Visible light switching of metallosupramolecular assemblies
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ABSTRACT: A photoswitchable ligand and palladium(II) ions form a dynamic mixture of self-assembled metallosupramo-
lecular structures. The photoswitching ligand is an ortho-fluoroazobenzene with appended pyridyl groups. The E-isomer is
combined with palladium(II) salts affords a double-walled triangle with composition [PdsLs]®* and a distorted tetrahedron
[Pd4Ls]®+(1:2 ratio at 298 K). Irradiation with 410 nm light generates a photostationary state with ~80% of the E-isomer of
the ligand which results in the selective disassembly of the tetrahedron, the more thermodynamically stable structure, and
the formation of the triangle, the kinetic product. The triangle is then slowly transformed back into the tetrahedron over
2 days at 333 K. The Z-isomer of the ligand does not form any well-defined structures and has a thermal half-life of 25 days
at 298K. This approach shows how a thermodynamically preferred self-assembled structure can be reversibly pumped to a
kinetic trap by small perturbations of the isomer distribution using non-destructive visible light.

INTRODUCTION

The structure and function of self-assembled species,
such as molecular cages, can be controlled using stimuli-
responsive components. Different stimuli have been used
to perturb metal-template supramolecular assemblies!?
including light,? guest molecules,® pH changes,* competing
ligands® and changes to solvent.® Light, especially the visi-
ble spectrum,’ is appealing due to its easy use, potential for
highly specific targeting, and the high resolution of spatial
and temporal application.® Molecular photoswitches,® can
be isomerized reversibly by light, with each isomer having
different geometries and electronic properties. These dif-
ferences in properties have been used to control the prop-
erties of gels,!% polymers assemblies,!! or liquid crystals,!?
and to perform functions including acting as light-activated
receptors'? or pharmaceticals,'* or pumping systems away
from thermodynamic equilibrium.'> The most studied pho-
toswitches are those based on azobenzene,® which can be
isomerized between a stable E-isomer and a metastable
Z-isomer. However, unsubstituted azobenzene requires
potentially destructive UV light to form the meta-stable
Z-isomer that has a thermal half-life at room temperature
of only 2 days. Significant advances have been made in
developing azobenzene-type molecules that operate effec-
tively with visible light, °<17 with one of the most successful
modifications being the introduction of ortho-fluoro sub-
stituents (Figure 1a).!'® These ortho-fluoroazobenzenes
allow bidirectional visible-light switching with thermal
half-lives that can exceed 2 years and have been incorpo-
rated into MOFs!® and discrete self-assembled
structures,’8" and have been used to control molecular
folding!8f or the function of enzymes.18i

Conceptually there are two approaches for combining
photoswitches with discrete self-assembled structures:
encapsulation or direct incorporation as part of the struc-

ture. The first strategy involves binding the photoactive
unit inside a cavity, such as encapsulating azobenzene type
derivatives.!® Encapsulation a photoswitch can also restrict
switching or perturb the balance of isomers. 19020
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Figure 1. a) ortho-Fluoroazobenzene switching induced by
visible light. We will define the parent compound has R = H. b)
and c) Cartoon representation of previous examples27b29 of
light induced topology changes in metal-based supramolecu-
lar structures and d) this work, showing light induced topolo-
gy changes with both structures comprising the same ligand
isomerization state.

Using photoswitches as structural components of self-
assembled structures has proven more difficult. Although
there are many examples of large photoswitchable assem-
blies,?! such as micelles, vesicles or liquid crystals!? formed
with polymers,!! there are relatively few examples of pho-
toswitches being self-assembled into well-defined, discrete
structures. In a key example, pyridine-based ligands and
palladium(Il) were self-assembled into a [PdizL24]2** mo-
lecular sphere with endohedral azobenzene groups?
which could be switched with UV to increase the hydro-
philicity of the sphere’s cavity. Some other examples of



pyridyl-functionalized switches include [M:L4]** cages
formed with stiff-stilbenes and palladium(II),?? chiral
[MgL3]¢* metallocycles formed from dithienylethene
(DTEs)?? and platinum(II),2* and related ligands reacted
with iron(II/III) to form [FezL3]"* helicates.?®

