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Reversible chromism of spiropyran in the cavity of
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Confining molecules to volumes only slightly larger than the molecules themselves can

profoundly alter their properties. Molecular switches—entities that can be toggled between

two or more forms upon exposure to an external stimulus—often require conformational

freedom to isomerize. Therefore, placing these switches in confined spaces can render them

non-operational. To preserve the switchability of these species under confinement, we work

with a water-soluble coordination cage that is flexible enough to adapt its shape to the

conformation of the encapsulated guest. We show that owing to its flexibility, the cage is not

only capable of accommodating—and solubilizing in water—several light-responsive spir-

opyran-based molecular switches, but, more importantly, it also provides an environment

suitable for the efficient, reversible photoisomerization of the bound guests. Our findings

pave the way towards studying various molecular switching processes in confined

environments.
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P lacing various molecules in confined environments can
markedly alter their chemical properties. Examples in nat-
ure are abundant and range from stabilizing ephemeral

species (e.g., sulfenic acids1) to accelerating chemical reactions to
great extents (such as the >107 rate acceleration of CO2 hydro-
lysis by carbonic anhydrase2) to synthesizing highly complex
molecules3 and unique inorganic nanostructures4. Inspired by
these and numerous other examples, chemists have developed
diverse families of synthetic confined spaces—such as nanopores
of metal–organic frameworks5, microemulsion droplets6, and
nanopores between densely packed nanoparticles7—and investi-
gated the behavior of chemical species within them. The cavities
of self-assembled coordination cages constitute yet another family
of synthetic confined environments. Within these cavities, many
unique chemistries have been observed, including tunable fluor-
escent properties of the trapped species8, 9, stabilization of
otherwise reactive species10 (such as white phosphorus11, the
cyclic trimers of siloxanes12, and free-radical initiators13), and
efficient catalysis of Diels–Alder cycloadditions14, 15, and terpene
cyclizations16, among other reactions17–19. In contrast, the
properties of photoswitchable molecules in the cavities of self-
assembled cages have remained largely unexplored.

Photoisomerization of molecular switches in confined spaces
can be a challenging task. As most of these switches (including
azobenzenes, stilbenes, and spiropyrans) isomerize, they undergo
large conformational changes20–23 and hence require some con-
formational freedom, which is typically not available under
confinement. For example, it has long been recognized that pla-
cing azobenzene within densely packed self-assembled mono-
layers24 or inside coordination cages25 renders it non-switchable.
In another system, spiropyran residing in the cavity of a dimeric
capsule held together by hydrogen bonds could be successfully
isomerized, but at the expense of the disintegration of the
supramolecular host26. Similarly, photoisomerizing azobenzenes
bound inside different self-assembled capsules27, 28 led to the
expulsion of the guests from the respective hosts.

In nature, the requirement of conformational freedom is solved
by encapsulating photoswitchable molecules within hosts that are
flexible. For example, opsin proteins can adapt their structure to
the conformation of retinal, enabling a highly efficient E/Z pho-
toisomerization of the encapsulated guest29. In contrast, with a
few exceptions30–32, man-made cages are structurally robust, and
therefore not well suited to guide photoisomerization reactions.

Here we show that a flexible, water-soluble coordination cage is
capable of encapsulating—and solubilizing in water—several
light-responsive spiropyran molecular switches. The encapsula-
tion is accompanied by isomerization of the guest to its otherwise
unstable form. X-ray crystal structure of the inclusion complex
reveals that upon binding of the guest, the cage undergoes a
significant structural deformation. Owing to its flexibility, the
cage provides an environment suitable for the efficient, reversible
photoisomerization of the bound spiropyrans. Taking advantage
of these findings, we develop two time-sensitive information
storage media: a paper, on which writing can be performed using
water as the ink, and a gel, which can be reversibly patterned
using light.

Results
Computer simulations. We focused our studies on Fujita’s cage 2
(Fig. 1a)33 and Mukherjee’s cage 4 (Fig. 1b)34. Cages 2 and
4 can be obtained in quantitative yields by reacting cis-blocked
Pd acceptor (Pd(tmeda)(NO3)2, where tmeda = tetra-
methylethylenediamine) with ligands 1 and 3, respectively. A
subtle change in the structure of the ligand (replacing three
pyridine groups with imidazoles) results in a major difference in

the topology of the resulting cages: whereas in 2, the ligands
occupy alternating faces of the octahedron, cage 4 features a
horizontal symmetry plane (Fig. 1). We hypothesized that this
change in cage architecture would give rise to pronounced dif-
ferences in the flexibility of the two cages.

In order to test this hypothesis and to better understand the
mechanical properties of cages 2 and 4, we performed atomistic
molecular dynamics (MD) simulations of both cages in explicit
water (see Methods for details). Supplementary Movies 1 and 2
show the dynamics of 2 and 4, respectively, at room temperature.
We analyzed the dynamics in terms of the distances between the
diagonal Pd centers (i.e., Pd2+ ions residing at the opposite sides
of the cages; i.e., light-green, cyan, and orange in cage 2, and
dark-green, red, and blue in 4; Fig. 1c). The resulting normal
distributions of Pd–Pd distances can act as indicators of the
conformational flexibility of the cages. We found that under
otherwise identical conditions, the Gaussian thermal distributions
for the Pd–Pd distances in cage 2 were much narrower than in 4,
with standard deviations of σ = 0.43 Å and 0.86 Å for 2 and 4,
respectively (Fig. 1c). The same trend was observed at elevated
temperatures (Supplementary Fig. 7), where all peaks became
broader. Overall, these studies confirmed that 4 is significantly
more flexible than 2, suggesting that it can undergo relatively
large conformational changes that allow for encapsulating
differently shaped guest molecules, such as two structurally
different isomers of the same molecular switch.

