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The magnetic field effects on the lifetimes of radical pairs (RPs) comprising anthrasemiquinone (AQH-) and alky!
radicals generated in Brij35, HDTC], and SDS micellar solutions of anthraquinone (AQ) and n-alkyl anthraquinone-2-
carboxylates (AQ-n) were studied by laser flash photolysis in high magnetic fields up to 13 T. The RP lifetimes of AQ and
AQ-n in the three surfactants increased along with increasing the magnetic field from 0 to about 2 T. The RP lifetimes of
AQ in Brij35 and HDTCI drastically decreased in a magnetic field from 3 to 13 T, whereas the RP lifetimes of AQ in SDS
were almost constant in the same range of the magnetic field. The increase in the three surfactants was explained by spin-
lattice relaxation (SLR) modulated by anisotropic hyperfine and electron dipole—dipole interactions. The drastic decrease
in Brij35 and HDTCI was interpreted by SLR modulated by an anisotropic Zeeman interaction. The parameters of the
anisotropic g-value and the rotational correlation time for an anisotropic Zeeman interaction were obtained. The constant
RP lifetimes in SDS at a high magnetic field were interpreted referring to an escape process of AQH- from the micelle

core.

Magnetic field effects (MFEs) on photo-induced chem-
ical reactions have been extensively studied over the past
two decades.'—® In very recent investigations,’ > the MFEs
in high magnetic fields beyond 2 T using a pulsed mag-
net and a superconducting magnet have been given some
attention, where most of the MFEs have been interpreted
by a spin-lattice relaxation (SLR) mechanism. In the SLR
mechanism, the MFEs are explained by changes in the SLR
transition rates among singlet and triplet states (T4+«—To
and T,.;+—S) modulated by the magnetic-field-dependent
interactions present in radical pairs (RPs) and biradicals
(BRs). Such magnetic interactions as anisotropic hyperfine
(8hf) and anisotropic Zeeman (dg) interactions of the com-
ponent radicals and electron dipole—dipole (dd) interaction
of RPs and BRs must be taken into consideration. Among
them, Mukai et al. first showed that a reversal appeared in
the magnetic field dependence (MFD) of the BR lifetimes
of anthrasemiquinone—CO,—(CH,);,—~OCO—xanthenyl, and
pointed out the necessity of introducing both interactions
(dhf and 8g) with different rotational correlation times.*®

To verify the effect of the Ohf interaction, it has
been experimentally proved that using magnetic isotopes,
such as *C and ?H with nuclear spin, is very help-
ful. In BRs produced from isotope-substituted benzophe-
none— CO,—(CH;)1,—O—diphenylmethane and benzophe-
none—CO,—(CH;);,—O—phenyl ethanol, Nakagaki et al.
showed the importance of the Ohf interaction on the BR
lifetimes in high magnetic fields (0.1—4 T), and no influ-
ence of isotope substitution on lifetimes above 5 T.!° Using

isotope substitution, Fujiwara et al. recently evaluated local
magnetic fields, showing the strength of the dhf interactions
of BRs (BPH-—O—CH,;),—~O-BPH-) comprising two equiva-
lent benzophenone (BP) ketyl radicals (BPH-s)." As for the
dd interaction, Fujiwara et al. showed that the dd interaction
plays an important role in SLR of 2H-substituted BRs of
BPH-—0O—(CH,);,—O-BPH-, because the importance of dhf
interaction is reduced.

However, a systematic, quantitative study of the &g inter-
action is still being left as a continuing open question. The
Og interaction is derived from each radical composing RP,
and therefore the dg interaction in RP consists of all of the dg
interactions. In a previous paper, where MFDs of RPs gen-
erated from BP in micellar solutions were reported,’® only
a qualitative interpretation of the dg interaction of RPs was
mentioned, since only the experimental MFD data of BP were
insufficient for interpreting the dg interactions of the com-
ponent BPH- and alkyl (R-) radicals separately. However,
in a comparison with the MFD data of BP, this study on AQ
derivatives in micellar solutions could afford quantitative
information individually on the &g interactions of anthra-
semiquinone (AQH-) and R- radicals, using the strong solute
(AQ and BP) and micellar dependence of the MFDs of the
RP lifetimes. Changing a solute from BP to AQ in addtion to
micellar solvents enhanced the variation in the MFDs useful
for a quantitative analysis of dg interaction. The advantage in
RPs, not BRs, is that it is facile to vary chromophores related
to the photoreaction. Whereas Nakagaki et al. demonstrated
that the use of magnetic isotopes, such as '3C and *H with
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nuclear spin, made it possible to investigate the &hf interac-
tion quantitatively,”!® we show in this paper that the strong
solute and micellar dependence of MFDs of the RP lifetimes
is very effective for evaluating the 0g interaction of each
component radical in the case of RPs in micellar solutions.
Furthermore, a quantitative study on the dg interaction will
become helpful for making a clearer distinction between the
dg interaction in the SLR mechanism and the Ag mechanism
that gives rise to the same effect of decrease on the RP and
BR lifetimes in high magnetic fields.

Experimental

Materials. Anthraquinone (AQ) (Nacalai) was purified by
recrystallization. The synthesis of n-Alkyl Anthraquinone-2-car-
‘boxylates (AQ-CO,—(CHz),—1—CHs, n = 2, 3, 4, 6, and 8) (AQ-n)
(Chart 1) was described in a previous study.'** Highly-purified poly-
oxyethylene (23) lauryl alcohol ether (Brij35), hexadecyltrimetyl-
ammonium chloride (HDTCI), sodium dodecyl sulfate (SDS) were
used as received from Nacalai. The concentrations of the AQ
derivatives, Brij35, HDTCI, and SDS were 0.0013, 0.1, 0.4, and
0.4 moldm™>, respectively. All aqueous micellar solutions were
degassed by several freeze-pump-thaw cycles to remove oxygen.

Apparatus.  For determining the RP lifetimes at room tem-
perature, transient absorption signals were measured by a pulse
magnet-laser flash photolysis apparatus.®>* The pump and probe
light sources were the third harmonics (355 nm, fwhm 4—6 ns) of
a Nd: YAG laser (Spectra-Physics, GCR-11-1) and a Xe arc lamp
(Ushio, 150 W), respectively.

