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A [Pd,L4] coordination cage, assembled from electron-rich phenothiazine-based ligands and encapsulating
an electron-deficient anthraquinone-based disulfonate guest, is reported. Upon excitation at 400 nm, tran-
sient absorption spectroscopy unveils photoinduced electron transfer from the host's chromophores to the
guest, as indicated by characteristic spectral features assigned to the oxidized donor and reduced acceptor.
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The structure of the host—guest complex was characterized by NMR spectroscopy, mass spectrometry and
single-crystal X-ray analysis. Spectroelectrochemical experiments and DFT calculations both agree with the
proposed light-induced charge separation. A kinetic analysis of the involved charge transfer channels

rsc.li/frontiers-organic reveals, besides a guest-independent LMCT path, 44% efficiency for the host—guest charge transfer (HGCT).
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Introduction

In nature, photosynthesis is the fundamental reaction cascade
that transforms light into chemical energy, involving light-
induced charge separation within precisely arranged chromo-
phore assemblies. Taking this as an inspiration, the quest to
build efficient artificial molecular photosystems that harvest
solar energy and transform it into an electrical potential differ-
ence or power the formation of high-energy fuel compounds is
a key scientific challenge."™ In this respect, organic and in-
organic donor-acceptor (D-A) systems have gained consider-
able attention due to their ability to promote charge separation
upon irradiation.”® A wide variety of potent approaches to
design efficient D-A systems has been introduced over the
years.®*'* In most reported discrete systems, donor and accep-
tor moieties are connected through some kind of linker by
conventional covalent chemistry and examined for light-trig-
gered charge transfer between excited donor and acceptor.
However, connecting multiple donors/acceptors via covalent
bonds under precise control over their optimal distance and
spatial orientation can be synthetically challenging and
tedious. Recent progress in supramolecular chemistry provides
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alternative approaches to conventional multistep synthesis by
connecting donor- and acceptor-functionalized building
blocks through noncovalent or coordinative interactions,
allowing the simple and high yielding assembly of D-A combi-
nations in a modular fashion with determined stoichiometry
and spatial arrangement.”™ Such supramolecular D-A
systems have been explored to act as artificial photosynthetic
systems that harvest light energy, as electron-transfer systems,
hydrogen evolution catalysts, and further photo-redox-func-
tional devices.”"*™"°

Self-assembled coordination cages,”*>* featuring a con-
fined yet accessible inner space, have been of interest as a
nanoscopic container for guest encapsulation,> >’ as a mole-
cular transport vehicle,>®?° as a stabilizer of reactive com-
pounds®* and as a supramolecular catalytic center.*!
Furthermore, the interaction between cages and guest mole-
cules in terms of photophysical processes was also explored
before.*>™*° Self-assembled supramolecular systems represent
an ideal platform for realizing photoinduced electron transfer
(PET) processes due to the possibilities to arrange donor and
acceptor functionalities in short through-space distance,
achieving maximum local concentration, and defined
Orientation.18’35'36’38’41_44

The choice of the D-A pair and the spatial arrangement of
the D and A moieties play crucial roles to effectively achieve a
charge separated state with long lifetime, a prerequisite for
application of such systems as a basis for active materials in
photovoltaic devices. As donor components, electron-rich aro-
matics such as phenothiazines (PTZ), arylamines as well as
thiophene and carbazole derivatives are frequently chosen.
Anthraquinones (AQ), benzothiadiazoles, squaraines and
various cyano- and keto-functionalized heterocycles have been
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employed as complementary partners to construct a D-A
system.”® As a popular combination, PTZ and AQ derivatives
are often implemented as D-A pairs owing to their suitable
redox potentials and HOMO-LUMO energy gap
characteristics.*®*”

Previously, we introduced a self-assembly approach to amal-
gamate PTZ- and AQ-based building blocks in a D-A system
based on interpenetrated [Pd,Lg] cage assemblies.*®*° We first
demonstrated that the self-assembly of banana-shaped PTZ- or
AQ-based bismonodentate pyridyl ligands (named D or A,
respectively) with Pd(u) cations yielded homoleptic catenated
double-cages [3BF,@Pd,Ls]>* (L = D or A).*®°° Further, we
showed that the equimolar mixture of these ligands (D:A =
1:1) with Pd(u) ions resulted in a statistical combination of
mixed-ligand interpenetrated cages [Pd4D,,Ag_n,]°" (m = 8...0),
containing all possible stoichiometries and stereoisomeric
combinations. By far most of the components of the resulting
mixture were mixed-ligand double-cages, containing at least
one donor or one acceptor component, that contain densely
packed PTZ and AQ functionalities in the immediate vicinity
within the highly entangled supramolecular assemblies. Upon
irradiation with light of 385 nm wavelength, electron transfer
from the excited state phenothiazine donor onto the anthra-
quinone acceptor to obtain a charge-separated state could be
unambiguously corroborated by a combination of transient
absorption experiments in the UV-Vis and IR spectral regions.
However, the fact that the examined samples in this study con-
sisted of a statistical mixture of mixed-ligand cages hampered
interpretation of the photophysical kinetics of the decisive
species and restricts the understanding of structure-function
relationships and the establishment of design principles for
next-generation D-A systems.

Here, we report an alternative approach towards the rational
design of discrete D-A systems composed of a metallosupra-
molecular host, assembled from electron-rich donor ligands,
and an electron-deficient acceptor compound, serving as a
guest. We elucidate the formation and structure of the donor-
functionalized coordination cage and its host-guest complex
by NMR spectroscopy, mass spectrometry, and single crystal
X-ray analysis. The photophysical and electrochemical pro-
perties of the host-guest complex are described. Transient
absorption experiments show that the donor-functionalized
cage is able to transfer electrons to the incarcerated guest
molecule within the host-guest assembly upon irradiation
with light of proper wavelength.

