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ABSTRACT: Photoinduced electron transfer across an organic
capsular wall between excited donors and ground-state acceptors is
established to occur with rate constants varying in the range 0.32−
4.0 × 1011 s−1 in aqueous buffer solution. The donor is
encapsulated within an anionic supramolecular capsular host, and
the cationic acceptor remains closer to the donor separated by the
organic frame through Coulombic attraction. Such an arrangement
results in electron transfer proceeding without diffusion. Free
energy of the reaction (ΔG°) and the rate of electron transfer show
Marcus relation with inversion. From the plot, λ and Vel were
estimated to be 1.918 and 0.0058 eV, respectively. Given that the
donor remains within the nonpolar solvent-free confined space,
and there is not much change in the environment around the
acceptor, the observed λ is believed to be because of “internal” reorganization rather than “solvent” reorganization. A similarity exists
between the capsular assembly investigated here and glass and crystals at low temperature where the medium is rigid. The estimated
electronic coupling (Vel) implies the existence of interaction between the donor and the acceptor through the capsular wall.
Existence of such an interaction is also suggested by 1H NMR spectra. Results of this study suggest that molecules present within a
confined space could be activated from outside. This provides an opportunity to probe the reactivity and dynamics of radical ions
within an organic capsule.

■ INTRODUCTION
Electron transfer plays a prominent role in several important
events such as photosynthesis, solar energy storage, metabolic
and respiratory processes, photocatalysis, electrical conduction
in organic materials, and several organic and inorganic
reactions.1−6 In such studies, occurrence of electron transfer
at short as well as long distances has been noted. The rate of
electron transfer that occurs via the classic tunneling
mechanism is established to exponentially increase with
decrease in the donor−acceptor distance.5 Challenging long-
distance electron transfer investigations have involved
protein,7−12 DNA,13−16 and hydrocarbon chains as scaffolds
and covalently linked donor−acceptor systems.17−20 In these
systems, electron transfer occurs either through hopping or via
superexchange mechanism involving σ or π bonds. In addition
to these, there are systems wherein electron transfer occurs
through noncovalent interactions,17 in frozen and free
solvents,21−24 with the help of a solvent molecule trapped
between a C-clamp molecule,25−28 and in mixed donor−
acceptor melts.29−31 Interprotein electron transfer that involves
solvent mediation belongs to this category.10−12 These studies
suggest that for electron transfer to occur, donor and acceptor
molecules need not to be within collisional distance or
covalently linked. The presence of another molecule in
between a donor and an acceptor apparently would not inhibit

the electron transfer, and its presence, in fact, is better than
vacuum.20

Among supramolecular assemblies, to our knowledge, the
Cram-type carcerand32 is a unique assembly, where the donor
and acceptor molecules could be well separated by the host
wall. Energy and electron transfers have been established to
occur between the donor and acceptor molecules, one trapped
within the Cram-type carcerand and the other free outside in
solution.33−39 In fact, results reported with these systems have
laid the groundwork for the current undertaking. Unfortu-
nately, because the interior of the Cram-type carcerand is
small, its generality is limited. Most guests need to be included
during the synthesis of the carcerand.
In the current study, we employ a synthetic host known as

octa acid (OA),40 whose structure and internal dimensions are
provided in Figure 1. Unlike Cram-type carcerand, the OA
capsule is made up of two molecules of OA that assemble in
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the presence of a hydrophobic guest molecule. This and larger
internal dimension allow inclusion of a wider variety of guest
molecules.41 Importantly, the capsule is tight and takes a few
milliseconds to partially open and close.42,43 Therefore, during
the time of electron transfer between the encapsulated excited
donor and the acceptor, the capsule remains tightly closed
similar to that of the Cram-type carcerand.44

Furthermore, prior studies have established the interior of
the capsule to be dry and not to contain water molecules.44,45