Results

Transient Absorption and Reaction Scheme. The
transient absorption spectra obtained in the laser photolysis
of AQ in a Brij35 micellar solution in the absence of an
external magnetic field showed absorption bands at 400 and
700 nm for a 0.16 ys delay and at 380 nm for an 8 ys delay,
respectively (Fig. 1). From the literature,' the bands at 400
and 700 nm were assigned to the excited triplet state (*AQ™)
of AQ and AQH-, whereas the band at 380 nm was ascribed to
recombination products in the micelle. Other AQ derivatives
(AQ-n) showed similar spectra. The reaction scheme in the
photoreduction of AQ in a micellar solution is as follows:

hv 355 nm

AQ ——— 'AQ’ W
'AQT —=— AQ” @
3 * Hydrogen abstraction 4

AQ"+RH —————— °[AQH-+R-] 3)

C, SLR

SAQH-+R-] —— " 1[AQH-+R-] @)

’[AQH-+R-] —— AQH- +R- (escape radicals) 5)

SO-induced ISC
—_—

3[AQH-: +R'] Products (6)

'[AQH-+R:] —— AQH-R (recombination products)(7)

3AQ* formed via the excited singlet state ('AQ*) of AQ
causes intermolecular hydrogen abstraction to yield the
triplet RP *[AQH- + R-] °RP) (Eq. 3). 3RP partly undergoes
intersystem crossing (ISC) and SLR to the singlet RP ' [AQH-
+R-] (!\RP) (Eq. 4). Equation 4 consists of (T, Tg)«—S
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Fig. 1. Time-resolved transient absorption spectra obtained
upon photoexcitation of AQ in Brij35at0 T.

pathways in the absence of an external magnetic field and
T11—To+—S and T4 ;«——S pathways in the presence of
the magnetic field, as shown in Scheme 1. The magnetic
field affects the process described by Eq. 4 to change the RP
lifetime. >RP partly generates escape radicals (Eq. 5) and
partly disappears to the ground state products via spin-orbit
(SO)-induced direct ISC (Eq. 6), which is assumed to be
magnetic-field-independent.'” 'RP produces recombination
products as a micellar cage product (Eq. 7). An intramolecu-
lar hydrogen abstraction reaction in AQ-»n was ignored, based
on an experimental result that the lifetime (30.4 us) of 3AQ*-
8 in Freon® 113 was extremely long.'** Since Freon® 113,
which has no hydrogen, is inert toward a hydrogen abstrac-
tion reaction, the long lifetime (30.4 us) means an inefficient
intramolecular hydrogen abstraction reaction from its octyl
chain. Therefore, the counter radical obtained in this study
was considered to be R-, which was generated from the sur-

SLR
shf 5g T
&7 SLR
ISC ISC Shf &g dd
§—— €«>» =T+1,T0,T-t S— €> To
Ag
SLR
Y\ yohf 5g dd
SLR T-1
Shf 3g
B,=0 B,>01T
Scheme 1.
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factant.

Magnetic Field Effects on RP Lifetimes. Figure 2
shows the transient absorption decay profiles of AQ in Brij35
measured at 400 nm in both the absence and presence of
external magnetic fields up to 13 T. These profiles are de-
pendent on the external magnetic field in their decay rates
and intensities. At O T, the profile at 400 nm consists of three
components of two exponential decays (zr and rp in Eq. 8),
in which the pre-exponential factor for the faster decay (7r)
is very small, and the very long-lived component (A(3) in
Eq. 8), which dose not evolve in the time range of the obser-
vation ( < 35 us). Figure 2 also depicts the profile at 700 nm
at 0 T. Since the profile at 700 nm comprises a large extent
of the faster decay, whose lifetime was the same as 71 at 400
nm, the profile was used for estimating the faster decay time.
From the above-mentioned spectral assignments and the fact
that the faster decay (zr = 154 ns in Brij35, 126 ns in HDTCI,
and 335 ns in SDS) was independent of the magnetic field,
the faster decay observed at both 400 and 700 nm was re-
ferred to >AQ*. On the other hand, the RP lifetimes (7gp) in
magnetic fields were obtained from the decay profiles at 400
nm, since the absorption at 400 nm was attributed to both
3AQ* and AQH-, as described above. The slower exponen-
tial decay (zgp) and long-lived component (A(3)) at 400 nm
were dependent on the magnetic field, and were assigned to
the RP and a combination of the escaped AQH- and recom-
bination products, respectively. Hence, the decay profiles at
400 nm were analyzed by the following equation:

A@t) =A(1) exp(—t/7r) +AQ2) exp(—t/wp)+A(3), (8)

where A(7) is the absorbance at time ¢, 7r and 7gp are the
lifetimes of *AQ™ and RP, and A(1) and A(2) are their pre-
exponential factors. Parameter A(3) is the absorbance due to
the combination of the escaped AQH- and the recombination
products, since the escaped AQH- did not practically decay
within the time range of the observation ( < 35 us). The
value of 77 obtained from the decay profile at 700 nm was

0.4
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Fig. 2. Decay profiles of transient absorption obtained upon
photoexcitation of AQ in Brij35 at magnetic fields of 0, 2,
and 13 T monitored at 400 nm. Inset is the decay profile at
0 T monitored at 700 nm.
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fixed throughout the analysis of the decay profiles at 400
nm. The signs of the pre-exponential factor A(1) for =t
were obtained to be negative throughout the analysis of the
decay profiles in the presence of a magnetic field, which
allows us to understand that the magnetic field dependence
in the absorbance at 0 ps of the decay profiles in Fig. 2
results from the major contribution of RP generated at the
expense of AQ*. The decay profiles of AQH--n, which had
similar transient absorption spectra, were analyzed in the
same manner. The obtained RP lifetimes of AQ and AQ-n
are listed in Table 1, and their MFDs are illustrated in Figs. 3
and 4.

Brij35. The RP lifetimes in Brij35 at 0 T were 1.6 us
(AQH.), 1.4 pus (AQH--2), 1.5 us (AQH--3), 1.4 us (AQH--
4), 1.3 us (AQH--6), and 1.5 us (AQH--8), respectively, in
which no significant difference was observed within the ex-
perimental accuracy. The long RP lifetimes at O T, compared
with that (ca. 200 ns) in a BR consisting of AQH: and xan- .

Table 1. RP Lifetimes (us) Generated from AQ and AQ-n
in Micelles at Magnetic Fields®

M tic field/T
Quinone Surfactant agnetic he

0 05 13 2 31 57 10 13
AQ Brij35 16 46 63 6 59 52 43 38
AQ HDTCI 15 46 9812 97 9 8 59
AQ SDS —»27 35 4 33 39 4 39
AQ-2 Brij35 14 5 56 53 5 44 38 36
AQ-3 Brij35 15 57 58 66 6 48 39 4
AQ-4 Brij35 14 62 68 69 62 52 37 39
AQ-6 Brij35 13 66 72 66 66 53 45 4
AQ-8 Brij35 15 61 7.1 69 63 57 43 42

a) Experimental error was about 10%. b) The value was not ob-
tained because of the low quantum yield of hydrogen abstraction,
as indicated by the long >AQ* lifetime (335 ns).

