
the nonionic surfactant solution. Furthermore, for the
cationic surfactant solutions, the longer the carbon
chain of the surfactant molecule, the larger the degree
of dissymmetry.

ESR Spectra of DMPZ* and MV* in SDS Solution.
Figure 2 (a) shows the ESR spectrum of DMPZ* in 0.1
M SDS solution at 40 °C. This spectrum was analyzed
as the hyperfine structure with 4,(6H)=6.15 G,
Ay(4H)=1.68 G, and A3(4H)=0.66 G. In fact, as shown
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Fig. 1. The ESR spectra of DQ~ in aqueous solu-
tions in the presence or absence of various surfac-
tants at 20°C. (a) Without surfactant; (b) 0.5M
SDS; (¢) 0.3M TX-100; (d) 0.5M Ci1eTMAB;
(e) 0.5M C14TMAB; (f) 0.5M CisTMAB.
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in Fig. 2 (b), the computer simulated spectrum with
these parameters well-reproduced the experimental
spectrum. Evidently, this spectrum appeared to have
no hyperfine splitting due to the nitrogen nucleus in a
DMPZ* ion. On the other hand, the ESR spectra of
DMPZ* in AN and in aqueous solution without sur-
factant showed the hyperfine splittings due to the ni-
trogen nucleus.

Figure 3 (a) shows the ESR spectrum of MV* in 0.1
M SDS solution at 30 °C. This spectrum also appears
to have no hyperfine splittings due to the nitrogen
nucleus, as shown by the comparison with the compu-
ter simulated spectrum with 4,(6H)=3.99 G, 4,(4H)=
1.57 G, and 43(4H)=1.33 G in Fig 3 (b). On the other
hand, the ESR spectrum of MV* in aqueous solution
agreed well with the computer simulated spectrum
with 4(2N)=4.23 G, 4,(6H)=3.99 G, 4,(4H)=1.57 G,
and 43(4H)=1.33 G.

Theoretical Basis for Line-Width Analysis. In
order to simplify the analysis of the line width of the
ESR spectrum, we assume that the g tensor and the
hyperfine coupling tensor have cylindrical symmetry.
Under this assumption, from the theory of Kivelson,!®
the line width of each hyperfine lines for an ESR spec-
trum of a free radical in a doublet state (S=1/2) is
given by the following equation:

Ty ! = 7[(4/45)(ArH)?+ 2(3/8) 02 [<Ji(Ji + 1) >M;—M]
+ X0 MiM; — (4/15) (A yH)bi M; ] M

— 6 —

Fig. 2. The ESR spectra of DMPZ* (a) observed in 0.1 M SDS solution at
40°C; (b) simulated with 4,(6H)=6.15 G, 42(4H)=1.68 G, 43(4H)=0.66 G,

and AHp,(all peaks)=0.120G;

(¢) simulated with A(2N)=6.63 G,

A(6H)=6.15G; A5(4H)=1.68 G, A3(4H)=0.66 G, AHp(Mx=12)=0.570 G,
AHp(My=%1)=0.256 G, and AHpp(Mn=0)=0.120G.
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Fig. 3. The ESR spectra of MV+ (a) observed in 0.1
M SDS solution at 30°C; (b) simulated with
A1(6H)=3.99G, A2(4H)=1.57G, A3(4H)=1.33G,
and AHp(all peaks)=0.120G; (c¢) simulated with
A(2N)=4.23G, A(6H)=3.99G; A(4H)=1.57G,
A3(4H)=1.33G, AH,(Mx=%2)=0.570G, AH,,-
(MN=%£1)=0.256 G, and AH,,(M~x=0)=0.120G.