These would mean that prior to and after the electron transfer,
only the interior wall of OA would surround the donor
molecule. Because of the tightness of the capsule, at no stage
during the excited-state lifetime of the donor there is a direct
contact between the donor and acceptor molecules as well as
between the donor and exterior water molecules. Therefore,
the OA system, we have chosen, allows probing the importance
of a permanent organic molecular wall during electron transfer
between the encapsulated donor and free acceptor. One could
visualize this to be a model for electron transfer across a
solvent molecule that is permanently placed between the donor
and the acceptor. Similarity between the current assembly and
solvent-mediated C-clamp system,27 the Cram-type carcerand
assembly35 and the solvent-separated radical ion pairs
(SSRIPs)46 are obvious. At the same time, the OA capsule-
based system is unique: the wall is permanent, and the donor
and acceptor are held closer by Coulombic attraction that
makes the electronic coupling between the donor and acceptor
stronger. We believe that the electronic coupling required for
electron transfer between the encapsulated donor and nearby
acceptor must involve the host wall.
We have recently demonstrated the occurrence of photo-

induced electron transfer (PET) between OA-encapsulated
donors [stilbene, coumarins, and azulenes (Az’s)] and methyl
viologen acceptor in phosphate/borate buffer solution (pH ∼
7.4 and 8.7).47−52 Through time-resolved experiments, we
have identified the formation of methyl viologen radical cation
as well as stilbene radical cation, the products of electron

transfer. With the help of ultrafast time-resolved experiments,
the forward electron transfers were found to occur with time
constants between 1 and 25 ps. Although the above
experiments unequivocally established the occurrence of
electron transfer across the capsular wall, the mechanism is
not clear. Based on known lower β values of solvents such as
tetrahydrofuran and water (1.2 and 1.68 Å−1, respectively)
with respect to vacuum (3.5 Å−1),22,23,53 we believe that the
capsular wall can transport electron from the encapsulated
excited donor to free acceptor and will not be passive. Similar
to solvent molecules, one would expect the OA frame that is
made up of electron-rich benzyl units to have lower β value,
certainly well below vacuum. However, unlike solvent
molecules, the OA frame is not soft and flexible.54 Because
of this, the OA cavity would not be expected to help prepare
the excited donor for electron transfer (conversion of D to
D+•), although it might help transport an electron across the
wall. The current experiments are directed toward under-
standing: (a) whether the electron transfer occurs by the
superexchange mechanism involving the host wall or via the
classic tunneling by-passing the wall, (b) whether it proceeds
via adiabatic or nonadiabatic pathway, that is, how strong is the
electronic coupling (Vel) between the reactant and the product,
and (c) what is the value of reorganization energy (λ) as
defined by the Marcus equation.55−58 We expected that study
of a series of donor−acceptor pairs with varying ΔG° values
would provide answers to the above questions. With this in
mind, we have investigated electron transfer between donors
and acceptors, as listed in Figure 1. In the following sections,
results of these experiments are presented and discussed.
Interestingly, the Marcus relationship between the rate and
ΔG° was noted, and a nonzero value for Vel was calculated
from the plot. Unexpectedly, a higher λ value (reorganization
energy) was revealed, which is possibly a consequence of the
rigidity surrounding the donor.

■ EXPERIMENTAL SECTION
Materials. Coumarin 153 (C153), coumarin 466 (C466),

and coumarin 480 (C480) were purchased from Exciton Inc.,
high-purity pyrene (Py), anthracene (An), Az, and guaiazulene
(Gaz) were purchased from Sigma-Aldrich, and methyl
viologen dichloride dihydrate (MV2+) and benzyl viologen
dichloride (BzV2+) purchased from Sigma-Aldrich and
phenothiazine (PTZ) purchased from TCI Chemicals were
used as received. OA was synthesized and purified by following
the published procedure and characterized by NMR spectros-
copy.40 Spectroscopic-grade acetonitrile (Fisher Scientific) was
used after distillation. Double distilled water was used
throughout the study.

Methods. Absorption spectra were recorded on a
commercial spectrophotometer (UV-2450, Shimadzu, Japan),
and emission spectra were recorded on commercial fluorim-
eters (FS920CDT, Edinburgh, UK, or FluoroMax-4, Jobin
Yvon, USA). 1H NMR spectra were recorded using 500 or 400
MHz NMR spectrometers (Bruker, USA) at 25 °C in
deuterated water.

Host−Guest Complex Preparation for NMR Titrations. A
guest (5 μL of a 60 mM solution in DMSO-d6) was added in a
step-wise manner to 600 μL of D2O solution of host OA (from
a stock solution of 1 mM OA in 10 mM Na2B4O7, pH = 8.7)
taken in a NMR tube. After each addition, the solution was
shaken, and 1H NMR spectra were recorded. Complex
formation was monitored by the upfield shift of the guest

Figure 1. Chemical structure of donor and acceptor molecules used in
the present study.
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proton signals. The addition was stopped when there were no
changes in the NMR spectra. To check the location MV2+ and
its influence on the encapsulated guest signals, 1H NMR
spectra of solutions containing the 2:1 host/guest complex
with incremental amounts of (0.25 equiv) MV2+ were
recorded. NMR spectra are provided as Figure 2.