5
Bo/T

Fig. 3. Observed MFD plots of RP lifetimes of [AQH:+R-]
generated in Brij35 (O), HDTCI (@), and SDS (4). Solid
lines in Brij35 and HDTCI were calculated using Eq. 11
with (g : g)agu+) =4.7x107, Taqusy = 1.0 ps, (g: &r+) =
5.3%107%, zg.) = 1.1 ps, and kr = 5x10* s~! and using
Eq 13 with (g : g)(AQH-) =4.7x 10_6, Te(AQH*) = 1.0 ps, and
kr =5%10* s71, respectively.
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thenyl radicals,” may be due to slow recombination. The
RP lifetime of AQ steeply increased from 1.6 us at 0 T to 6.0

us at 2 T with the magnetic field, and then slowly decreased.

to 3.8 pus at 13 T. The maximum RP lifetime was obtained
at around 2 T. The RP lifetime at 2 T increased to ca. 370%
of that at O T, and the lifetime at 13 T decreased to ca. 60%
of that at 2 T. The increment (Ak3;—;37) in the decay rates
was 9.4x10* s~! (Table 2), which was calculated from the
lifetimes at 3.1 and 13 T and showed the magnitude of the
dg interaction, as will be described later.

Similar reversals in the lifetime were observed in AQH--
n in Brij35, and their maximum lifetimes also appeared at
around 2 T (Fig. 4). Similarly, the RP lifetimes at 2 T
increased up to > 370% of the lifetimes at 0 T, and those
at 13 T lessened to ca. 60% of the respective maximum
lifetimes at 2 T. The similar extent of increments, Akz——q37
((7.8—9.8)x10* s~ 1), were obtained in all AQH--n as well
as in AQH- (Table 2).

In each magnetic field of 0.5, 1.3, 2, 3.1,5.7, 10, and 13 T
listed in Table 1, the RP lifetimes of AQ-# in Brij35 showed
the dependence of the methylene chain length (r), in which

Table 2. Increment (Aks—i3r) in Observed RP Decay Rates
(kgp) as Increasing Magnetic Fields from 3.1 to 13 T%

Quinone Surfactant Akz—137/10% 57!

AQ Brij35 94
AQ HDTCI 6.6
AQ SDS -

AQ-2 Brij35 7.8

AQ-3 Brij35 8.3

AQ-4 Brij35 9.5

AQ-6 Brij35 9.8

AQ-8 Brij35 7.9

a) Experimental error was about 10%. Data in Table 1 were used
for the calculation. b) The value was not calculated accurately
because of its very small increment compared with the experimen-
tal error.

High Magnetic Field Effects on RP Lifetimes

they became long when n increased. For example, the RP
lifetimes at 1.3 T were 5.6 us (AQH--2), 5.8 us (AQH--3),
6.8 us (AQH--4), 7.2 us (AQH--6), and 7.1 us (AQH--8),
respectively.

HDTCIL. The RP lifetimes in HDTCI were longer than
in Brij35 above 0.5 T. A reversal in the MFD of the RP
lifetimes was also observed. The lifetime of 1.5 us at 0 T
increased to 12 ps at 2 T and then decreased to 5.9 ps at 13
T. The maximum lifetime was detected around 2 T. The
RP lifetime at 2 T increased to 800% of that at O T, and the
lifetime at 13 T decreased to ca. 50% of that at 2 T. The
increment (Aks—j37) in the decay rates from 3.1 to 13 T
was 6.6x 10* s~! (Table 2). This value was smaller than that
(9.4x10* s71) in Brij35.

SDS. The RP lifetime at 0 T in SDS was not obtained,
because of the low AQH- generation, as suggested by the
long 3AQ* lifetime (7 = 335 ns), compared with the other
surfactants (zp = 154 ns in Brij35 and 126 ns in HDTCI).
Therefore, the RP lifetimes were measured above 0.1 T. The
lifetime of 1.5 us at 0.15 T increased to 4.0 us at 2 T and
showed no detectable change above 2 T within the exper-
imental accuracy. No reversal in the MFD of the lifetime
appeared, which was different from the cases of Brij35 and
HDTCI. The lifetimes were shorter than, or equal to, those
obtained in Brij35 and HDTCI in all magnetic fields.

Discussion

Mechanism for MFEs. Scheme 1 shows energy di-
agrams of RP in both the absence and presence of a high
magnetic field larger than 0.1 T when the exchange interac-
tion is negligibly small. In the absence of a magnetic field,
3RP decays rapidly via Eqs. 4 and 7 ((T+;,To)—S—
(recombination products) pathways in Scheme 1). In a field
higher than 0.1 T, where the three substates (T, Ty, and
T_)) are energetically separated, there are two well-known
mechanisms for MFEs. They are mechanisms of (1) Ag
and (2) SLR. The former causes a decrease in the RP life-

By/T

Fig. 4. Observed MFD plots of RP lifetimes of [AQH-—n+R-] (n =2, 3, 4, 6, and 8) generated in Brij35. Solid lines were calculated
using Eq. 11 with (g : g)aon+) =4.7x107°, Taque = 1.0 ps, (g : @)y =5.3x107°, 7y = 1.1 ps, kr =8x10* s™! (n=2), 6x10*
sT1(n=3),5x10*s7! (n=4),4.6x10* s~ (n=6), and 3.5x10* s™! (n=8).
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time with the magnetic field, while the latter causes both an
increase and a decrease.

In the former mechanism, the parameter Ag is the dif-
ference in the isotropic g-values of the component radicals
of RP. From the Ag value (0.0013) between AQH: and R-
(g(AQH°) =2.0044 and 8(MeC-HOEY) = 2.0031),16’17 the Ag—in—
duced ISC (Ty—S) rate constant at 10 T can be estimated
to be 5.7x10% s~!. Since the experimental RP decay rate
(2.3x10° s~') of AQ-8 at 10 T, which is calculated from its
lifetime (4.3 ps), is much smaller than the calculated ISC rate
(5.7x 108 s~1) by three orders of magnitude, the Ag-induced
To—S ISC is not a rate-determining step of the RP decay ata
high magnetic field. Therefore, the Ag mechanism seems to
be inadequate for explaining the decrease in the RP lifetime
at a high magnetic field ( > 2 T).