Results and discussion
Design of the system

Ligand L was synthesized by Suzuki-Miyaura coupling of the
dibromo derivative of a hexyl-substituted phenothiazine (PTZ)
backbone with a boronic ester of phenyl pyridine in good yield
(Scheme S1 and Fig. S1-S57%). The ligand is comparable to a
PTZ ligand, previously reported by us.’® However, the ethynyl
linker was replaced with a 1,4-phenylene bridge which resulted
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in the increase of the ligand’s length (in terms of distance
between coordinating nitrogens) by about 3 A. Self-assembly of
the ligand with palladium precursor [Pd(CH;CN)4|(BF,), in
2:1 ratio resulted in quantitative formation of desired donor
cage [Pd,L,|(BF,); 1 in DMSO solution (Scheme 1). The for-
mation of the cage was unambiguously confirmed by '"H NMR
spectroscopy (Fig. 1, and Fig. S6-S91) and high-resolution
mass spectrometry analysis (Fig. 2a, and Fig. $101). In the 'H
NMR spectrum of cage 1, signals of the pyridine rings (H;, Hy,
Hy, and H,) were downfield shifted compared to the free
ligand, characteristic of the metal-mediated self-assembly.
Signals corresponding to di-, tri-, and tetra-cationic complexes
of the cage 1 with a differing number of BF,” counter anions
were identified in the ESI mass spectrum (Fig. 2). "H DOSY
NMR also supported the formation of a single species with a
hydrodynamic radius of 13.6 A (Fig. S26%). All these studies
confirm the successful assembly of four electron-rich ligands
into a 3-dimensional cage 1. Next, cage 1 was explored in
encapsulating electron-poor guest molecules.

Host-guest chemistry

Anthraquinones (AQs) are found in important compound
classes such as natural pigments and redox carriers, anti-
cancer drugs, and pesticides. They are also extensively studied
in the context of redox flow batteries and photocatalysis, owing
to their advantageous acceptor properties, reversible redox
behaviour, and fast electrochemical kinetics. In this study,

Scheme 1 Self-assembly of donor cage 1 and host—guest complex
[Gl@1l**.

b) J J

Fig. 1 Partial *H NMR spectra (500 MHz, DMSO-ds, 298 K) of L (a),
donor-functionalized cage 1 (b), host—guest assemblies [Gl@1]** (c) and
[G3@1]3" (d). Signals of G1 and G3 are indicated by *.

This journal is © the Partner Organisations 2022
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Fig. 2 HR-ESI mass spectra of donor cage 1 (a), host—guest assemblies
[G1@1]** (b) and [G3@1I*" (c).

sodium salts of anthraquinone-2,6-disulfonate (G1), anthraqui-
none-2,7-disulfonate (G2), and anthraquinone-2-sulfonate (G3)
were examined as suitable guest molecules for the donor-func-
tionalized host 1 in DMSO. From 'H NMR studies it was
observed that only G1 and G3 were encapsulated inside cage 1
(Fig. 1), but not G2 (Fig. S131). The size and shape of G2 are
probably not compatible with the cavity of cage 1.>"

The addition of one equivalent of G1 or G3 to a solution of
cage 1 resulted in the formation of host-guest assemblies
[G1@1]*" and [G3@1]*", respectively, within 5 min at room
temperature, as confirmed by analysing the corresponding "H
NMR spectra (Fig. 1). Compared to the parental species, a sig-
nificant change was observed in the "H NMR spectrum of
[G1@1]*". Particularly, protons pointing towards the cavity (i.e.
H; and H,) of the host are most affected after the addition of
the guest molecule G1. Proton Hj;, which points inside the
cavity, is downfield shifted by about 0.64 ppm, suggesting
strong interactions with the guest’s sulfonate groups. In con-
trast, phenothiazine backbone signals (H,, H;, and H.) along

This journal is © the Partner Organisations 2022
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with signal Hy were found somewhat upfield shifted. In the
case of [G3@1]*", only proton H; is downfield shifted by about
0.1 ppm and broadened compared to free cage 1. A competitive
'H NMR experiment was performed by combining G1, G2, and
G3 in equimolar ratio (1:1:1) with cage 1 (1 equiv.) to check
guest preference and selective uptake of G1 was observed
(Fig. S247).

Careful stoichiometric titration of guests G1 or G3 to host 1
revealed fast exchange kinetics on the NMR timescale, result-
ing in a single set of signals for both host and guest molecules
upon guest addition (Fig. S19, and S207). An estimation of the
binding constant for G1 and G3 was derived from the titration
experiments using the Bindfit online tool.>>>? As expected, the
binding constant of dianionic G1 (~ 1.16 x 10> M) is superior
to monoanionic G3 (~ 140 M™'; Fig. S21, S22 and compare
S501). DOSY analysis suggested that the diffusion coefficient
and size of the host are not much affected by encapsulation of
the guest molecule inside the cavity (Fig. S26-S287).
Association between host and guest was also observed in the
ESI-MS results. The ESI mass spectra of the host-guest assem-
blies show strong signals at m/z = 1469 and 953, assigned to
cations [G1@1]** and [G3@1]*", respectively (Fig. 2). Hence, all
spectroscopic results indicate that the host-guest complexes of
the anthraquinone acceptors inside the phenothiazine donor
cages are the predominant species in DMSO solution at milli-
molar concentrations.