Encapsulation of spiropyrans. Encouraged by these results, we
hypothesized that the flexible cavity of 4 might provide an
environment suitable for the reversible isomerization of mole-
cular switches whose isomerization is associated with large
structural changes. We first considered compound 5 (Fig. 2a)—a
protonated-merocyanine (MCH+) form of a spiropyran appended
with a sulfonic acid group—which can undergo a reversible ring-
closing reaction upon exposure to blue light35. Interestingly,
when an aqueous solution of cage 4 was treated with solid 5, an
intense blue (λmax ≈ 592 nm) color appeared instantly (Fig. 2a).
This band characteristic of the merocyanine (MC) isomer of the
switch residing in a nonpolar environment. No color changes
were observed in control experiments, in which we mixed 5 with
free components of the cage (i.e., ligand 3 and Pd(tmeda)(NO3)2).

The formation of the MC form (i.e., 5MC) was surprising given
the absence of an electron-withdrawing substituent at the para
position21, 36 with respect to O–. To better understand the
interactions between 5 and 4, we recorded a series of ultraviolet/
visible (UV/Vis) absorption spectra while titrating the cage with
5. The absorption intensity at 592 nm increased with increasing
concentrations of 5 in the system, but only until 1.0 molar
equivalent of 5 was added (Fig. 2b, c), suggesting that each
molecule of 4 is only capable of transforming one molecule of
5MCH+ into 5MC. Next, we recorded a series of proton nuclear
magnetic resonance (1H NMR) spectra of the cage in the presence
of increasing amounts of 5 (Fig. 2d). The upfield-shifted signals at
~ 0 ppm can be assigned to the CH3 protons of 5 bound in the
hydrophobic cavity of 4. Integrating these signals with respect to
those due to the imidazole protons of 4 (~ 9.3–8.8 ppm) showed
that each cage could encapsulate one molecule of 5, giving rise to
inclusion complex 5⊂4, in agreement with the UV/Vis results
(Fig. 2e). The association constant of the complex could be
roughly estimated by UV/Vis titration as Kassoc > 107 M−1 (see
Supplementary Note 9).

Single crystals of 5⊂4 were obtained by slow evaporation of
water from an aqueous solution of the complex. The X-ray crystal
structure revealed the presence of the open-ring isomer of switch
5 bound tightly in the cavity of host 4, with which it interacts by
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π–π stacking interactions (Fig. 2f). In addition, the binding is
likely facilitated by the release of high-energy water molecules
from the cavity of 4, as reported previously for other host–guest
complexes37, 38 (see also ref. 39 and the discussion in
Supplementary Note 10). Notably, upon encapsulating 5, cage 4
underwent a significant distortion, whereby the distance between
the two apical Pd2+ ions increased from 16.9 Å (for guest-free 4)
to 18.3 Å; (see also Supplementary Note 11). This deformation
was enabled by varying the C-C-N-C dihedral angle (see Fig. 1b)
rather than distorting the square planar geometry of the PdN4

moiety. This result emphasizes the importance of the structural
flexibility of 4 for binding guest molecules. Indeed, adding 5 to
the aqueous solution of the more shape-persistent cage 2 did not
result in any color changes.

A more striking manifestation of the high affinity of cage 4
towards the MC form of spiropyrans was found for the simplest
spiropyran 6 (Fig. 2g). Although compound 6 exhibits extremely
low solubility in pure water, it could readily be solubilized in an
aqueous solution of 4 and the resulting solution had a deep-blue
color akin to that of 5⊂4 (Fig. 2g). The identity of the 6⊂4
complex was confirmed using a combination of NMR methods
(Supplementary Figs. 25-32), which showed that cage 4 reverses
the relative stability of the closed-ring and the open-ring isomer
of 6, stabilizing the otherwise unstable form 6MC. Unlike 5MC⊂4,
however, complex 6MC⊂4 did not form in a quantitative yield—
comparing the intensity of 4s protons with those of 6 revealed
that only ~50% of the cages become filled during stirring with an
excess of solid 6. This can be explained by the very low
concentration of the saturated solution of 6 in water, which
implies that the equilibrium concentration of the unoccupied
cage, [4], remains relatively high even for a high value of Kassoc

(Kassoc = [6⊂4]/[4]·[6]). Overall, these results indicate that the
energy penalty associated with distorting the cage can be
overcome by the favorable host–guest interaction energy, and
that by preferentially binding an otherwise unstable isomer of the
guest, the cage can render this isomer the stable one (as has also
been observed by Fujita and co-workers40 for free vs. encapsu-
lated phthalein dyes).

Interestingly, cage 4 showed no affinity to the para-nitro
derivative of 6, i.e., the most commonly used41–48 spiropyran (7
in Fig. 2h). This was surprising given the increased propensity of
7 to exist in the open-ring form. However, inspection of the X-ray
structure of 5⊂4 revealed that substituents at the 6′ position
would collide with the cage’s backbone (Fig. 2f), which likely
explains why complex 7⊂4 does not form. At the same time, this
reasoning suggests that substitutions at the 7′ and the 8′ positions
would be tolerated. To verify this hypothesis, we synthesized
compound 8 (Fig. 2h), which has an extra methyl group at the 8′
position. We were pleased to find that similar to 5 and 6,
spiropyran 8 could be solubilized in water in the presence of cage
4. The solubility was proportional to the amount of the dissolved
cage (which has a very high, > 0.3 g/mL, solubility in water) and
we consistently saw that stirring with an excess of 8 resulted in
filling of ~ 70% of 4 (Supplementary Fig. 34).