In the latter mechanism, if the initially populated state of
RPis a triplet, the RPs populated in the S and T, states cannot
proceed to the substates T4 because of the fast process of
To—S——recombination products. Therefore, the RP de-
activation at a high magnetic field (> 0.1 T) can be assumed
to be controlled mainly by the T4;+«—Ty and Ti;«—S
pathways. In the SLR mechanism for RP, in general, the
T414Tp and T4, <S transitions are considered to be mod-
ulated by three interactions: the dhf and Og interactions in
each component radical, and the inter-radical dd interaction
in RP.

Thus, the observed decay rate kgp of RP composed of
radicals AQH- and R. is expressed by**+

krp =1/ tp =(1/2) {k(AQH- : Ohf,dg)+k(R- : Ohf,dg)}
+k(dd) + kr, ©)]

where k(AQH- : 0hf,dg) and k(R- : 8hf,dg) are the SLR rate
constants governed by the 8hf and Og interactions in each
component radical and k(dd) is an SLR rate constant de-
termined by the dd interaction in RP. The last term k7 is
the rate constant for the direct disappearance from the *RP
sublevels, which consists of the magnetic-field-independent
escape (Eq. 5) and SO-induced ISC" (Eq. 6) processes. By
using explicit expressions for the Ohf, 6g, and dd interac-
tions, Eq. 9 is rewritten as a function of the magnetic field
(B0)29h,18,19

kep = 1/7rp = (1/2){k(AQH- : 8hf,dg) +k(R- : Ohf,dg)}
+k(dd) + kt
=(1/DH{(1/B/ W2 : &aqu-B
+Y Hiaque)  Teaoiy /(1 + VB3 Taague)
+H(1/5)B/M)(g : &w-Bs
+72H120c(R-)} Twre/(1+ }’23(2) Tcz(R-))]
+Y*HL T /(1 + VB3t +kr, (10)

where £ is the Bohr magneton, # is Plank’s constant divided
by 27, By is the external magnetic field, and y is the magne-
togyric ratio of an electron on AQH-: and R- and is assumed
to be equal to a free electron. The parameters 7. and 7/ are
the rotational correlation times of spin tumbling for the Ohf
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and &g interactions of AQH- and R- and for the dd interac-
tion between the two radicals, respectively. The parameter
(g: g) is the inner product of the anisotropic g tensor. The
parameters Hjoc and Hyq are local magnetic fields due to the
Ohf and dd interactions, respectively.

According to the SLR model for MFE,'®" the RP life-
time determined by SLR due to the &hf and dd interactions
increases with the magnetic field, whereas the lifetime deter-
mined by SLR due to the 8g interaction decreases with the
magnetic field. Therefore, the MFD curves in Figs. 3 and 4
were classified into two regions: 0.1—2 T (MFE predomi-
nantly due to the dhf and dd interactions) and 3—13 T (MFE
mostly due to the dg interaction).

MFEs in 3—13 T. In By=3—13 T, a decrease in the
RP lifetime due to the &g interaction was observed for AQ
in Brij35 and HDTCI (Fig. 3) and AQ-# in Brij35 (Fig. 4).
At 13 T the lifetimes of AQ and AQ-#n in Brij35 decreased
to ca. 60% of their maximum lifetimes. The lifetime of AQ
in HDTCI decreased to ca. 50% of its maximum lifetime.
Whereas the Ohf and dd interactions decelerating SLR are
still active in 0.1—2 T, those interactions in 3—13 T can be
neglected because their contributions to the lifetime reduce
as 1/(1+y?B312), as shown in Eq. 10.

Neglecting the terms for the 8hf and dd interactions, Eq. 10
can be rewritten as

krp = 1/ e = (1/2) {k(AQH- : 8g) +k(R- : 8g)} +kr
=(1/2[{(1/5)XB/FY (g : g)aqu~Bs} Teacn)
/A + 7’23% Tc2(AQH-))
+{(1/5)B/M(g : &)wr)Bo} Tews)
/A +¥’ By gyl + kr 11

The increments (Aks—,;37) in the decay rates from 3.1
to 13 T, which were calculated from their lifetimes, were
(7.8—9.8)x10* s~! in AQ and AQ-# in Brij35 and 6.6x 10*
s~ in AQ in HDTCI. The increment in AQ in HDTCI was
smaller than that (9.4x10* s~!) in AQ in Brij35. To under-
stand these results, MFD of the RP lifetimes of BP in HDTCI
should be used as a reference, since it showed no significant
reversal in the lifetime above 4 T2 In fact, Aks— 31 of
0.64x10* s~! in BP in HDTCI was negligibly small, com-
pared with the results obtained in this study. Therefore, these
values may be categorized into three regions:

AQ and AQ-n in Brij35 ((7.8—9.8) x 10* s7")
> AQ in HDTCI (6.6 x 10* s71)
> BP in HDTCI (0.64 x 10* s™1). 12)

The relation among the three regions directly means the re-
lation in the magnitude of the dg interactions of these RPs.
In fact, the experimentally-obtained RP lifetimes in 3-—13
T were arranged as AQ in Brij35 < AQ in HDTCI < BP
in HDTCI, where the shorter lifetime means a stronger dg
interaction. ~

In SDS, on the other hand, the RP lifetime showed no
detectable decrease above 2 T within the experimental error.
This fact means that the lifetime is determined by the mag-
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netic-field-independent processes, such as the escape (Eq. 5)
and SO-induced ISC (Eq. 6), and that the contribution of
Og interaction is negligibly small above 2 T. Although the
reason why the RP decay in SDS is determined by the mag-
netic-field-independent processes is obscure at present, the
following speculation may be conceivable: BP is known
to dissolve in the Stern phase, which is the space between
the hydrophilic (SO4~Na*) and hydrophobic (CH3(CHz)11)
parts of SDS. From a structural similarity to BP, AQ is
also considered to dissolve in the Stern phase, probably pre-
dicting that the escape rate of the generated AQH- from
the micelle is affected by a spatial hindrance around hydro-
philic functional groups (SO4~Na* in SDS, N*(CH;);Cl™ in
HDTC], and (OCH,CH;),30H in Brij35) of the surfactants.
“The two bulky head groups (N*(CH3);Cl™ in HDTCI and
(OCH;CH,),30H in Brij35) could play the role of a cover
on the micelle to inhibit the escape of AQH- from the mi-
celle. However, the relatively small head group (SO4~Na*)
in SDS hardly seems to inhibit the escape, compared with
those in HDTCI and Brij35.