Crystal structure analysis

We succeeded in obtaining single-crystal X-ray diffraction data
for ligand L (Fig. S291) and host-guest complex [G1@1]*"
(Fig. 3). Slow diffusion of 1,4-dioxane into a DMSO solution of
[G1@1]**(with an excess of G1) over a period of four weeks
resulted in tiny needle-shaped single crystals that proofed suit-
able for synchrotron X-ray diffraction. The host-guest assembly
crystallized in triclinic form, showing space group P1 (2). The

<)

Fig. 3 Two conformational isomers in the crystal structure of the host—
guest assembly [G1@1]%*: conformer A (HG-A, left) and conformer B
(HG-B, right), in side view along the Pd—Pd axis (a and b), and downward
the Pd—Pd axis (c and d) (hydrogen substituents, solvent molecules and
other G1 anions are omitted for clarity).
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asymmetric unit contains two host-guest assemblies [G1@1]*"
besides two unbound G1 dianions and fourteen DMSO mole-
cules (Fig. S30-S367). The Pd---Pd distance within the cage is
about 19.6 A. The central cavity of the cage is occupied by one
guest molecule. The inward pointing a-protons of the pyridine
units are in close contact to the oxygen atoms of sulfonate
groups (the shortest distance between S-O---H-C is 2.27 A).
The ligands’ phenylene linkers also seem to help stabilizing
the guest inside the cavity with similar interactions (the short-
est distance between $-O---H-C is 2.37 A). The AQ moiety is
surrounded by four PTZ-based ligands of the cage assemblies,
however, the guest’s aromatic system does not show any sig-
nificant direct noncovalent interactions with the host structure
in both conformers found in the X-ray structure result. The
minimum and maximum distances between the centroids of
the PTZ and AQ aromatic rings are about 7.6 and 7.9 A,
respectively. One of the two cage conformers in the asym-
metric unit is more extended, almost obeying a fourfold sym-
metry when inspected downwards the Pd-Pd axis (Fig. 3a and
c), while the other conformer shows a more folded shape
(Fig. 3b and d). In the latter case, the AQ major plane is posi-
tioned between the concave faces of two of the bent PTZ units
while the other two PTZ units are facing towards the AQ unit
with their edges in a slightly angled way. Overall, the acceptor
AQ moieties of both host-guest conformers are surrounded by
the four donor PTZ units in direct spatial proximity while not
directly engaging in any close m-m-interaction. Owing to the
fact that the NMR spectra of the host-guest assemblies do not
show any guest-induced signal splitting of the host protons,
free and rapid rotation of the guest inside the host can be
anticipated in solution, most probably in a way that the guest’s
sulfonate-sulfonate axis coincides with the host’s Pd-Pd axis.

Theoretical studies

Molecular models of the cage with only two counter anions [1
+ 2BF,]** and the host-guest assemblies [G1@1]*" and [G3@1
+ BF,]*" were first optimized on B3LYP/def2-SVP level and the
electronic properties were then calculated with B3LYP/def2-
TZVP and implicit solvation (see ESIf for details).”* As can be
seen in Fig. 4, the fourfold degenerate HOMOs are spread over
the PTZ moieties of the ligands L for every system. But while
for [1 + 2BF,]** the twofold degenerate LUMOs are found at
the palladium(u) centers, the LUMO for each host-guest

Fig. 4 Frontier molecular orbital visualization of (a) donor-functiona-
lized cage 1 (containing two BF;~ counter anions), and host—guest
assemblies (b) [G1@1I%* and (c) [G3@1 + BF,4]2*. The HOMOs are rep-
resented in red-green, LUMO:s in yellow-blue.
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assembly is spread over the acceptor guests G1 and G3,
respectively. The calculated energy gaps between HOMO and
LUMO are 1.95 eV for [G1@1]*" and 1.97 eV for [G3@1 +
BF,]**, while it is 2.92 eV for [1 + 2BF,]** (Table S27).

UV-Visible spectroscopy studies

Absorption spectra of ligand L, cage 1, guests G1 and G3, and
the host-guest assemblies were recorded in DMSO solution at
ambient temperatures (Fig. S39t). The absorption spectra
revealed maxima at 295 nm and 372 nm for L; 292 nm and
370 nm for cage 1; 284 nm and 333 for G1, 276 nm and
330 nm for G3. The absorption spectra of the host-guest
assemblies are merely a sum of their components, indicating
the absence of strong electronic communication between the
donor and acceptor moieties at the ground state.

Cyclic voltammetry

The electrochemical properties of the D-A assemblies and
their individual components were studied by cyclic voltamme-
try in DMSO solution at 298 K, with 0.1 M of TBAPF, serving
as the electrolyte at a sweep rate of 100 mV s~ ' against an Ag/
AgNO; reference electrode, in a glovebox under Ar atmosphere.
The resulting voltammograms are depicted in Fig. 5 and
Fig. S41.1 Ligand L shows a quasi-reversible wave for the PTZ
moiety with an oxidation signal at 0.30 V and a reduction at
about 0.22 V potential. Donor-functionalized cage 1 displays
similar oxidation and reduction potentials for the PTZ moi-
eties (0.30 and 0.22 V, respectively). The oxidation and
reduction signals for the PTZ moieties in the host-guest
assembly [G1@1]*" are shifted to slightly lower positive poten-
tials (0.29 and 0.21 V, respectively; AE,, = 0.01 V, and AE,.q =
0.01 V). Free guest G1 has its reduction and oxidation poten-
tials at about —1.23 and —1.17 V, respectively. In the host-
guest assembly [G1@1]*, the reduction potential (about —1.14

,_
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Fig. 5 Cyclic voltammograms of (a) ligand L (1.4 mM in DMSO), (b)
guest G1 (0.35 mM in 0.1 M [NBu4][PF¢] DMSO), (c) cage 1 (0.7 mM in 0.1
M [NBu4l[PFg] DMSO) and (d) host—guest complex [G1l@1]?", (0.7 mM in
0.1 M [NBu4][PFg] DMSO), recorded at a glassy carbon working electrode
against a Ag/AgNOs reference electrode at 298 K. Scan rate 100 mV s,
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V) for the acceptor moiety is shifted towards a more positive
potential in comparison to free G1 (AEeq = 0.09 V).