Despite the tendency of 4 to stabilize the open form of all of the
encapsulated spiropyrans (5, 6, and 8), we found some notable
differences between 5⊂4 on one hand, and complexes 6⊂4 and
8⊂4 on the other. First, UV/Vis absorption spectra of 5⊂4
showed an unusually fine structure of MC absorption bands
(Supplementary Fig. 41a). In contrast, both 6⊂4 and 8⊂4
exhibited spectra typical of merocyanine, with a broad band at
~ 580 nm and an intense absorption in the blue part of the
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spectrum. Well-defined features in the absorption spectra are a
manifestation of increased rigidity of the molecule (as a result of,
e.g., cooling49 or intramolecular bridging50). In our case, the
decreased conformational freedom of 5 might be due to a tight
binding in the cavity of 4. Second, 5 bound within 4 showed very
broad peaks in the 1H NMR spectrum (Supplementary Fig. 14),
which, again, is a manifestation of restricted molecular motion
(similar line broadening is well known for molecules confined to
the surfaces of metallic nanoparticles51–54). Contrary to 5,
encapsulated 6 and 8 both showed a set of sharp, well-defined
signals (Supplementary Figs. 25 and 34, respectively). Third, we
found that upon excitation with blue light, 5⊂4 exhibited green
fluorescence (Supplementary Note 14), which is absent unless the
closed-ring isomer is constrained55—indeed, no green emission
was observed for 6⊂4 or 8⊂4. Fourth, despite extensive efforts, we
did not succeed in obtaining single crystals of either 6⊂4 or 8⊂4
of a quality suitable for X-ray diffraction studies, which can be
correlated to the relatively large conformational freedom of 6 and
8 within 4. In sharp contrast, 5⊂4 afforded high-quality single
crystals without difficulties. We hypothesize that this difference in
stabilization of 5 vs. 6 and 8 can be attributed to the electrostatic
interactions between 5’s SO3

– group and one of 4s Pd2+ centers
(Fig. 2f, dashed green line).

Concentration dependence of the optical properties of encap-
sulated spiropyrans. Aqueous solutions used to grow crystals of
5⊂4 exhibited unexpected color changes during water evapora-
tion: instead of gradually increasing, the color intensity decreased,

and the solution turned from blue to yellow (the crystals of 5⊂4
were pale yellow). To quantify these changes, we recorded a series
of UV/Vis spectra of 5⊂4 at concentrations spanning three orders
of magnitude (Supplementary Fig. 44). Representative spectra of
the same solution at two different concentrations are shown in
Fig. 3a. Upon concentrating the solution from ~0.3 mM to ~5
mM, the absorption band at ~592 nm (due to the MC form)
decreased at the expense of an intense peak at ~460 nm. This
change in color was reversible and by diluting the solution, the
original spectrum could be restored. Figure 3b shows the
dependence of absorbance at two different wavelengths as a
function of the solution concentration. Absorbance at 345 nm is
proportional to the total amount of 5⊂4 (i.e., all isomers of 5) and
it shows a linear dependence on concentration, following the
Lambert–Beer law. However, the absorbance at 592 nm—a region
where only the MC isomer absorbs—decreased at high con-
centrations. This decrease is at the expense of MCH+, which is the
species that absorbs strongly at ~460 nm. These color changes are
a manifestation of the well-known property56 of weak acids (here,
MCH+) to dissociate to a greater extent in dilute solutions
(Fig. 3c). Interestingly, no color changes were observed upon
diluting a solution of 5 in the absence of 4, emphasizing the
unique role of the cage in stabilizing the MC isomer of 5.

Based on these findings, we anticipated that by diluting the
5MCH+ species (and by generating the deep-colored 5MC) in a
spatially controlled fashion, we might be able to create high-
contrast patterns using water as the stimulus.57 To test this
hypothesis, we soaked a 7 × 5 cm piece of cellulose paper in a
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dilute (i.e., blue) aqueous solution of 5MC⊂4 and then allowed
water to evaporate, resulting in an off-white paper (Fig. 3d, top
left). We then filled the ink reservoir of a fountain pen with pure
water, and used it to write on the 5MCH+⊂4-doped paper, as
shown in Fig. 3d. The resulting text disappeared spontaneously
within ca. 2 h owing to water evaporation, and the process could
be repeated. This system has two attractive features: first, the “ink”
is permanently stored in the paper and it does not need to be
delivered from the pen; second, the paper can be used for many
write–erase cycles.

