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ABSTRACT: Practically, all photoswitchable catalysts exhibit
residual activity in the OFF state. Herein, we present a ruthenium
initiator with a built-in photoswitch whose metathetical perform-
ance is completely shut off by light. The system is made of
Hoveyda−Grubbs second-generation complexes appended, along
with background ligands, to a gold nanoparticle surface via
azobenzene linkers. Under dark or visible light�the precatalysts,
in the presence of an olefin, undergo initiation, diffuse from the
surface into bulk solution, and commence metathesis reaction.
When the conditions are changed to ultraviolet, the isomerization
of the azo switches takes place, burying the precatalysts within the
bulky organic monolayer, thus preventing their initiation and
thereby halting the reaction. Despite the irreversibility of the
process, this work opens up opportunities for the remote deactivation of catalysts without their chemical decomposition and control
of more complex tasks such as chemical selectivity.
KEYWORDS: photoswitchable catalysis, azobenzene, ruthenium, Grubbs-Hoveyda complex, olefin metathesis, gold nanoparticles

■ INTRODUCTION
Having control over catalysis has long intrigued the scientific
community. This eventually spawned an entire discipline called
switchable catalysis. While in nature, the catalysis is
successfully upregulated and downregulated by complex
feedback loops,1 control in synthetic systems is realized using
rather simple chemical or physical stimuli.2 In this context, the
particularly attractive stimulus is light, which is noninvasive,
and can be delivered with high spatiotemporal precision.3 On
the other hand, light is not as efficient as a chemical input that
can completely stop the reaction.4 During past decades,
researchers have explored miscellaneous approaches to
increase the switching efficiency of light-responsive catalysts.5

It was attempted to take advantage of reversible assembling of
catalytic units,6 solubility differences,7 shielding the active
sites,8 or altering electronic properties.9 However, none of
these approaches was able to completely suppress the catalytic
activity. Regardless of the approach used, the outcome was
always the same: either not all of the catalyst has undergone
light-induced transformation, the transformed catalyst was less
but also active, or there was an active cocatalyst that remained.
Here, we show a solution that can cause a molecular
(pre)catalyst to fully lose its activity.
Our approach is based on the recently proposed concept of

photoswitchable catalysis on metal nanoparticles.10 In our
preliminary work, we suggested that catalysis could be
switched off by burying an active center within an organic
monolayer covering these nanoparticles. However, during the
preparation of our prototype, we faced the issues typical of

other steric approaches (Figures 1A,B). Particularly, when all
active sites have been buried, they were still available for
catalysis due to the insufficient shield of the underneath
monolayer against the incoming substrates.
In the current report, we demonstrate that an external

barrier imposed by the monolayer alone is not enough and that
additional steric constraints around an active site are necessary
to fully disable access to it (Figure 1C). Thanks to that,
complete suppression of the catalytic activity can be achieved.

■ RESULTS AND DISCUSSION
From our initial system, we kept two elements: (i) azobenzene,
a transducer of light signal, which through conformational
changes is aimed at directing the active site toward either a
surface or a solution; (ii) ∼ 3 nm gold nanoparticles (AuNPs,
Figure S18) enabling the creation of an organic layer on their
surface via strong Au−S bonding. We purposely used small
particles to provide a high surface-to-volume Au atom ratio,
and thus enable high catalyst loadings. Instead of a model
organocatalyst (proline), we introduced a metal-based N-
heterocyclic carbene (NHC) complex. This was done because
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Figure 1. Common steric approaches to control catalysis using photoswitches: (A) shielding the active site using a bulky molecular handle; (B)
bringing catalytic units together to create an active complex; (C) our approach based on the regulation of monolayer bulkiness on the nanoparticle
surface; and (D) ligands and nanoparticles used in the current study.

