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COMPUTATIONAL METHODS

Parametrization of the atomistic models

The atomistic model of the cage (see Figure 1A) was parametrized according to the GAFF force field.' The donor-acceptor (Pd-N) bonds
were parametrized using Seminario's method? following the Metal Center Parameter Builder (MCPB) protocol.* The quantum mechanical
calculations were performed using B3LYP functional® and, as the basis set, a combination of the DGDZVP set for the palladium atom and the
Pople 6-31G* set for the other atoms. The atomistic force field parameters for the metal-bonded parts were extracted from a reduced model of
the metal-binding site, consisting of the cis-Pd-ligand, the Pd central atom and two Pd-bound imidazole groups (the charge of this reduced
system was set to +2, while the multiplicity was set to 1). The partial atomic charges of the whole system were calculated using the RESP
approach® via Merz-Kollman calculation of the electrostatic potential grid-points on the energy-minimized crystal structure of the cage.® The
same protocol was applied for the parametrization of AZB, M-AZB, F-AZB and AZP in their trans-states. All quantum mechanical calculations
were performed using Gaussian-16,” while the atomistic parametrization was carried out using the ANTECHAMBER software.?

To simulate the photoinduced isomerization of excited molecular switches in the atomistic simulation, we used a molecular model recently
employed to study the switching of azobenzene groups within crowded supramolecular assemblies, which correctly reproduces the pathway
and kinetics of trans—scis transition of an excited trans-azobenzene (S*).° This model describes trans azobenzene units that reached the excited
(S*) state by a modification of the central CNNC dihedral potential term (shown in Figure 4A). The modified dihedral potential induces the
spontaneous isomerization of the azobenzenes within picoseconds of classical molecular dynamics (MD) simulations, following the correct

10,11 9,12

out-of-plane rotational pathway'®*! and according to the expected kinetics for free excited azobenzene.

Molecular dynamics simulations

All the atomistic simulations in this work have been conducted using the GROMACS-2018.6 software” patched with PLUMED-2.5". All sys-
tems were simulated for 1 ps of MD at the temperature of 297 K and pressure of 1 atm in explicit TIP3P water molecules'* in periodic boundary
NPT conditions (constant N: number of particles, P: pressure and T: temperature), employing the v-rescale thermostat'® and the Berendsen
barostat.'” A timestep of 2 fs was used in the MD simulations unless stated differently. The electrostatic interactions were treated using particle
mesh Ewald (PME)."® The cutoff lengths of the real summation and of the VAW were set to 1.0 nm. The dynamics of the hydrogens was con-
strained using the LINCS algorithm." In the studies of the trans—cis transition rates within the cage, the timestep of the simulation was reduced

to 0.1 fs in order to guarantee an accurate sampling of the transition.
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The starting conformations of all the encapsulated systems were obtained starting from the crystal structure of the system with one cage
containing two encapsulated trans-F-AZB molecules® (CSD entry: TEZLAO?). Starting from this complex, we obtained a starting structure of
all the other studied trans cases by either removing and/or modifying the encapsulated guest and by equilibrating the systems via MD simula-
tion. The initial structures for the cis systems were obtained starting from their trans-isomers, by triggering their isomerization in the cage and
following a MD equilibration.

Metadynamics simulations

In this work, we extensively employed metadynamics (MetaD) simulations® to enhance the exploration of the conformational space of the
simulated systems. The flexibility of the cage was studied by means of a MetaD simulation using two collective variables (CVs) that are repre-
sentative of the octahedral structure and along which the MetaD biases the conformational changes of the cage. One CV (CV1) is the distance
D1 between the axial palladium atoms in the octahedral cage (red spheres in Figure 2). The other CV (CV2) is the distance D2 between the
midpoints of the opposite segments linking the equatorial palladium atoms (green spheres in Figure 2) in the equatorial plane of the cage (see
also Figure 1, red and green arrows). During the MetaD run, the bias was deposited along CV1 and CV2 in the form of Gaussian-shaped kernels
of height 0.8 kJ/mol and ¢ equal to 0.05 nm, while the deposition rate was 1 ps™.

