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Successive Photoswitching and Derivatization Effects in
Photochromic Dithienylethene-Based Coordination Cages
Ru-Jin Li,[a] Muxin Han,[a] Jacopo Tessarolo,[a] Julian J. Holstein,[a] Jens Lübben,[b]

Birger Dittrich,[c] Christian Volkmann,[b] Maik Finze,[d] Carsten Jenne,[e] and Guido H. Clever*[a]

A new series of [Pd2(L)4] cages based on photochromic
dithienylethene (DTE) ligands allowed us to gain insight into
the successive photoswitching of multiple DTE moieties in a
confined metallo-supramolecular assembly. Three new X-ray
structures of [Pd2(o-L

4)4], [Pd2(o-L
1)2(c-L

1)2] and [Pd2(c-L
1)4] (o-L

and c-L = open and closed forms of DTE ligands, respectively)
were obtained. The structures deliver snapshots of three
different combinations of DTE photoisomeric states within the
cage, facilitating a comparison of the all-open with the all-
closed, and most notably, an intermediate form where open
and closed switches co-exist in the same cage. Moreover, a
series of spherical anionic borate clusters was introduced in
order to study their roles in the light-controllable host–guest
chemistry. The binding guests show higher affinities with the
flexible open cage [Pd2(o-L

1)4] than with the rigid closed cage
[Pd2(c-L

1)4]. For the [B12F12]
2� guest, thermodynamic data

obtained from NMR experiments was compared to results from
isothermal titration calorimetry (ITC).

The synthesis of rationally designed and pre-functionalized self-
assemblies represents one of the most vibrant topics in
supramolecular chemistry.[1] The most complex architectures
can undergo “smart” changes triggered by external stimuli (e.g.
pH change, electrochemical inputs, temperature and light),[2]

showing potential applications in chemical sensing,[3]

biomedicine,[4] functional materials[5] as well as artificial molec-
ular motors.[6] Therefore, the ability to precisely control state-
switching events in supramolecular assemblies has been of
uttermost interest in recent years.[7] Among the various
examples of stimuli-responsive systems, light as a waste-free
and non-invasive reagent, has been widely explored in
supramolecular photochemistry.[8] A large amount of work
describes light-switchable guest uptake and release,[9] photo-
responsive catalysis,[10] light-triggered structural changes,[11] and
photoresponsive supramolecular gels.[7c,12]

Among other photoactive compounds, dithienylethene
(DTE) derivatives, owing to their formidable fatigue resistance,
thermal irreversibility and, most important, their efficient and
controllable photoswitching properties, have received signifi-
cant attention.[13] Previously, we reported the self-assembly and
light-triggered interconversion of [Pd2(o-L1)4] and [Pd2(c-L1)4]
cages based on PdII ions and DTE-derived ligands, o-L1 (open
photoisomeric form) and c-L1 (closed photoisomeric form),
respectively.[9i] The interconversion between a structurally
flexible [Pd2(o-L

1)4] cage and a rigid [Pd2(c-L
1)4] cage resulted in

different binding affinities to the anionic guest [B12F12]
2� .

Mechanistic details regarding the switching of single photo-
chromic DTE derivatives have been widely reported in the last
decades.[14] However, for [M2L4] metallosupramolecular architec-
tures containing four DTE-based ligands, details concerning the
course of consecutively converting all implemented switches
remained still unclear. So far, it was not known whether open
and closed ligand photoisomers can coexist in a single cage, if
the switching of all four ligands occurs in an associated manner
or if intermediate switching events are accompanied by
decomplexation from the metal sites. In addition, we were
interested in the effect of functionalization of guests and cages
with further chemical moieties (e.g. solubilizing chains) on the
performance of the system.

Herein, we report the synthesis of a series of DTE ligands
based on L1 and corresponding self-assembled cages (Figure 1a
and 1b). We found that the presence of different external
substituents attached to the ligands does not interfere with
neither the cage assembly nor the photoswitching properties.
Furthermore, we show that the light-induced interconversion
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between the all-open and all-closed photoisomeric forms of
the cage proceeds stepwise via intermediates containing both
the open- and the closed-form ligands, coexisting in a single
cage assembly (Figure 1b–1c). We were able to obtain three
new X-ray structures that showcase the initial, intermediate and
end points of the photoswitching process. These structures
allow one to compare the structural implications of the
photoisomeric states that the ligands impart to the cage
geometries.

