Disequilibrating azobenzenes by visible-light sensitization under confinement
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Abstract: Photoisomerization of azobenzenes from their stable £ isomer to the metastable Z state
is the basis of numerous applications of these molecules. However, this reaction typically requires
ultraviolet light, which limits applicability. Here we introduce DisEquilibration by Sensitization
under Confinement (DESC), a supramolecular approach to induce the E-to-Z isomerization using
light of desired color, including red. DESC relies on a combination of a macrocyclic host and a
photosensitizer, which act together to selectively bind and sensitize FE-azobenzenes for
isomerization. The Z isomer lacks strong affinity for—and is expelled from—the host, which can
then convert additional E-azobenzenes to the Z state. In this way, the host/photosensitizer complex
converts photon energy into chemical energy in the form of out-of-equilibrium photostationary
states, including ones that cannot be accessed via direct photoexcitation.

One-Sentence Summary: A supramolecular complex acts as a catalyst for converting
azobenzenes to their metastable state using visible light of desired color.



Azobenzene and its derivatives are arguably the simplest and most widely studied photoswitchable
compounds (/-3). Upon exposure to UV light, the planar (4), nonpolar E isomer of azobenzene
isomerizes to the metastable Z form (Fig. 1A), which is nonplanar and significantly more polar.
The Z—E back-isomerization occurs spontaneously and can be accelerated with blue light. Owing
to the highly reversible nature of E2Z photoswitching, azobenzenes and other azoarenes (5) have
found applications in energy storage systems (6, 7), switchable catalysis (8, 9), controlled release
(10, 11), and photopharmacology (12, 13), to name but a few (/4, 15). However, the necessity to
rely on UV light to generate the metastable Z isomer has severely limited the applicability of these
compounds. Shifting E-azobenzene’s absorption band to the visible range can be achieved by
decorating it with various substituents (/6, /7), but this approach affects the compound’s identity
and requires additional synthetic effort.

Natural systems evolved an alternative, supramolecular strategy to extend the absorption spectral
change of photoswitchable molecules (18, /9). For example, deep-sea fishes install a chlorophyll
antenna next to the opsin-bound retinal (20, 21). This antenna captures red light and sensitizes the
nearby retinal via a triplet energy transfer (TET) mechanism (22). The subsequent
photoisomerization of retinal induces a large conformational change in the surrounding opsin
protein, ultimately enabling the fish to detect red light (23).

Similar to retinal, azobenzene can be switched via TET (24-26). Unfortunately, this process has
long (27, 28) been known to unidirectionally convert £/Z mixtures to the thermodynamically stable
E isomer. This directionality originates from 1) the higher tendency of Z (over E) to act as a triplet
energy acceptor (29), and ii) the preferential (by a factor of >50 (28)) relaxation of the triplet
excited state of azobenzene to £ over Z. Therefore, whereas various photosensitizers can rapidly
and efficiently facilitate the equilibration of the high-energy Z isomer into the stable E state, the
reverse reaction—i.e., sensitized disequilibration—is far more challenging and has remained
elusive.

The concept of disequilibration by sensitization under confinement (DESC)