Estimation of (g : g)xaon-) and 7 aqn.) of AQH-. To
determine either AQH: or R- of HDTCI as an important ori-
gin of the dg interaction, MFD of the RP lifetime of AQ
in HDTCI should be compared with that of BP in HDTCL
Equation 12 indicates that the magnitude (I55(X)) of the
dg interaction of a radical X in HDTCI is I5;(AQH- and
R+) > Is,(BPH- and R-) > I5,(R-). Since Akz— 31 for BP in
HDTClis 10-times smaller than Aks— 37 for AQ in HDTCI,
as shown in Eq. 12, I5,(R-) is interpreted to be less than 10-
times I5,(AQH- and R-). Therefore, the magnitude of the dg
interaction of R- of HDTCI can be assumed to be negligibly
small, compared to that of AQH-; that is, the reversal in the
" RP lifetime in the high magnetic field can be assumed to be
due to only the &g interaction of AQH.-.

Thus, Eq. 11 for AQ in HDTCI can be simplified as

krpren = 1/ we@pren = (1/2){k(AQH- : 0g)} + kraprcy
= (1/DH{A/5)B /Mg : &)aquBs} Taqn/(1+ ¥*Bi Toiagu)]
+ kr@pTe. (13)

Hence,

1/(krp@oren — kr@prey) = 1/(1/ we@pren — kr@EpTen)
=2{7" Taqne) + 1/ (Taaus BOY/{(1/9)B/B) (g + ghaqun}- (14)

This equation shows that the left-hand term is linearly pro-
portional to 1/B}, and that the parameters of (g : g)aqn-) and
Taqu-) for the Og interaction of AQH- can be evaluated
from the slope and intercept of the plot when the left-hand
term 1/(1/trp — kr@prcy) is plotted against 1/B3. Those pa-
rameters are estimated according to the following relation
of (g : g)aqu-) = 2y{(slope) x (intercept) } ~O>/{(1/5)(B/R)*}
and T, aqn-) = { (intercept)/(slope)}°> / y. To avoid contribu-
tions of the dhf and dd interactions as much as possible, the
RP lifetimes measured only above 4.4 T were used in Eq. 14
(Fig. 5a). The parameter kruprcy was varied so that the plot
represented a linear relation. The parameter krgprcy used
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(kRP(HDTC!)'kT(HDTCI))-1 I us

401y

0 002 004
B2/ T?

(AkRP(BﬂjSS-HDTCI)"AkT(Bti]SS-HDTCI))-1 I pus

Flg 5. (a) The plOt Of ll(kRp(HDTcD _kT(HDTCI)) versus I/B%
according to Eq. 14. (b) The plots of 1/(Akrprij3s—upTCl) —
Akr(®rij3s-HDTCl)) VErsus 1/B3 according to Eq. 15.

was (5+0.5)x 10* s~1. The slope and intercept for AQH- in
HDTCI were calculated to be 270445 us T? and 8.741.7 ps,
respectively, by means of a least-squares fitting with Eq. 14
(Fig. 5a). From the fitting, (g : g)(AQH') and Te(AQH") for AQH-
were calculated to be (4.7+0.6)x10~® and 1.0+0.1 ps, re-
spectively (Table 3). The solid curve in Fig. 3, calculated
with the obtained (g : g)(aqn-) and zeaqu-), is well superim-
posed on the experimental MFD plot above 5 T, where the
Og interaction plays an important role.

Estimation of (g : g)r-) and 7r.) of R- of Brij35. The
value (9.4x10* s™1) of Aks—131 for AQ in Brij35 in Table 2
was larger than that (6.6x10* s~!) for AQ in HDTCI. This
result suggests that the dg interaction due to R- of Brij35
plays a more important role than that of HDTCI based on
the assumption that the contributions of the &g interaction
of AQH- are almost the same between Brij35 and HDTCI.
Therefore, the shorter RP lifetimes in Brij35, compared with

Table 3. (g:g) and 7. Obtained for the dg Interaction of ’
Component Radicals and kr

Corr:dp;(;lslent Surfactant (g : g)/ 10~° w/ps  kr/ 10* s~
AQH- HDTCl 474+0.6  1.0+0.1 5+0.5
R. Brij35 5.34+1.5 1.1+0.3 5+1
AQH--2 Brij3s — —_ 8+1
AQH--3 Brij35 — — 6x1
AQH--4 Brij35 — — 5+1
AQH--6 Brij35 — — 4.6+0.8
AQH--8 Brij35 — — 3.5+0.7
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in HDTCI at each magnetic field, are recognized as being the
Og interaction enhanced by R- of Brij35. At each magnetic
field above 3 T, as shown in Table 1, the increments (Akgrp)
in the observed RP decay rates between Brij35 and HDTCI
are expressed as the difference between krpesijzs) (Eq. 11)
and krpqpren (Eq. 13). The term for the Og interaction due
to AQH- is canceled by subtraction:

Akrp(grij3s—HDTCH = kRP(Brij3s) — kRPMHDTCI)
=(1/2){kR- : 8g)} + kr(grijss) — kruprcy
=(/DH{A/5)B/R(g : RanBo} e
/(1 + "By tig)] + Akrgps—worey,  (15)

where kr(gyij35) and kraprcy denote the magnetic-field-inde-
pendent terms expressed in Eqs. 5 and 6, and Akrgrij35—HpTC)
is the difference between them. Therefore, according to the
same procedure as shown in Eqs. 13 and 14, the parameters
of 7r.) and (g:g)r.) for the dg interaction due to R- of
Brij35 are evaluated from the plOt of 1/ (AkRP(Brij35—HDTC1) —
Akr@izs—uprcy) versus 1/B} (Fig. 5b). The parameter
Akr@rjzs—apreny was varied so that the plot represented
a linear relation. The obtained parameter krrjzs) was
(5£1)x10* s7!, using the already obtained kr@prcy =
5x10* s~!.  From the obtained slope and intercept,
(g:8)r+ and .y for R- of Brij35 were calculated to be
(5.3+1.6)x107° and 1.140.3 ps, respectively. The solid
curve in Fig. 3, calculated by Eq. 11 and the obtained
parameters of (g : g)aqu-) = 4.7x107°, 7yaqu- = 1.0 ps,
(g:8)®ry=5.3%x10"°, g, =1.1 ps, and kr = 5x10* s7!
for AQ in Brij35, well reproduced the experimental MFD
plot above 4.8 T, which proves the g interactions due to
both AQH: and R- of Brij35.

In summary, the key radicals which determine the magni-
tude of the &g interaction, that is, the RP lifetime, could be
denoted as
() AQH- for AQ in HDTCI,

() AQH: and R- for AQ in Brij35.