In order to investigate the affinity of encapsulation for each host-guest system, MetaD simulations were performed along two other CVs.
One CV (CV1) is the distance between the guest’s center-of-mass (COM) from the cage’s COM, while the other CV (CV2) is the number of
contacts between the guest and the cage. In the cases where the cage contained more than one guest (Figure $4 and Table $3), the MetaD bias
was applied only on one of the two guests, while the second one was kept inside the cage by means of a restraint on the number of contacts
between the latter and the cage. In these MetaD simulations, the height of the deposited Gaussians was 0.1 kJ/mol (for both CV1 and CV2),
and the o was equal to 0.01 nm along CV1 and 2.0 along CV2. The deposition rate was 1 ps™.

The estimation of guest residence times were obtained by means of infrequent MetaD simulations,”* following a protocol that allows to
reconstruct the unbiased kinetics of rare events triggered by biased simulations. This approach consists of running multiple infrequent well-
tempered metadynamics (WT-MetaD)* simulations of the host-guest complex, activating/biasing the release of the guests from the host cage**
by biasing the same CVs used for the MetaD study of the host—guest stability. Here, the bias was deposed every 100 ps using Gaussians of initial
height of 2.5 kJ/mol, bias factor of 10, and with the same os as before. The intrinsic (unbiased) guest expulsion timescales for each system could
be then retrieved from the statistics of biased times resulting from multiple infrequent WT-MetaD activating the release of the guests from the
cage, and by calculating the transition time distributions.””** The guest expulsion times (t) calculated from multiple WT-MetaD simulations
were then used to build the release probability distributions Pns1 as:

14

Py = 1 — ¢ o ey

where Tor is the characteristic timescale for the event of guest release from the cage in the various simulated systems. In all the cases simulated
here, the calculated transition time distributions were found to fit well the typical Poissonian distributions expected for rare events (see Figure

23,24

S5), proving the reliability of the adopted setup.

Additionally, the bias computed during these infrequent WT-MetaD simulations could also be used to estimate the free-energy barriers that
each system has to overcome in order to have the various guests releasing from the host cage (calculated values for the barriers reported in
Figure 5 and Table S2). In particular, the height of the barriers is computed as the height of bias potential accumulated/deposited during infre-
quent WT-MetaD to trigger the expulsion of the guest. The reported values are the average calculated over the set of infrequent WT-MetaD
simulations used for the estimate of Tos. The associated error bar represents the standard deviation of these measurements.

Derivation of thermodynamic and kinetic data

In order to calculate the effective binding affinity between the cage and the guest (AG) from the binding free-energy computed from the MetaD
simulations (AGueun), we corrected the latter by accounting for the free-energy contribution due to the concentration of the ligand in the
simulation box, as follows:

AG = AG [L]
- MetaD T RT]Og W (2)

where R is the ideal gas constant, T is the temperature of the system in the simulations (297 K), [L] is the concentration of the molecule within
the simulation box (Figure SA: ~11.4 mM), and [L]° is the standard concentration, 1 mol/L.*

From AG, it is possible to estimate the binding constant K as:
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AG

K, = exp (— ﬁ) 3)

where R is the ideal gas constant (R = 1.987 X 1073 kcal mol™ K™!) and T is the temperature in the simulations (297 K).

The same approach has been followed to calculate from metadynamics simulations the AG and K, for a second guest encapsulation/expul-
sion in the 2-guests cage containing systems (guest-2 data in Table S3). In these cases, the overall binding constants, Ky(tot), relative to the
cumulative encapsulation/expulsion of both guests in/out the cage have been then estimated as: Ki(tot) = Ki(guest-1) X Ki(guest-2) (where
the Ko(guest-1) values are reported in Table S1).