Host−Guest Complex Preparation for Fluorescence
Titrations. A stock solution of guest molecule was prepared
in dimethyl sulfoxide (DMSO) at 60 mM concentrations. A
stock solution of host (OA) solution (12 mL) at 5 × 10−5 M
was prepared using 10 mM phosphate buffer/H2O (pH = 7.4).
The solutions of the complexes were prepared by adding 5 μL
of a 60 mM guest solution in DMSO (to make final guest
concentration 2.5 × 10−5 M) to the as-prepared host solution
(5 × 10−5 M). After shaking the mixture manually for 2 min,
the solution was placed in a quartz cuvette and bubbled with
nitrogen. The emission spectrum of the solution thus prepared
was recorded. To this solution, 0.25 equiv increments of MV2+

(or BV2+) was added, and emission spectra were recorded
upon each addition following bubbling with nitrogen.
Femtosecond Transient Absorption Study. The time-

resolved data were acquired on a commercial femtosecond
transient absorption spectroscopy setup (FemtoFrame-II, IB
Photonics, Bulgaria). The details of the setup are described
earlier,59 and only a brief overview is presented here. The
fundamental 800 nm light was obtained from a Ti-sapphire
regenerative amplifier (Spitfire Pro XP, Spectra-Physics, USA)
pumped by a 20 W Q-switched Nd:YLF laser (Empower,
Spectra-Physics, USA) and seeded with a Ti-sapphire femto-
second oscillator (MaiTai SP, Spectra-Physics, USA). The
fundamental light thus obtained was divided into two parts.
One part was passed through a β-barium borate crystal to
generate the 400 nm light, which was used as the pump pulse.
The other part of the beam was passed through a delay stage,
having a maximum delay time of 2 ns, and focused on a
sapphire crystal to generate the white light continuum, which
was used as the probe light. After passing through the sample,
the probe light was dispersed in a polychromator and detected
using a charge-coupled device. For all experiments, the power
of the pump light was maintained ∼10 μW. The pulse width of

the fundamental light was 80 fs, and the instrument response
function was measured to be 150 fs.

Cyclic Voltammetry Experiment. Cyclic voltammetry (CV)
experiments were performed at room temperature using a
commercial electrochemical workstation (600B Series, CH
Instruments, USA). A standard three-electrode cell, comprising
a glass carbon electrode as the working electrode, platinum
wire as the auxiliary electrode, and Ag/AgCl as the reference
electrode, was used. No correction was made for liquid
junction potential. The CV of donor molecules was measured
in acetonitrile solution containing 1.0 mM compound and 0.1
M tetra-n-butylammonium hexafluorophosphate as the sup-
porting electrolyte. The CV of viologens was measured using
1.0 mM compound in a 2.0 mM OA solution containing 50
mM NaCl as the supporting electrolyte.

■ RESULTS
Chemical structures of seven donors and two acceptors used in
this study are provided in Figure 1. Complexation of the
donors with the host OA was confirmed from their 1H NMR
spectra. Several OA−guest complexes probed here have been
characterized earlier during our other investigations.48−51,60

Expected upfield shift of the guest signals was observed upon
inclusion within OA. In addition, the diffusion constants
measured by DOSY NMR were consistent with that of the
capsular assembly.45,61 1H NMR titration experiments
confirmed the OA−guest complex to be 2:1. In the presence
of OA, although the 1H NMR chemical shifts of the donors, as
expected, shifted upfield, those of acceptors MV2+ and BzV2+

were not affected by OA.48,60 However, diffusion constants of
the viologens in the presence of donor@OA2 were same as that
of the complex. These suggested that MV2+ and BzV2+ were
not included within OA but remained attached to the capsule.
Interestingly, upon addition of MV2+ to C153@OA2 complex
in borate buffer (D2O), the signals of C153 shifted upfield
(Figure 2). This indicated that MV2+ influenced the extent of
diamagnetic shielding provided by the capsular wall.
Obviously, the electronic/magnetic effect of MV2+ is able to
penetrate the capsular wall and reach the guest molecules
present within the capsule. Additional information regarding
the interior of the capsule came from the emission maxima of
the coumarins62 and I1/I3 value of the Py fluorescence.