As for the MFDs of AQ-# in Brij35, a good reproduc-

tion was obtained using the same parameters ((g : g)aQH-) =
4.7x 10‘6, To(AQH-) = 1.0 ps. (g: g)(R-) =5.3x 10;6, TR+ =
1.1 ps) for AQ in Brij35 (Fig. 4). The kr parameters used
were (84+1)x10* s7! (AQH--2), (6£1)x10* s~ (AQH--3),
(5+1)x10* s~ (AQH:-4), (4.64+0.8)x10* s~ (AQH--6),
and (3.540.7)x10* s~! (AQH--8), respectively. These val-
ues (Table 3) decreased when the length (7) of the methylene
chain became long. Since k1 seems to be predominantly
determined by the escape process (Eq. 5), as will be de-
scribed later, the obtained trend of a smaller &t in a larger n
is apprehensible.

Discussion for (g :g) and 7. Obtained. As for (g: g),
the value ((4.7£0.6)x107°) for AQH- is similar to both
the value (10.6x10~°) for AQH. estimated using a g tensor
(g1 =2.0067, g; =2.0044, and g3 = 2.0021) supposed™ and
the experimental values ((7.69—9.36) x 10~°) so far reported
for structurally similar benzosemiquinone-alkali metal ion
(Li*, Na*, and K*) pairs.?>*® This similarity in (g: g) sug-
gests the validity of this kind of analysis (Egs. 11, 12, 13, 14,
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and 15). The large (g : g) value ((4.740.6)x 10~5) for AQH-,
compared with that (0.447 x 10~9) calculated from a g tensor
(g1 =2.0035, g, =2.0033, and g3 = 2.0026) for an alkyl rad-
ical of HC-(CO,H),,* is considered to arise from the spin
population on an oxygen atom of a phenoxyl radical moiety
in AQH-. This may be supported by the large (g:g) value
(9.68x107%) for L-tyrosine-derived -OPhCH,CH(NH;3")-
COO~ (g, =2.0023, g =2.0067, and g3 =2.0045),** which
has the spin population on the oxygen.

On the other hand, the (g:g) value ((5.341.6)x107%)
for R- of Brij35 was occasionally obtained to be similar
to that ((4.74£0.6)x107%) for AQH-. The reliability of
this (g:g) value for R- might be supported by the value
(6.54x107°) based on a g tensor (g; =2.0053, g, =2.0038,
and g3 = 2.0017) for HC-(OH)(CO,H), which has a similar
structure from the point of view that an oxygen atom links
up with a carbon radical.*® The large value for R- of Brij35
also seems to be due to some extent of the spin population
on the oxygen atom.

The compatibility of the experimentally-obtained (g:g)
values for AQH- and R- of Brij35 with those in the liter-
ature may allow us to accept the already above-mentioned
assumptions used in estimating (g:g) and 7.: (1) the mag-
nitude (I55(R-)) of the dg interaction of R- of HDTCI is
negligibly small in comparison with I5,(AQH-), which was
used in estimating AQH-, and (2) the contribution of the dg
interaction of AQH- between Brij35 and HDTCI is almost
the same, despite the different surfactants, which was used
in estimating R- of Brij35. The key for estimating (g: g) and
7 is assumption (1); that is, Is,(R-) =0 in HDTCI. This as-
sumption (1) is based on the fact in HDTCI that I54(R-) is less
than 10-times I5,(AQH- and R-) in the relation of Is,(AQH-
and R-) > I5,(BPH- and R-) > I54(R-), as already shown in
Eq. 12.

As for 1, the values of 1.0+0.1 ps for AQH- and 1.1£0.3
ps for R+ of Brij35 are both exceptionally small compared
with that (59 ps) calculated using the Stokes-Einstein-Debye
(SED) equation, which is often used to estimate 7, for the rad-
ical motion as a whole. Obviously, these small values cannot
be assigned to the radical motion as a whole. These seem to
be attributable to fast local motions present inside the radical
molecules. In our previous studies,”**—%¢10 similarly drastic
reversals in the MFDs of lifetimes of BRs linked by flexible
methylene chains were measured in homogeneous solutions.
In the most drastic decrease among them, the BR lifetime in
an a-cyclodextrin inclusion complex of phenothiazine—vi-
ologen chain-linked compound lessened to about 30% of
the maximum lifetime.*” From an analysis of MFD, an ex-
tremely small 7. (1 ps) was obtained. As an environmental
character surrounding the component radicals, the viscosity
of a homogeneous solution should be very different from
that of a micellar solution. Therefore, if the g interaction
would be determined by the environment and radical motion
as a whole, 7; must be greatly different mutually between
them; that is, 7. must depend on the solution and the over-
all size of the radical molecule. The similarity in 7. of the
apparently different environment and structurally-different



1712 Bull. Chem. Soc. Jpn., 72, No. 8 (1999)

radicals (AQH- and R- of Brij35) might imply the respon-
sibility not due to the radical motion as a whole, but to fast
local motions probably commonly present inside the radi-
cal molecules with such a small correlation time. Although
we cannot exactly state the assignment of the fast local mo-
tions at present, local motions similar to a torsional vibration
around C-N bonds linking an alkane to pyridyl and/or phe-
nothiazine rings, suggested in the phenothiazine-viologen
inclusion system,’ might be responsible for the small ..

MFEs in 0.1-—2 T.  Since the increase in the lifetime
was detected in this low magnetic field region of By =0.1—2
T, the dhf and dd interactions due to AQH- and R- should be
taken into consideration. The 8g interaction can be ignored,
since its contribution is negligibly small in this region be-
cause of its B dependence, as shown in Eq. 11. Therefore,
by subtracting Eq. 11 from Eq. 10, the RP decay rate constant
Akgp in this low magnetic field region is expressed as

Akrp = (kgp in Eq. 10) — (kgp in Eq. 11)
=(1/2){k(AQH- : 8hf) +k(R. : dhf)} +k(dd)
= (1/ 2)[V2H120c(AQH-)Tc(AQH-) / 1+ J’ZB?) Tcz(AQH-))

+72H120c(R-) Tre /(1 + 7’233 TcZ(R-))]

+y Har, /(1 + y*Byt). (16)