Spectroelectrochemistry

Spectroelectrochemical measurements of L, 1, G1, and [G1@1]
were performed in a thin cell (1 mm optical path length) con-
taining a Pt gauze and a reference electrode (Ag/AgNOj;) in
combination with a diode array spectrophotometer. The result-
ing difference spectra are depicted in Fig. 6 and Fig. S42-S45.F
The spectrum of oxidized L") and [Pd,L,""] are similar, and a
sharp absorption peak around 518 nm and a very broad peak
around 691 nm is apparent in both cases. The reduced guest
G1 revealed a broad signal around 574 nm. In the case of
host-guest assembly [G1@1], the resulting spectra shows both
signals for the oxidized donor and the reduced acceptor at
respective voltages, similar to the free cage and guest at com-
parable potentials. Thus, donors and acceptor were found to
maintain their characteristic electrochemical behaviours in the
self-assembled host-guest complex and did not show any sig-
nificant redox interplay in the ground state.

Transient absorption spectroscopy

Femtosecond pump-probe spectroscopy was applied to get
insight into the dynamics following photoexcitation of the
bare donor ligand L as well as the host cage [Pd,L,]*", with
and without the presence of equimolar amounts of guest mole-
cules G1 or G3. All compounds were investigated in DMSO
solution. They were excited at Aey. = 400 nm (where G1 and G3
do not absorb) and probed in the UV-Vis at 390-730 nm using
a white-light continuum.

Pump pulse-induced difference spectra for the free donor
ligand L (see Fig. S467) indicate population of a long-lived S,
state with maxima at 450 and 613 nm and a minimum at
around 500 nm, produced by superposition of excited state
absorption and stimulated emission. The stimulated emission

- - - [Pd,L "] oxidized
- - - G1“ reduced
Lo — [G1@Pd,L "] oxidized

' — [G1“@Pd,L ] reduced

600 800

Wavelength (nm)

400

Fig. 6 Electrochemically generated difference absorption spectra for
the oxidized [Pd,L"*,], [G1@Pd,L"*",] and reduced G1“~, [G1"~@Pd,L,]
species (humber of oxidized L units and overall charges not specified in
formulas). UV-Vis spectra of samples recorded during cyclic voltamme-
try with a scan rate of 0.1 V s~%, Pt gauze as working electrode and Ag/
AgNOs3 as reference electrode.
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component exhibits a dynamic Stokes shift of 1000 cm™
within several ps. The relaxed excited state lifetime of >2 ns is
consistent with a bright stationary fluorescence and similar to
other phenothiazine compounds.>

In the [Pd,L,]*" cage, the steady-state fluorescence of the
phenothiazine ligand is completely quenched. This obser-
vation is consistent with the temporal evolution of the
[Pd,L,]*" transients presented in Fig. 7a. Directly after 400 nm
excitation, a strong positive band at 613 nm characteristic for
the S; state of the donor ligand (hereafter denoted as L")
appears, however, its lifetime is only ~0.7 ps. The minimum at
505 nm, indicating stimulated emission from L%, is less pro-
nounced and gets even weaker and more red-shifted with time
compared to the free ligand transients (Fig. S467). In addition,
above 700 nm the absorption slightly increases during the
donor’s S; decay and only at times >0.4 ps starts to drop with a
characteristic time of ~1 ps. This is consistent with the for-
mation of a short-lived radical cation LU, exhibiting absorp-
tion bands at 500 and 700 nm (¢f. spectra in Fig. 6). In our pre-
vious study on a [3BF,@Pd,Ls]”" double cage, we have seen
similar efficient fluorescence quenching of a related PTZ
ligand derivative L due to a ligand-to-metal charge transfer
(LMCT) to the bound Pd(u), followed by immediate back elec-
tron transfer (BET)."®*° Fig. 7a suggests a similar mechanism
operating in [Pd,L,]*", for which photo-induced LMCT leads to
the intermediate [Pd"Pd'L;L""]*". In Fig. 7a, the L") charac-
teristic absorption at 500 nm appears rather weak because (i)
it is superimposed by the stimulated emission of the donor’s
S, state and (ii) BET is so fast that the [Pd"L;Pd'LY]** popu-
lation is always low.

The spectral evolution of the photo-excited [Pd,L,]*" cage
was found to be not affected by addition of the electron accep-
tor G3 to the cage at the same concentration used as for the
host alone (0.35 mM in cage = 0.09 mM per PTZ; Fig. S477).
Given the low binding constant of G3, we suspected that the
host-guest equilibrium is too far on the left side at the used
concentrations which could be confirmed by an NMR experi-
ment (Fig. S501). However, the presence of equimolar amounts
of stronger binding guest G1 leads to subtle but significant
changes in the excited state dynamics (see Fig. 7b) compared
to the bare host cage. Whereas for the latter, the 613 nm band
assigned to L5 stays constant at this wavelength while decay-
ing (cf. vertical gray line in Fig. 7a), Fig. 7b indicates a blue-
shift of 13 nm starting at pump probe delays >1 ps (dashed
grey line). We attribute the new band emerging at 600 nm to
the reduced guest G1°~) being formed by electron transfer
from one of the phenothiazine ligands in the coordination cage.
The difference in peak position compared to the electrochemi-
cally generated spectrum of reduced G1 (Ama = 575 nm, see
Fig. 6) may be caused by the electric field inside the cage, associ-
ated with the proximity of two positively charge Pd*" and one
L") ions. Formation of G1U™) by host-to-guest charge transfer
(HGCT) is also supported by a closer inspection of the decay
kinetics of the 613 nm band. The grey data points in Fig. 7¢
show that with G1 the decay of this band is first faster and then
turns over to a slower decay than without the guest (black