In this equation

AY=YI—v1,

0'ij=(1/5)bibj,

bi=(4m/3f(4i)—(4i).}
and 7., H, M;, and <Ji(Ji+1)> are the rotational corre-
lation time, the value of the stationary magnetic field,
the quantum number corresponding to the component
of the stationary magnetic field of the ith group of
equivalent nuclei, and the average value of Ji(Ji+1) for
a given value of M;, respectively. And, v, vy., (4:),
and (4;). are the parallel and the perpendicular com-
ponents of the principal values of gyromagnetic ratio
tensor and hyperfine coupling tensors of the ith
nuclear groups.

For one group of equivalent nuclei with I=1/2,

<Ii(]i+l )>=( 1/2)711 + IWi2

where n; is the number of nuclei in the group. When
n=2 and I=1, <Ji(Ji+1)> is 6, 4, and 8/3 for M; value
of 2, 1, and 0, respectively.

Rotational Correlation Times for DQ~ in Micel-
le. The dissymmetry of the ESR spectra of DQ~ in
nonionic and cationic micellar solutions may be
explained by the incomplete averaging of the aniso-
tropic g tensor and hyperfine coupling tensor for
these radicals due to the restriction of the rotational
Brownian motion by the solubilization to a micelle, as
explained for nitroxide radicals solubilized into a
micelle used as spin probe.
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From the Eq. 1, the line width of each of the hyper-
fine lines for the ESR spectrum of DQ~ with equiva-
lent twelve protons is expressed as follows,

(To)™! = 7.{[(9/20)b2 +(4/45)(AyH )?]
— (4/15)bA7HM + (b2/5)M2} . @)

If the line width due to other relaxation mechanisms
is given by AH,, from Eq. 2 the total peak to peak line
width, AHy,, in the magnetic field unit is expressed as
follows,

AH, = a1 + a;M + ;M2 + AH, 3)

where a,=(2%\/3gB)[9/20)b%+(4/45)(AyH )?]t., a,=(2H]
\/3gB)(4/15)b(AyH)t., and a5=(2%//3gB)(b2/5)1..

Figure 4 shows the dependence of the observed line
width for each peak of the ESR spectra of DQ~ in 0.5
M C;,TMAB solution at 10 and 20°C upon the value
of M. These line width values agreed well with the
quadratic fitted curves according to Eq. 3, and from
these curves the parameters a;, ay, a3, and AH, were
determined.

In order to determine the value of 1., however, the
value of b and Ay must be known. Fortunately, as
shown in Fig. 5, the ESR spectrum of DQ~ in
C1¢TMAB solution has marked unsymmetrical profile,
and is similar to those in a solid matrix, especially at
low temperature. The DQ~ molecule does not have
exact cylindrical symmetry, but the spectrum in Fig. 5
shows that the principal values of the gyromagnetic
ratio tensor and hyperfine coupling tensor of this
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Fig. 4. The dependence of the line width, AH,,, of
the ESR spectrum of DQ- in 0.5M Ci:TMAB
solution on the total nuclear quantum number,
M, of twelve hydrogens at 10 and 20°C.

—
16
Fig. 5. The ESR spectrum of DQ~in0.5M C;s TMAB
solution at 10°C.



Table 1. Rotational Correlation Times
of the Duroquinone Anion in
Various Surfactant Micelles
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) T7X109/s
Surfactant Solution
10°C  20°C  30°C 40°C
0.5M C;2TMAB 3.4 1.5 — —
0.5M Ci4s TMAB — 3.2 2.2 —
0.5M CisTMAB >3 >3 >3 2.9
0.3M TX-100 0.85 0.53 0.37 —
molecule are nearly cylindrically symmetric. From