Since there are unknown parameters, such as Hyy., Hyq, T,
and 7/ in Eq. 16, it is difficult to distinguish the 8hf interac-
tion quantitatively (Hj,. and 7.) from the dd interaction (Hyq
and %) without experiments, such as concerning the mag-
netic isotope effects on the MFE.#8285102122 Tg evaluate
the dhf interaction independently in distinction from the dd
interaction, the lifetime of a naturally-abundant RP should
be compared with that of a magnetic-isotope (*H, 13C, °N,
and so on)-substituted RP. These magnetic isotopes have nu-
clear spins to enlarge only Hj,, for the dhf interaction without
affecting any other parameters in Eq. 10. In this work, there-
fore, the effective values of the local magnetic field (Heg)
and rotational correlation time (7.¢) averaged for both the
Ohf (Hioc and 7.) and dd (Hyq and ) interactions were ten-
tatively evaluated. Although the two correlation times of
7. and 7 should be essentially different from each other,
7. = T, = Tog Was assumed because of no practical informa-
tion on the values at present. However, this assumption is
sufficient to elucidate which radical between AQH- and R-
in the micelle is predominantly related to determining the RP
lifetime, as will be described later. Since the terms of the dhf
and dd interactions in Eq. 16 are shown by the same expres-
sion on the local magnetic field (H,,. and Hgq), the rotational
correlation time (7. and z), and the external magnetic field
(Bo), Eq. 16 is rewritten for AQH- in Brij35 as

Akrperijzs) = (krprijss) in Eq. 10) — (krperijzs) in Eq. 11)

=Y HaTesr /(1 + Y B ). an

From the reciprocal of Eq. 17, the following equation is
obtained:

1/ Akrpeeeizs) = 1/(y* Hetr” Test) + Bo” Tett / Hett- (18)
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Equation 18 denotes that the effective mean values of Heg
and 7. can be obtained analytically from the values of the
intercept (1/()/2H§ff Tesr)) and the slope (Teff/Hgff) when the
left-hand term in Eq. 18 is plotted against B3. Figure 6a de-
picts a plot of Eq. 18 for AQ in Brij35. To calculate the term
of (kRP(BrijSS) in Eq. 11) in Eq. 17, the already obtained val-
ues (g : ©uaue) =4.7x107%, Taquy = 1.0 ps, (g: Qre) =
5.3x107°, 7.y = 1.1 ps, and ky = 5x10* s~!) were used
for the &g interaction and kr. The effective mean values
were obtained to be Hegr=1.4+0.1 mT and e = 2.040.3 ps
using the relationships of Her={ 7*(slope) x (intercept)} ~-2
and 7.g = {(slope)/(intercept) }°-° / y. Table 4 lists the values
of Heg and 14 with the cases of AQ-n in Brij35. All of the
AQ derivatives in Brij35 showed almost the same values in
Hg (1.4 mT) and 7 (2 ps), respectively.

For AQ in HDTCI, the following equation was used in
place of Eq. 17, since the &g interaction due to R- can be
ignored (as discussed above):

Akrpaoray = (kre@prany in Eq. 10) — (krp@prcy in Eq. 13)
=y’ Heterr/(1+ 7’ By ). (19)

According to the manner expressed in Eq. 18, the effec-
tive mean values of Hg and 7.; were obtained to be Heg=
0.8640.18 mT and 7. = 5.5+2.4 ps from the plot (Fig. 6b).

In AQ in SDS, the lifetime increased below 2 T and then
showed no detectable change above 2 T within the exper-
imental error, as already described. This fact means that
the lifetimes are determined by SLR due to the 8hf and dd
interactions below 2 T, while by the magnetic-field-indepen-
dent processes above 2 T, indicating that the contribution
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Fig. 6. Plots of 1/Akgp versus B for estimating the effective
parameters of Hesr and s according to Eq. 18 for Brij35
(a), Eq. 19 for HDTCI (b), and Eq. 20 for SDS (c).
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Table 4. Effective Mean Values of Hes and ey Obtained
by Averaging Both the 0hf and dd Interactions

Quinone or

Ketone  Surfactant  Hew/mT  w/ps  k/10*s™'
AQ Brij35 14401  2.0403 541"
AQ HDTCl 0.86+0.18 5.5+2.4 5+0.5%
AQ SDS 0.85+0.06 1542 262418

AQ-2 Brij35 1.440.1  1.7+£02 8+1¥
AQ-3 Brij35 14401  2.1+02 6+1Y
AQ-4 Brij35 1.34£0.1  1.9404 541"
AQ-6 Brij35 1.34+0.1 22405 4.640.8Y
AQ-8 Brij35 1440.1 24404  3.540.7Y
BP SDS 0.99+0.23% 16+7.59  17.20

a) Obtained from Ref. 9a. b) Cited from Table 3.

of &g interaction is negligibly small above 2 T in compar-
ison with that of the magnetic-field-independent processes.
Assuming a negligibly small magnitude of the dg interac-
tion for R- of SDS as well as HDTCI, an increment in krp
due to the dg interaction of AQH- in SDS can be calcu-
lated according to (1/2){k(AQH-::d8g)} in Eq. 13. When
(g : 8)aqu+) =4.7x107% was taken from Table 3, the incre-
ments at 10 T were tentatively obtained to be 8.9x10* and
0.20x10* s~! at 7(aqn-) = 1 and 59 ps, respectively, in which
the latter 7. (59 ps) was estimated by the SED equation. By
adding directly to the experimental RP decay rate ((4 ps)™")
at 2 T (see Table 1), these values led to the RP lifetimes
(2.9 and 4.0 ps at 10 T, respectively), including the estimated
contribution of the dg interaction of AQH-. However, even
if 7aon-) =1 is correct for SDS, we unfortunately cannot
mention any difference between them (the observed 4.0 ps
at 2 T and calculated 2.9 pus at 10 T), because of our experi-
mental accuracy, as shown in Fig. 3. This is the reason why
the contribution of dg interaction was neglected above 2 T in
SDS. Therefore, ignoring all of the g interactions, Eq. 17
for AQ in SDS is expressed as

Akgp(sps) = (krpsps) in Eq. 10) — krsps)
=V’ Hostest /(1 + ¥ By ap).- (20)

Here, the magnetic-field-independent kr was obtained to be
(26.241.8) x 10* s~! from the mean value of the RP lifetimes
measured between 2 and 13 T, as depicted in Fig. 3. Accord-
ing to the manner expressed in Eq. 18, the effective mean
values of H.¢ and 7. were obtained to be Heg=0.8540.06
mT and 7 = 1542 ps from the plots (Fig. 6¢).