Moreover, from the residence time (7ox) estimated by using infrequent WT-MetaD simulations we can compute the kogas:

k - C)
ff =
° Toff
Finally, from ks and Kb, one can estimate the kon as:
k()]’l = Kb X koff (5)

To obtain the effective binding rate from the ke value (which is measured in units of M™' s7), it is sufficient to multiply the latter by the guest
concentration in the simulated systems (~11.4 mM), as shown in Figure SA.

Volume analysis

The analysis of the molecular volume of the guests has been performed by using the Mol-Vol code.” The radius of the probe was setto 1 A
while the grid step was set to 0.1 A. In the analysis of Figures 6E,F we changed the o of the Van der Waals radii of the atoms in the guest in such
away as to obtain an increase of ~5, 10, 20, 30% in the effective volume calculated using Mol-Vol for the various guests.

SUPPLEMENTARY FIGURES AND ADDITIONAL DATA FROM THE MOLECULAR SIMULATIONS
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Figure S1: Flexibility of the empty cage. The time-evolution of DI (blue) and D2 (red) for the empty-cage system, along 1 ps of a plain MD simula-
tion. Slow deformation modes of the cage can be detected, although these are rare in the timescales by classical MD. The solid color line is obtained
with Bezier smoothing of the raw data (colored in transparency).
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Figure S2: Simultaneous encapsulation of two guests. Equilibrium conformations (in the DI1-D2 plane) of the cage upon encapsulation of one and
two trans guests (F-AZB in cyan, left; AZB in violet, right). For each configuration we report the position of the free-energy minimum (colored dots)
and the isolines at 0.5 kcal/mol from the minimum (colored contour lines). The one-guest conformation is indicated by a dot (free-energy minimum)
and a solid isoline. The two-guests conformation is indicated by a square (free-energy minimum) and a dot-dashed isoline. These data are projected
onto the FES of the empty cage (from Figure 2), for which we report also the minimum and 0.5 kcal/mol isoline (grey dot, dot-dashed isoline). Rep-
resentative minimum energy configurations for each system are also shown.
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Figure $3: Isomerization inside a cage encapsulating two molecules of trans-F-AZB. Soon after isomerization of one encapsulated trans-F-AZB
guest, one of the two guests leaves the cage. On average, release out from the cage of the cis-isomer (red) is ~10 times more frequent/probable (resi-
dence time of ~10785) than release of the trans-isomer (cyan; residence time ~1077 s).

Table S1: Equilibrium constants for host-guest complex formation, Ky, and kinetic constants for the expulsion and encapsulation of
the guest (ko and kon, respectively).

Guest State Ky [M!] Kot [s7] kon [M™!s7!]
AZB trans 7.87 x 103 2.65 x 103 2.1 x 107
AZB cis 1.66 x 10° 7.81 x 103 1.3 x10°
M-AZB trans 6.41x10° 8.3 x10% 5.3 x 107
M-AZB cis 424 x10* 285x10%2 1.2x107
F-AZB trans 7.87 x 103 2.63 x 102 2.1 x 10°
F-AZB cis 455x 102 156x10° 7.0x 105
AZP trans 1.55x 10* 2.38x 103 3.7 x 107
AZP cis 2.78x 105 5.46x10® 1.5x10°
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Table S2: Binding free-energies (AG), free-energy barriers for guest expulsion, and guest residence times within the cage.