The first example of a molecular cage with functioning
azobenzene-type photoswitches as linkers used cyclotri-
guaiacylene units with three appended pyridyl-azo-phenyl
photoswitches and iridium(III) complexes to form [IrsLz]3*
cages.?® The flexible linkers allowed photoswitching to
occur without disrupting the cage topology. The most well-
studied photoswitchable cages are based on pyridyl-
functionalized DTE photoswitches assembled with palladi-
um(II) ions reported by the Clever group.?’” The difference
in geometries has been exploited for selective guest up-
take,27227d27¢ and control over macromolecular properties
when incorporated into gels.?8

Photoswitching units can also modulate the topology of
metallosupramolecular structures; however, this usually
leads to the assembly of new non-discrete structures.3®
There are few reported examples of modulation between
discrete metallosupramolecular structures, with some key
examples represented in Figure 1b,c. 2702° One example
used azobenzene or stilbene based ligands to form
[M2M'2L4]8* (M = Pd, M' = Pd or Re) macrocycles where UV
irradiation isomerize the azo unit to contract the macrocy-
cle to the smaller [MzL:]** species.23! Other examples use
DTE-based ligands.?’b27¢ For one system, the open and
closed isomers give rise to a double-walled triangle (as the
major component) and a cuboctahedral sphere, respective-
ly.27b These species can be interconverted using UV and
green light, giving reversible control over the structure by
external stimuli although the conversion was relatively
slow, with a full cycle taking over 3 days. A more recent
example was able to eject one ligand from a Pd:L4 cage
upon irradiation.2’¢ Despite these examples, there are no
reports of metallosupramolecular structures which can be
reversibly rearranged using visible light only.

Herein we report a system of two discrete metallo-
supramolecular assemblies, formed from an ortho-
fluoroazobenzene ligand (Figure 1d). The system can be
driven out-of-equilibrium with visible light due to the dif-
ferent kinetic labilities of the structures. To the best of our
knowledge this is one of the only examples of light-induced
topology changes and the first example of all-visible light
switching between discrete structures.

RESULTS AND DISCUSSION

We synthesized substituted ortho-fluoroazobenzenes in
moderate yield over three steps from commercially availa-
ble 4-bromo-2,6-difluoroaniline (see SI-1,2 for details).32
Compound 1 was obtained in 65% yield using a methodol-
ogy previously used to generate unsymmetrical azoben-
zene derivatives,!8218b33a33b Boronic ester substituted or-
tho-fluoroazobenzene 2 has been previously reported,!8
but use of microwave heating allowed us to reduce the
reaction time to 15 minutes with a trivial work-up that
excluded chromatography. Suzuki coupling gave the pho-
toswitchable ligand 3 (53% yield) and the control com-
pound, phenyl derivative 4 (20% yield). The second cou-
pling reaction did not always reach completion despite the
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a) i) Oxone, DCM/H20 (1:4), 16 h, RT. ii) 4-Bromo-2,6-
difluoroaniline, AcOH/toluene/TFA (6:6:1), 72 h, RT. b)
Pd(dppf)Clz, (BPin)2, KOAc, toluene, 150 °C (pW), 15 min. c)
3-lodopyridine, Pd(dppf)Clz, K2COs, 1,4-dioxane/H20 (7:1),
130 °C (uW), 5 min; or iodobenzene, Pd(dppf)Clz, K2CO3s, 1,4-
dioxane, 60 °C (uW), 18 h. See SI-2 for details.
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arylhalide being in excess, with the mono-substituted
product being identified and characterized (see SI-2.4, SI-
16 for details). This suggests the second coupling reaction
is considerably more difficult than the first. The com-
pounds were isolated as mixtures of the thermodynamical-
ly favored E-isomer and the metastable Z-isomer. Heating a
solution of 3 in DMSO-ds generated the pure E-3 isomer as
observed by 'H and °F NMR spectra (Figure 2b).34