Three new ligands, based on the previously reported L1

structure, were synthesized according to the following proce-
dure. Ligand o-L2 was synthesized by a Sonogashira cross-
coupling reaction of perfluoro-1,2-bis(2-iodo-5-methylthien-4-
yl)cyclopentene and 3-(1,3-dioxolan-2-yl)-5-ethynylpyridine. De-
protection of the acetal afforded the aldehyde functionalized
ligand o-L3. Aldoxime ligand o-L4 was generated by the reaction
of O-hexylhydroxylamine hydrochloride and aldehyde ligand o-
L3 (Scheme S1, Supporting Information). The ligands can be
reversibly interconverted between a conformationally flexible
open form and a rigid closed-ring form by irradiation with UV
light (313 nm) or light of 617 nm wavelength, respectively. For
reasons of clarity, here only L3 is shown as an example.
According to the 1H NMR spectrum, the pale yellow o-L3 was
converted into the intensely deep blue colored c-L3 isomer by
irradiation at λ=313 nm (in MeCN, yield >98%). The reverse

isomerization proceeded quantitatively by irradiation at λ=

617 nm (Figure 2). Upon formation of c-L3, an upfield shift of
the thiophene proton signal He was observed (Δδ=

� 0.72 ppm). Additionally, the methyl proton signal Hf shifted
downfield (Δδ=0.20 ppm; Figure S1, Supporting Information).
By combining a 2 :1 mixture of either ligand o-L3 or c-L3 with
[Pd(CH3CN)4](BF4)2 in CD3CN, the light yellowish cage complexes
[Pd2(o-L

3)4] and deep blue [Pd2(c-L
3)4] were formed quantita-

tively. Assembly of the cages was observed by 1H NMR
spectroscopy (Figure 2). The proton signals of pyridine (Ha–c)
and thiophene (He) rings of o-L3 were shifted downfield,
whereas the aldehyde proton signal shifted slightly upfield
upon complexation with the PdII ions. In the spectrum of [Pd2
(c-L3)4], the protons Ha and Hc displayed remarkably similar
downfield shifts, and the aldehyde proton Hd gave rise to a
slight upfield shift. Both the pyridine proton Hb and thiophene
proton He are shifted downfield. The stoichiometry of the [Pd2
(o-L3)4] assembly was confirmed by electrospray ionization mass
spectrometry (ESI-MS) (Figure 2b). For the formation of the [Pd2
(o-L3)4] cage complex, the spectrum showed peaks correspond-
ing to the [Pd2(o-L3)4]4+, [Pd2(o-L3)4+BF4]

3+ and [Pd2(o-L3)4+

2BF4]
2+ species at m/z=680.0, 935.4 and 1446.1 respectively.

All peak patterns agreed with the calculated isotopic distribu-
tions.

In conformity with the photochemical behavior of the free
ligand, the cage complexes showed similar properties. Both
cage complexes [Pd2(o-L3)4] and [Pd2(c-L3)4] can be intercon-
verted by irradiation with UV (313 nm) and red (617 nm) light,
respectively. Before UV irradiation, strong absorption bands of
o-L3 were observed below λmax=400 nm assignable to π–π*
transitions (λmax=220 and 312 nm for o-L3, and λmax=216, 257
and 325 nm for [Pd2(o-L3)4)]). Upon irradiation at 313 nm, new
absorption bands were observed at λmax=370 and 602 nm for
c-L3, and at λmax=395 and 596 nm for [Pd2(c-L3)4]. Upon
irradiation at 617 nm, the initial spectra were recovered,
indicating that the ring-opening and closing processes are fully
reversible (Figure 3).

Figure 1. a) Reversible photo-switching of the dithienylethene-based ligands
from open o-L form to closed c-L isomer; b) cartoon representations and
c) X-ray structures illustrate the stepwise photochromic interconversion from
(left) open cage [Pd2(o-L

1)4] via several mixed-ligand intermediates, including
(middle) trans-[Pd2(o-L

1)2(c-L
1)2] with two open and two closed ligands, to

(right) closed form cage [Pd2(c-L
1)4].