63 These
suggested that the capsular interior has no water molecules,
and the guest alone is present within the OA capsule.44,45

Fluorescence of OA-encapsulated guest molecules was
quenched by viologen acceptors present in aqueous solution.
As representative examples, the spectra for C153@OA2 in the
presence of varying amounts of MV2+ and BzV2+ are provided
in Figure 3. As seen in the figure, upon addition of the
viologens, the coumarin emission intensity decreases. Given
that the excited singlet-state energies of the viologens are

Figure 2. 1H NMR (500 MHz, 10 mM Na2B4O7 buffer/D2O, pH =
8.7) spectra of C153@(OA)2 ([C-153] = 0.5 mM; [OA] = 1 mM)
(top), and addition of MV2+ to C153@(OA)2 influences the NMR
chemical shifts of the guest protons (bottom).

Figure 3. Steady-state emission spectra of C153@OA2 with gradual
addition of (a) MV2+ and (b) BzV2+ (λexc = 375 nm).
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higher than that of the entrapped guests, we conclude that the
observed decrease is not due to energy transfer, thus
confirming that the quenching is because of electron transfer
came from identification of the products of electron transfer,
the donor cation radical, and the viologen monocation radical.
Because of experimental difficulties, the transient absorption
spectra of the cation radicals of the coumarins and aromatics,
as listed in Figure 1, could not be recorded. However, we have
unequivocally identified the formation of stilbene cation radical
in the stilbene@OA2−MV2+ system by recording the transient
absorption of stilbene cation radical.60 Based on this
observation, we conclude that electron transfer is the primary
cause of fluorescence quenching in the donor−acceptor
systems investigated here. The transient absorption spectra
of monocation radicals of methyl viologen and benzyl viologen
(i.e., MV+• and BzV+•), the products of electron transfer from
the encapsulated excited donors to MV2+ and BzV2+, recorded
in this study supported this conclusion. Representative
transient spectra recorded in the case of C153@OA2−MV2+

are provided in Figure 4. Thus, upon excitation, the donor
present within the “dry” OA capsule transfers an electron to
the acceptor attached to the exterior wall.

The rates of PET were estimated by monitoring the rise and
decay of MV+• and BzV+• by recording their transient spectra
following excitation of the encapsulated donors. For these
experiments, phosphate buffer (pH ∼ 7.4) solutions of 100 μM
1:2 donor@OA2 complexes and 10 mM viologen (MV2+ and
BzV2+) were used. To initiate the PET reaction, the

encapsulated guest was excited with a 400 nm pump pulse.
To ensure the detection of the viologen radical cation that
absorbs around 610 nm, transient absorption spectra were
recorded from 450−760 nm. In Figure 4, the transient
absorption spectra for C153@OA2 in the presence of MV2+

recorded at different time delays following pumping are
displayed. The data for remaining systems are provided in the
Supporting Information (Figure S1). Quenching of C153-
stimulated emission in concurrence with the rise of a new
absorption band centered at 610 nm because of MV+• is clearly
visible. The rate constants of the formation and decay of the
MV+• were extracted from the plot of the change in absorbance
at 610 nm with respect to the delay time (Figure 4b). After
deconvoluting the Gaussian-shaped instrument response
function with 150 fs fwhm, the above curve was fitted with
the sum of three exponential functions. The same procedure
was followed for all donor@OA2−acceptor systems (Figure S1
in Supporting Information). The fitting parameters are
tabulated in Table 1. For all cases, three exponentials were
necessary to satisfactorily fit the data. Of the three, one is the
rise component and other two are decay components. We
assign the rise component as the inverse of the bimolecular
PET rate constant (ket).
In order to correlate ket with exergonicity (ΔG°) of electron

transfer as per the Rehm−Weller equation (eq 1),6,64 we
needed to know the oxidation potential of the donor (ED/D

+),
reduction potential of the acceptor (EA

2+
/A

+), Coulombic term

( )e
r

2

s 0ε , and the excitation energy (E0,0).

