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ABSTRACT: Methyl viologen hexafluorophosphate (MV2+·2PF6
−) and

dodecamethylbambus[6]uril (BU6) form crystals in which the layers of
viologen dications alternate with those of a 1:2 supramolecular complex of
BU6 and PF6

−. This arrangement allows for a one-electron reduction of
MV2+ ions upon UV irradiation to form MV+• radical cations within the
crystal structure with half-lives of several hours in air. The mechanism of this
photoinduced electron transfer in the solid state and the origin of the long-
lived charge-separated state were studied by steady-state and transient
spectroscopies, cyclic voltammetry, and electron paramagnetic resonance
spectroscopy. Our experiments are supported by quantum-chemical
calculations showing that BU6 acts as a reductant. In addition, analogous
photochemical behavior is also demonstrated on other MV2+/BU6 crystals
containing either BF4

− or Br− counterions.

■ INTRODUCTION

Photoinduced electron transfer (PeT) processes have been
intensively studied for their importance in many fields, such as
the development of solar cells and light-emitting diodes.1−5

The key reaction intermediate in such applications is a long-
lived photoinduced charge-separated state of a radical pair.
Methyl viologen (MV2+) and other dialkylbipyridinium
derivatives are a well-known class of organic dications that
can be stepwise reduced to give the corresponding radical
cations or neutral forms.6−9 Such a reduction can be
accomplished thermally or photochemically and is reversible.
The rate of thermal reverse electron transfer is usually very
high, which precludes the use of these systems for solar energy
conversion. However, it has been shown that stabilization of
viologen radical cations can be achieved by their incorporation
to solid matrices, such as zeolites,10,11 polymers,12,13

Langmuir−Blodgett monolayers,14 crystal frameworks,15−18

and hybrid structures.19−21

Bambusurils are a family of macrocyclic compounds whose
first derivatives were reported by some of us in 2010.22 These
macrocycles were recognized as anion receptors, showing a
high affinity and selectivity toward various anions in both
organic solvents and aqueous media.23−27 For these properties,
bambusurils have been used in conjunction with NMR
spectroscopy and mass spectrometry to analyze multicompo-
nent anion mixtures.25,28 Interestingly, these macrocycles can

not only bind spherical anions such as halides but also engulf
weakly coordinating anions such as BF4

− and PF6
−. We recently

demonstrated that dodecamethylbambus[6]uril (BU6) (Figure
1a) crystallizes in the presence of tetrabutylammonium (TBA)
halide salts to form crystals in which the layers of BU6−halide
complexes are separated from those of TBA cations.27

Here we report that substitution of TBA halide salt with
methyl viologen hexafluorophosphate (MV2+·2PF6

−) results in
a photoactive crystalline material in which the organic
macrocycle, BU6, acts as an electron donor in photoreduction
of MV2+. A combined experimental−computational study was
carried out to explain this phenomenon.

■ RESULTS AND DISCUSSION

Crystal Structure Analyses. Light-yellow crystals were
obtained upon slow crystallization of a solution of BU6 and
excess MV2+·2PF6

− in a water/acetonitrile (1:1) mixture. X-ray
crystallography revealed that the crystals contain a supra-
molecular complex of BU6, MV2+, and PF6

− (BU6/MV2+/
PF6

−; Figure 1a−c). Two PF6
− anions occupy each of the two

entrances of the BU6 cavity. The fluorine atom F′ (Figure 1b)
of each of the opposing PF6

− ions is nested deep into the BU6
cavity and interacts with the H−C2 and H−C6 methine
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hydrogen atoms of the macrocycle, forming weak C−H···F
hydrogen bonds, the shortest H···F distance being 2.57 Å.
The complex is further stabilized by one water molecule,

which is situated in the cavity center between two PF6
− anions.