Figure 2. a) 1H NMR spectra of ligands o-L3, c-L3 and [Pd2(o-L
3)4], [Pd2(c-L

3)4]
cages (300 MHz, CD3CN, 293 K); b) ESI-MS spectrum of [Pd2(o-L

3)4] cage.
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From the series of [Pd2(L)4] (with L1,3,4) cages herein
reported, three new crystal structures were obtained: i) [Pd2(o-
L4)4], with all ligands in their open form; ii) [Pd2(o-L1)2(c-L1)2],
with ligands coexisting in both open and closed forms; iii) [Pd2
(c-L1)4] with all ligands in their closed form (Figure 4). In all
three structures, parts of the DTE moieties, flexible ligand side
chains, co-crystallized acetonitrile molecules, tetrafluoroborate
counterions and boron clusters were found to be conforma-
tionally disordered over several positions. Hence, geometrical
restraints for structural modelling and X-ray structure refine-
ment had to be utilized (see Supporting Information). Single
crystals of [Pd2(o-L4)4], suitable for single-crystal X-ray diffraction
analysis, were obtained by slow evaporation of a 1 mM CD3CN
solution of the cage complex. Within the cage framework, each
of the C2-symmetric ligands can in principle adopt two
enantiomeric forms (P and M). Even though six possible

stereoisomers are theoretically conceivable for the cage,[9i] only
the PPMM isomer of [Pd2(o-L

4)4] was isolated in the solid state
(Figure 4a and d). Previously, we demonstrated the coexistence
(and interconversion) of all six possible stereoisomers of cage
[Pd2(o-L1)4] in solution using in-depth NMR analyses and DFT
geometry optimization studies. However, also that study
revealed that only one stereoisomer (PPMM meso-form) of the
cage [Pd2(o-L1)4] happened to crystallize as observed in its solid
state structure.[9i] Here, [Pd2(o-L

4)4] crystallized with half of the
cage constituting the asymmetric unit. The entire structure
suffers from severe disorder due to the conformational
flexibility of the open-form ligand o-L4 and the presence of
alkyl side chains. Two tetrafluoroborate counterions were also
modeled (shortest Pd� F distance is 3.04 Å). Interestingly, one of
the two ligand positions in the asymmetric unit showed a slight
degree of conversion to the closed-form ligand c-L4. Specifi-
cally, refinement data shows two parts, the open-form ligand
contributes for 85.0(3)% while the closed-form ligand contrib-
ute for 15.0(3)%. These results agree with the previously
reported structure of the open cage [Pd2(o-L

1)4], in which some
residual density peaks deriving from the closed-form ligand
were reported as well.[9i] The presence of partially photo-
switched ligand can be explained with the difficulty to
completely avoid light sources while handling, mounting and
centering the crystal on the diffractometer. Single crystals of
[Pd2(o-L

1)2(c-L
1)2] were obtained after slow evaporation (six

months) from a CD3CN solution of [Pd2(o-L1)4] with a chain-
functionalized boron cluster [(CH3(CH2)2O)B12Br11]

2� (G12),[15]

that was not found to enter the cage cavity (in accordance with
the solution studies) but rather acts as a co-crystallization
agent. Surprisingly, from the light yellowish solution of the [Pd2
(o-L1)4] cage, a transparent blue single crystal was obtained. As
the blue color is peculiar for the closed-form isomer, we
suspect an unintended exposure to sunlight during crystal
growth being responsible for at least a partial conversion of the
open ligands to the closed form in the cage. The presence of a
significant share of closed-form ligands was then confirmed by
X-ray structural analysis. The cage crystallizes with one PdII ion
and two ligands in the asymmetric unit. The DTE moiety of
both ligands is disordered, however it was possible to model
the structure splitting every backbone in two parts, one as an
open-form and the other one as a closed-form ligand.
Interestingly, in this case the contribution of o-L1 and c-L1 is
almost the same in every ligand. Refined data shows for one
ligand a contribution of 54.2(8)% for o-L1 and 45.8(8)% for c-L1,
while for the second ligand the contribution is 59.5(6)% for o-
L1 and 40.5(8)% for c-L1. Hence, X-ray results suggest a
distribution of open- and closed-form ligands over all individual
[Pd2(L4)4] units, meaning that the majority of cages represent a
[Pd2(o-L1)2(c-L1)2] stoichiometry (with same photoisomers adopt-
ing a trans relationship for symmetry reasons). This unambigu-
ously shows that open- and closed ligand photoisomers can
co-exist as parts of the same cage structure (Figures 1c, 4b and
e; as a simplification, we restricted depiction and discussion of
this situation to the major isomer [Pd2(o-L1)2(c-L1)2]). Finally,
deep blue single crystals of [Pd2(c-L1)4] were obtained overnight
from a CD3CN solution of the closed-cage assemblies with