G E E E
e
rD/D A /A 0,0

2

s 0
2

ε
Δ ° = − − −+ + +

(1)

It is important to note that oxidation of the donor occurs
within the nonpolar OA capsule while the reduction occurs in
aqueous phosphate/borate buffer, under two different environ-
ments. In addition, it should be noted that the location of
reduction is the exterior of OA capsular wall, where the
acceptor is Coulombically attached. Also, following reduction,
because the charge reduces only by a unit (from 2+ to 1+),
MV+• would still be attached to the capsule. Therefore, it is
important to measure the reduction potential of acceptors in
aqueous buffer in the presence of OA and the oxidation
potential of the donors within the OA capsule. Cyclic
voltammetry (CV) was used to estimate the oxidation and
reduction potentials of the donor and acceptors in the presence

Figure 4. Plot of (a) transient absorption spectra at different time
delays (in the early time, stimulated emission of the C153 can be seen
and with time, it decreases, and the absorption band at 610 nm, which
is because of the formation of MV+•, starts to increase) and (b)
kinetic trace at 610 nm along with the fit (black solid line) for C153@
OA2 in the presence of 10 mM MV2+ (pump pulse: 400 nm, probe:
450−760 nm).

Table 1. Fitting Parameters of the Kinetic Traces at 610 nm and Rehm−Weller Parameters for All the Donor−Acceptor Pairs

pairs a1
τ1
(ps) a2

τ2
(ps) a3 τ3 (ps)

ED/D
+

in
ACN
(eV)

ED/D
+

in OA
(eV)

EA
2+
/A

+ in
OA (eV)

E0,0
(eV)

( )e
r

2

s 0ε
(eV)

ΔG°
(eV) ket (s

−1) × 10−12

C153 + MV2+ −0.00179 31.1 0.00145 694 0.00066 3430 0.89 0.505 −0.655 2.78 0.245 −1.375 0.032
C153 + BzV2+ −0.00204 12.2 0.00143 830 0.00054 2878 0.89 0.505 −0.573 2.78 0.245 −1.457 0.082
Py + MV2+ −0.02629 8.6 0.02198 416 0.02402 3580 1.4 1.015 −0.655 3.42 0.245 −1.505 0.116
An + MV2+ −0.01393 5.5 0.01237 447 0.01331 3640 1.185 0.8 −0.655 3.22 0.245 −1.52 0.180
Py + BzV2+ −0.02064 4.4 0.02336 195 0.03944 6500 1.4 1.015 −0.573 3.42 0.245 −1.587 0.227
An + BzV2+ −0.01118 3.4 0.01021 275 0.01899 4720 1.185 0.8 −0.573 3.22 0.245 −1.602 0.294
C466 + BzV2+ −0.04031 2.8 0.00547 285 0.05029 4550 0.92 0.535 −0.573 3.17 0.245 −1.817 0.357
C480 + MV2+ −0.02612 2.5 0.02373 264 0.01071 2070 0.72 0.335 −0.655 3.06 0.245 −1.825 0.400
C480 + BzV2+ −0.01547 2.5 0.01341 270 0.01161 2300 0.72 0.335 −0.573 3.06 0.245 −1.907 0.400
GAz + MV2+ −0.00664 3.5 0.00128 61 0.00193 8550 0.65 0.265 −0.655 3.3 0.245 −2.135 0.285
Az + MV2+ −0.01020 4.0 0.00805 55 0.00273 1150 0.71 0.325 −0.655 3.47 0.245 −2.245 0.250
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of OA. The reduction potential of MV2+ in water with respect
to Ag/AgCl is found to be 0.685 V. In the OA medium, it
decreased to 0.655 V (ref: Ag/AgCl; for cyclic voltammogram
(see Figure S2 of the Supporting Information). The same shift
in reduction potential was assumed for BzV2+ as well.
However, measurement of the oxidation potentials of donors

encapsulated within the OA cavity required an indirect
approach. Oxidation potentials of all three coumarin
derivatives, An, Py, Az, and Gaz, (Figure 1) are greater than
0.8 V,65 whereas the electrochemical window for water is only
up to 0.8 V.66 This limited the direct measurement of
oxidation potential of donor@OA2 in water. To overcome this
problem, we adopted an indirect method. Employing PTZ,
whose oxidation potential is less than 0.8 V,67 as the standard,
we corrected the oxidation potential of others. The oxidation
potential of PTZ in acetonitrile with respect to Ag/AgCl was
measured to be 0.635 V (Figure S2 in Supporting
Information). On the other hand, the oxidation potential of
PTZ included within the OA capsule was found to be 0.25 V.
Comparing the oxidation potential of PTZ in acetonitrile with
that in the OA capsule, it is clear that the oxidation potential
decreased by 0.385 V. Using this as the correction factor, we
converted the oxidation potential in acetonitrile (Ag/AgCl) of
donors to that within the OA2 capsule. The excitation energy
(E0,0) required in eq 1 was calculated from the 0−0 band of
steady-state absorption and emission spectra.
For the calculation of the last term in eq 1, we needed the