A similar stabilization of anions inside the BU6 cavity has been
reported before.24,29 In this paper, an arrangement formed by
BU6, two PF6

− anions, and one water molecule between the
anions is denoted as the BC2− complex. In the crystal, the BC2−

complexes form layers in which neighboring BU6 macrocycles
interact by weak N1−CH···OC8 and N3−CH···OC4

hydrogen bonds, with the shortest H···O distance being 2.69
Å. Moreover, the layers are further stabilized by the dipole−
dipole interactions of the C8O carbonyl groups that are in
the anti orientation at the interface of two adjacent macro-
cycles.
The layers containing the BC2− complexes alternate with the

layers formed by the MV2+ ions and acetonitrile and water
molecules. Thus, two types of layers exist within the crystal
structure: one bearing a positive charge and the other one a
negative charge (Figure 1c). A similar charge separation in
adjacent layers within the crystal has previously been described
for complexes between BU6 and halide anions in the form of
tetrabutylammonium salts.30 The MV2+ molecules are posi-
tioned in close proximity to BU6. At least one oxygen atom in
both BU6 portals reaches one of the aromatic rings of MV2+

with an average C···O distance of approximately 3 Å. The
thicknesses of the cationic and anionic layers defined by planes
passing through the centers of fluorine atoms F″ (Figure 1b)
placed outside the macrocycles are 2.98 and 11.35 Å,
respectively.
Altogether, the unit cell of triclinic shape contains three

MV2+ ions, three BC2− complexes, and four acetonitrile and six
water molecules (a total of 591 atoms). All of the molecules
within the unit cell are very well packed without any voids that
would allow for diffusion of oxygen or other gases into the
crystal.
In addition, we decided to study mixed crystals based on

BU6 and MV2+ containing different counterions, such as BF4
−

and Br−. Thus, analogous BU6/MV2+/BF4
− and BU6/MV2+/

Br− crystals were prepared. X-ray diffractometry revealed
several differences among the three types of prepared crystals
(Figures 1, S1 and S2). Unlike the PF6

− ions, BF4
− and Br− are

centered inside the BU6 macrocycles and form inclusion
complexes with 1:1 stoichiometry. In the BU6/MV2+/BF4

−

crystals, the complex adopts a layered structure similar to that
of BU6/MV2+/PF6

−. The thicknesses of the anionic and
cationic layers defined by planes passing through the centers of
the oxygen atoms at the BU6 portals are 9.57 and 4.85 Å,

respectively; the analogous distances in BU6/MV2+/PF6
− are

9.59 and 4.76 Å. The layers are parallel to the crystallographic
ac plane; along the a direction, the MV2+ cations are arranged
in distinct channels that are separated by parallel channels of a
solvent (methanol).
BU6/MV2+/Br− crystals do not have a layered structure.

Instead, the main structural unit is composed of two axially
aligned BU6·Br− complexes sharing a MV2+ ion between them;
the cation axis is parallel to those of the anions, and several
weak interactions, including Csp

3−H···O interactions, stabilize a
face-centered orientation of the MV2+ plane with respect to the
BU6 external side walls. Such structural units in the crystal are
connected through numerous interactions between the carbon-
yl oxygens and CH3/CH2 hydrogen atoms of neighboring BU6
macrocycles.

Photochemical Properties of Mixed Crystals. Irradi-
ation of the three mixed crystals BU6/MV2+/PF6

−, BU6/
MV2+/BF4

−, and BU6/MV2+/Br− with UV light (using a
continuous laser with λ = 375 nm) resulted in an immediate
color change from light yellow to blue (Figure 1d; the same
color change occurs upon irradiation at 266 nm). The blue
color of all three forms of intact crystals persisted over at least 5
h before it reverted back to the light-yellow color in both the air
and nitrogen atmosphere. To study the nature of this blue
color, the crystals were crushed to obtain homogeneous powder
for diffuse reflectance (DR) studies. DR spectra for all three
mixed crystals exhibited two new bands with maxima at 398
and 607 nm (Figures 2a and S3).
This color change was studied as the remission function

