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Quenching of excited states via the “heavy atom effect”, that
is the acceleration of the spin-forbidden intersystem crossing (ISC)
by interaction with atoms carrying large orbital angular momen-
tum, is frequently viewed as a short-distance phenomenon
requiring direct contact between the participating species. This
belief persists in the literature even though it was shown already
in the early 1970s that an internal heavy atom can exert a
significant influence on the fluorescence and phosphorescence
yields, even if it is separated from the chromophore by two
carbon-carbonσ-bonds.1 More recently, a detailed study of the
remote heavy atom effect was performed by Kuki et al. on model
peptides bearing chromophores and quenchers.2,3 A measurable
effect was observed even if the chromophore and the heavy atom
quencher were separated by three amino acid residues. Because
of the inherent conformational flexibility, it is difficult to
completely exclude the possibility of a direct contact between
the chromophore and the quencher in peptide-based systems. This
becomes a particularly important issue if the quenching rates are
slow. In this communication we report the observation of efficient
external spin-orbit (SO) coupling effects in systems in which
the direct contact between the chromophore and the halogenated
solvent is rigorously precluded by encapsulation of the chro-
mophore inside a hemicarcerand cage (Figure 1).5

The T1 lifetime of the incarcerated biacetyl was measured in
several halogenated solvents which are known to accelerate the
ISC in solute molecules.6 A significant, 7-fold decrease of the
phosphorescence lifetime7,8 of biacetyl was observed as progres-
sively heavier halogenated solvents were used. The trend becomes
even more apparent if, instead of monitoring the overall change
of the lifetime, one defines the specific external heavy atom

contribution to the ISC rate askx ) 1/τT
solventX - 1/τT

benzene. With
benzene serving as the reference solvent, the external heavy atom
contribution to the overall decay rate is found to increase
dramatically from 60 s-1 in dichloromethane to 6500 s-1 in CH2I2

(Table 1). This shows that there is a substantial coupling between
the spin angular momentum of the trapped biacetyl T1 state and
the unquenched orbital angular momentum carried by the halogen
atoms of the solvent.

It is important to stress that this and other groups have
demonstrated in the past that the incarcerated guests cannot
participate in chemical reactions with external reactants.9-12 Only
electron and excitation transfer reactions, that is, processes that
do not necessitate the motion of an atom across the cage boundary,
can proceed with appreciable rates.13 In this study, to confirm
that the quenching of biacetyl indeed occurs as a result of a
physical interaction (SO coupling with the external heavy atoms),
rather than a chemical process (H-abstraction from a solvent
molecule) we used the well-known hydrogen donor, 2-propanol,
as the test solvent.14 As it can be seen in Table 1, the measured
values of the triplet lifetimes of incarcerated biacetyl in neat CH2-
Cl2 and in the 1:1 methylene chloride/2-propanol mixture15 are
well within the experimental error. This rules out hydrogen
abstraction from the solvent as a factor contributing to the
observed decrease of triplet lifetimes. The only other mechanism
that could be potentially responsible for the observed quenching,
and that does not require a direct contact between the solvent
and the incarcerated biacetyl, is electron transfer. Both biacetyl
(Ip ) 9.24 eV,Ea ) 0.75 eV) and haloalkanes are weak electron
acceptors; however, we are not aware of any literature examples
in which either of them behaves as an electron donor. Balzani et
al. studied bimolecular ET from a variety of amines to biacetyl
encapsulated within a hemicarcerand similar to the one discussed
here.10 In the case of such potent electron donors as diphenyl-
amine,Eox ) 0.83 eV, and DABCO,Eox ) 0.57 eV, very slow
ET rates of 3.5× 104 M-1 s-1 and 5 × 103 M-1 s-1 were
measured. Since haloalkanes have ionization and oxidation
potentials at least∼1.5 eV higher than these two amines, the
corresponding electron transfer is endothermic, and its rates must
be several orders of magnitude lower. Indeed, even benzene (Ip

) 9.2 eV) should act as a stronger electron donor than CH2I2 (Ip

) 9.5 eV), yet in all biacetyl-containing hemicarceplexes that
we have studied the longest T1 lifetimes were observed in benzene
solutions. Consequently, intermolecular electron transfer cannot
account for the effects reported in this communication.

The observed quenching rates in the series of Cl-, Br-, and
I-containing solvents do not follow the simple trend that would
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be expected solely on the basis of the average spin-orbit coupling
associated with the respective halogen atoms (Table 1).16 For
example, upon transition from CHBr3 to CH2I2 the component
of the quenching rate induced by the external heavy atom,kX,
increases from 220 s-1 to 6500 s-1, that is, considerably more
than the square of the ratio of the Br and I spin-orbit coupling

constants, which grows only by a factor of 8. As discussed in
detail by Petelenz17 and Kuki,3 the rate of intersystem crossing
induced by the intermolecular SO coupling, like all perturbation
phenomena, contains a resonance term which is inversely
proportional to the square of the energy gap between the excited
state of the chromophore and the open-shell virtual state (or states)
of the quencher bearing the heavy atom:18

The direct SO interaction between the T1 state of the chromophore
and the closed-shell S0 state of the external quencher is extremely
inefficient.19 The first term in the equation above contains both
the direct and cage-mediated components of the matrix element,
and is proportional to the square of the SO coupling carried by
the halogenated solvent. The second term corresponds in our
systems to the resonance between the T1 state of biacetyl,ET1 )
2.5 eV, and the relevant virtual state of the solvent. The lowest
n f σ* excitations of CH2Cl2, CHBr3 and CH2I2 occur ap-
proximately at 210, 220, and 290 nm.20 Thus, the corresponding
energy gap drops from∆E ) 3.6 eV for CH2Cl2, to 3.3 eV for
CHBr3, to 1.9 eV for CH2I2. As a consequence, with the resonance
term included, a 24-fold increase in the externally induced ISC
rate is predicted upon switching from CHBr3 to CH2I2. This
compares rather well with the experimentally observed ratio of
29.5.21

To summarize, we have demonstrated that the external “heavy
atom effect” can propagate efficiently through the chemically
impermeable walls of molecular cages, particularly if the resonant
enhancement of the interaction is possible. Because of its close
formal similarity to charge and electronic excitation transfer
processes, the remote, or long-distance, spin-orbit coupling
deserves to be studied in more detail.
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Figure 1. From the left: Structure of the investigated hemicarceplex indicating three butyl and oneo-xylyl linkage;4 molecular mechanics (Sybyl)-
optimized structure of the cage showing the electron density surface of the trapped biacetyl (AM1); space-filled model of the hemicarceplex with the
molecules of dichloromethane and iodomethane shown for comparison.

Table 1. Triplet State Lifetimes of Incarcerated Biacetyl in
Halogenated Solvents

solvent
MW
[g]

SO coupling
in atom X [eV]

molarity of
atom X [M]

τT
a

[ms]
kX

[s-1]

benzene 78.11 - 0 1.01 -
CH2Cl2 84.93 0.055b 31.2 0.95 60
i-PrOH/CH2Cl2 - - 15.6 0.95 -
CHBr3 252.75 0.23b 34.3 0.83 220
CH2I2 267.84 0.65b 24.9 0.134 6500

a The lifetimes carry a margin of error of(3%. b From ref 16.

kISC
solventX∝ |〈S0

biacetyl;S1
solventX |Ĥ|T1

biacetyl;S0
solventX 〉|2 ×

1

(ES1

solventX- ET1

biacetyl)2
(1)
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