Figure 3. UV/Vis absorption spectra of o-L3, c-L3, [Pd2(o-L3)4] and [Pd2(c-L3)4].

Figure 4. Three X-ray structures of DTE cages in different photoswitching
states compared. a) Side view of flexible all-open cage [Pd2(o-L

4)4] adopting
an ‘S’ shape; b) intermediate-state cage [Pd2(o-L

1)2(c-L
1)2], and c) rigid all-

closed cage [Pd2(c-L
1)4]. The top view of d) [Pd2(o-L

4)4] shows that the
counter anions BF4

� sit close to the Pd–Pd axis inside the cavity. In contrast,
propyl-oxy-functionalized spherical borate guests are positioned outside the
cage boundaries in the solid-state structures of e) [Pd2(o-L

1)2(c-L
1)2], and

f) [Pd2(c-L
1)4]. (C gray, N blue, O red, B pink, S yellow, F green, Br orange, Pd

cyan-blue; solvent molecules and hydrogen atoms were omitted for clarity).
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borate anion G12, again found to co-crystallize outside the
cage boundaries. Also in this case, the system crystallizes with
half of the cage in the asymmetric unit and with a disordered
ligand-backbone. The latter situation, however, is caused by
the statistical distribution of R,R- and S,S-enantiomers of
completely closed-form ligand, exclusively (Supporting Infor-
mation). Intriguingly, for both [Pd2(o-L

1)2(c-L
1)2] and [Pd2(c-L

1)4]
cage samples, we found that the boron cluster anion G12 was
not encapsulated (Figure 4b and c). While we previously
showed that [B12F12]

2� (G1) is both encapsulated by [Pd2(o-L1)4]
and [Pd2(c-L1)4] (albeit with low affinity for the second one), the
herein studied alternative G12 does not bind in either cage
isomer (Supporting Information). While initially suspecting the
chain functionality of [(CH3(CH2)2O)B12Br11]

2 � to abolish binding,
subsequent titrations with [B12Br12]

2� also showed no clear signs
for guest uptake (similar for [B12Cl12]

2� and many other borates,
see Supporting Information).

The X-ray structures reveal cavities with a spherical void of
diameter=10.23 Å for [Pd2(o-L1)2(c-L1)2] and 9.42 Å for [Pd2(c-
L1)4], filled with solvent molecules. Compared with [Pd2(o-L

4)4],
showing a void diameter of only 5.58 Å, the cages with, at least
partially closed ligands possess a bigger inner pocket (void
diameter was defined as maximum interatomic distance within
the cavity, see Supporting Information, Figure S2). Looking at
the three reported structures and the previously reported [Pd2
(o-L1)4] assembly,

[9i] it is possible to compare their shape to
better understand the effect of the flexibility/rigidity of the
open/closed ligands on the DTE-based self-assembled cages.
The overall shape of open cage [Pd2(o-L

4)4] with four flexible
ligands shows an ‘S’ appearance in side view, skewed between
two parallel {Pd(pyridine)4} planes (Figure 4a). While rigid
closed-form cage [Pd2(c-L

1)4] and intermediate-state cage [Pd2
(o-L1)2(c-L1)2] look relatively straight (with respect to the Pd� Pd
axis) and more symmetric (Figure 4b and c). In the [Pd2(o-L