( f(R)) difference on crushed BU6/MV2+/PF6
− crystals, initially

irradiated at 375 nm for 1 h in the air atmosphere (Figure S4a)
and subsequently left in the dark (Figure S4b). The same DR
spectral change (light-yellow crystals ⇄ blue crystals) was
observed for seven repetitions, and we concluded that the
process is fully reversible (Figure 3).
In the next step, the kinetics of the measured remission

function change in the crushed BU6/MV2+/PF6
− crystals was

investigated at 298 K. The DR spectra of the irradiated sample
at 375 nm in the air atmosphere were recorded every 5 min for
6 h after the light source was turned off. The observed f(R)
decay was best fitted by the kinetic model A → D, B → D, and
C → D with three first-order rate constants of (1.78 ± 0.05) ×
10−3, (4.66 ± 0.30) × 10−4, and (8.56 ± 0.81) × 10−5 s−1

(Figure S5a). After the decay was complete, the same sample
was kept under the flow of nitrogen to avoid air oxygen and
irradiated at 375 nm for 1 h. The spectra were recorded every
30 min for 24 h. The observed decay was best fitted by the
kinetic model A → C and B → C with two first-order rate

Figure 1. (a) Compounds used in this study. (b) Part of the X-ray structure of BU6/MV2+/PF6
− crystal. (c) Packing of the crystal structure of BU6/

MV2+/PF6
− crystal (BU6, orange; MV2+, blue; PF6

−, green; acetonitrile, gray; water, red). (d) Photographs showing BU6/MV2+/PF6
− crystals

before (top) and after (bottom) UV irradiation.
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constants of (1.63 ± 0.32) × 10−3 and (4.89 ± 0.27) × 10−5 s−1

(Figure S5b).
Decay rate constants of the same magnitude were observed

for BU6/MV2+/BF4
− crystals: (6.07 ± 0.78) × 10−3, (9.93 ±

0.55) × 10−4, and (1.82 ± 0.04) × 10−4 s−1 in the case of the
aerated sample and (3.10 ± 0.02) × 10−4 and (2.93 ± 0.19) ×
10−5 s−1 in the case of the sample kept under nitrogen.
The normalized kinetic traces observed at 610 nm for BU6/

MV2+/PF6
− and BU6/MV2+/BF4

− irradiated at 375 nm under
different conditions are shown in Figure 4. These results clearly
demonstrate that the observed decay is strongly influenced by
the presence of oxygen but not by the anion type or a different
crystal packing. In general, the observed half-life of the colored
state of the crushed crystals in the absence of oxygen was ca. 2
h, which is shorter but still on the same order of magnitude as
that of intact crystals. However, the half-life of crushed crystals
in the presence of oxygen was only ca. 10 min.

Long lifetimes of metastable transient species photo-
generated in the crystalline state via electron transfer have
been observed when a back electron transfer process is
restricted.16,31,32 We hypothesized that the color change
observed in this work is connected with a photoinduced
reduction of MV2+ to give the viologen radical cation (MV+•)
and that the long-lived radical ion pair (RIP) thereby formed
can be of triplet multiplicity or, simply, there is no reasonable
mechanism available for oxidation of MV+• to MV2+. Indeed,
the two bands of the remission function, λmax = 398 and 607
nm, in the diffuse reflectance spectrum (Figure 2a) match those
of the absorption and diffuse reflectance spectra already
reported for MV+• in both solution and the solid state.6−9

Oxidation of MV+• to MV2+ by atmospheric oxygen is known
to be fast and efficient in solution.33,34 This process should be
restricted in intact crystals, as the majority of the viologen
molecules are incorporated inside the crystal with tight crystal
packing, preventing diffusion of oxygen molecules toward the
reactive radical ion intermediates (see above). However,
crushing the material probably caused disruption of the crystal
structure and allowed for the observation of a substantial
quenching effect of the colored state by oxygen, suggesting that
oxidation of MV+• occurs. Inhomogeneous destruction of the
crystals is also probably responsible for the observation of
multiple quenching rate constants, which can be interpreted by
the presence of more or less disrupted crystalline entities in the
sample. Nevertheless, the decrease in the observed half-life is
clearly related to the presence of oxygen. The fact that the
process was fully reversible and no chemical changes in the
studied system upon repeated photolysis were observed
suggests that quenching of a triplet state is involved.
Additional evidence for the presence of long-lived MV+• was

obtained from steady-state EPR experiments in the solid state.
While the crystals before irradiation were EPR-silent, the EPR
spectrum of the blue crystals exhibited a strong single
resonance at g = 2.0047 (Figure 2b).