The UV-vis absorption of photoswitchable ligand E-3
(Figure 2c¢) extends into the visible, with a visible absorp-
tion maximum at 466 nm assigned as the n-m* band and a
band at 356 nm assigned to the m-m* transition (in DMSO
at 298 K). Both transitions are red-shifted relative to the
parent ortho-fluoroazobenzene, which has an n-m* transi-
tion at 460 nm and a m-m* transition at 314 nm (in DMSO
at 298 K).182 The larger red-shift of the n-n* band com-
pared to the m-m* was also reported for 2,2'6,6'-
tetrafluoro-4,4'-diacetamidoazobenzene,'8 suggesting this
effect is due to substitution with electron donating groups.
Photoswitchable ligand 3 undergoes reversible pho-
toswitching with visible light (Figure 2c). Irradiation of 3
with an LED centered at 530 nm generated a photostation-
ary state comprising 80% Z-3 (calculated from °F NMR
signal integrations, Figure 2b and SI-4.1). Subsequent irra-
diation at 410 nm generated a new photostationary state
comprising 85% E-3. The calculated absorption
spectrum3® of Z-3 shows an n-m* transition with an ab-
sorption maximum at 432 nm, slightly red-shifted com-
pared to unsubstituted or ester substituted ortho-
fluoroazobenzenes (Amax = 417-421 nm).182 The separation
between the n-m* bands for the two isomers of 3 (AAn-n =
33nm) is similar to that found for other ortho-
fluoroazobenzenes with electron-donating groups in the
para position,'® but less than that for the parent ortho-
fluoroazobenzenes or examples with electron withdrawing
groups (AAn-n=30 to 50 nm).'® Nonetheless, selective
photoswitching is still achieved between the isomers. Pho-
toswitchable ligand Z-3 has a thermal half-life of * 25 days
at 298 K (thermal barrier of 110 kJmol?!, measured at
333K in DMSO, see SI-4.3). Photoswitch 4 has similar
properties to photoswitchable ligand 3.



For example, photoswitch 4 has an n-mn* absorption
band at 462 nm and a n—-n* band at 360 nm, and Z-4 has a
thermal half-life of 37 days at 298 K (see SI-5 for details).
Photoswitches 3 and 4 both have shorter half-lives com-
pared to the parent ortho-fluoroazobenzene which has a
half-life of 700 days (thermal barrier of 117 kJmol!, meas-
ured at 333-373 K in DMSQ)18b
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Figure 2. Photoswitching between E-3 and Z-3 monitored by
b) 1H and 1°F NMR spectroscopy at 298 K in DMSO-de. Irradia-
tion at 410 nm generates a PSS containing 15% Z-3. Irradia-
tion at 530 nm generates a PSS containing 80% Z-3. Isomer
ratios were calculated from 1°F NMR signal integrations. c)
UV-Vis spectroscopy at 298 K in DMSO. The spectrum of Z-3
was calculated using the isomer ration determined by 1°F
NMR signal integrations of a sample irradiated at 530 nm.
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Having characterized photoswitchable ligand 3, we next in-
vestigated its self-assembly with palladium(II) ions. When
[Pd(CH3CN)4](BF4)2 was added to E-3 in DMSO-ds a new spe-
cies was immediately formed as observed by 'H and 19F NMR
spectroscopy (Figure 3b, SI-6). Equilibration in the dark at
room temperature over 10 days led to the formation of a new,
lower symmetry, assembly comprising 69% of the mixture
(Figure 3c). Using 'H NMR diffusion (Figure 4a) and ROESY
NMR (Figure 4b) data we identified two separate species, with
the higher symmetry species having a smaller hydrodynamic
diameters (27 vs 31 A). Similar self-assembly using a more
soluble palladium salt3¢ gave the same two structures albeit
with a slightly different relative abundance, see SI-7.
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Figure 4. Identification of the 'H NMR signals for the mixture
of self-assembled species, [Pd3(3)s]6* and [Pds(3)s]8*. a) 1H
DOSY spectrum (500 MHz, DMSO-ds, 298 K) of a mixture of
[Pd3(3)6]6* and [Pda(3)s]8*. Diffusion constants calculated
based on fitting of the peak integrations (see SI-8.2). b) 1H
ROESY spectrum with the through-space interaction between
peaks belonging to different ring systems highlighted.
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Figure 3. Formation of a mixture of [Pd3(3)s]¢* (blue) and [Pd4(3)s]8* (red) in DMSO-ds monitored by *H NMR spectroscopy. 1H
NMR spectra of E-3 in DMSO-ds ([3] = 19 mM) a) before addition of palladium, b) immediately after addition of [Pd(CH3CN)4](BFa4)2
and c) after equilibration in the dark for 10 days. The signals for the [Pd4(3)s]8+ species denoted by a dash (') correspond to the
single-bridged ligands. See SI-10 for assignment for [Pd3(3)e]¢*, SI-11 for assignment for [Pd4(3)s]8+.