1)2(c-
L1)2] cage (Figure 4b), even though there are flexible ligands,
the rigid ligands override and dictate the overall shape of the
cage, imprinting their conformation on the flexible ligands. All
cages were found to be closely packed sharing the same
Pd� Pd axis direction. In [Pd2(o-L4)4], the assemblies are interact-
ing with each other through close side chain contacts. Two
alkyl chains are folding back towards the cage they are
attached to, two are penetrating into the cavities of neighbor-
ing cages, contributing to the close packing of the system. For
[Pd2(o-L1)2(c-L1)2], two adjacent cages are perpendicular to each
other, and the Pd� Pd axes of these cages are packed in a
zigzag-like orientation along the c axis. In the [Pd2(c-L1)4]
structure, cages are in a close AB packing along the b axis,
while the two Pd� Pd axes of cages in layers A and B are
perpendicular to each other (Figure S3, Supporting Informa-
tion).

The overall shape of the cages mainly arises from the DTE-
ligands’ conformational flexibility. Thus, we analyzed the ligand
geometry within the cage confinement through three parame-
ters: i) step angle (φ), measured as the angle between the Pd-
Pd axis and the {Pd(pyridine)4} planes; ii) offset distance, the
minimum distance between the two normals from the two {Pd
(pyridine)4} planes passing through the corresponding Pd atom;

iii) Pd� Pd distance, the distance between two PdII atoms in a
cage (Figure 5). Firstly, by comparing the tilt degree of these
cages, it is possible to notice that the open cage shows a
greater inclination than the closed cage. The step angles for
the open cages are 82.91° for [Pd2(o-L

1)4] and 79.00° for [Pd2(o-
L4)4], both smaller than that of closed cage [Pd2(c-L

1)4] with
85.22° (Table 1). The offset distance can be used to explain the
differences of flexible ‘S’ shape open cage and rigid closed-
form cage. The obtained value for closed cage [Pd2(c-L1)4] is
1.47 Å, much shorter than that for open cages [Pd2(o-L

1)4]
(2.75 Å) and [Pd2(o-L

4)4] (2.95 Å). Finally, comparison of the Pd-
Pd distances reveals for rigid closed cage [Pd2(c-L1)4] a value of
15.92 Å, however, for the open cages [Pd2(o-L

1)4] and [Pd2(o-
L4)4] values of 16.52 Å and 15.63 Å, respectively, further
indicating the structural flexibility of the open cage (Table 1).
Regarding the intermediate-state cage [Pd2(o-L

1)2(c-L
1)2], its

step angles, offset distance and Pd� Pd distance are very close
to the fully closed cage [Pd2(c-L1)4], confirming that the
contained rigid ligands determine the overall shape and dictate
the rigidity of this structure.

On the basis of the differences in size and shape for the
studied cages, we further investigated the binding abilities of
the previously reported [Pd2(o-L1)4] and [Pd2(c-L1)4] assemblies
towards a series of borate guests through NMR titrations
(Supporting Information). Unfortunately, we could only calcu-
late binding constants for [B12F12]

2� (G1) and [1-H-closo-1-
CB11F11]

� (G3),[16] for both cages (Table S3, Supporting Informa-
tion). Further guests were only found to bind to the open form
cage (Supporting Information). Stepwise addition of G3 to [Pd2
(o-L1)4] and [Pd2(c-L1)4], leads to significant signal shifts of the
cage protons, particularly the inward-pointing Ha protons. We
determined the association constants of the host-guest com-

Figure 5. X-ray structure of [Pd2(o-L1)4] showing a) two halves (A and B) of
the ligand arms in the cage, Pd–Pd distance, step angleφ, and b) offset
distance.

Table 1. Comparison of relevant parameters of cages in X-ray crystal
structures.