Org. Chem. Front, 2022, 9, 5485-5493 | 5489
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Fig. 7 Transient absorption spectra of the bare host cage [Pd,L4]** (a) and in the presence of equimolar amounts of G1 (b), following excitation at
400 nm. For both measurements the kinetic traces at a probe wavelength of 613 nm are compared in panel (c) (note that the scaling of time axis

changes at 1.0 ps).

points). Also for other probe wavelengths, time traces were
found to be altered upon encapsulation of G1 (Fig. S49t). The
initial faster decay suggests that the presence of G1 opens up an
additional reaction channel towards HGCT, accelerating
depopulation of the donor’s S; state. The following slower decay
indicates that BET between the [Pd,L,""]*"-G1"~) couple is sig-
nificantly slower than for the [Pd"L;Pd'LC"]*" intermediate.
Based on the reaction scheme depicted in Fig. 8, which
involves the two identified charge transfer channels, we calcu-
lated time dependent absorption profiles of those species
emerging in the transient spectra (L%!, L"), and G1¢7)). For
four selected wavelengths these were fitted to measured time
traces using rate constants and relative absorption cross sec-
tions o;(4) of the three species i as adjustable parameters (for
details see the ESIT). In a first step, the kinetics of the bare

S
Gl@Pd'L,L"

A
N:M =(0.7 ps)!

G1@Pd'PdL,L"

k.; =(0.9 ps)

G1 "’)@Pd"2L3L“*)
400 nm

km =(2.5 ps)’! de =(0.9 ps)”

GlePd'L,

Fig. 8 Charge transfer channels of the photoexcited [Pd,L4]** cage.
The right branch represents LMCT with subsequent BET and is indepen-
dent on whether G1 is present or not. The left branch corresponds to
HGCT followed by BET in the presence of G1.
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host cage was fitted (i.e. omitting the left branch of the reac-
tion scheme in Fig. 8) yielding the rate constants ki = (0.7 +
0.1 ps)™" and kpg = (0.9 + 0.2 ps)™* for LMCT and corres-
ponding BET, respectively, as well as the relative cross sections
o(L%!, 2) and o(L"", 2) (Fig. S48at). Then, in a second step, the
kinetics of [G1@Pd,L,] was fitted allowing for HGCT compet-
ing with LMCT, which yields kg = (0.9 = 0.2 ps)™" and kg, =
(2.5 + 0.3 ps)~" for HGCT and corresponding BET, respectively,
as well as the relative cross section 6(G1"7), 1) (Fig. S48b¥). The
relative yield of @yg = kic/(kug + krm) = 44% shows that a sig-
nificant fraction of excited state population undergoes host-to-
guest electron transfer. This analysis assumes that the LMCT
dynamics do not change when G1 is taken up by the cage. This
is supported by the absorption spectrum of [G1@Pd,L,] which
is just the sum of the spectra of 1 and G1, indicating that there
is no special interaction between host and guest that alters the
electronic structure of the cage. In particular, there is no close
n-m-interaction between host and guest aromatic parts. The
main driving force for establishing decent host-guest affinity
is the perfect arrangement of the guest’s sulfonate groups
close to both of the cage’s inner Pd(pyridine), faces, thereby
replacing loosely bound BF,~ counter anions. Also, the crystal
structure of the host-guest complex and DFT-based geometry-
optimized models of the cage without guest are almost super-
imposable, i.e. the Pd-Pd distance is similar in both cases.

Conclusions

Herein, a self-assembled donor-functionalized cage based on
electron-rich PTZ moieties is reported. The cage is capable of

This journal is © the Partner Organisations 2022
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encapsulating electron-deficient acceptor molecules such as
anthraquinone-2,6-disulfonate and anthraquinone-2-sulfonate.
The crystal structure of one of the host-guest assemblies
[G1@1]*" confirmed the presence of the guest in the central
cavity of the cage. Theoretical studies of the host-guest assem-
blies suggested that HOMOs are spread over the donor cage
components while the LUMOs are localized on the guest mole-
cules with an energy gap of about 188 kJ mol™.
Spectroelectrochemistry results revealed the characteristics of
the radical ions of the donor and acceptor components to be
maintained in the host-guest assembly and the absence of
electronic communication between donor and acceptor in the
ground state. However, the femtosecond transient UV-Vis
absorption spectroscopy unambiguously shows the formation
of a cage-based PTZ radical cation and a guest (G1) radical
anion upon excitation of the host-guest assembly. Thus, we
have demonstrated that the donor cage built from electron-
rich PTZ moieties is proficient in transferring electrons to the
incarcerated acceptor G1 guest. The rational design of supra-
molecular donor-acceptor assemblies that promote photo-
induced electron transfer will be of interest in the field of
organic photovoltaics, given that modern self-assembly strat-
egies allow to create complex and anisotropic molecular
materials with potential to control the morphology of photo-
active layers. Furthermore, photo-redox catalytic applications
can benefit from host-guest chemistry via tuning substrate
affinity and exchange kinetics with respect to the excited state
life-time of a catalytic nanoconfinement.