Nature of the Electron Donor. The main question that
remained at this point was the mechanism of MV+• formation.
MV2+, as the key chromophore in the crystal, absorbs a photon
to form an excited singlet state, which acts as a strong oxidizing
agent.35 It has already been demonstrated that in acetonitrile,
excited MV2+ oxidizes molecules that possess gas-phase
ionization potentials (IPs) lower than 10.3 eV.35 Because
acetonitrile, water, and PF6

− possess IPs higher than this
threshold (>12.2 eV), they should not play any role in the

Figure 2. (a) UV−vis diffuse reflectance spectra and (b) EPR spectra
of BU6/MV2+/PF6

− before (red) and after (blue) UV irradiation.

Figure 3. Reversible changes in the remission function monitored at
398 nm upon a periodic 1 h irradiation of crushed BU6/MV2+/PF6

−

crystals followed by keeping the sample in the dark for 1 h (n is the
number of repetitions). The solid line is a guide for the eyes.

Figure 4. Normalized kinetic traces of f(R) for crushed crystals of
BU6/MV2+/PF6

− (solid lines) and BU6/MV2+/BF4
− (dashed lines)

crystals observed in air (blue) and nitrogen (black) atmosphere.
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observed PeT process.35 Thus, the reducing agent that could
donate an electron to form MV+• can only be BU6.
In order to confirm that the excited singlet MV2+ could be

reduced by BU6 in a mixed crystal, we studied this reaction
spectroscopically in an acetonitrile solution. Because the
lifetime of the excited singlet state of MV2+ in the solution is
very short,36 picosecond transient absorption spectroscopy was
used. In addition, a structurally related 2,4,6,8-tetramethylgly-
coluril (TMGU) (Figure 1a) possessing a comparable oxidation
potential and good acetonitrile solubility was used instead of
the poorly soluble BU6. Deactivation pathways of the excited
singlet state of MV2+ in both the absence and the presence of
TMGU were investigated. In the absence of TMGU, the initial
transient absorption spectrum, determined by the global
analysis of the measured data, was assigned to the excited
singlet state of MV2+ (Figure 5, blue line; two absorption

maxima at 325 and 385 nm). The maximum at 385 nm
corresponds to that previously reported by Kohler and co-
workers,35 whereas the signal at 325 nm was out of their study
range. In agreement with their observation, we found no
evidence of photoreduction of the MV2+ excited singlet state
(i.e., formation of MV+•) by acetonitrile. A new species,
assigned to MV+• according to the literature,6−9 was observed
for samples of MV2+ (1 mM) in acetonitrile containing TMGU
at different concentrations (c = 10, 30, 54, and 100 mM) after
the laser pulse. The global analysis of the spectral data with a
model of the single-exponential kinetic function gave observed
rate constants for MV+• formation in the range of (1−5) × 109

s−1. Because such an observed rate constant is higher than that
typical for a diffusion-controlled process, we assumed that
electron transfer occurs within a ground-state associate. Indeed,
the association constant of methyl viologen and TMGU in
acetonitrile determined by UV−vis spectroscopy (for details,
see Figure S6) was found to be (348 ± 75) M−1. This constant
was then used to calculate analytical concentrations of the
complex under the same experimental conditions as those used
in the transient spectroscopy measurements (see the
Supporting Information). The correlation between the complex
concentrations and the spectral absorbance of MV+• at 392 nm,
obtained as a final spectrum from the global analysis of the
measured data, is high (Figure S7). Thus, we conclude that
reduction of the excited singlet state of MV2+, involving
electron transfer, occurs only within the complex of methyl
viologen and TMGU and, subsequently, the two reactants form
a radical ion pair.