values of electronic charge (e), permittivity of the solvent (ϵs),
which is the product of permittivity of vacuum (ε0) and the
relative permittivity of the solvent (εr), and the separation
distance (r0) between the donor and the acceptor. The
separation distance r0 was estimated to be 8.9 Å for C153@
OA2−MV2+ by molecular dynamics (MD) simulation (Figure
S3 in Supporting Information).48 The MD simulation suggests
that MV2+ resides at the bottom of the capsule rather on the
side. Given that all the donors are within the OA cavity, and
the structures of MV2+ and BzV2+ are nearly the same, we have
used the same value of r0 for all other pairs. Considering the
nature of the OA wall, εr is taken as relative permittivity of
methyl benzoate (6.6).68 The estimated values of the
Coulombic term are tabulated in Table 1.

■ DISCUSSION
Results accumulated thus far on donor@OA2−acceptor
systems are summarized below: (a) PET across the OA
capsular wall does occur with rate constants varying between
3.2 × 1010 and 4 × 1011 s−1 (Table 1). (b) Rate of PET shows
a Marcus-type correlation with ΔG° (Figure 5). (c)
Remarkably, the above plot exhibits Marcus inversion. (d)
NMR spectra support the existence of electronic/magnetic
interaction between the capsuled donor (C153) and the
acceptor (MV2+) present outside the capsule (Figure 2). (e)
MD simulation carried out previously with optimized
potentials for liquid simulation-all atom (OPLS-AA) force
field and GROMACS software package suggested that the
MV2+ is located closer to the OA capsule containing three
different coumarins (C153).48 The modeled structure shown
in the Supporting Information (Figure S3) is consistent with
the NMR spectra mentioned above (Figure 2). (f) Quantum
chemical calculations employing the time-dependent density
functional theory using the polarizable continuum model
carried out earlier suggest that the OA capsule acts as a charge
acceptor upon excitation of the encapsulated C153.47

Apparently, upon excitation, the electron density shifts from
C153 to the wall. This unusual behavior is an early indication
of what is likely to happen when there is an acceptor adjacent
to the wall. (g) Electron-rich character of OA is revealed by
fluorescence quenching of excited acceptors such as N-
methylacridinium iodide, dimethyldiazapyrenium iodide, and
dimethyldiazaphenanthrenium iodide by OA.69 Based on
these, the oxidation potential of OA was estimated to be
∼1.5 eV. Thus, OA by nature is a good electron donor. (h)
With the help of fluorescence probes such as Py, Py aldehyde,
and coumarin 1, the interior of the capsule is concluded to be
nonpolar and free from water molecules.45 This suggests that
donor molecule’s immediate environment would only be the
rigid capsular wall. (i) Results of NMR and electron
paramagnetic resonance studies revealed that the OA-
encapsulated guest molecules have limited freedom of motion
within the capsule and they are not frozen as in a glass or
solid.61 (j) Ultrafast solvation dynamic studies have established
that the OA capsule-containing guest such as C153 do not
disassemble and water do not penetrate into the capsule even
in the time scale of 3000 ps following excitation. This implies
that the capsule would remain closed during the excited-state
lifetimes of the donor.44 We have found these information to
be valuable to interpret the observed correlation between ΔG°
and the rates of electron transfer (Figure 5).
The fact that a bell-shaped curve is obtained upon plotting

the rate of electron transfer (ket) against ΔG° suggests that the
electron transfer across an organic wall investigated here
follows the Marcus classical equation. We have calculated the
two most important parameters, the reorganization energy (λ)
and electronic coupling matrix element (Vel) using eq 2

k
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k T

G
k T

4
4

exp
( )

4et

2
el
2

B

2
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π λ
λ
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πλ

− Δ ° +
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In the above equation, h is the Planck constant, Vel is the
electronic coupling matrix element, kB is the Boltzmann
constant, and T is the temperature in K. By fitting the data in
Figure 5 into the above equation, we have estimated the λ to
be 1.918 eV, and the pre-exponential term to be 4.074 × 1011

s−1. By carrying out the simple arithmetic, the Vel was
estimated to be 0.0058 eV (see Section S2 of Supporting
Information for details).