Author contributions

S. Ganta and G. H. Clever conceived and designed the
study. S. Ganta performed the synthesis and characterization
of the materials. J. J. Holstein performed the X-ray structures
analysis. C. Drechsler conducted the computational studies.
J.-H. Borter and D. Schwarzer performed and analyzed femto-
second pump-probe spectroscopy experiments. S. Ganta wrote
the initial draft and all authors reviewed and edited the paper.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank the Deutsche Forschungsgemeinschaft (DFG) for
support  through  GRK2376  (“Confinement-controlled
Chemistry”, project number 331085229) and grant CL 489/2-2.
We thank the European Research Council for ERC
Consolidator Grant 683083 (RAMSES). We thank Dr. A. Baksi
for the ESI-MS studies. Diffraction data of [G1@1]**was col-
lected at PETRA III, DESY (Hamburg, Germany), a member of
the Helmholtz Association (HGF). We thank Eva Crosas for
assistance at synchrotron beamline P11°° (1-20200144). The

This journal is © the Partner Organisations 2022

View Article Online

Research Article

authors gratefully acknowledge the computing time provided
on the Linux HPC cluster at TU Dortmund (LiDO3), partially
funded in the course of the Large-Scale Equipment Initiative
by the German Research Foundation (DFG) as project
271512359. We thank Dr. Christian Schiirmann for help with
the synthesis of ligand L.

References

1 A. J. Nozik and J. Miller, Introduction to Solar Photon
Conversion, Chem. Rev., 2010, 110, 6443-6445.

2 N. S. Lewis and D. G. Nocera, Powering the Planet:
Chemical Challenges in Solar Energy Utilization, Proc. Natl.
Acad. Sci. U. S. A., 2006, 103, 15729-15735.

3 D. G. Nocera, The Artificial Leaf, Acc. Chem. Res., 2012, 45,
767-776.

4 J. Barber and P. D. Tran, From Natural to Artificial
Photosynthesis, J. R. Soc., Interface, 2013, 10, 20120984.

5 S. Fukuzumi, K. Ohkubo and T. Suenobu, Long-Lived
Charge Separation and Applications in Artificial
Photosynthesis, Acc. Chem. Res., 2014, 47, 1455-1464.

6 X. Wan, C. Li, M. Zhang and Y. Chen, Acceptor-Donor-
Acceptor Type Molecules for High Performance Organic
Photovoltaics - Chemistry and Mechanism, Chem. Soc.
Rev., 2020, 49, 2828-2842.

7 Y. Lin, B. Adilbekova, Y. Firdaus, E. Yengel, H. Faber,
M. Sajjad, X. Zheng, E. Yarali, A. Seitkhan, O. M. Bakr,
A. El-Labban, U. Schwingenschlogl, V. Tung, I. McCulloch,
F. Laquai and T. D. Anthopoulos, 17% Efficient Organic
Solar Cells Based on Liquid Exfoliated WS2 as a
Replacement for PEDOT:PSS, Adv. Mater., 2019, 31,
1902965.

8 L. Meng, Y. Zhang, X. Wan, C. Li, X. Zhang, Y. Wang, X. Ke,
Z. Xiao, L. Ding, R. Xia, H.-L. Yip, Y. Cao and Y. Chen,
Organic and Solution-Processed Tandem Solar Cells With
17.3% Efficiency, Science, 2018, 361, 1094-1098.

9 A. Bhattacharyya, S. D. Sarkar and A. Das, Supramolecular
Engineering and Self-Assembly Strategies in Photoredox
Catalysis, ACS Catal., 2021, 11, 710-733.

10 J. Zhang, W. Xu, P. Sheng, G. Zhao and D. Zhu, Organic
Donor-Acceptor ~ Complexes as  Novel  Organic
Semiconductors, Acc. Chem. Res., 2017, 50, 1654-1662.

11 Y. Han, Y. Tian, Z. Li and F. Wang, Donor-Acceptor-Type
Supramolecular Polymers on the Basis of Preorganized
Molecular Tweezers/Guest Complexation, Chem. Soc. Rev.,
2018, 47, 5165-5176.

12 G. Bottari, O. Trukhina, M. Ince and T. Torres, Towards
Artificial Photosynthesis: Supramolecular, Donor-Acceptor,

Porphyrin- and Phthalocyanine/Carbon Nanostructure
Ensembles, Coord. Chem. Rev., 2012, 256, 2453-
2477.

13 M. R. Wasielewski, Self-Assembly Strategies for Integrating
Light Harvesting and Charge Separation in Artificial
Photosynthetic Systems, Acc. Chem. Res., 2009, 42, 1910-
1921.

Org. Chem. Front, 2022, 9, 5485-5493 | 5491


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qo01339h

Open Access Article. Published on 24 August 2022. Downloaded on 4/29/2026 8:59:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

L. Emmett, G. M. Prentice and G. D. Pantos, Donor-accep-
tor Interactions in Chemistry, Annu. Rep. Prog. Chem., Sect.
B: Org. Chem., 2013, 109, 217-234.

G. Zhang, X. Yang, Y. Li, P. Zhang and H. Mi, Donor-
Acceptor Cyanocarbazole-Based Supramolecular
Photocatalysts for Visible-Light-Driven H, Production,
ChemSusChem, 2019, 12, 5070-5074.

M. R. Wasielewski, Photoinduced Electron Transfer in
Supramolecular Systems for Artificial Photosynthesis,
Chem. Rev., 1992, 92, 435-461.

F. D’Souza and O. Ito, Supramolecular Donor-Acceptor
Hybrids of Porphyrins/Phthalocyanines with Fullerenes/
Carbon Nanotubes: Electron Transfer, Sensing, Switching,
and Catalytic Applications, Chem. Commun., 2009, 4913-
4928.