In addition, the UV−vis absorption spectra of MV2+/TMGU
solutions were recorded before and after irradiation at 266 nm.
An increase in the absorption intensity in the region of 300−
400 nm is apparent in Figure S8 as an indication of the
photoproduct(s) formation. We did not perform any detailed
product analysis but assumed that the products are a dimer of
MV+• or doubly reduced MV2+, which have been reported to be
formed under similar conditions35 and absorb in the same
region as the photoproducts observed in our experiments.
Cyclic voltammetry of TMGU in an acetonitrile solution

showed an irreversible oxidation peak with a half-wave potential
of E1/2 = +2.10 V vs SCE (using ferrocene as an internal
standard).36 This oxidation potential is comparable to that of
unsubstituted urea (ca. +1.90 V vs SCE in water;37 a typical
voltammogram is shown in Figure S9). Although BU6 did not
exhibit a distinct oxidation peak, presumably because of the
presence of two similar types of nitrogen atoms in its structure,
we were able to determine that its oxidation occurs at
approximately +2.2 V vs SCE, which matches the oxidation
potential of TMGU. We also calculated the driving force for the
one-electron reduction potential of a methyl viologen/BU6
couple to support our experimental data. The excited-state
reduction potential of methyl viologen is E(MV2+*/MV+•) =
+3.65 V vs SCE. This value was estimated from its ground-state
potential, E(MV2+/MV+•) = −0.45 V vs SCE38 and the energy
of the excited singlet state of MV2+, ES = 396 kJ mol−1 (ca.
4.104 eV).35 As the oxidation potential of BU6 was determined
to be −2.2 V vs SCE, the Gibbs energy of electron transfer
between the excited singlet of MV2+ and BU6, ΔGeT, equals ca.
−1.45 eV (ca. −140 kJ mol−1), and thus, the process is
exergonic.
The results from our experiments provide sufficient evidence

that the appearance of blue color in the crystals is a
consequence of efficient one-electron transfer from BU6 to
the excited singlet state of methyl viologen, probably followed
by formation of a triplet radical ion pair. However, they do not
provide a clear explanation why the resulting RIP is long-lived.
Therefore, we decided to use quantum-chemical calculations to
reveal the nature of the RIP and clarify the mechanism of its
formation.

Quantum-Chemical Calculations.We employed theoreti-
cal modeling to determine whether the RIP can be formed in
the triplet state, which would explain its long-lived nature, as
the reverse electron transfer is an inefficient spin-forbidden
process. We calculated energies of all possible singlet and triplet
states that can be involved in the RIP formation (Figure S10;
see the Supporting Information for details). We were especially
focused on evaluating the intersystem crossing (ISC)
efficiencies of all possible steps that can produce the triplet
state by calculating the singlet−triplet (S−T) splitting and
spin−orbit coupling (SOC).39 In our calculations, we
considered two key components of the BU6/MV2+/PF6

−

mixed crystal, MV2+ and BC2−, and several types of models,
which are described in detail in the Supporting Information.
On the basis of our experimental findings, we suggested that

the most probable mechanism consists of the following steps:

· → → ⎯→⎯ → ·
ν+ − + −MV BC LE(MV) RIP RIP MV BC

h2 2 1 eT 1 ISC 3 eT 2 2

In the first step, the initial state (MV2+·BC2−) is excited by light
to the locally excited (LE) singlet state of methyl viologen
(1LE(MV)). This state has sufficient energy (4.19 eV) to
initiate oxidation of BU6 to form the singlet state of the MV+•·

Figure 5. Transient absorption spectra of the excited singlet state of
MV2+ (blue line) and MV+• (red line) obtained by photolysis of an
acetonitrile solution of MV2+ and TMGU. The spectra were
determined by the global analysis of the measured data in 120 ps
steps up to a 1.8 ns delay after the pump pulse.
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BC−• radical ion pair (1RIP). The calculated energy change for
the 1LE(MV) → 1RIP step, ΔEeT = −2.19 eV (−211.3 kJ
mol−1), is higher than the experimentally determined value of
ΔGeT (ca. −1.45 eV; see above) for a similar process in the
solution. Such a difference could be attributed to thermal effects
that are omitted in our calculations. A larger value can also
indicate that the oxidized form of BU6 is stabilized more
efficiently because of the presence of the PF6

− anions in the
BU6 cavity compared with the stabilization of TMGU in
acetonitrile. This type of stabilization is also supported by the
calculated difference in the electron density obtained upon BU6
oxidation (Figure S11), which shows that the positive charge in
BU6+• is localized on the top and bottom rims of the
macrocycle in the very close vicinity of anions found in the
supramolecular assembly of BC−•.
The singlet and triplet states of RIP (1RIP and 3RIP, 2.05 and