As for Hegr and ¢, there was no difference among AQH-
and AQH--#n in Brij35, and they were almost 1.4 mT and 2
ps, respectively. The values of He and 7.gr, which resulted
from analyzing the 8hf and dd interactions inclusively, were
interpreted qualitatively. Since theoretical estimations of
the local magnetic fields (Hioc) due to the 8hf interaction
so far reported were successful,”**?* the theoretical values
of Hy,. were also calculated in the same manner, as sum-
marized in Table 5. From these values, an averaged Hio.
for RP composed of AQH- and R- were obtained to be 0.66
mT using the relation Hyoe = {(Hyo. for AQH-)?+(Hi, for
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R-)?}%3 = (0.16?+0.64%)%3. This value is smaller than the
experimentally obtained H.s, and hence the difference be-
tween the theoretical H),. and experimental Hes might in-
dicate a contribution of the dd interaction. On the other
hand, even if Hg is predominantly determined by the dd
interaction, which is dependent on the distance between the
two component radicals of RP, the constant Hegr in Brij35 is
understandable because the distance in the intermolecularly
generated RP seems to be almost constant. This is because
the site where a radical is generated in AQ-#n is a moiety of
AQ, not the methylene chain. At present, therefore, which in-
teraction predominantly governs H.g, that is, the RP lifetime,
is unclear. Heg showed the micellar dependence of Hegr (AQ
in SDS) = Hi; (AQ in HDTCI) = Hegr (BP in SDS) < Hegy
(AQ in Brij35), which indicates that Hg is the same as each
other between the two structurally identical alkyl radicals in
SDS and BDTCI in spite of the different solutes (AQ and
BP) in them. Similarly, z& showed micellar dependences
of 7. (AQ in SDS) = 7o (BP in SDS) and of 7 (AQ in
Brij35) < e (AQ in HDTCD) < 7 (AQ in SDS), which
indicate that 7.¢ is definitely dependent on the surfactants,
despite the same solute (AQ). These dependences in Heg and
T clearly suggest that a key radical determining H.g and
Totr 1S Re, rather than AQH-, though it is obscure wether the
main origin is the 8hf or rotational and translational®* dd in-
teractions. Concerning the reliability of the experimentally
obtained parameters listed in Tables 3 and 4, Fig. 7 shows
good reproduction of the MFDs in the cases of AQ in the
three surfactants.

Dependences of RP Lifetimes on Methylene Chain
Length (n). In each magnetic field of 0.5, 1.3, 2, 3.1,
5.7, 10, and 13 T listed in Table 1, the RP lifetimes of AQ-
n in Brij35 increased when n increased. For example, the
RP lifetimes at 1.3 T are 5.6 pus (AQH--2), 5.8 us (AQH--
3), 6.8 us (AQH--4), 7.2 us (AQH--6), and 7.1 us (AQH--
8), respectively. This increase in the RP lifetime may be
explained in terms of a decrease in the escape rate of AQH--
n from the micelle (Eq. 5). Unfortunately, the escape rate
could not be calculated using the results of Eq. 8, because
of the obstructive coexistence of an absorption band due to
recombination products at 400 nm, as already mentioned.
However, the n dependence of kt could be obtained exper-
imentally in the above analysis in 3—13 T (Table 3). The
kr values for AQH--n in Brij35 showed the n dependence
to become small when #n increased. Further, a difference
(l/TRP(AQH-—Z) — 1/7;RP(AQH-—8)) in the observed RP decay
rates between AQH--2 and AQH--8 in each magnetic field
above 0.1 T showed no MFD within the experimental ac-
curacy (Fig. 8). Since the parameters for the dhf, dd, and

Table 5. Theoretical Values of the Local Magnetic Field
(Hoc) for the Ohf Interaction
Component radical Hyoc/mT
AQH- 0.16
R- of SDS or HDTCI 0.64
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Bo/ T

Fig. 7. Observed MFD plots of RP lifetimes of [AQH-+R-]
generated in Brij35 (O), HDTCI (@), and SDS (A). Solid
lines were calculated using estimated values summarized in
Tables 3 and 4.

dg interactions, except for kt, should be equal each to each,
the difference (I/TRP(AQH'—Z) — I/TRP(AQH-—S)), which corre-
sponds to the difference in k1 between AQH--2 and AQH--
8, should be constant, despite the magnetic field. There-
fore, no MFD observed in the difference indicates that the
magnetic-field-dependent interactions, such as the Ohf, dg,
and dd interactions, are not responsible for the increase in
the RP lifetime when n increases. Since the micellar core
1s hydrophobic and the hydrophobicity in AQH--n increases
when n increases, we assume that a long methylene chain
of AQH--8 interacts strongly with the core, resulting in the
smallest escape rate. A small escape rate in a large n leads to
a small k7, and hence a long RP lifetime. The result that the
kt values for AQH:-2, AQH--3, AQH--4, and AQH--6 were
greater than or equal to that for AQH- might be caused by
the hydrophilicity of carbonyloxy groups absent from AQH-
and/or by the enhanced SO-induced ISC rate due to the heavy
atom of oxygen.

On the other hand, expecting observable differences in the
magnetic-field-independent SO-induced ISC rates'> among
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Fig. 8. MFD of a difference between observed RP decay
rates of AQH--2 and AQH--8 in Brij35.
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the RPs derived from AQ-n is difficult. As already de-
scribed above, AQ-n in the micelle abstracts a hydrogen
atom from a surfactant not from an intramolecular methyl-
ene chain, judging from the result that the intramolecular
hydrogen abstraction rate in AQ-8 in Freon® 113 was very
slow (30.4 us)."* This intermolecular hydrogen abstraction
implies almost constant distances between the component
radicals (AQH--n and R.) in RPs, directly showing almost
the same magnitude of the SO interaction among them.

Summary

The RP lifetimes of AQ in Brij35, HDTCI, and SDS and
those of AQ-# in Brij35 increased with increasing the mag-
netic field from O to about 2 T. The RP lifetimes of AQ in
Brij35 and HDTCI drastically decreased in a magnetic field
from 3 to 13 T, whereas the RP lifetimes of AQ in SDS were
constant in the same range of the magnetic field. The drastic
MFDs of the RP lifetimes were discussed based on the SLR
mechanism. The increase in the RP lifetime in 0.1—2 T was
interpreted by the dhf and dd interactions modulating SLR,
while the decrease in 3—13 T in Brij35 and HDTCI was
explained by the dg interaction. In comparison with MFD of
the RP lifetimes of BP in HDTCI, the values of (g: g) and .
for the dg interactions of the respective component radicals
(AQH:- and R- of Brij35) were first evaluated experimentally
by means of this kind of experiment at room temperature
using a high magnetic field, where the dg interaction is the
main operation, though there have been many reports on the
anisotropic g-values in a rigid matrix at low temperature.
The (g:g) values for AQH- and R- were relatively large,
which was interpreted to be due to the large g-anisotropy
in oxygen where the electron spin seems to partly populate.
The exceptionally small 7, values were considered to repre-
sent the importance of fast local motions present inside the
component radicals.
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