Characteristic downfield shifts of the 'H NMR signals for
pyridyl protons indicate coordination to the metal ion (see
SI-8.1 for full details).3” In the initially formed species the
ligand retains its original symmetry and the 'H NMR signal
for H2 (see Fig. 3 for atom labels) shifts upfield by = 0.2
ppm, consistent with shielding effects commonly seen for
related structures.3837> The lower symmetry species has a
doubling of all ligand signals (Figure 3c), with a significant
upfield shift (~ 0.4 ppm) of the He proton compared to the
symmetric species. The 1°F NMR spectrum confirms the
reduced symmetry with two peaks observed for the lower
symmetry species. The significant peak shifts observed in
the NMR spectra did not allow unambiguous assignment of
the E/Z-isomerization state. The UV-visible absorption
spectrum of the mixture was also unhelpful for assigning
the E or Z isomer composition (SI-15.1). Therefore, a deg-
radation experiment was performed. 4-
Dimethylaminopyridine (DMAP) was added to the equili-
brated mixture in the dark which rapidly disassembled the
structures to form exclusively E-3 and [Pd(DMAP)4](BF4)2
as seen by 'H NMR spectroscopy (See SI-12). Due to the
long thermal half-life of Z-3, this degradation experiment
indicates that the observed 'H NMR peak shifts and chang-
es in the UV-visible absorption spectra are due to the con-
strained local environment or distortions of the E-3 ligand
imposed by the structure, rather than isomerization of the
ligand.

High resolution electrospray ionization mass spectrome-
try (ESI-MS) identified two major species, a [Pd3(3)s]¢* and
a [Pd4(3)s]®* assembly (Figure 5, SI-9) with a range of
charge states corresponding to sequential loss of BF4 ani-
ons from these structures. The combination of NMR and
MS data, together with preliminary molecular modelling,
was used to propose the topologies of the self-assembled
structures for [Pds(3)e]%* and a [Pd4(3)s]®* (Figure 6b and
6c). For the [Pd3(3)e]%* species, the NMR spectra indicates
a highly symmetrical structure, which is assigned as a dou-
ble-walled triangle.3®
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Figure 5. High resolution ESI-MS of a mixture of [Pd3(3)e]6*
and [Pds(3)s]8*. The inset shows two peaks for the self-
assembled species and their calculated isotope distribution.
For other details see SI-9.
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Figure 6. a) Possible topologies for the [Pd4(3)s]8* composi-
tion. Blue spheres represent Pd(II) ions and black and red
edges represent non-equivalent ligands. b) Proposed struc-
ture for the [Pd3(3)s]é* assembly and c) Proposed structure
for the [Pd4(3)s]8+ assembly.

Crude molecular modelling suggests the ligands are in
close contact, consistent the downfield shift of the pyridyl
signals for the ligand in the 'H NMR spectrum. The mod-
elled structure has a longest axis of 25 A, which is in good
agreement with the hydrodynamic diameter calculated
from the NMR diffusion data (27 A), especially given the
significant anisotropy of the structure.

For the species with composition [Pd4(3)s]8*, several
possibilities can be considered (Figure 6a): a double-
walled square,39b3% an interpenetrated double cage*? or a
distorted tetrahedron.3923%41 The double-walled square
would nominally have Dsn symmetry with all pyridyl rings
being equivalent. This is inconsistent with the observed
number of signals in the NMR spectra. The interpenetrated
double cage structure would show a doubling of the 'H and
19F NMR signals as observed. However, in previous reports
of such topologies the transient formation of a [Pd:L4]**
cage was observed in the 'H NMR spectrum and by
ESI-MS.40b

Such species were not observed for the current system
and molecular modelling also suggests significant strain
would be required in the [Pd2(3)4]** subunit. The structure
is therefore proposed as a distorted tetrahedron with Czv
symmetry. Ligands with 3-pyridyl groups bridged by phe-
nyl39241b or BINOL linkers*'2 have been previously assem-
bled into analogous distorted tetrahedra with palladi-
um(Il), but the topology remains rare.39241a41b41d3% For
[Pd4(3)s]?* the groups of signals from the non-equivalent
ligands were assigned using 2D NMR techniques and by
comparing to previously reported examples.3*2 The local
environment for the double-bridged ligands is similar to
that observed for the double-walled triangle [Pds(3)s]®*
species. The single-bridged ligands are more similar to free
E-3, especially the phenyl proton (H2) which is distal to
coordinating pyridines. The molecular model suggests a
longest axis (28 A) in agreement with the calculated hy-
drodynamic diameter (31 A) from the diffusion NMR data.