1.95 eV) are the lowest electronically excited states of the given
multiplicity of the entire unit cell (initial state) of the mixed
crystal. This confirms that once the RIP is formed, it can
convert back to the initial state only by a single electron transfer
process. The S−T splitting calculated for the RIP is very small
(ca. 0.1 eV), indicating that 1RIP can efficiently undergo ISC to
give the long-lived triplet state 3RIP. Moreover, the splittings of
the MV+• and BC−• singly occupied molecular orbitals due to
the SOC are 0.39 and 0.12 eV, respectively, showing a larger
difference than that found for the MV2+* state (see the
Supporting Information). 3RIP is then responsible for the blue
coloration of the mixed crystal because it contains methyl
viologen in the reduced form. Because 3RIP (MV+•·BC−•) has
to be EPR-active, we calculated isotropic values of the g tensors
for the MV+• and BC−• moieties in vacuum, which are 2.0030
and 2.0062, respectively. The experimentally observed value of
2.0047 matches their average value (2.0046), suggesting that
the long-lived 3RIP is indeed detected during EPR measure-
ments.
Finally, the experimentally observed long half-life of the

formed 3RIP is explained by an inefficient, spin-forbidden back
electron transfer transition (3RIP → MV2+·BC2−) whose
probability is further reduced by a large energy separation of
the triplet and singlet states (ca. 1.95 eV) and possibly by
limited geometry relaxation of the RIP within the mixed crystal.
We also characterized pathways leading to 3RIP by the

electronic excitations of BU6 in the BC2− supramolecular
assembly. Our calculations indicate that although BC2−*
(Figure S10) exhibits efficient ISC and could induce electron
transfer, the probability of this process is very low because the
probability of BC2− excitation is 1−2 orders of magnitude lower
than that of methyl viologen. In addition, the impact of the type
of anion on the stability of BU6+• was studied in the series of
(a) BC2−, (b) a complex of BU6 and Br−, and (c) BU6 (as a
reference) in vacuum. Energies required to form BU6+• are
+266.7, +473.0, and +710.2 kJ mol−1, respectively (see the
Supporting Information for details). On the other hand, we
found that the presence of anions in the BU6 cavity does not
influence the S−T splitting in the locally excited state of BU6,
which is very small (ca. 0.01 eV). These data indicate that
anions might influence the stability of a RIP with respect to the
initial state but do not influence the ISC efficiency, which is in
accordance with our experimental findings.

■ CONCLUSION
We have demonstrated that MV2+ in the form of its PF6

− salt
and the neutral macrocyclic compound BU6 packed in mixed

crystals can undergo photoinduced electron transfer. We have
shown that BU6 acts as a source of electrons to reduce MV2+*
to the MV+• radical. The radicals formed are stable inside intact
crystals in air for several hours before the initial state is
restored. The photoinduced electron transfer cycle can be
repeated several times without significant loss of its efficiency.
The same process was observed in two other types of crystals
containing both MV2+ and BU6 but different types of anion and
crystal packing.
The reversible formation of long-lived radicals via charge

separation is appealing because of its relevance to energy-
storage systems. This work shows that glycoluril-based
macrocycles can be used as electron donors in a PeT process.
To the best of our knowledge, no example of a glycoluril-based
macrocycle enabling an electron-transfer reaction has been
reported to date.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Preparation and Characterization of the Mixed Crystals. All
of the X-ray diffraction data were measured at 120 K on a Rigaku
diffractometer (rotating anode, partial χ-axis goniometer, CCD
detector) using Mo Kα radiation (λ = 0.71075 Å). CCDC 1413477,
1521355, and 1521356 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

BU6/MV2+/PF6
− Crystals. Methyl viologen hexafluorophosphate

(MV2+·2PF6
−) (135 mg, 284 mmol), dodecamethylbambus[6]uril

(BU6) (103 mg, 94 mmol), water (7 mL), and acetonitrile (7 mL)
were sonicated for 5 min. Undissolved solid was filtered off, and the
resulting solution was left to stand in a dark place for 2 weeks at room
temperature, during which time the solvents partially evaporated. The
resulting mixture contained light-yellow crystals of the BU6−MV2+·
2PF6

− complex (76 mg) and colorless needles of pure MV2+·2PF6
−

(50 mg). The crystals were collected by filtration and separated
manually.