We hypothesized that sensitized disequilibration might be achieved using a photosensitizer (PS)
that acts on the £ isomer of azobenzene with high selectivity (Fig. 1B). We have previously shown
that 1) the water-soluble, palladium-containing macrocyclic host H (30) (Fig. 1C) binds two
molecules of various E-azoarenes (which are planar and readily stack on top of each other to form
noncovalent homodimers), but only one molecule in the Z configuration (37, 32) (because of its
nonplanar (33) geometry); ii) host H can also encapsulate—and thus induce dimerization of—
molecules structurally similar to E-azobenzene (i.e., planar aromatic molecules), including various
dyes (34, 35), and iii) mixing two different inclusion complexes (each binding two molecules of a
given guest), induces a rapid guest exchange between the hosts, affording heterodimeric
complexes, whereby the host encapsulates two different guest molecules (36). Taken together, we
speculated that host H could co-encapsulate the £ isomer of azobenzene and a PS (thus bringing
them in close proximity) while prohibiting close encounters of the same PS with the Z-azobenzene
(which is bound as a sole guest). We coin this approach DisEquilibration by Sensitization under
Confinement (DESC).
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Fig. 1. Disequilibration by sensitization under confinement (DESC). (A) The transformation
of the stable £ isomer of azobenzene to the metastable Z isomer traditionally relies on using
ultraviolet (4 = 350 nm) light. (B) The mechanism of DESC: (i) Formation of the ternary inclusion
complex (E-PS)cH (PS = photosensitizer; H = host); (if) Absorption of a photon of visible light
by the PS followed by ISC; (iii) Triplet energy transfer (TET) and the formation of triplet
azobenzene, followed by its relaxation (iv) to Z-azobenzene or, (iv') back to E-azobenzene
(corresponding to internal conversion); (v) Disassembly of the unstable (Z-PS)cH inclusion
complex. (C) Components of the supramolecular system used for DESC: macrocyclic host H
coassembled from six Pd?* ions and four triimidazole ligands, and a photosensitizer (here,
BODIPY psl). (D) Structural formulae of azoarenes 1-9 investigated in this study.

The concept of DESC is illustrated in Fig. 1B. The addition of an encapsulated PS (as (PS).cH)
to E-azobenzene induces the formation of a ternary complex (E-PS)cH (step ). Upon exposure to
visible light, PS is promoted to a singlet excited state, which relaxes to a triplet state via intersystem
crossing (ISC) (step i7). In step iii, PS transfers its triplet energy to the co-confined E-azobenzene.
The resulting triplet azobenzene—which cannot be generated by direct photoexcitation—can
either decay to the initial £ isomer (step iv') or transform into the Z state (step iv). The former case
regenerates (E-PS)CH, which can be re-excited. In contrast, the latter case results in (Z-PS)cH,
which is an unstable complex since Z-azobenzene is too bulky to coexist with the PS inside H. At
the same time, Z as a sole guest is bound relatively weakly (fig. S103); hence, it is expelled from
the host and effectively removed from the equilibrium. Thus, the azobenzene-free inclusion
complex of the PS is regenerated (step v) and available for transforming additional molecules of
E- into Z-azobenzene.

To verify our hypothesis, we initially focused on the prototypical azobenzene E-1 and BODIPY
dye psl (Fig. 1C, D). Both E-1 and psl form homodimers within H’s cavity, as previously
elucidated by several techniques, including x-ray diffraction, NMR, and UV/vis absorption
spectroscopy (31, 32, 34). Figure 2B (dotted brown line) shows the UV/vis spectrum obtained
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upon mixing aqueous solutions of the two homodimers—(£-1),CH and (ps1)cH—in a 1:1 molar
ratio. The visible-light absorption profile is practically identical to that of pure (psl1).cH (blue
dotted line), indicating a minute fraction of the (E-1-ps1)CH heterodimer (i.e., the equilibrium
shown in Fig. 2A heavily favors the two homodimers). However, exposing this solution to a low-
intensity green light (1 = 525 nm, 2.5 mW-cm™) resulted in a substantial (by ~35%) decrease of
absorption in the near-UV region (Fig. 2B), indicating the E—Z isomerization of 1. This result
suggests that the small amount of (£-1-ps1)cH in equilibrium with the homodimers absorbs green
light, the energy of which is eventually used to generate the metastable Z isomer (Fig. 1B). The
low illumination intensities used in our studies exclude the possibility of two-photon isomerization
(37, 38), which we confirmed directly by power-dependence experiments (fig. S108).