X. Yu, B. Wang, Y. Kim, J. Park, S. Ghosh, B. Dhara,
R. D. Mukhopadhyay, ]J. Koo, I. Kim, S. Kim, I.-C. Hwang,
S. Seki, D. M. Guldi, M.-H. Baik and K. Kim,
Supramolecular Fullerene Tetramers Concocted with
Porphyrin Boxes Enable Efficient Charge Separation and
Delocalization, J. Am. Chem. Soc., 2020, 142, 12596-12601.
Y. Li, T. Liu, H. Liu, M.-Z. Tian and Y. Li, Self-Assembly of
Intramolecular ~ Charge-Transfer = Compounds  into
Functional Molecular Systems, Acc. Chem. Res., 2014, 47,
1186-1198.

M. Han, D. M. Engelhard and G. H. Clever, Self-assembled
Coordination Cages based on Banana-Shaped Ligands,
Chem. Soc. Rev., 2014, 43, 1848-1860.

D. L. Caulder and K. N. Raymond, Supermolecules by
Design, Acc. Chem. Res., 1999, 32, 975-982.

R. Chakrabarty, P. S. Mukherjee and P. J. Stang,
Supramolecular Coordination: Self-Assembly of Finite Two-
and Three-Dimensional Ensembles, Chem. Rev., 2011, 111,
6810-6918.

M. M. J. Smulders, I. A. Riddell,
J. R. Nitschke, Building on Architectural Principles for
Three-Dimensional Metallosupramolecular Construction,
Chem. Soc. Rev., 2012, 42, 1728-1754.

E. G. Percastegui, T. K. Ronson and J. R. Nitschke, Design
and Applications of Water-Soluble Coordination Cages,
Chem. Rev., 2020, 120, 13480-13544.

N. Kishi, Z. Li, K. Yoza, M. Akita and M. Yoshizawa, An
M,L, Molecular Capsule with an Anthracene Shell:
Encapsulation of Large Guests up to 1 nm, J. Am. Chem.
Soc., 2011, 133, 11438-11441.

A. M. Castilla, T. K. Ronson and ]. R. Nitschke, Sequence-
Dependent Guest Release Triggered by Orthogonal
Chemical Signals, J. Am. Chem. Soc., 2016, 138, 2342-
2351.

B. M. Schmidt, T. Osuga, T. Sawada, M. Hoshino and
M. Fujita, Compressed Corannulene in a Molecular Cage,
Angew. Chem., Int. Ed., 2015, 55, 1561-1564.

J. E. M. Lewis, E. L. Gavey, S. A. Cameron and J. D. Crowley,
Stimuli-Responsive Pd,L, Metallosupramolecular Cages:
towards Targeted Cisplatin Drug Delivery, Chem. Sci., 2011,
3, 778-784.

C. Browne and

5492 | Org. Chem. Front,, 2022, 9, 5485-5493

29

30

31

32

33

34

35

36

37

38

39

40

41

42

View Article Online

Organic Chemistry Frontiers

A. B. Grommet and ]. R. Nitschke, Directed Phase Transfer
of an Fe',1, Cage and Encapsulated Cargo, J. Am. Chem.
Soc., 2017, 139, 2176-2179.

M. Yamashina, Y. Sei, M. Akita and M. Yoshizawa, Safe
Storage of Radical Initiators within a Polyaromatic
Nanocapsule, Nat. Commun., 2014, 5, 4662.

S. Zarra, D. M. Wood, D. A. Roberts and J. R. Nitschke,
Molecular Containers in Complex Chemical Systems,
Chem. Soc. Rev., 2014, 44, 419-432.

G. A. Leith, C. R. Martin, J. M. Mayers, P. Kittikhunnatham,
R. W. Larsen and N. B. Shustova, Confinement-Guided
Photophysics in MOFs, COFs, and Cages, Chem. Soc. Rev.,
2021, 50, 4382-4410.

B. Zhu, W. Fang, J. Wang, Y. Du, T. Zhou, K. Wu, L. Zhang
and ]J. Zhang, Host-Guest and Photophysical Behavior of
TigL;, Cube with Encapsulated [Ti(H,O)s] Species, Chem. —
Eur. J., 2018, 24, 14358-14362.

X. Jing, C. He, L. Zhao and C. Duan, Photochemical
Properties of Host-Guest Supramolecular Systems with
Structurally Confined Metal-Organic Capsules, Acc. Chem.
Res., 2018, 52, 100-109.

J. R. Piper, L. Cletheroe, C. G. P. Taylor, A. J. Metherell,
J. A. Weinstein, 1. V. Sazanovich and M. D. Ward,
Photoinduced Energy- and Electron-Transfer from a
Photoactive Coordination Cage to Bound Guests, Chem.
Commun., 2017, 53, 408-411.

J. S. Train, A. B. Wragg, A. ]. Auty, A. ]J. Metherell,
D. Chekulaev, C. G. P. Taylor, S. P. Argent, J. A. Weinstein
and M. D. Ward, Photophysics of Cage/Guest Assemblies:
Photoinduced Electron Transfer between a Coordination
Cage Containing Osmium(u) Luminophores, and Electron-
Deficient Bound Guests in the Central Cavity, Inorg. Chem.,
2019, 58, 2386-2396.

Y. Jiao, Y. Zuo, H. Yang, X. Gao and C. Duan,
Photoresponse within Dye-incorporated Metal-Organic
Architectures, Coord. Chem. Rev., 2021, 430, 213648.

R.-L. Zhang, Y. Yang, S.-Q. Yang and K.-L. Han, Unveiling
Excited State Energy Transfer and Charge Transfer in a
Host/Guest Coordination Cage, Phys. Chem. Chem. Phys.,
2017, 20, 2205-2210.