Crystallographic data for BU6·(MV2+·2PF6
−)·4/3CH3CN·2H2O·

H2O (C56.67H84F12N27.33O15P2): Mr = 1678.11, crystal dimensions
0.21 mm × 0.16 mm × 0.16 mm, space group P1 ̅, a = 17.8727(2) Å, b
= 18.7412(2) Å, c = 19.8363(3) Å, α = 66.3210(10)°, β =
67.0100(10)°, γ = 69.4060(10)°, V = 5449.88 Å3, Z = 3, ρcalcd =
1.534 g cm−3, μ = 0.174 mm−1; 64 075 reflections collected, 20 454
unique reflections (Rint = 0.0128), data/restraints/parameters 20454/
542/1742, final R indices (I > 2σ(I)) R1 = 0.0617 and wR2 = 0.1792,
Δρmax/Δρmin = 1.24/−0.77 e Å−3.

BU6/MV2+/Br− Crystals. Methyl viologen chloride (MV2+·2Cl−·
xH2O) (18 mg, 70 μmol based on the dry form), BU6·HCl complex
(20 mg, 18 μmol), 46% aqueous HBr solution (4.2 μL, 36 μmol of
HBr), MeOH (4 mL), and CH2Cl2 (4 mL) were sonicated for 10 min.
Undissolved solid was filtered off, and the resulting solution was left to
stand in a dark place for 1 month at room temperature, during which
time the solvents partially evaporated, yielding light-yellow crystals of
the BU6−(1/2MV2+·Br−) complex.

Crystallographic data for BU6·(1/2MV2+·Br−) (C48H67BrN25O12):
Mr = 1266.17, space group P21/c, a = 19.3696(2) Å, b = 15.39990(10)
Å, c = 24.2089(2) Å, β = 94.0220(10)°, V = 7203.49(11) Å3, Z = 4,
ρcalcd = 1.168 g cm−3, μ = 0.637 mm−1; 109 866 reflections collected,
13 494 unique reflections (Rint = 0.0423), data/restraints/parameters
13494/45/788, final R indices (I > 2σ(I)) R1 = 0.0548 and wR2 =
0.1574, Δρmax/Δρmin = 1.47/−0.82 e Å−3.

BU6/MV2+/BF4
− Crystals. Methyl viologen tetrafluoroborate

(MV2+·2BF4
−) (64 mg, 180 μmol), BU6·HCl complex (40 mg, 36

μmol), MeOH (4 mL), and CH2Cl2 (4 mL) were sonicated for 10
min. Undissolved solid was filtered off, and the resulting solution was
left to stand in a dark place for 1 month at room temperature, during
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which time the solvents partially evaporated, yielding light-yellow
crystals of the BU6−(1/2MV2+·BF4

−) complex.
Crystallographic data for BU6·(1/2MV2+·BF4

−)·4CH3OH
(C52H83BF4N25O16): Mr = 1401.24, space group P1 ̅, a = 11.9917(3)
Å, b = 15.2680(5) Å, c = 21.2185(5) Å, α = 95.821(2)°, β =
91.000(2)°, γ = 107.853(3)°, V = 3673.90(18) Å3, Z = 2, ρcalcd = 1.267
g cm−3, μ = 0.102 mm−1; 47 137 reflections collected, 13 784 unique
reflections (Rint = 0.0436), data/restraints/parameters 13784/78/950,
final R indices (I > 2σ(I)) R1 = 0.0623 and wR2 = 0.1853, Δρmax/Δρmin
= 0.40/−0.29 e Å−3.
Diffuse Reflectance Spectra. UV−vis diffuse reflectance spectra