Crystal dPd� Pd [Å]
[a] doffset [Å]

[b] φ [°][c]

[Pd2(o-L
1)4] 16.52 2.75 82.91

[Pd2(o-L
4)4] 15.63 2.95 79.00

[Pd2(o-L
1)2(c-L

1)2] 15.95 1.31 85.97
[Pd2(c-L1)4] 15.99 1.47 85.22

[a] Pd� Pd distance; [b] Offset distance; [c] Step angle.
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plexes from the titration data by non-linear regression methods
(Table S3). The association constant Ka were estimated to be
258 M� 1 for G3@[Pd2(o-L

1)4] and about 6 M� 1 for G3@[Pd2(c-L
1)4]

at 293 K (where binding in the last case was unambiguously
indicated by an NMR shift but the very small value for K has to
be taken with care). As observed before for G1, the open cage
[Pd2(o-L

1)4] shows a stronger affinity for guest G3 than the
closed cage [Pd2(c-L1)4], but values turned out to be signifi-
cantly lower in comparison to [B12F12]

2� (G1) (Ko=3.2×104 M� 1;
Kc=6.7×102 M� 1, obtained from NMR titration).[9i] We further
evaluated the binding affinity between the [Pd2(L1)4] cages and
[B12F12]

2� guest by isothermal titration calorimetry (ITC) (Fig-
ure 6b). From the analysis of calorimetric data at 298 K, a

binding constant of Ko=4.6×104 M� 1 was obtained for G1@[Pd2
(o-L1)4] and Kc=2.1×103 M� 1 for G1@[Pd2(c-L1)4] (Supporting
Information), thus delivering coherent results compared to the
data obtained by NMR titration. Thermodynamic data obtained
from ITC gave values of ΔSo� C=110 JK� 1mol� 1 and ΔHo-C=

6 kJmol� 1 for the open cage host-guest binding, while ΔSc� C=

95 JK� 1mol� 1 and ΔHc� C=10 kJmol� 1 were obtained for the
closed cage. This data can be compared with the thermody-
namic parameters obtained by NMR titration using the van’t
Hoff method with ΔSo� C=187 JK � 1mol� 1 and ΔHo� C=

30 kJmol� 1 for the open cage, and ΔSc-C=56 JK� 1mol� 1ΔHc-C=

0.6 kJmol� 1 for the closed cage.[9i] Results obtained with both
techniques agreed that the guest encapsulation process is
entropy driven and favored for the open cage. This finding

supports our previous assumption that differences in cavity
solvation as well as structural flexibility of the cage framework
play major roles in controlling guest affinity. While the free
energy values of guest binding obtained by the two methods
were found to agree quite well (open cage: � 26.61 vs. � 24.51,
closed cage: � 18.98 vs. � 15.90 kJ/mol [ITC/NMR]), the extent of
enthalpic and entropic contributions differ significantly (Sup-
porting Information).

In conclusion, two externally functionalized cages [Pd2(L
3)4]

and [Pd2(L4)4] have been synthesized without encountering any
influence on the fidelities of cage assembly and photoswitch-
ing. We obtained three new X-ray structures of [Pd2(o-L

4)4], [Pd2
(o-L1)2(c-L1)2] and [Pd2(c-L1)4], which, together with a reported
structure of [Pd2(o-L1)4], exhibited different combinations of
DTE photoisomeric states within each supramolecular assem-
bly. These results highlight how the interconversion from open-
to closed-form ligand in a self-assembled cage compound
proceeds stepwise via intermediates. These findings are in
agreement with our recent publication, in which we demon-
strate the role of sequential DTE-backbone photoswitching in
the guest release mechanism in related DTE-based
supramolecular cages.[17] Detailed analysis of the herein
reported structures through tilt angle, offset distance and
Pd� Pd distance parameters allowed us to deepen the under-
standing of the photoswitching processes in a confined cage
assembly. Finally, systematically studying light-switchable host-
guest chemistry with a series of boron cluster guests confirmed
the more flexible open-form [Pd2(o-L

1)4] to show the strongest
guest affinity while derivatization of the best-binding guest
[B12F12]

2� (G1) was found to reduce or abolish encapsulation.
The herein studied supramolecular systems containing multiple
photoswitches have the potential to form the basis of stimuli-
responsive receptors and light-triggered containers to release
molecular cargo in various contexts, ranging from catalytic to
medicinal applications. Furthermore, refined understanding of
photoswitch interplay in complex architectures has relevance
for research in the fields of nano-structured, intelligent
materials and molecular machines.

Experimental Section
CCDC no 1456903, 1890769 and 1890770 contain the supplemen-
tary crystallographic data for [Pd2(o-L

4)4], [Pd2(o-L
1)2(c-L

1)2] and [Pd2
(c-L1)4] first reported in 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.
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