M. Yoshizawa, S. Miyagi, M. Kawano, K. Ishiguro and
M. Fujita, Alkane Oxidation via Photochemical Excitation
of a Self-Assembled Molecular Cage, J. Am. Chem. Soc.,
2004, 126, 9172-9173.

Y. Jin, Q. Zhang, Y. Zhang and C. Duan, Electron Transfer
in the Confined Environments of Metal-Organic
Coordination Supramolecular Systems, Chem. Soc. Rev.,
2020, 49, 5561-5600.

Y. Furutani, H. Kandori, M. Kawano, K. Nakabayashi,
M. Yoshizawa and M. Fujita, In Situ Spectroscopic,
Electrochemical, and Theoretical Studies of the
Photoinduced Host—Guest Electron Transfer that Precedes
Unusual Host-Mediated Alkane Photooxidation, J. Am.
Chem. Soc., 2009, 131, 4764-4768.

D. M. Dalton, S. R. Ellis, E. M. Nichols, R. A. Mathies,
F. D. Toste, R. G. Bergman and K. N. Raymond,

This journal is © the Partner Organisations 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qo01339h

Open Access Article. Published on 24 August 2022. Downloaded on 4/29/2026 8:59:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

43

44

45

46

47

48

49

Supramolecular Ga,L¢'>~ Cage Photosensitizes 1,3-
Rearrangement of Encapsulated Guest via Photoinduced
Electron Transfer, J. Am. Chem. Soc., 2015, 137, 10128-
10131.

X. Jing, C. He, Y. Yang and C. Duan, A Metal-Organic
Tetrahedron as a Redox Vehicle to Encapsulate Organic
Dyes for Photocatalytic Proton Reduction, J. Am. Chem.
Soc., 2015, 137, 3967-3974.

Y. Yang, J.-S. Chen, ].-Y. Liu, G.-J. Zhao, L. Liu, K.-L. Han,
T. R. Cook and P. J. Stang, Photophysical Properties of a
Post-Self-Assembly Host/Guest Coordination Cage: Visible
Light Driven Core-to-Cage Charge Transfer, J. Phys. Chem.
Lett., 2015, 6, 1942-1947.

A. Arjona-Esteban, M. R. Lenze, K. Meerholz
F. Wwirthner, Donor-Acceptor Dyes for Organic
Photovoltaics, in Elementary Processes in Organic
Photovoltaics. Advances in Polymer Science, ed. K. Leo,
Springer, Cham, 2017, pp. 193-214.

S. Bay, T. Villnow, G. Ryseck, V. Rai-Constapel, P. Gilch and
T. J. J. Miller, The Ugi Four-Component Reaction Route to
Photoinducible Electron-Transfer Systems, ChemPlusChem,
2013, 78, 137-141.

P. C. Dwivedi, K. G. Rao, S. N. Bhat and C. N. R. Rao,
Spectroscopic Studies of Electron Donor Properties and
Radical Cations of Phenothiazine Derivatives, Spectrochim.
Acta, Part A, 1975, 31, 129-135.

M. Frank, ]J. Ahrens, I. Bejenke, M. Krick, D. Schwarzer and
G. H. Clever, Light-Induced Charge Separation in Densely
Packed Donor-Acceptor Coordination Cages, J. Am. Chem.
Soc., 2016, 138, 8279-8287.

J. Ahrens, M. Frank, G. H. Clever and D. Schwarzer,
Ultrafast IR Spectroscopy of Photo-Induced Electron

and

This journal is © the Partner Organisations 2022

50

51

52

53

54

55

56

View Article Online

Research Article

Transfer in Self-Assembled Donor-Acceptor Coordination
Cages, Phys. Chem. Chem. Phys., 2017, 19, 13596-
13603.

M. Frank, J. Hey, I. Balcioglu, Y. Chen, D. Stalke,
T. Suenobu, S. Fukuzumi, H. Frauendorf and G. H. Clever,
Assembly and Stepwise Oxidation of Interpenetrated
Coordination Cages Based on Phenothiazine, Angew.
Chem., Int. Ed., 2013, 52, 10102-10106.

G. H. Clever, W. Kawamura and M. Shionoya,
Encapsulation versus Aggregation of Metal-Organic Cages
Controlled by Guest Size Variation, Inorg. Chem., 2011, 50,
4689-4691.

D. B. Hibbert and P. Thordarson, The Death of the Job
Plot, Transparency, Open Science and Online Tools,
Uncertainty Estimation Methods and other Developments
in Supramolecular Chemistry Data Analysis, Chem.
Commun., 2016, 52, 12792-12805.

P. Thordarson, Determining association constants from
Titration Experiments in Supramolecular Chemistry, Chem.
Soc. Rev., 2010, 40, 1305-1323.

F. Neese, Software update: the ORCA Program System,
Version 4.0, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2018,
8, e1327.

J. Shirdel, A. Penzkofer, R. Prochazka, Z. Shen and J. Daub,
Absorption and Fluorescence Spectroscopic
Characterisation of a Phenothiazine-Flavin Dyad, Chem.
Phys., 2007, 336, 1-13.

A. Burkhardt, T. Pakendorf, B. Reime, J. Meyer, P. Fischer,
N. Stiibe, S. Panneerselvam, O. Lorbeer, K. Stachnik,
M. Warmer, P. Rhodig, D. Gories and A. Meents, Status of
the Crystallography Beamlines at PETRA III, Eur.
Phys. J. Plus, 2016, 131, 56.

Org. Chem. Front, 2022, 9, 5485-5493 | 5493


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qo01339h

	Button 1: 