To determine the scope of DESC, we extended our studies to a diverse portfolio of azobenzenes,
including derivatives with electron-donating and -withdrawing substituents, positively and
negatively charged groups, and heterocyclic azoarenes (5) (2-9 in Fig. 1D). All of these
compounds were encapsulated as homodimers within host H, as confirmed by NMR spectroscopy
(see Supplementary Materials). Similar to 1, most of these guests preferably existed as £E2CH
homodimers even in the presence of (psl)cH. However, azobispyrazole (39) 9 (and, to some
extent, azopyrazole (40) 8) showed a strong tendency to form a heterodimer with psl, as
manifested by the intense 509 nm peak in the absorption spectrum (Fig. 2C; dotted brown line).
The high fraction of the heterodimer allowed us to grow single crystals and solve the structure by
x-ray diffraction, revealing £-9 and psl bound tightly inside the cavity of the host (Fig. 2D).
Exposure of (£-9-ps1)cH to 525 nm light quenched its near-UV absorption, consistent with the
E—Z isomerization (Fig. 2C). The putative (Z-9-ps1)CH heterodimer is unstable, forcing ps1 into
homodimers, which explains why the 400-600 nm portion of the spectrum at the end of the
reaction is nearly identical to that of pure (ps1).cH (Fig. 2C). Similar to 1 and 9, compounds 2
through 8 also switched to their Z isomers when exposed to 525 nm light in the presence of
(ps1)cH (fig. S79).

Interestingly, the vastly different heterodimer populations in 1+ps1 vs. 9+psl mixtures do not
translate into major differences in the reaction kinetics: the former comprises only ~2%
heterodimer but requires only twice as much time as the latter (with a heterodimer fraction of
~80%) to reach a photostationary state (PSS). This finding reflects the rapid guest exchange
kinetics between hosts (36), which led us to hypothesize that the DESC should work efficiently
also with catalytic amounts of the PS. Indeed, as shown in Fig. 2E, decreasing the amount of
(ps1)2cH to only 0.05 equiv. with respect to (£-9).cH extended the time required to reach the
PSS fourfold but did not markedly affect its composition.

The finding that £-9 and ps1 form the heterodimer in a near-quantitative yield allowed us to
determine the quantum yield (QY) of DESC for this pair. Here, we note that ps1 within (E-
9-ps1)cH is highly emissive, but its fluorescence in (ps1)cH is largely quenched (34) — therefore,
exposing (£-9-ps1)cH to a 515 nm pulsed laser led to a gradual decrease of emission (Fig. 2F).
When the experiment was repeated in the presence of an extra 2 and 4 equiv. of (£-9),CH,
however, we observed lag periods of ~8 and ~18 min, respectively. The stable fluorescence—
despite the ongoing E—Z isomerization of 9—indicates that the concentration (E-9-psl)cH
remains steady, which confirms the rapid exchange kinetics in our system: as soon as the
isomerized Z-9 is expelled from the host, it is replaced by another copy of E-9 (if available). By
assessing the mean number of absorbed photons required to convert the excess of £-9, we found
that each successful E—Z isomerization event requires 17 photons on average (see Supplementary



Materials for derivation), which corresponds to a QY of ~6% — a remarkably high value, provided
the number of steps separating the excitation of ps1 from the formation of Z-9 (Fig. 1B).
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Fig. 2. Following DESC by steady-state absorption and emission spectroscopy. (A) Equilibrium
between (fop) homodimeric inclusion complexes of a PS and an E-azoarene—(PS),cH and E>CH,
respectively—and (bottom) the heterodimeric complex (E-PS)cH. Only E residing within the
heterodimer—but not the homodimer—can be switched with visible light. The resulting Z is
encapsulated as a sole guest (if enough host is available) and cannot be sensitized either. (B)
Absorption spectrum of a 1:1 mixture of (ps1).cH and (£-1).cH (dotted brown line) and changes
in the spectra accompanying irradiation with green light (4 = 525 nm, denoted with green shading).
Dotted blue line: absorption spectrum of (ps1)cH. (C) Absorption spectrum of a 1:1 mixture of
(ps1):cH and (£-9);cH (dotted brown line; predominantly (£-9-ps1)cH) and changes in the
spectra accompanying irradiation with green light. Dotted blue line: absorption spectrum of
(ps1)2cH. (D) The x-ray crystal structure of the heterodimeric complex (E£-9-ps1)cH (from the left:
front view, side view, and top view; light-gray = host H; dark-gray = E-9; green = psl; water
molecules, counterions, and host protons omitted for clarity). (E) Following DESC of 9 in the
presence of different equivalents of psl (the data were normalized to the 0—1 range, except the
experiment with no PS; for raw spectra, see fig. S76). (F) Evolution of the emission intensity of
psl under 515 nm light (used both to induce DESC and excite fluorescence) as a function of the
amount of 9. (G) More than 100 cycles of reversible photoisomerization of 9 induced solely by
visible light (E—Z: DESC with 525 nm light for 2 min; Z—E: direct photoexcitation using 435
nm light for 30 s). The amount of the £ isomer is proportional to absorbance at 353 nm; the
absorption at 480 nm originates from the (ps1)cH homodimer.
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Once generated via DESC, the Z isomer can be back-isomerized to E via direct excitation with
blue light (435 nm), and the process can be repeated for many cycles. To demonstrate the
robustness of DESC, we subjected compound 9 to >100 switching cycles and did not observe any
noticeable fatigue: both 9 and psl1 retained their initial absorbance values (Fig. 2G).