Photoisomerization of encapsulated spiropyrans. Next, we
considered photoisomerizing the cavity-bound merocyanine 5MC.
Figure 4a shows the absorption spectrum of a dilute solution of
encapsulated 5MC. Interestingly, irradiating this solution near the
absorption maximum (we used a yellow (580 nm) light-emitting
diode (LED)) did not result in any spectral changes. This is in
sharp contrast to the behavior of free 5MC in an aqueous solution
(λmax = 530 nm; obtained by treating 5MCH+ with 1 eq of NaOH),
which upon exposure to a green (520 nm) LED underwent a ring-
closing isomerization. These results can be explained by the
efficient stabilization of 5MC by the cage. However, after testing a
variety of light sources, we found that the solution of 5MC⊂4
could be turned transparent upon a brief (30 s) exposure to low-
intensity blue (460 nm) light (Fig. 4b). This finding was surprising
given that 460 nm corresponds to the minimum absorption of
5MC⊂4 (see Fig. 4a). We note, however, that the MCH+ form
absorbs strongly in this region (Fig. 3a, orange spectrum). This
leads us to propose the following mechanism underlying the
photoisomerization of the cavity-bound 5MC. In an aqueous
solution, the MC and MCH+ forms can coexist, 5MC⊂4

+ H2O ⇄ 5MCH+⊂4 + HO–. In dilute solutions, the equilibrium is
strongly shifted to the left and the MCH+ species is undetectable
by UV/Vis spectroscopy. However, the minute amounts of MCH+

can efficiently absorb blue light and undergo photoisomerization
to the SP form21. The equilibrium is gradually shifted to the right
until all 5MC⊂4 is converted to the colorless 5SP⊂4 (Fig. 4c). To
confirm this mechanism, we performed the same reaction in
several buffer solutions having different pH values, and found
that the rate of decoloration was inversely proportional to the
solution’s pH (Supplementary Fig. 55).

The reaction was reversible: once irradiation was discontinued,
the solution regained its original blue color (Fig. 4d). Kinetic
analysis of the coloration reaction performed by monitoring the
change in absorbance at 592 nm revealed that the reaction obeyed
first-order kinetics, with a half-life, τ1/2 = 26.3 min. The system
was reversible; however, some fatigue was observed (Fig. 4e),
which could be attributed to the previously reported26, 58 slow
hydrolysis of spiropyrans in water. To gain additional insight into
the reversible isomerization reaction, we recorded a series of 1H
NMR spectra of 5⊂4 in D2O while irradiating the sample with a
460 nm LED in situ through an optical fiber. Notably, even at the
high concentrations (~5 mM) typical for NMR experiments, as
much as 90% 5⊂4 could be converted to the closed-ring isomer
(Fig. 4f). More strikingly, the photoisomerization reaction was
accompanied by pronounced changes in the NMR signals of the
cage (Fig. 4f, g; see also Supplementary Fig. 48), which, again,
highlights the importance of cage’s flexibility for efficient
photoswitching of the encapsulated molecules.

Interestingly, the 5⊂4 complex remained photochromic even
in the solid state. Supplementary Fig. 56b shows the absorption
spectra of a thin film of solid 5⊂4 on a glass slide, where the ~445
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nm band resulting from the MCH+ form can be quenched within
1 min of irradiation with blue light. The spontaneous back-
isomerization took ~6 h to complete, and, unlike the solution
reaction, it did not follow the first-order kinetics, suggesting the
involvement of protons in the ring-opening reaction taking place
in the solid state.

Finally, we were interested in how replacing 5 with 6 or 8
inside the cage affects the kinetics of the spontaneous back-
isomerization (i.e., ring-opening reaction). Interestingly, we
found that following exposure to blue light, both 6SP⊂4 and
8SP⊂4 back-isomerized much faster compared with 5SP⊂4
(Supplementary Fig. 46, b and c). The kinetics of both reactions
were fitted to the first-order equation, with τ1/2 = 5.0 min and 2.5
min for 6⊂4 and 8⊂4, respectively. The unusually slow ring-
opening reaction of 5SP⊂4 could once again be attributed to the
restricted molecular motion of the encapsulated 5 (vide supra).

Similar to the dilution-controlled color changes described
above, the reversible, light-induced decoloration reaction could be
used to develop a novel time-sensitive information storage
medium. To this end, we prepared thin agarose gels soaked with
dilute (i.e., blue) solutions of 5⊂4, and verified that both the light-
induced ring-closing reaction and the spontaneous ring opening
proceeded with kinetics identical to those in bulk solution. By
exposing these gels to low-intensity blue light locally (through a
mask), high-contrast images could be created (Fig. 5a, b). These
images persisted for ca. 90 min, during which the spontaneous
coloration in the pre-irradiated regions was completed. As Fig. 5c
shows, multiple images could be created consecutively in the
same piece of gel. To control the images’ lifetime, we also
fabricated agarose gels soaked with 6⊂4 or 8⊂4. We found that
images could readily be created in these gels as well, but, as
expected, they disappeared considerably faster (within ca. 10min).
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Discussion
We investigated the binding and photoinduced structural trans-
formations of a model light-responsive molecular switch, spir-
opyran, within a flexible coordination cage. We showed that the
encapsulation of different spiropyrans in a hydrophobic cavity of
the cage was accompanied by spontaneous switching to an
otherwise unstable, colored isomer, highlighting the cage’s capa-
city to revert the relative stability of different isomers of the same
molecule.40 The encapsulated spiropyrans remained photo-
switchable and could be converted to the colorless form upon
irradiation with blue light. These findings constitute an unpre-
cedented case of negative photochromism of spiropyran in a
hydrophobic environment (here, the cavity of the cage). We
believe that our results might open several interesting research
directions. First, it will be of interest to expand the cage’s cavity
size, which can be achieved by separating the benzene and the
imidazole rings in 3 by phenylene or −C≡C− linkers. We envision
that the expanded cages will be able to accommodate larger
numbers of the same guest molecules—in this context, we are
particularly interested in trapping discrete oligomers of photo-
switchable molecules with the goal of systematically investigating
cooperative switching processes59–61. Second, we are currently
developing a metal-free version of flexible cages, which will be
advantageous for large-scale applications, such as in reversible
information storage media. Third, we believe that the entrapment
of nonpolar catalytic moieties (both metal-based catalysts and
organocatalysts) is an attractive approach towards constructing
catalytic systems operating in water. Here, we wish to point out
that the high flexibility and adaptability of the polypeptide chains
surrounding the enzymatic active sites are often critical for effi-
cient catalysis in biological systems. Finally, our results indicate
that light energy can be used (via the noncovalently bound
molecular switch) to reversibly change the shape of a non-
photoresponsive molecular system (here, a self-assembled cage),
thus paving the way towards the development of novel molecular
machines62–65.