Figure 5. Plot of ket obtained from transient absorption spectroscopy
vs the estimated ΔG° for different donor/OA2−acceptor pairs from
1−11. The pairs from 1−11 are C153@OA2 + MV2+, C153@OA2 +
BzV2+, Py@OA2 + MV2+, An@OA2 + MV2+, Py@OA2 + BzV2+, An@
OA2 + BzV2+, C466@OA2 + BzV2+, C480@OA2 + MV2+, C480@OA2
+ BzV2+, Gaz@OA2 + MV2+, and Az@OA2 + MV2+, respectively. The
plot was fitted with eq 2. The fitted line is displayed in the black solid
line. An experimental error for three representative points is also
given.
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We are aware that the λ consists of solvent and nuclear
reorganization energies (λ = λs + λi).

6 As discussed above, the
encapsulated donor within the OA capsule is surrounded only
by the electron-rich rigid capsular organic wall. This rigid wall
would not help preparing the excited donor for electron
transfer. Thus, λs with respect to the donor part is negligible.
The acceptor that is already doubly charged (2+) is located
adjacent to the capsular exterior wall in water. The acceptor
must be surrounded by water molecules and hydrogen bonded
to the carboxylate anion of OA. Even after the electron
transfer, the solvation is not expected to change significantly
around the acceptor because the acceptor would still be
positively charged (1+) after accepting an electron from the
encapsulated donor molecule and would be attached to the OA
wall. Therefore, the solvent reorganization energy term (λs)
with respect to the acceptor part is also expected to be small.
Thus, the λs term is negligible during the electron transfer
process. Based on these, we believe that the observed λ of
1.918 eV is entirely because of the internal reorganization (λi).
In rigid media such as glass and melts as well as within the OA
capsule, the donor cation radical would be formed in a rigid
higher energy environment.24,70−72 Similarity between our
system and these is obvious.
To get an insight into the electron transfer process in a rigid

confined environment, we re-examined the Marcus theory of
electron transfer. According to this theory, λ is defined as the
free energy of the product parabola at the equilibrium nuclear
configuration of the reactant parabola, as shown in Figure 6.

Let us consider two sets of reactant and product parabolas.
The first set is named set-1 and colored in black, whereas the
other one is named set-2 and is colored in red. The only
difference between these two sets is that the red parabolas are
steeper than the black ones. For both of them, the coordinate
of the equilibrium positions of the reactant and product is at x
= 0 and x = d, respectively. Thus, the equations defining the
free energy of the reactant (Gi

R(x)) and the product (Gi
P(x))

parabolas for the i-th set can be written as

G x k x( )
1
2i i

R 2=
(3)
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2

( )i i
P 2= +
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where ki is the force constant of the parabolas for the i-th set.
The solution of the product parabola for x = 0 will give the
form of λ in terms of ki and d and is given by

k d
1
2 i

2λ =
(5)

Examination of eq 5 reveals that λ increases linearly with
increasing ki. In other words, λ increases as the reactant and
product parabolas become steeper. Comparison of the two
curves in Figure 6 reveals that when the parabola is steeper (or
constricted), more energy will be required to reach the product
compared to a wider one, for the same nuclear geometry. In a
confined environment like as in the present case, where the
structural modification is highly restricted, the reactant and
product parabolas are expected to be steeper, leading to a
higher value of reorganization energy. In support of our
argument, we would like to mention the work on a system of
simple harmonic oscillator trapped inside a box and showed
that the energy of the oscillator increases with decrease in the
box length, leading to a steeper potential.73

A similar higher value for λ has been reported in the
literature. A high value for λ (2.13 eV) has been noted during
reverse electron transfer of radical ion pair by Gould and
Farid.46 In their case, SSRIP possessed higher λs (1.63 eV)
than the contact radical ion pair (CRIP; 0.48 eV), where the
radical cation and radical anion are almost touching each other.
In fact, the structure of SSRIP has some similarity to the
radical ion pair generated in this supramolecular environment
with one exception. In our case, the wall between radical ions is
permanent and rigid while in SSRIP, it is flexible and soft.54