Time-resolved spectroscopic and computational studies of DESC

In solution, BODIPY dyes as simple as psl are poor triplet sensitizers (47, 42); therefore, the
finding that ps1 acts as an efficient photosensitizer in DESC is surprising. To obtain mechanistic
insights into DESC, we performed transient absorption spectroscopy (TAS) and computational
studies (Fig. 3). First, we studied the photoinduced dynamics of the (ps1)cH homodimer using
femtosecond (fs) TAS. Figure 3A shows the fs absorption changes at two different wavelengths,
following excitation of (ps1)>CH with a 500 nm laser. The initial (<1 ps) ground-state bleach at
483 nm accompanied by excited-state absorption at 412 nm is indicative of the So—S; transition
in psl. At delay times >100 ps, the 412 nm absorption increases further, and the 483 nm bleach
becomes more pronounced, which can be attributed to ISC from the S; to the T state (43). Using
microsecond (us) TAS, we found the resulting triplet state to be remarkably stable, with a
monoexponential lifetime of 16.54+0.5 pus under ambient conditions (fig. S114A). As expected from
a triplet state, the lifetime is strongly dependent on the amount of oxygen in the solvent; decreasing
the amount of Oz by bubbling N> for 4 min and 10 min extended the lifetime of the T state of ps1
to 16044 ps and 10.1£0.5 ms, respectively (fig. S114B).

When the fs-TAS experiment was repeated for a 1:2 mixture of (ps1)CcH and (£-9),CcH (i.e., a
pair with a high tendency to form a heterodimer), the bleach at 483 nm was significantly less
pronounced (Fig. 3B, inset), indicating a TET to £-9 (see step iii in Fig. 1B). Importantly, the TET
and the subsequent formation of Z-9 occur in the ns time regime, i.e., much faster than the lifetime
of the ps1 triplet state, which explains why DESC does not require exclusion of oxygen. In fact,
we found the process to be equally efficient in strictly deoxygenated vs. thoroughly oxygenated
water (fig. S91).

We also studied the £-9/ps1 pair under ambient conditions by ps-TAS (Fig. 3C) and found the
intensity of transient absorption at 430 nm within 0.1 ps after excitation (AAbs*430) to be inversely
proportional to the amount of (£-9),CH, consistent with the quenching of the ps1’s triplet state by
its £-9 co-guest via TET. The resulting triplet-9 can either relax to the initial £-9 isomer or switch
to Z-9, which absorbs at 430 nm — hence the increasing steady-state absorption (AAbs®s30). This
intimate relationship between the degree of psl triplet state quenching and the extent of £—Z
isomerization identified by pus-TAS further confirms that DESC proceeds via TET between the
ps1 donor and E-9 acceptor.