Methods
Synthesis of cage 4. The cage was synthesized according to a modified literature
procedure34. A solution of cis-[(tmeda)Pd(NO3)2] (200 mg, 0.577 mmol) in water
(25 mL) was added slowly to 1,3,5-tris(1-imidazolyl)benzene (106 mg, 0.384 mmol)
and the resulting reaction mixture was stirred for 24 h at room temperature. Then,
the mixture was centrifuged to remove any insoluble materials. The supernatant
was collected and it was concentrated under reduced pressure. Cage 4 in the
crystalline form was obtained by slow vapor diffusion of acetone. Isolated yield:
95%.

General procedure for encapsulation of guests inside cage 4. Guest 5 (5.4 mg;
0.014 mmol), 6 (3.9 mg; 0.014 mmol), or 8 (4.1 mg; 0.014 mmol) was suspended in

an aqueous (H2O or D2O) solution of cage 4 (15 mg = 0.005 mmol in 1 mL of water
(we found no evidence of the encapsulation of spiropyran 7)). The mixture was
stirred for 24 h at room temperature. Encapsulation entailed solubilization of the
guest in water. The resulting milky suspension was filtered through glass wool and
centrifuged several times at 5000 rpm to yield a clear solution. The yield of
encapsulation was determined by 1H NMR spectroscopy. We verified that stirring
times longer than 24 h did not increase the encapsulation yield. We also found that
the encapsulation yield was not increased by ultrasonication or heating to 60 °C.
The same procedure was used in attempting to encapsulate the above molecules 5–
8 inside cage 3.

Computational studies. Molecular force field parameters for the studied systems
were obtained as follows. We used the CHARMM general force field66, 67 to
describe all the bonds, angles, dihedrals, and nonbonding parameters of the cage
except those around Pd atoms. Each cage was accompanied by 12 NO3

– ions for
overall electroneutrality. The parameters for nitrate ions were taken from the lit-
erature68. To retain the planar structure of the nitrate ions, we imposed an
improper angle with a force constant of 90 kcal/mol rad2 and an angle of 180°. For
the Pd-N coordination bonds, average distances from the experimentally obtained
X-ray were used with a force constant of 600 kcal/mol Å2. For cage 2, the Pd-N1

(where N1 denotes the donating nitrogen atom of ligand 1) distance was 2.03 Å and
the Pd-Ntmeda distance (where Ntmeda denotes tmeda’s nitrogen atom) was 2.05 Å;.
For cage 4, the Pd-N3 distance was 2.03 Å (N3 denotes the donating nitrogen atom
of ligand 3) and the Pd-Ntmeda distance was 2.05 Å. Nonbonding interactions were
calculated using a cutoff distance of 10 Å and long-range electrostatic interactions
were calculated using the PME method69 in the presence of periodic boundary
condition. In each system, TIP3P molecules were used in a cubical water box with a
side length of 60 Å. Atomistic MD simulations were performed with NAMD using
an NPT ensemble70. We used Langevin dynamics with a damping constant of 1 ps
−1 and a time step of 2 fs. The systems were simulated at temperatures of 298 K,
400 K, and 450 K. To overcome the limitations of the physical model, the planar
symmetry of the PdN4 moieties was restrained during the minimization and
warming steps. In the equilibration step, each PdN4 moiety was restrained to
preserve its planar geometry by setting the root-mean-square deviation to be less
than 0.1 Å and the force constant of 4,000 kcal/mol, using the collective variables
(colvar) module in NAMD.

Fabrication of rewritable paper. A 7 × 5 cm piece of regular paper was placed in a
glass Petri dish containing a solution of 37 mg (0.010 mmol) of 5⊂4 in 4 mL of
water. After 12 h, the blue-colored paper was removed from the Petri dish and
dried overnight in a vacuum desiccator: it became pale yellow (near colorless). The
ink reservoir of a fountain pen was emptied and washed with pure water until all
the dye was washed away. The pen’s ink reservoir was filled with distilled water and
then used to write on the “rewritable paper”.

Fabrication of the photoresponsive agarose gel. One gram of agarose (CAS #
9012-36-6, biotechnology grade, Amresco product # 0710) was added to an
Erlenmeyer flask containing 50 mL of distilled water. The mixture was heated in a
microwave oven until water started to boil. After an additional 3 min, heating was
discontinued and the flask was removed from the oven. The resulting colorless,
homogeneous solution was poured while hot between two glass slides separated by
a 1 mm spacer. After having been cooled to room temperature, a 5 × 4 × 0.1 cm
piece of solidified agarose gel was placed in a Petri dish containing a solution of
26.9 mg (0.008 mmol) of 5⊂4 in 7.0 mL of distilled water for 30 min. Finally, the gel
was briefly rinsed with water.
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Data availability. The X-ray crystallographic coordinates for structures reported in
this article have been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under deposition number CCDC 1551434 and 1551437 for compound 4
and 5⊂4 respectively. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. All
relevant data supporting the findings of this study are available from the corre-
sponding authors on request.