Variable temperature 'H NMR spectra (SI-8.3) confirmed
the two species were in equilibrium. Increasing the tem-
perature to 333 K gave a mixture containing 63% of the
smaller [Pd3(3)3]¢* species. This is ascribed to entropic
considerations, as proposed in other systems.*? The system
initially remained out of equilibrium upon cooling to
298 K, reaching the original distribution after 18 hours in
the dark. This indicates that the double-walled triangle
acts as a kinetic trap for the system, consistent with the
initial observations upon combination of E-3 and
[Pd(CH3CN)4](BF4)2.

Having investigated the self-assembly properties of E-3,
we next investigated the behavior of the Z-3 isomer. A
sample of 3 was enriched to 80% Z-3 by irradiation with
530 nm light, then combined with [Pd(CH3CN)4](BF4)2 in
DMSO-ds. The resulting poorly resolved 'H NMR spectrum
suggests the formation of non-distinct or polymeric prod-
ucts, which do not significantly resolve over time (see SI-
13). To understand the self-assembly behavior, we next
considered the binding affinity of the ligand for palladi-
um(II) centers. To the best of our knowledge, and despite
their widespread use in supramolecular self-assembly,
quantitative binding constants for simple pyridine deriva-
tives to palladium(II) ions do not appear to be reported. To
study a single 1:1 binding event, we used a palladium(II)
complex with a tridentate terpyridine ligand (ttpy = 4'-
(para-tolyl)-2,2":6',2"-terpyridine),
[Pd(ttpy)(DMSO)](BF4)2, which has a weakly bound sol-
vent molecule that can be readily exchanged for the other
ligands. We used 3-methylpyridine as a simple monoden-
tate ligand (SI-3 for synthetic details). [sothermal titration
calorimetry (ITC) was used to measure the 1:1 binding
constant (see SI-14.1). The relative binding constant is
1.73 x10* mol! in DMSO, equivalent to a binding energy of
just 24 k]-mol! at 298 K. Similar ITC measurements with 3
and [Pd(ttpy)(DMSO)](BF4)2 indicated only weaker bind-
ing (Ka<1000), although solubility difficulties prevented
quantitative measurements. Competitive binding experi-
ments monitored by 'H NMR spectroscopy confirmed that
3 is nearly completely displaced from
[Pd(ttpy)(DMSO)](BF4)2 when one equivalent of 3-
methylpyridine is added (see SI-14.2), consistent with 3
being a surprisingly poor ligand for palladium(II). We also
investigated the influence of palladium(II) ions on the pho-
toswitching behavior of ligand 3. When 100 equivalents of
[Pd(ttpy)(DMSO)](BF4)2 was added to ligand 3 and the
sample was irradiated with 530 nm light, the same thermal
Z—E half-life in the dark was measured by UV-vis absorp-
tion, (see SI-4.3, SI-4.4). As ligand 3 has only weak affinity
for palladium(II), its ability to assemble into discrete struc-
tures suggests that cooperativity is responsible for stabiliz-
ing the resulting self-assembled structures.

The distribution between [PdsLe]®* and [Pd4Ls]®* can be
pumped away from equilibrium using light, even though Z-
3 did not self-assemble into well-defined structures with
palladium(Il) ions. After irradiating a mixture of
[Pd3(3)s]¢* and [Pda4(3)s]8* in DMSO-ds with 410 nm light
for 10 minutes, 'H and °F NMR spectroscopy reveals a
significant increase in the population of [Pds(3)e]¢*, while
also showing the concomitant decrease of [Pds(3)s]8* (Fig-
ure 7b, ii). No new signals were observed, suggesting no

