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Large magnetic field effects (MFEs) observed for photoinduced hydrogen abstraction reaction between
benzophenone and thiophenol in an ionic liquid (N,N,N,-trimethyl-N-propylammonium bis(trifluoromethane-
sulfonyl)amide, TMPA TFSA) are analyzed by using the stochastic Liouville equation for the first time. The
sphere cage model can well reproduce the observed MFEs and the nanoscale heterogeneous structure with a
cage radius of 1.8 ( 0.3 nm, and an effective viscosity in the cage of 1-2 cP is found to be formed in TMPA
TFSA.

Introduction

Ionic liquids (ILs) are one of the most promising new classes
of solvents in green chemistry, electrochemistry, and nanochemistry.1-7

Their exceptional combination of propertiessnonvolatility,
noncorrosiveness, nonflammability, stability to air and moisture,
and designabilitysprovides new environments for chemical
reactions. Recently, some novel chemical and photochemical
reactions in ILs have been reported,7,8 which may be due to
their structural heterogeneity. Although theoretical and spec-
troscopic studies suggest that ILs have a heterogeneous structure
as a result of strong ionic interactions and the aggregation of
the nonpolar parts of ionic molecules,9-12 the details are still
unclear. Thus, understanding the nature of the heterogeneity of
ILs is very important. If this is clarified, ILs may supersede
conventional solvents.

In 2007, we studied the magnetic field effects (MFEs) on
photochemical reactions in ILs and found large MFEs on the
radical pair (RP) generated by the photoinduced hydrogen
abstraction reaction between benzophenone (BP) and thiophenol
(PhSH) in an IL of N,N,N,-trimethyl-N-propyl-ammonium
bis(trifluoromethanesulfonyl) amide (TMPA TFSA).13 In the
previous paper, we suggested a cage effect caused by the
heterogeneity of the IL as a qualitative explanation for such
large MFEs on the RP. In RPs generated by photochemical
reactions, the unpaired electron spins on each radical are
coupled, giving two different spin states: singlet (S) and triplet
(T). According to the Pauli principle, singlet RPs can react to
form a recombination product, whereas triplet RPs cannot react
in each other but form an escaped radical. Magnetic fields
interact with these spins and affect the reaction of the RPs
without changing other parameters such as the reaction rate of
singlet RPs, activation barrier, and diffusion motion of the
radicals. Since the interaction between magnetic fields and spins
can be described by quantum chemistry, MFE studies on RPs
provide valuable information on their kinetics and dynamics,

and in particular on aspects of the environment around RPs such
as heterogeneity, domain, and cage size.14,15 In this paper, we
describe the first numerical analysis of the MFEs observed in
the IL by using the stochastic Liouville equation (SLE). Here,
we report that the sphere cage model can well reproduce the
observed MFEs and the nanoscale heterogeneous structure with
a cage radius (R) of 1.8 ( 0.3 nm and an effective viscosity
(η) in the cage of 1-2 cP is formed in TMPA TFSA.

Methods

We used the Pedersen-Freed type SLE,16 in which the spin
Hamiltonian consists of the exchange interaction (J), the
hyperfine interaction, and the Zeeman interactions caused by
the magnetic field. The radical diffusion, which is assumed to
be simple Brownian motion, is treated with the finite difference
technique and mutual diffusion constant. Details of the SLE
analysis are described in our previous report17 and in the
Supporting Information. Since the cage effects have been
suggested from the much larger MFEs than that usually found
in isotropic liquids,13 in this study, we employed the sphere cage
model shown schematically in Scheme 1, which has been
applied to micellar solutions.18-20 To the best of our knowledge,
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SCHEME 1: Cage Model Employed for the SLE
Analysisa

a One radical is fixed to the center of the sphere cage, while the
other radical diffuses freely in the cage. The radical pair is recombined
at the contact or is allowed to escape with a certain probability (Pesc)
from the cage at the interface.
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there is no report on the shape of domain in ILs. For the first
attempt, we assumed that the cage is spherical and successfully
reproduced the experimental results by the SLE.