To gain further insights into DESC, we studied various azoarene/PS combinations as noncovalent
heterodimers using quantum chemical simulations. We consistently found that the lowest-energy
triplet state within these heterodimers was localized on the PS (therefore, we refer to it as Tps) and
the second-lowest triplet state was localized on the azoarene (i.e., Tasx), indicating that the
Tps—Tazo transition is an endothermic process (25, 44) (e.g., see Fig. 3D for the energy diagram
of 1-psl). These results led us to hypothesize that the experimentally observed TET might be
facilitated by thermal fluctuations of molecules, as suggested previously for other triplet donor—
acceptor pairs (25, 26, 45, 46). Therefore, we studied the variation of the 1-psl excited state
energies on the C-N=N-C dihedral angle (®) in azobenzene 1 (which is significantly more flexible
than ps1). Figure 3E shows a relaxed scan for the 1-ps1 heterodimer, demonstrating that an 18°
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twist in @ is sufficient to invert the energetic order of Tys1 and Tg1, making TET energetically
favorable. We separately studied the dynamics of the (1-ps1)CH heterodimer by multiscale MD
simulations (Movie S1); these simulations reveal that thermal fluctuations readily allow 1 to adopt
conformations with A® > 18° at room temperature.
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Fig. 3. Time-resolved spectroscopic and computational studies of DESC. (A) Normalized
decays of fs transient absorption of ps1 at 412 nm and 483 nm within the (ps1)cH homodimer
(Zexe = 500 nm). Points: raw data; lines: four-exponential fits (see Supplementary Materials for
details). (B) Normalized transient absorption decays of psl at 483 nm (Aexc = 500 nm) in (ps1).cH
vs. the (E-9-ps1)cH heterodimer (linear scale in the 0—1 ps time range; logarithmic scale beyond 1
ps). Inset: the same data plotted on the linear scale. (C) Decays of ps transient absorption at 430 nm
(Aexc =510 nm) in (ps1)2cH in the presence of increasing amounts of (£-9),CH. The thin and thick
lines correspond to experimental data and biexponential fits, respectively. Inset: the inverse
correlation between AAbs®s3o (absorbance at 430 nm immediately after photoexcitation) and
AAbs*430 (steady-state absorbance). All the TAS results presented here were collected under
ambient (non-deoxygenated) conditions. (D) The calculated energies of the Si, Tps1, and Tr.1 states
in the £-1-ps1 heterodimer (see Fig. S116 for details). The arrows indicate the sequence of events
(the symbol “hv” indicates a photoinduced transition; the light arrow indicates an endothermic
process). (E) Ground-state relaxed scan along the C-N=N—C dihedral angle @ in 1 within the
1-ps1 heterodimer. The black, red, and blue lines denote the ground state, the bright singlet state,
and the two lowest triplet states, respectively. The green and gray markers correspond to the
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localization of the excited state on the donor (ps1) and acceptor (1), respectively. (F) Ground-state
relaxed scan of @ in 1 within the (1-ps1)cH heterodimer (orange trace). The blue trace shows the
energies corresponding to the same configurations of 1 and psl after removing the host and its
interactions. The scan was performed with the QM/QM2 hybrid scheme. (G) Optimized
geometries of (1-ps1)cH for the three A® values indicated in panel F (left: side views; right: top
views). The distances between the indicated equatorial Pd nodes describe the degree of host
deformation; the larger the difference between the two Pd—Pd distances, the greater the transition
of C from a tube-like conformation into a bowl-like conformation.

We also performed QM/QM2 simulations to better understand the relative instability of the
(Z-PS)cH heterodimers vs. (E-PS)cH (see Fig. 1B), which lies at the heart of efficient DESC.
The starting point of the simulations was (£-1-ps1)cH with a perfectly planar geometry of E-1 (@
= 180°). We performed a relaxed scan by changing @ in steps of 5° in both senses of rotation; the
resulting energies are plotted in Fig. 3F in orange. The blue curves in Fig. 3F correspond to the
same geometries while neglecting the host and its interactions; therefore, the energetic difference
between the two curves (highlighted as gray shading) quantifies the instability of the inclusion
complex. We found that rotating @ in one direction affords a highly unstable supramolecular
architecture ii (Fig. 3G, center) that is ~0.35 eV (~8 kcal/mol) higher in energy than free Z-1-psl
(Fig. 3F). Interestingly, rotating @ in the opposite direction gave rise to a geometry where the host
did not markedly increase the energy (iii in Fig. 3F and G). However, in this structure, host H
assumes a bowl-like conformation, and Z-1 extrudes from the cavity, facilitating its expulsion to
the solution (Movies S3—S6). The high conformational flexibility of H (47) is an important
requirement for DESC; in fact, the cavities of rigid coordination cages (48) and other confined
environments (49, 50) were shown to render azobenzene non-photoswitchable.