new well-defined self-assembled species were formed.
This observation was reaffirmed by high-resolution ESI-
MS, the relative population of [Pds3(3)e]%* increased after
irradiation with 410 nm light (see SI-15). Irradiating the
sample with 530 nm light for 10 minutes resulted in the
deformation of the two species as seen in the poorly de-
fined 'H and °F NMR spectra, suggesting the formation of
polymeric species, or other low symmetry species (Figure
7b, iii). The large population of [Pd3(3)s]¢* could be recov-
ered by irradiating the system again with 410 nm light for
10 minutes (Figure 7b, iv), demonstrating selective and
reversible assembly and disassembly of the triangle spe-
cies. After heating the sample at 60 °C for 2 days the origi-
nal distribution was largely recovered ([Pds(3)s]¢*
: [Pd4(3)s]8+ = 3:4, Figure 7b, v)), although some chemical
shift changes and peak broadening had occurred. The
broad peaks observed in the 'H and °F NMR spectra after
irradiation are consistent with the involvement of Z-3
within the self-assembled species (Figure 7b, iii), either as
structural components or as guest molecules. This effect is
far more pronounced within [Pds(3)s]®*, supporting the
notion that [Pd4(3)s]®* is more flexible and able to accom-
modate the mismatched ligand whereas [Pd3(3)¢]¢* is more
rigid and well-defined.
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Figure 7. The response to light irradiation of a sample of
[Pd3(3)e6]6* and [Pd4(3)s]8+in DMSO-ds ([3] = 1.9 mM). a) Car-
toon representation of the topology changes induced by irra-
diation. b) *H NMR and 9F spectra of i) a mixture of
[Pd3(3)e]6* and [Pd4(3)s]8+ in DMSO-ds (44% [Pd3(3)s]6*); ii)
the same sample after irradiation with 410 nm light for
10 minutes (82% [Pd3(3)s]¢*); iii) the same sample after irra-
diation with 530 nm light for 10 minutes; iv) the same sample
after irradiation with 410 nm light for 10 minutes again; and
v) the same sample after 2 days of being heated at 60 °C fol-
lowed by 6 h of equilibrating at room temperature.

The selective disassembly of [Pd4(3)s]® can be rational-
ized by considering the composition of ligands, the rate of
ligand exchange for each species, and the constraints im-
posed on the photoswitching of ligand 3 while assembled.
Variable temperature NMR experiments confirm the struc-



tures are dynamic with exchange of ligands and solvent
molecules, as is common for palladium(II)-pyridyl assem-
blies (see SI-8.3).43 If photoisomerization is suppressed
within the self-assembled structures, as observed for a
DTE-based cage,?’? ligand 3 can only isomerize after disso-
ciating from palladium. For the tetrahedron [Pds(3)s]?*, a
E-3 ligand can dissociate and photoisomerize, but the new-
ly generated Z-3 ligand cannot reassemble into the same
original structure. We propose that a metastable
[Pd4(3)7]8* structure is formed and the ligands rapidly re-
arrange to form the double-walled triangle, [Pd3(3)e]%*. As
[Pd3(3)e]* is more inert, any free E-3 in solution will be
kinetically trapped as [Pd3(3)e]%*. As such, irradiation with
410 nm light continuously pumps the system out-of-
equilibrium to favour the formation of the less thermody-
namically preferred [Pds(3)e]¢*. The PSS generated when
irradiated with 530 nm light comprises only 20% E-3,
which appears too low to form a significant amount of
[Pd3(3)e]°*. This finding is consistent with our experiments
using a sample of enriched Z-3 and palladium(II) which
also resulted in the same ill-defined mixtures.

The observed behavior is surprising as it results from a
relatively small change (~20%) in the isomer distribution
caused by irradiating with 410 nm light. Typically, stimuli
responsive architectures are designed to maximize the
proportion of components that are switched. This work
offers a different approach, where small changes in isomer
distribution can be amplified to significant changes within
the system, similar to the sergeants-and-soldiers concept**
in self-sorting. To the best of our knowledge, this is the
first example of a self-assembled system where the config-
uration can be controlled using only visible light and the
resultant distribution contains the same sub-components
as the equilibrium distribution.

CONCLUSION

We have shown that building visible-light switchable o-
fluoroazobenzenes into  palladium(I)-pyridyl  self-
assemblies leads to visible-light responsive systems. Irra-
diating with visible light reversibly redistributes the sub-
components, driving the system out-of-equilibrium to form
the higher energy, but less labile, structure. Unlike previ-
ous examples, the distinct assemblies contain the same
photoisomer of the ligand. This approach of pumping sys-
tems to metastable states exploits kinetic effects to amplify
small changes in photoisomer distributions to generate
large changes in structural distributions.
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