The high λ in this study must all be λi while in SSRIP, most of
it is likely to be because of λs.
The second most important parameter we have retrieved

from the Marcus plot is Vel. The value of Vel depends on the
extent of orbital overlap between the donor and the acceptor.
For the cases where the orbital overlap for the donor and
acceptor is larger, greater will be the value of Vel. In our
example, like in SSRIP, there is no direct overlap between the
donor and the acceptor. A direct comparison between capsular
wall-separated radical ion pair with SSRIP is revealing. The Vel
for CRIP and SSRIP is reported to be 0.093 and 0.00143 eV,
respectively.46 As mentioned earlier, in CRIP, the orbitals of
radical ion pair overlap while in SSRIP, there is a solvent
molecule in between. The presence of a solvent molecule
decreases the orbital overlap and decreases Vel. A slightly
higher value of Vel (0.0058 eV) obtained in our system could
be because of the rigidity of the three component systems
donor, capsule, and acceptor. Most likely neither the donor,
the acceptor, nor the capsule has much freedom. This is
distinctly different from that of SSRIP. We are pleased that our
value of Vel is closer to that of SSRIP than CRIP.
Another model resembling our system is the C-clamp-

trapped solvent-mediated electron transfer.25−28 One must
recognize that unlike the solvent molecule trapped in the C-
clamp, the capsular wall that serves as the mediator between a
donor and an acceptor has no flexibility or freedom. The
electronic coupling between the donor and the acceptor in the
C-clamp system is shown to depend on the electronic and
steric properties of the solvent. The value of Vel varies between
0.0035 and 0.0068 ± 0.00161 eV.27 Our value is on the higher
side and this could be attributed to the dynamic nature of the
C-clamp−solvent versus the static nature of the donor@OA2−
acceptor system. Other examples that has some resemblance to
ours are the systems in which electron transfer occurs under
solvent-free and diffusion-less conditions.29,31 Under these
conditions, the donor and acceptor molecules are preposi-

Figure 6. Dependence of reorganization energy on the steepness of
the reactant and product parabolas in the Marcus formulation.
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tioned adjacent to each other. The examples include dyes
adsorbed on single crystals of aromatic molecules and melts of
dyes with aromatic molecules. The Vel values varied between
0.0023 and 0.0043 eV. The electronic coupling reported for
these systems is slightly smaller than what we have calculated
for OA wall-mediated electron transfer.
The system that is directly relevant to the current study is

the Cram hemicarcerand system investigated by Piotrowiak36

and Balzani.39 Electron and energy transfers across this
hemicarcerand’s wall have been investigated. However, it is
important to note that the electron exchange matrix elements
calculated for energy transfer between incarcerated triplet
biacetyl and aromatic and olefinic acceptors vary between
0.00001 and 0.00003 ± 10% eV and are much smaller than
what we have noted in the current system.37,39 The difference
most likely is due to the fact that the acceptors in our system
are Coulombically bound to the exterior of the capsule while in
the Cram hemicarcerand system, the acceptors are free in
solution. Because of the lack of any specific attraction between
the hemicarcerand and the acceptor molecules, the contact
time between the acceptor and the carcerand will be short
while in our case, it is quite long. Interestingly, the electronic
coupling is shown to depend on the internal cavity dimension
of the Cram-type hemicarcerands.38 The smaller the capsule,
the stronger the coupling. Clearly close interaction between
the guest biacetyl and the walls of the hemicarcerand favors
stronger coupling.
Expectedly, the Vel noted here is smaller than for systems,

wherein the donor and acceptor are covalently linked. The
observed smaller value is consistent with the expectation that
lack of direct σ/π link would decrease the electronic coupling.
An interesting but not so obvious feature one should note is
that the wall of OA is rich in electron. This is likely to increase
the barrier for the electronic coupling between the donor and
the acceptor through the wall and reduce the electronic
coupling. This is in accordance with what has been noted in
the C-clamp−solvent systems.27 A correlation between
electronic coupling and the electron affinity of the solvent
has been noted in C-clamp systems.27 Interestingly, solvent
molecules with low electron affinity have smaller electronic
coupling. We believe that a similar effect may reduce the
coupling between the excited donor and electron-rich capsular
wall. However, the calculated Vel in this study is higher than
that in SSRIP and seems sufficient to bring about electron
transport across the capsular wall.

■ CONCLUSIONS

Overall, one could visualize the OA-encapsulated donor and
Coulombically linked acceptor system to be capable of
undergoing PET. The capsular wall participates in the electron
transfer process. Because the interior of the capsule is dry and
rigid, medium reorganization is not expected to provide the
needed driving force.54 The observed λ value is higher than
expected while Vel is reasonable for the current system. The
preliminary quantum chemical calculation suggested that upon
excitation of encapsulated coumarin, the charge shifts toward
the wall. It seems that when there is an acceptor adjacent to
the wall, the charge from the wall moves to the acceptor.
Although the model we propose is qualitatively consistent with
the observed results, a better understanding is needed, and we
are currently pursuing theoretical understanding of the
observed phenomenon through collaboration.
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