Received: 21 June 2017 Accepted: 20 December 2017

References
1. Poole, L. B., Karplus, P. A. & Claiborne, A. Protein sulfenic acids in redox

signaling. Annu. Rev. Pharmacol. Toxicol. 44, 325–347 (2004).
2. Tripp, B. C., Smith, K. & Ferry, J. G. Carbonic anhydrase: New insights for an

ancient enzyme. J. Biol. Chem. 276, 48615–48618 (2001).
3. Whicher, J. R. et al. Structural rearrangements of a polyketide synthase module

during its catalytic cycle. Nature 510, 560–564 (2014).
4. Aizenberg, J., Tkachenko, A., Weiner, S., Addadi, L. & Hendler, G. Calcitic

microlenses as part of the photoreceptor system in brittlestars. Nature 412,
819–822 (2001).

5. Goettmann, F. & Sanchez, C. How does confinement affect the catalytic activity
of mesoporous materials? J. Mater. Chem. 17, 24–30 (2007).

6. Fallah-Araghi, A. et al. Enhanced chemical synthesis at soft interfaces: A
universal reaction-adsorption mechanism in microcompartments. Phys. Rev.
Lett. 112, 028301 (2014).

7. Zhao, H. et al. Reversible trapping and reaction acceleration within dynamically
self-assembling nanoflasks. Nat. Nanotech 11, 82–88 (2016).

8. Yamashina, M. et al. Preparation of highly fluorescent host-guest complexes
with tunable color upon encapsulation. J. Am. Chem. Soc. 137, 9266–9269
(2015).

9. Roy, B., Ghosh, A. K., Srivastava, S., D’Silva, P. & Mukherjee, P. S. A Pd8
tetrafacial molecular barrel as carrier for water insoluble fluorophore. J. Am.
Chem. Soc. 137, 11916–11919 (2015).

10. Galan, A. & Ballester, P. Stabilization of reactive species by supramolecular
encapsulation. Chem. Soc. Rev. 45, 1720–1737 (2016).

11. Mal, P., Breiner, B., Rissanen, K. & Nitschke, J. R. White phosphorus is air-
stable within a self-assembled tetrahedral capsule. Science 324, 1697–1699
(2009).

12. Yoshizawa, M., Kusukawa, T., Fujita, M. & Yamaguchi, K. Ship-in-a-bottle
synthesis of otherwise labile cyclic trimers of siloxanes in a self-assembled
coordination cage. J. Am. Chem. Soc. 122, 6311–6312 (2000).

13. Yamashina, M., Sei, Y., Akita, M. & Yoshizawa, M. Safe storage of radical
initiators within a polyaromatic nanocapsule. Nat. Commun. 5, 4662 (2014).

14. Kang, J. M. & Rebek, J. Acceleration of a Diels-Alder reaction by a self-
assembled molecular capsule. Nature 385, 50–52 (1997).

15. Yoshizawa, M., Tamura, M. & Fujita, M. Diels-Alder in aqueous molecular hosts:
Unusual regioselectivity and efficient catalysis. Science 312, 251–254 (2006).

16. Zhang, Q. & Tiefenbacher, K. Terpene cyclization catalysed inside a self-
assembled cavity. Nat. Chem. 7, 197–202 (2015).

17. Kaphan, D. M., Levin, M. D., Bergman, R. G., Raymond, K. N. & Toste, F. D. A
supramolecular microenvironment strategy for transition metal catalysis.
Science 350, 1235–1238 (2015).

18. Wang, Q. Q. et al. Self-assembled nanospheres with multiple endohedral
binding sites pre-organize catalysts and substrates for highly efficient reactions.
Nat. Chem. 8, 225–230 (2016).

19. Ueda, Y., Ito, H., Fujita, D. & Fujita, M. Permeable self-assembled molecular
containers for catalyst isolation enabling two-step cascade reactions. J. Am.
Chem. Soc. 139, 6090–6093 (2017).

20. Bandara, H. M. D. & Burdette, S. C. Photoisomerization in different classes of
azobenzene. Chem. Soc. Rev. 41, 1809–1825 (2012).

21. Klajn, R. Spiropyran-based dynamic materials. Chem. Soc. Rev. 43, 148–184
(2014).

22. Yang, Y., Hughes, R. P. & Aprahamian, I. Visible light switching of a BF2-
coordinated azo compound. J. Am. Chem. Soc. 134, 15221–15224 (2012).

23. Helmy, S. et al. Photoswitching using visible light: A new class of organic
photochromic molecules. J. Am. Chem. Soc. 136, 8169–8172 (2014).

24. Wang, R. et al. Structural investigation of azobenzene-containing self-
assembled monolayer films. J. Electroanal. Chem. 438, 213–219 (1997).

25. Kusukawa, T. & Fujita, M. “Ship-in-a-bottle” formation of stable hydrophobic
dimers of cis-azobenzene and -stilbene derivatives in a self-assembled
coordination nanocage. J. Am. Chem. Soc. 121, 1397–1398 (1999).

26. Raj, A. M., Raymo, F. M. & Ramamurthy, V. Reversible disassembly-assembly
of octa acid-guest capsule in water triggered by a photochromic process. Org.
Lett. 18, 1566–1569 (2016).

27. Dube, H., Ajami, D. & Rebek, J. Photochemical control of reversible
encapsulation. Angew. Chem. Int. Ed. 49, 3192–3195 (2010).