Tuning the excitation wavelength of DESC

Encouraged by the unexpected sensitization potency of psl under confinement, we considered
DESC with other, more red-shifted dyes, including ones not previously known to act as triplet
sensitizers. To this end, we first focused on the fluorinated BODIPY ps2 (Fig. 4A), with an
absorption peak centered at ~553 nm (57) (compared with 499 nm for ps1). We found that ps2
exhibited a higher affinity than psl to form heterodimers with various azoarenes; the increased
PS—azoarene interactions should further promote DESC. Indeed, Fig. 4B shows that ps2 induces
a near-quantitative E—Z conversion of an equimolar amount of azobenzene 4 within only 90 s of
low-intensity (2.5 mW-cm™) yellow light (561 nm) irradiation. Moreover, the more efficient
DESC allowed us to decrease the PS loading further: at only 0.01 equiv. of (ps2).cH with respect
to (E-4).cH, the PSS was reached within ~20 min (Fig. 4C).

In general, ps2 is a more efficient DESC agent than ps1. However, we found one exception: ps2
proved unable to induce the switching of azobispyrazole £-9. To understand this result, we resorted
to quantum chemical simulations and found the Tps—Tazo energy gap for the £-9-ps2 heterodimer
to be exceptionally high (1.03 eV; compared to 0.26 eV for E-1-ps1 in Fig. 3D). Moreover, relaxed
scans analogous to those in Fig. 3E show that @ in 9 must twist by 38°—a prohibitively large
distortion—for the energies of these two triplet states to cross (fig. S122D). These computational
results not only rationalize the experimental findings but provide further (although indirect)

support for the involvement of the TET mechanism in our system.

We also worked with resorufin ps3 and resazurin ps4 (Fig. 4A), both previously reported to form
inclusion complexes of the (PS).cH type (35). These two dyes are red-shifted even further; for
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example, the absorption maxima of the respective heterodimers with E-1 appear at 587 nm and
616 nm, with absorption extending into the red spectral range. To our satisfaction, exciting the
absorption bands on these heterodimers with orange and red light, respectively, resulted in a highly
efficient E—Z isomerization of nearly all azoarene/PS combinations (Figs. 4D, F).
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Fig. 4. Extending the concept of DESC to red-shifted photosensitizers. (A) Structural formulae
of fluorinated BODIPY ps2, resorufin ps3, and resazurin ps4. (B) Changes in the absorption
spectra of encapsulated £-4 in the presence of an equimolar amount of encapsulated sensitizer ps2
under yellow light (1 = 561 nm, 2.5 mW-cm™). (C) DESC (here, for £-4) in the presence of
substoichiometric amounts of ps2. (D) Changes in the absorption spectra of encapsulated E-1 in
the presence of an equimolar quantity of encapsulated sensitizer ps3 under orange light (4 = 599
nm, 0.8 mW-cm2). (E) DESC (here, for £-1) in the presence of substoichiometric amounts of ps3.
(F) Changes in the absorption spectra of encapsulated £-2 in the presence of an equimolar quantity
of encapsulated sensitizer ps4 under red light (1 = 635 nm at 3.4 mW-cm2). (G) DESC (here, for
E-2) in the presence of substoichiometric amounts of ps4. The data in C, E, and G were normalized
to the 0—1 range, except for the experiments with no PS; for raw data, see figs. S85G, S93F, and
S98G, respectively.