this spectrum, we have estimated the value of |4,—4, |
and |g/—g.| as 0.225 G and 1.49X1073, respectively.
The values of 7. were determined from the values of a,,
ay, and a3 independently, and they agreed well with
each other. Table 1 shows the values of 7. for DQ~ in
various micellar solutions. These values of 7. decrease
with the increase of temperature, and increase with the
length of the alkyl chain of the surfactants. The 7. of
DQ~ in C,;TMAB solution at low temperature can not
be determined because of the complexity of the ESR
spectrum due to the large anisotropy as shown in Fig.
5. However, these values of 7. may be nearly 1078 s at
10 or 20 °C, because this large anisotropic character of
the spectrum indicates the larger correlation time of
DQ" in this solution. In previous works, almost only
the values of t. for nitroxide radicals in micellar solu-
tions have been reported. Furthermore, the majority of
these values were measured in anionic micellar solu-
tions such as SDS. These values of 7. for nitroxide
radicals in anionic micellar solutions were about 1010
s,1347%12) and those in nonionic micellar solutions were
about 1079 5.6811)

The values of t. for DQ~ in the nonionic surfactant
solution was smaller than those of nitroxide radicals
in nonionic surfactant solutions. This result may be
due to the fact that DQ~ is not only in a micellar phase
but also in an aqueous phase in the nonionic surfac-
tant solution, because the diffusion coefficient of DQ~
in the nonionic surfactant solution determined by cyc-
lic voltammogram was larger than those of micelle
itself. On the other hand, it was shown by cyclic vol-
tammetry that DQ™ in the cationic surfactant solutions
was almost completely captured by the micelle. The
values of 7. for DQ~ in the cationic surfactant solu-
tions measured in this experiment are larger by one or
more orders than those for nitroxide radicals in anio-
nic surfactant solutions cited in the literatures.!34712
This result shows that the rotational diffusion of DQ~
in the cationic micelle was more strongly restricted by
the micelle than the nitroxide radical in the anionic
micelles.

Rotational Correlation Times for DMPZ* and MV*
in the SDS Micelle. From the results for the ESR
spectra of DMPZ* and MV* in SDS solution, it is sug-
gested that the peaks of the ESR spectra of DMPZ* and
MV split by the hyperfine interaction with the nitro-
gen nucleus are extremely broadened except for the
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central peaks corresponding to the zero value of the
total nuclear quantum number of nitrogen, Mn=0.

If the contribution to the line width of each hyper-
fine lines due to the anisotropy of the gyromagnetic
ratio tensor and the hyperfine coupling tensors other
than nitrogen nucleus are neglected, the line width of
each peak is determined only by the value of Mx. In
such a situation, from Eq. 1, the line width of the
hyperfine lines corresponding to the value of My,
which equals to 0, *1, and %2, are (8/40)bn’t.,
(17/40)bn27., and (38/40)bn?t., respectively.

Figures 2 (c) and 3 (c) show the computer simulated
spectra considering the hyperfine splitting by nitrogen
nucleus: 4(2N)=6.63 G (DMPZ*),18 4(2N)=4.43 G
(MV),17 and the contribution to the line width due to
the anisotropy of the hyperfine coupling tensor of the
nitrogen nucleus described above: AHp(Mx=12)=0.570
G, AHy(Mn==1)=0.256 G, and AHp(M~=0)=0.120
G. These spectra reproduced the observed spectra (Fig.
2 (a), 3 (a)) more exactly than the simulated spectra
obtained by neglecting the hyperfine splitting due to
the nitrogen nucleus.

These results show that the ESR spectra of DMPZ*
and MV? in 0.1 M SDS solutions appear to have no
nitrogen hyperfine splittings because of the larger ani-
sotropy of the nitrogen hyperfine coupling tensor
compared with those of the other coupling tensors and
the g tensor.