28. Clever, G. H., Tashiro, S. & Shionoya, M. Light-triggered crystallization of a
molecular host-guest complex. J. Am. Chem. Soc. 132, 9973–9975 (2010).

29. Shichida, Y. & Matsuyama, T. Evolution of opsins and phototransduction. Phil.
Trans. R. Soc. B 364, 2881–2895 (2009).

30. Zhang, D. et al. Anion binding in water drives structural adaptation in an
azaphosphatrane-functionalized FeII4L4 tetrahedron. J. Am. Chem. Soc. 139,
6574–6577 (2017).

31. Rizzuto, F. J. & Nitschke, J. R. Stereochemical plasticity modulates cooperative
binding in a CoII12L6 cuboctahedron. Nat. Chem. 9, 903–908 (2017).

32. Mondal, P., Sarkar, S. & Rath, S. P. Cyclic bis-porphyrin-based flexible
molecular containers: Controlling guest arrangements and supramolecular
catalysis by tuning cavity size. Chem. Eur. J. 23, 7093–7103 (2017).

33. Fujita, M. et al. Self-assembly of 10 molecules into nanometer-sized organic
host frameworks. Nature 378, 469–471 (1995).

34. Samanta, D., Mukherjee, S., Patil, Y. P. & Mukherjee, P. S. Self-assembled Pd6
open cage with triimidazole walls and the use of its confined nanospace for
catalytic Knoevenagel- and Diels-Alder reactions in aqueous medium. Chem.
Eur. J. 18, 12322–12329 (2012).

35. Shi, Z., Peng, P., Strohecker, D. & Liao, Y. Long-lived photoacid based upon a
photochromic reaction. J. Am. Chem. Soc. 133, 14699–14703 (2011).

36. Gorner, H. Photochromism of nitrospiropyrans: effects of structure, solvent
and temperature. Phys. Chem. Chem. Phys. 3, 416–423 (2001).

37. Biedermann, F., Uzunova, V. D., Scherman, O. A., Nau, W. M. & De Simone,
A. Release of high-energy water as an essential driving force for the high-
affinity binding of cucurbitnurils. J. Am. Chem. Soc. 134, 15318–15323 (2012).

38. Biedermann, F., Nau, W. M. & Schneider, H.-J. The hydrophobic effect
revisited—Studies with supramolecular complexes imply high-energy
water as a noncovalent driving force. Angew. Chem. Int. Ed. 53, 11158–11171
(2014).

39. Yoshizawa, M. et al. Endohedral clusterization of ten water molecules into a
“molecular ice” within the hydrophobic pocket of a self-assembled cage. J. Am.
Chem. Soc. 127, 2798–2799 (2005).

40. Takezawa, H., Akiba, S., Murase, T. & Fujita, M. Cavity-directed chromism of
phthalein dyes. J. Am. Chem. Soc. 137, 7043–7046 (2015).

41. Sheng, Y. H. et al. Comprehensive theoretical study of the conversion reactions
of spiropyrans: Substituent and solvent effects. J. Phys. Chem. B. 108,
16233–16243 (2004).

42. Dintinger, J., Klein, S. & Ebbesen, T. W. Molecule-surface plasmon interactions
in hole arrays: Enhanced absorption, refractive index changes, and all-optical
switching. Adv. Mater. 18, 1267–1270 (2006).

43. Jukes, R. T. F., Bozic, B., Hartl, F., Belser, P. & De Cola, L. Synthesis,
photophysical, photochemical, and redox properties of nitrospiropyrans
substituted with Ru or Os tris(bipyridine) complexes. Inorg. Chem. 45,
8326–8341 (2006).

44. Pisignano, D. et al. Optical gain from the open form of a photochromic
molecule in the solid state. J. Phys. Chem. B. 110, 4506–4509 (2006).

45. Shiraishi, Y., Adachi, K., Itoh, M. & Hirai, T. Spiropyran as a selective, sensitive,
and reproducible cyanide anion receptor. Org. Lett. 11, 3482–3485 (2009).

46. Amdursky, N., Kundu, P. K., Ahrens, J., Huppert, D. & Klajn, R. Noncovalent
interactions with proteins modify the physicochemical properties of a
molecular switch. ChemPlusChem 81, 44–48 (2016).

47. Breslin, V. M. & Garcia-Garibay, M. A. Transmission spectroscopy and kinetics
in crystalline solids using aqueous nanocrystalline suspensions: The
spiropyran-merocyanine photochromic system. Cryst. Growth Des. 17, 637–642
(2017).

48. Kim, D., Zhang, Z. & Xu, K. Spectrally resolved super-resolution microscopy
unveils multipath reaction pathways of single spiropyran molecules. J. Am.
Chem. Soc. 139, 9447–9450 (2017).

49. Dulić, D., Kudernac, T., Pužys, A., Feringa, B. L. & van Wees, B. J. Temperature
gating of the ring-opening process in diarylethene molecular switches. Adv.
Mater. 19, 2898–2902 (2007).

50. Kobin, B., Grubert, L., Blumstengel, S., Henneberger, F. & Hecht, S. Vacuum-
processable ladder-type oligophenylenes for organic-inorganic hybrid
structures: synthesis, optical and electrochemical properties upon increasing
planarization as well as thin film growth. J. Mater. Chem. 22, 4383–4390
(2012).