The performance of DESC is showcased in Fig. 5A, which lists the PSS compositions (blue font)
for all the nine model azoarenes shown in Fig. 1D (encapsulated within H in water with 0.05 equiv.
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of the selected sensitizer; ps2 for 1-7 and ps1 for 8 and 9). The reactions were performed on the
NMR scale (i.e., milligram quantities of 1-9) and can readily be scaled up to obtain the Z isomers
on the preparative scale (tens of milligrams). As control experiments (red font), we irradiated 1-9
under the same conditions and in the presence of the PS but without host H (hence, in an organic
solvent). In the absence of H, the £ isomers could not be co-confined with the PS, which resulted
in negligible amounts of Z isomer formation via direct photoexcitation (only azobenzene 6, known
for its visible-light-responsiveness (/7), afforded a sizeable (14%) amount of Z). We note that the
positively charged azobenzene (52) 5 (often recognized as a prototypical photopharmacophore
(13, 53)) showed a particularly impressive contrast in behavior between the presence and absence
of the host, giving rise to 98% of Z. Notably, such a Z-rich PSS cannot be achieved by direct
photoisomerization (of neither (E-5),cH or free 5) with any wavelength of light (the same is true
for compounds 1, 3, and 6) because of the partial overlap of the absorption bands of the two isomers
(54). In contrast, the PSS composition in DESC is dictated by the tendency of the two isomers to
form the ternary (azo-PS)cH complex, and this tendency is overwhelmingly higher for the £
isomer.

Having demonstrated that the positively charged E-5 can be successfully transformed into Z-5
despite its low affinity to the like-charged H, we speculated that other water-soluble azobenzenes
may also be efficiently disequilibrated using a substoichiometric amount of not only the PS but
also the host. Figure 5B shows the result of an experiment in which an aqueous solution of the
negatively charged 3 was exposed to red light in the presence of 0.005 equiv. of (ps4)cH. The
absorption spectrum of this solution is dominated by the intense absorption peak of £-3 in the near-
UV region; the small amount of the sensitizer appears as a weak band at ~600 nm (Fig. 5B).
Remarkably, exciting this band with low-intensity 635 nm light resulted in a near-complete
disappearance of the much more prominent peak originating from another species (£-3). We found
that the PSS contained 88% of Z-3 (vs. ~0% in the absence of either H or ps4), indicating that each
molecule of H hosted more than 180 E—Z isomerization events on average.

Photoswitching selectivity enabled by DESC

To further demonstrate the potential of DESC, we explored the cavity size and charge (+12) of
host H to discriminate between photoreactive compounds with overlapping absorption bands, and
which otherwise cannot be converted selectively. To this end, we mixed E-3 and E£-5 in a 1:3 ratio
and added (ps2).cH (0.5 equiv. with respect to 3; Fig. 5C). At low (micromolar) concentrations,
only the negatively charged 3 exhibits a strong affinity to H; 5 is not encapsulated owing to the
Coulombic repulsion. Indeed, yellow light (561 nm) illumination of this mixture led to a highly
selective switching of E-3 (despite the threefold excess of £-5 (Fig. 5D and fig. S104). In contrast,
exposure to UV light induced nonselective switching of both azobenzenes via direct excitation. In
the second example, we worked with a mixture of £-4 and 9-bromoanthracene, both in the form
of encapsulated homodimers with H. Upon exposure to UV light, the encapsulated anthracene
rapidly dimerizes to afford the corresponding dianthracene (36) under the same irradiation
conditions that trigger the direct E—Z photoisomerization of 4 (Fig. SE, right). However, exposing
the same mixture to yellow light in the presence of (ps2)cH induced highly selective
photoisomerization of azobenzene, leaving the anthracene intact (Fig. S5F, dotted line).

10



>

@
[}
e}
N

98%  97%
100 88% 88% 1 90%  91%

s 80 T 729 74%

Absorbance

Z fraction (mol%)
(2]
3
=

i\

=
O
W\

40 // COy~
Z-3
2 g (ps4),CH
0 nd.| |nd.| P%| |nd.| |na. 3% | |nd.| |nd. £a
1 2 3 4 5 6 7 8 9 Frow i walsr 300 400 500 600

Azo compound Wavelength (nm)

—t=0
NMez* NMes*

c cor
_N
) () : QL
N -
561 nm N7Z © coz
-N -N P »
N N ks co; N~
D0 e
E-3 E-5

........................................ UnSelective --------n--nm-snmenoemneennenoeenod 300 400 500 600 700
Wavelength (nm)