Results and Discussion

The MFEs observed for the hydrogen abstraction reaction
between BP and PhSH in TMPA TFSA have the following
characteristics:13 (1) The escape yield of the benzophenone ketyl
radical generated from the hydrogen abstraction reaction
decreased with increasing magnetic field strength (B) in the
range of 0 T < B e 2 T. (2) The decease was almost saturated
for 2 T < B e 10 T. (3) At much higher fields (10 T < B e 28
T), the yield deceased again with increasing B, resulting in a
25% decrease at 28 T. This magnetic field dependence was
analyzed by the SLE in which the spin dynamics, spin
relaxations, diffusion, and reactive dynamics were taken into
account simultaneously. In this study, we employed the sphere
cage model, as shown in Scheme 1. In this cage, contact RPs
are produced through the hydrogen abstraction reaction of BP
from PhSH. Radicals are diffused from the contact RP,
producing separate RPs. The separated RPs are re-encountered
to form the contact RP. In the cage, these processes are repeated
until the RPs are recombined at the contact or escape from the
cage at the boundary with a certain probability. For simplicity,
we assume one radical is fixed to the center of the sphere cage
while the other radical diffuses freely in the cage.

The fitting parameters are the cage radius (R), escape
probability (Pesc) of radicals from the cage, mutual diffusion
coefficient (D) for the translational RP diffusion in the cage,
and correlation time (τ) for the radicals. Figure 1 shows the
typical magnetic field dependences (R(B T) ) Y(B T)/Y (0 T))
of the yields (Y) of the escaped radicals obtained by the SLE
analysis together with the experimental results.13 The experi-
mental results are well-reproduced by the SLE simulation with
parameter values of R ) 1.8 nm, Pesc ) 8.3 × 10-4, D ) 1.6
× 10-9 m2 s-1, and τ ) 5 ns for both radicals. In addition, we
include an additional correlation time of τ ) 60 fs to account
for the MFEs observed in the region of B > 10 T. This value is
considered to be associated with the vibrational motion of the
solute molecule.21

The SLE analysis indicates that the main features of the
observed MFEs can be explained by the ∆g mechanism15

combined with B-dependent spin relaxations. The SLE analysis
also reveals that the transverse spin relaxation (S-T0 relaxation)
contributes to the saturation of the MFEs in the region of B <
5 T, while the longitudinal spin relaxation (S-T(, T0-T(
relaxation) is responsible for the MFEs observed in the region
of B > 10 T.15 These spin relaxations are caused by the large
anisotropy of the g value in the phenylthiyl radical.

In the simulations, the D value was somewhat arbitrary. The
D value used in the simulations yielded an effective viscosity
in the cage of 1 cP.22 When a D value of 8.1 × 10-10 m2 s-1

was used for 2 cP, similar aspects of the SLE simulation
(Supporting Information) were obtained with a slightly small
Pesc value of 8.0 × 10-4. Thus, we concluded that the effective
viscosity in the cage is 1-2 cP. In our previous paper, we
estimated that the viscosity in the cage should be smaller than
5 cP from the results of the MFEs observed for the same reaction
in alcoholic solutions.17,23 These values are 1 order of magnitude
smaller than the macroscopic viscosity of TMPA TFSA. Wishart
and Castner et al. reported that there are several microviscosities
for ILs ranging from orders of magnitude smaller than the
macroscopic viscosities to viscosities similar to or larger than
the macroscopic viscosities.24 The present results also support
the existence of several microviscosities in TMPA TFSA.

From the SLE analysis, we estimated the R value to be 1.8
( 0.3 nm under the assumption that the cage is spherical. When
R is smaller than 1.3 nm, S-T conversions by the ∆g
mechanism and spin relaxation are not efficient in the region
of B < 1 T, since J has a significant magnitude in the overall
cage. When R is larger than 2.3 nm, there is enough space for
S-T conversions in the cage, while the re-encounter prob-
abilities of RPs are reduced, causing the magnitude of the MFEs
to be small.

The good agreement between experiment and analysis leads
to the conclusion that a nanoscale heterogeneous structure with
R ) 1.8 ( 0.3 nm and η ) 1-2 cP (in the cage) is formed in
TMPA TFSA. In this heterogeneous structure, chemical reac-
tions proceed efficiently. This conclusion is consistent with
recent reports on the bimolecular electron transfer reaction
system: back electron transfer reactions were enhanced by the
cage effect in ILs.8 The present results may also be relevant to
explain the efficient formation of nanoparticles in ILs.7 Regard-
ing the origin of the heterogeneous structure, molecular
simulations10-12 suggest that the alkyl side chains in ILs are
aggregated, forming the isolated domain structures that may
work as heterogeneous structures. The TMPA TFSA used in
the present study does not have a long enough alkyl side chain
(C3) to form a heterogeneous structure with R ) 1.8 nm. Thus,
the all-alkyl part of the ammonium-based cation may contribute
to the large structure. To clarify this point, further studies with
other kinds of ILs are now in progress.
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