51. Marbella, L. E. & Millstone, J. E. NMR techniques for noble metal
nanoparticles. Chem. Mater. 27, 2721–2739 (2015).

52. Badia, A. et al. Structure and chain dynamics of alkanethiol-capped gold
colloids. Langmuir 12, 1262–1269 (1996).

53. Templeton, A. C., Chen, S. W., Gross, S. M. & Murray, R. W. Water-soluble,
isolable gold clusters protected by tiopronin and coenzyme A monolayers.
Langmuir 15, 66–76 (1999).

54. Zelakiewicz, B. S., de Dios, A. C. & Tong, Y. Y. 13C NMR spectroscopy of 13C1-
labeled octanethiol-protected Au nanoparticles: Shifts, relaxations, and particle-
size effect. J. Am. Chem. Soc. 125, 18–19 (2003).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02715-6

8 NATURE COMMUNICATIONS | (2018) 9:641 |DOI: 10.1038/s41467-017-02715-6 |www.nature.com/naturecommunications

http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications


55. Zhu, M. Q. et al. Reversible fluorescence switching of spiropyran-conjugated
biodegradable nanoparticles for super-resolution fluorescence imaging.
Macromolecules 47, 1543–1552 (2014).

56. Silva, C. R., Pereira, R. B. & Sabadini, E. Color changes in indicator solutions.
An intriguing and elucidative general chemistry experiment. J. Chem 78,
939–940 (2001).

57. Sheng, L. et al. Hydrochromic molecular switches for water-jet rewritable paper.
Nat. Commun. 5, 3044 (2014).

58. Stafforst, T. & Hilvert, D. Kinetic characterization of spiropyrans in aqueous
media. Chem. Commun. 287-288 (2009).

59. Pace, G. et al. Cooperative light-induced molecular movements of highly
ordered azobenzene self-assembled monolayers. Proc. Natl. Acad. Sci. USA 104,
9937–9942 (2007).

60. Moldt, T. et al. Tailoring the properties of surface-immobilized azobenzenes
by monolayer dilution and surface curvature. Langmuir 31, 1048–1057 (2015).

61. Lai, C.-Y., Raj, G., Liepuoniute, I., Chiesa, M. & Naumov, P. Direct observation
of photoinduced trans–cis isomerization on azobenzene single crystal. Cryst.
Growth Des. 17, 3306–3312 (2017).

62. Štacko, P. et al. Locked synchronous rotor motion in a molecular motor. Science
356, 964–968 (2017).

63. Muraoka, T., Kinbara, K. & Aida, T. Mechanical twisting of a guest by a
photoresponsive host. Nature 440, 512–515 (2006).

64. Han, M. et al. Light-triggered guest uptake and release by a photochromic
coordination cage. Angew Chem. Int. Ed. 52, 1319–1323 (2013).

65. Barrell, M. J., Campana, A. G., von Delius, M., Geertsema, E. M. & Leigh, D. A.
Light-driven transport of a molecular walker in either direction along a
molecular track. Angew. Chem. Int. Ed. 50, 285–290 (2011).

66. Vanommeslaeghe, K., Raman, E. P. & MacKerell, A. D. Automation of the
CHARMM general force field (CGenFF) II: assignment of bonded parameters
and partial atomic charges. J. Chem. Inf. Model. 52, 3155–3168 (2012).

67. Vanommeslaeghe, K. & MacKerell, A. D. Automation of the CHARMM general
force field (CGenFF) I: bond perception and atom typing. J. Chem. Inf. Model.
52, 3144–3154 (2012).

68. Lopes, J. N. C., Deschamps, J. & Padua, A. A. H. Modeling ionic liquids using a
systematic all-atom force field. J. Phys. Chem. B. 108, 2038–2047 (2004).

69. Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: an N·log(N) method
for Ewald sums in large systems. J. Chem. Phys. 98, 10089–10092 (1993).

70. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem.
26, 1781–1802 (2005).

Acknowledgements
This work was supported by the European Research Council (grant #336080) (R.K.) and
by the US National Science Foundation (grant #1506886) (P.K.). We gratefully
acknowledge Mr. Yves Garmshausen and Mr. Björn Zyska (Stefan Hecht group,

Humboldt University of Berlin) as well as Dr Johannes Ahrens for helpful discussions.
We also wish to thank Dr Soumen De, Mr. Michał Sawczyk, Dr Tali Scherf, Prof. Lela
Vuković, and Dr Huijun Yu for their technical support.

Author contributions
R.K. and D.S. conceived the experiments. D.S. synthesized and characterized all com-
pounds and inclusion complexes and developed rewritable paper and gel. D.G. per-
formed computer simulations under the supervision of P.K. D.S. and J.G. prepared single
crystals for X-ray diffraction. L.J.W.S. and Y.D.-P. collected X-ray diffraction data from
the crystals and solved the crystal structures together with D.S. L.A. provided assistance
with the NMR experiments. All authors participated in discussions. R.K. wrote the
manuscript with contributions from all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02715-6.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02715-6 ARTICLE

NATURE COMMUNICATIONS | (2018) 9:641 |DOI: 10.1038/s41467-017-02715-6 |www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-017-02715-6
https://doi.org/10.1038/s41467-017-02715-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Reversible chromism of spiropyran in the cavity of a flexible coordination cage
	Results
	Computer simulations
	Encapsulation of spiropyrans
	Concentration dependence of the optical properties of encapsulated spiropyrans
	Photoisomerization of encapsulated spiropyrans

	Discussion
	Methods
	Synthesis of cage 4
	General procedure for encapsulation of guests inside cage 4
	Computational studies
	Fabrication of rewritable paper
	Fabrication of the photoresponsive agarose gel
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