In order to determine the rotational correlation
times for DMPZ* and MV?' captured by the SDS
micelle, it is necessary to know the anisotropy parame-
ter of the nitrogen hyperfine coupling tensors of these
cation radical, bn. Unfortunately, these values have
not yet been determined experimentally. Therefore,
we must estimate these values from those of nitrogen-
containing paramagnetic compounds. Typical prin-
cipal values of hyperfine coupling tensors for the nit-
rogen nucleus of nitroxide radicals are about 32, 6, and
6 G.1® From these values, an anisotropy parameter,
and an isotropic coupling constant are obtained:
bn=26 G, Ax=15 G. The relative anisotropy parame-
ter defined here, bn/An=1.73, of nitroxide radical is the
largest among those of the nitrogen-containing para-
magnetic compounds.!® If we adopt this value as the
relative anisotropy parameter for DMPZ* and MV*,
the calculated rotational correlation times of these
cation radicals may be the lowest limit of these values.
Assuming that the values of bn’s for DMPZ* and MV*
are 6.63X1.73=11.5 G and 4.23X1.73=7.3 G, respec-
tively, the rotational correlation times for these cation
radicals can be evaluated from the following equation,

AHo(Mx=0)=(2/~/3 )(#/gB)(38/40)bx?T.. (4)

Using the observed line width at 40 °C, i.e. 0.12 G for
DMPZ* and MV*?, the calculated rotational correla-
tion times are 1.4X1071! and 3.4X10°!! 5. These
values are small compared with those for DQ- in cati-
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Fig. 6. The ESR spectra of DMPZ+ in 0.1 M SDS solution at (a) 40°C; (b) 20°C;
(¢c) 0°C. Arrows shows the main peaks splitted by the hyperfine interaction
of an electron spin with six methyl hydrogens.

onic micelles. However, these values are their lower
limit, as described above. Therefore, it is desirable to
determine their upper limit by the other method.

In the above discussion, we have neglected the effect
of the anisotropy of the hyperfine coupling tensors of
the hydrogen atoms. In fact, their anisotropy did
slightly affect the ESR spectrum of DMPZ* at 40 °C,
but appreciably more at lower temperatures. Figure 6
shows the temperature dependence of the ESR spec-
trum of DMPZ?*. Peaks indicated by arrows are the
main peaks split by the hyperfine interactions of an
electron spin with methyl hydrogens. Their intensi-
ties became more unsymmetrical with decreasing
temperature. The degree of dissymmetry is smaller
compared with that of DQ~ in cationic micelle at 20 °C
(ref. Fig. 1). The twelve hydrogens of DQ- is a 8
hydrogen with respect to an odd electron on the ring
carbon atoms. Similarly, the methyl hydrogen of
DMPZ* is also a 8 hydrogen with respect to an odd
electron on the ring nitrogen atoms. The degree of
anisotropy of the hyperfine coupling tensor for a 8
hydrogen is generally smaller compared to an a hyd-
rogen. For DQ~, the relative anisotropy parameter
bu/Awn is about 0.1. It is reasonable to assume that the
relative anisotropy parameter for methyl hydrogens of
DMPZ?* is about 0.1. The isotropic hyperfine cou-
pling constant of methyl hydrogens is 6.2 G, and about
three times larger than that for the hydrogens of DQ".
The contribution of an anisotropy parameter to the
line width of an ESR spectrum is proportional to its
square. Therefore, it is shown that the rotational
correlation time (7;) of DMPZ* is at least smaller than
a tenth of those for DQ™ in cationic micelles, i.e. about
1079 s. The upper limit of the rotational correlation

time of MV* in the SDS micelle can not be determined
because of the complexity of the ESR spectrum of
MV,

From the results shown above, it is concluded that
the rotational coorrelation times (z.) of DMPZ* in the
SDS micelle have a value between 1079 and 10711 s,
and probably about 10719 s. The large difference
between the rotational correlation times for DMPZt in
the SDS micelle and DQ- in a cationic micelle is a
remarkable fact. The reason for this is not yet known,
but it may be noteworthy that the cationic surfactant
has three methyl groups at the positively charged
hydrophilic part, (CH3);N*-, while the anionic surfac-
tant (SDS) has only the -SO;~ group at the hydrophilic
part.

We wish to thank Profs. Hiroshi Fukutomi and
Hiroshi Tomiyasu for giving us facilities in ESR mea-
surement at The Research Laboratory for Nuclear
Reactor in Tokyo Institute of Technology.
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