were measured in the reaction chamber of a Harrick Praying Mantis
Diffuse Reflection Accessory coupled with an Agilent Cary 5000
spectrophotometer. The reaction chamber allowed measurements
under various atmospheres by purging gas through the chamber. The
crystals were crushed in a mortar with a pestle, placed into the
chamber, and irradiated with a 375 nm laser. After irradiation, diffuse
reflectance spectra were measured at different times. A white standard
(packed BaSO4) was used as a reference. The measured reflectance
spectra were converted to the remission function f(R) = (1 − R)2/2R,
where R is the reflectance of the sample. The rate constants were
determined by global analysis using a Levenberg−Marquardt
algorithm. A larger error margin in the constants obtained for samples
kept under nitrogen occurred because the observed decay was not
complete.
Picosecond Transient Spectroscopy. Picosecond transient

absorption was measured using the pump−supercontinuum probe
technique. The system was equipped with a Ti:sapphire laser system
(775 nm, pulse energy 1.0 mJ, full width at half-maximum <150 fs,
operating frequency 425.6 Hz). Part of the beam was fed into a
noncollinear optical parametric amplifier. The output at 532 nm was
compressed to <50 fs pulses, and its frequency was doubled by a β-
barium borate (BBO) crystal to 266 nm with pulse energy of 1.6 μJ.
The probe beam was generated by focusing the 775 nm beam into a
CaF2 plate with a 4 mm path length, which produced a super-
continuum spanning a wavelength range of 270−620 nm. The pump
and probe beams were focused to a 0.2 mm spot on the sample that
circulated in an optical cell with a thickness of <1 mm. The probe
beam and a reference signal obtained by passing the solution next to
the pump beam were spectrally dispersed and registered with two
NMOS sensors (512 pixels). The pump−probe cross-correlation was
<100 fs over the entire spectrum. To improve the signal-to-noise ratio,
the data were averaged over multiple pump−probe scans (three to six
scans with 400 shots per temporal point). All of the transient
absorption spectra were measured on a 1 mM solution of MV2+ in
acetonitrile in 15 ps steps up to a delay of 1.8 ns. Data were analyzed
by global analysis of the time-resolved transient absorption spectra to
obtain species spectra and the first-order rate constants.
Electrochemistry. The cyclic voltammetry measurements were

performed in acetonitrile (TMGU or BU6, c = 1 mM) containing 0.1
M tetra-n-butylammonium hexafluorophosphate as a conducting salt
using ferrocene/ferrocenium (Fc/Fc+, 1 mM) as an internal standard
under an argon atmosphere. A glassy carbon working electrode, a
platinum wire counter electrode, and an Ag wire quasi-reference
electrode were employed. The measurements were carried out at a
scan rate of 50 mV s−1.
Computational Methods. Details of the calculations are provided

in the Supporting Information. The atom positions and unit cell
dimensions were taken from the structure determined by X-ray
crystallography. The initial model was refined employing molecular
modeling, and its geometry was further optimized using the CPMD
package40 at the PBE/70Ry level of theory41 with a correction for
dispersion interactions according to Grimme.42 The optimization was
done at constant volume, employing periodic boundary conditions at
the Γ point of the Brillouin zone. The energy and electronic properties
of the R, 1RIP, and 3RIP states were calculated at PBE/100Ry level of
theory by employing the restricted open-shell Kohn−Sham theory43 to
describe the 1RIP and 3RIP states.
The properties of MV2+, BC2−, MV+•, BC−•, BU6, and BU6·Br−

were determined in vacuum on optimized geometries or on specified

geometries at the PBE/TZ2P44 level of theory in the ADF package.45

The initial geometries were taken from the optimized model of the
crystal structure. The electronic transitions obtained by the TD-DFT
approach46,47 and EPR properties48,49 were calculated with inclusion of
relativistic effects by the scalar zero-order regular approximation
(ZORA). The strength of spin−orbit coupling was determined from
the full and scalar ZORA calculations.50

The properties of the neutral and oxidized forms of BU6 were
calculated on the geometry-optimized structure in the Gaussian 09
package51 at the PBE/6-31G* level of theory.52,53 The difference in
the electron densities of the oxidized and neutral forms and the spin
density in the oxidized form were visualized using VMD.54
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