Guest State AG [kcal/mol] Barrier [kcal/mol] Tor [ 8]
AZB trans —-53+1.3 87+13 (39+0.2)x10™*
AZB cis -71+14 79+ 13 (1.28 £ 0.06) x 10™*
M-AZB trans -7.94 25 11.0+ 1.0 (1.240.1) x 1072
M-AZB cis —-6.3+0.3 82+1.2 (35+0.3)x 1073
F-AZB trans —-53+1.8 10.1+ 1.0 (38+0.1)x 1073
F-AZB cis -3.6+0.8 8.6+09 (644 0.2)x10™*
AZP trans —-5.7+2.0 84+ 1.0 (42+0.1)x 107
AZP cis —-7.4+0.3 81+1.0 (1.83+0.05) x 10™*
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Figure S4: Limits of guest encapsulation. Free-energy surfaces (FES) of related to the encapsulation/release of the second trans-M-AZB (left), trans-
F-AZB (center) or trans-AZB (right) guest (guest-2),in/out a cage containing the first bound (trans-M-AZB, trans-F-AZB, or trans-AZB) guest (guest-
1). Dark colors in the FES identify minimum energy configurations for the systems. The FESs demonstrate that, while the incorporation of a second
trans-F-AZB guest or of a second trans-AZB guest inside the cage is an energetically favored event, the cage cannot accommodate two trans-M-AZB
guests at the same time. In this case, the most favorable state for the second trans-M-AZB is at 1 nm from the center of the cage - i.e., adsorbed on the
cage surface.
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Table S3: Binding free-energies (AG(guest-2)) and equilibrium binding constants (Ky(guest-2)) for the incorporation/release of a
second trans guest in/out the cage, and overall binding constants (Ky(tot)) of the two-guests complexes.

Guest State AG(guest-2) [kcal/mol] ! Ky(guest-2) [M~'] L Ky(tot) [M~2] [P
AZB trans —6.2+ 0.7 3.7 x 10* 0.3 x 10°
F-AZB trans —-7.1+0.9 1.66 x 10° 1.3 x 10°

lsJ Thermodynamic and kinetic data obtained from metadynamics simulation exploring encapsulation/release of the second trans guest in/out the cage
while the first frans one remains encapsulated inside the cavity. [’ Overall binding constant, Ks(tot), relative to the cumulative encapsulation/release
of two trans guests in/out the cage. The Ky (tot) values were calculated from metadynamics simulations (same procedure of the single-guest simulations
described above) activating the encapsulation/release of the second trans guest (guest-2) in/out a cage containing the first encapsulated trans guest
(guest-1) (see Figure S4). The Ky(tot) values have been then estimated as: Ki(tot) = Ky(guest-1) X Ki(guest-2) (see Table S1 for the Ki(guest-1)
values). For the case of the cage encapsulating two trans-AZB guests, the global Ki,(tot) value estimated from the metadynamics simulations was found
consistent with that available from the experiments (on the order of ~10° M2).6
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Figure SS: Estimation of guest residence time. Cumulative expulsion probability distributions Pax1 obtained by fitting the guest release times calcu-
lated from the infrequent WT-MetaD simulations. From these distributions it is possible to calculate the characteristic residence times o (Eq. 1).
Residence timescales (or, the characteristic expulsion timescales) for guests outside the cage during single-guest encapsulation (left panel): for each set
of data we report the individual expulsion times obtained by individual infrequent WT-MetaD runs for each case (colored segments) and the Poissonian
fit (solid or dashed sigmoidal curves) from which we can estimate of the guest residence time in the cage Tos. Right panel: guest expulsion kinetics for
one of the two encapsulated F-AZB guests in the cage before excitation (solid line) or after transition of one of the two F-AZB guests has occurred.
Dotted line: release of cis-F-AZB from the cage (faster); dashed line: release of trans-F-AZB from the cage (slower).
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Figure S6: Host-guest interactions and crowding effects vs. residence time. A Relationship between guest residence time Toir and host-guest in-

teraction energy AEwuc. Data are reported for trans (triangles) and cis guests (squares); on average the interaction with the cage is stronger for trans than
134 P g 4 q g g &

for cis guests. B Relationship between ot and the number of contacts (calculated considering only the heavy atoms) between host and guest. This data,

indicative of crowding in the cavity, indicates that crowding is generally higher for trans than for cis guests. C Relationship between AExc and the

number of contacts between the host and the guest. The error bars indicate the standard deviation of the data.
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