==-1 min: PSS;e5

N
»
°
O
-
QZ
A\Y
N
@
-
=
&
Absorbance

E O R
NHAc @
B /©/ NHAc

Ny
N
©/ E-4 561 nm z4 NHAG Q Br
7 N - =4

Br Br

OO0 e (00D 2
Br

e e unselective ~==-=--=-mmssmssssrssoneossooseooonnd

7 min
10 min

----- 12 min: PSSggq
0.25 min

Absorbance

300 400 500 | et0 700
Wavelength (nm)

Fig. 5. Performance and selectivity of DESC. (A) Blue font: Composition of the photostationary
state (PSS) of azoarenes 1-9 subjected to DESC on the millimolar scale in the presence of 0.05
equiv. of the PS (ps2 under 561 nm light for 1-7; ps1 under 525 nm light for 8 and 9). Red font:
PSS compositions of the same azoarene/PS mixtures under the same illumination conditions but
in the absence of the host (CDCI3 was used as the solvent, except 3 and 5, where CD30D used).
[lumination times: 15, 12, 35, 12, 40, 24, 45, 4, and 9 min for 1-9, respectively. “n.d.” = “not
detected” (i.e., the amount of Z below the NMR detection limit). (B) Red-light switching of £-3
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(ps2):cH in the presence of a UV-dimerizable anthracene. (F) The corresponding UV/vis
absorption spectra. Dotted line: PSS under 561 nm light; dashed line: after the subsequent exposure
to 365 nm light.
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Discussion

From the thermodynamics perspective, our system acts as a light-driven supramolecular machine
that converts light into chemical energy in the form of out-of-equilibrium photostationary states.
DESC relies on the selective co-encapsulation of the stable (£) isomer of an azobenzene with a
dye that acts as an antenna, capturing visible light whose energy is ultimately used to generate the
metastable Z isomer. The absorption of light promotes the dye from the ground state to the singlet
excited state. Confinement inside the host increases the dye’s ability to undergo intersystem
crossing populating the dye’s triplet state and turning it into a potential triplet sensitizer. Quantum
chemical simulations reveal that although the triplet state of azobenzene is higher than that of the
dye, a small dihedral angle twist in azobenzene lowers its triplet energy while increasing the triplet
energy of the co-encapsulated dye to the extent that the two energy levels converge. Therefore, the
dye-to-azobenzene triplet energy transfer can become favorable owing to azobenzene dynamics
(25, 44). Once in the triplet state, the azobenzene can either dissipate energy or switch to the Z
isomer. Z-azobenzene is nonplanar and can no longer be co-confined with the photosensitizer;
thus, it is expelled from the host and cannot be re-sensitized. In this way, DESC shifts the
equilibrium towards the metastable Z state without the need to populate azobenzene’s singlet
excited state, which is relatively high in energy and requires the absorption of UV light.

Although we focused on a particular host and one class of photoswitchable molecules (H and
azoarenes, respectively), our results allow us to establish general design principles for new DESC
systems:

1. The host should have an affinity to a photoswitch and a photosensitizer, and its cavity should be
large enough to simultaneously encapsulate the photosensitizer and the thermodynamically stable
isomer of the photoswitch.

2. The host’s affinity to the metastable form of the photoswitch is significantly lower (because of
its different shape and/or polarity) — therefore, it can no longer be co-encapsulated with the
photosensitizer.

3. Open cavity and/or conformational flexibility: the host should have rapid guest binding and
release kinetics for fast catalytic turnover and to ensure that once generated, the metastable form
of the photoswitch is expelled from the cavity before it is re-sensitized.

In principle, DESC is applicable to other classes of photoswitchable compounds, although larger
or differently shaped hosts may be required. Self-assembly via metal-ligand coordination offers
an attractive approach to generating a wide range of hosts from simple components in a modular
fashion.

As demonstrated in this work, DESC is a robust process that works with catalytic amounts of
sensitizers, under ambient conditions (no oxygen exclusion necessary), and for a wide range of
aromatic and heterocyclic azoarenes. We envision that DESC will become a powerful tool to
control chemical reactivity through a combination of light irradiation and confinement.
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