Figure 2. Experimental proof for the presence of SAT ligands on the AuNP surface: (A) absorbance spectra of AuNP dispersions (0.14 mM) with
different ligand ratios after the subtraction of plasmon peak revealing the relative percentage of SAT in the monolayer; (B) thermogram of
20SAT(PT)@AuNPs showing two distinct weight loss events corresponding to desorption of PT and SAT ligands; (C,D) absorbance spectra of
20SAT(PT)@AuNPs (0.14 mM) showing the isomerization of immobilized SAT ligands before and after metalation. The resurgence of the 350
peak during back isomerization is attributed to the unmetalated SAT ligands (vide infra).
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NHC complexes in general: (i) possess much higher activity
which is crucial in light of a limited number of adsorption sites
on the nanoparticle surface; (ii) exhibit much larger and easily
modulated�via ligand exchange�coordination sphere; (iii)
are much more versatile (wider reaction and selectivity scope),
which is essential for extending the system for other
applications in the future. Since most metal-catalyzed organic
reactions occur in nonpolar solvents, the previously employed
hydrophilic oligo(ethylene glycol) chains were replaced by
lipophilic hydrocarbon chains. In addition to providing
colloidal stability, these spacers, owing to the presence of
terminal phenyl groups, were aimed at increasing the
interligand spacing (for effective azobenzene isomerization),
while providing an overall bulkiness to the monolayer (for
effective shielding of active sites).
Initially, we synthesized two ligands: (i) a styrene-

azobenzene-thiol (SAT), the principal ligand for supporting
the active site; (ii) a phenyl-thiol (PT), the auxiliary ligand for
regulating the number of active sites and the relative distance
between them on the nanoparticle surface (Figures 1D and
S1−S17). The length of PT (∼1.9 nm) was chosen so that
ideally it would not protrude beyond the azo bond of adjacent
SAT ligands (∼2.1 nm) and interfere with their isomerization
on the NP surface. For the decoration of the latter, SAT
absorbates were used neat (100%) or mixed with PTs in
different molar ratios (10, 20, and 40% of SAT). To ensure a
quantitative reaction, the ligands were taken in a total molar
amount that is 1.5 times greater than the estimated number of
adsorption sites on the NP surface.10 The NPs employed were
stabilized by dodecylamine and surfactant.11 After agitating the
reaction mixtures for 1 h, which was enough for the ligand
exchange,12 the unreacted materials were washed out by
multiple dissolution−precipitation of the NP residues. The
purified NPs were dispersed in DCM to give 7 mM colloidal
solutions. The successful adsorption of SAT ligands was
confirmed by the appearance of π−π* transition bands with a
maximum at 350 nm belonging to the trans form of
azobenzene. After the subtraction of the plasmon resonance,
the intensities of these bands (0.063, 0.142, 0.323, and 0.764
au) were found to be nearly proportional to the amount of
SAT ligands in the feed mixtures (10, 20, 40, and 100%),
indicating that both ligands were coadsorbed and that the
initial ratios were preserved (Figure 2A).
Hereafter, the obtained NPs are termed χSAT(PT)@

AuNPs, where χ is the mole percentage of SAT in the feed
mixture. Additionally, to confirm the accordance of the ligand
ratio on the surface with that in solution, we have prepared a
∼4.6 mg batch of colloidally stable 20SAT(PT)@AuNPs (vide
infra) and performed ligand desorption using thermogravim-
etry (Figure 2B). We also recorded a thermogram for particles
coated exclusively with background ligands (Figure S19) to
distinguish weight loss caused by PT desorption from weight
loss caused by SAT and estimate the percentage of the latter in
the mixed monolayer, obtaining ∼18%, which is very close to
the theoretical value (20%) and that (22%) determined from
the absorbance spectra (Figure 2A).
In the next step, we investigated the isomerization of the

SAT ligands. The conversion from the thermodynamically
favored trans form to the less stable cis form was carried out in
a fluorimeter chamber by irradiating the prepared samples
using a built-in xenon arc lamp with a light of the wavelength
of 365 nm and bandwidth of 20 nm. The degree and rate of the
isomerization were assessed based on absorbance spectra

(Figure S27). The photostationary state for all samples was
achieved within 2 min. Similarly to unbound SAT (Figures
S25−S26), the π−π* transition band dropped to the
background, suggesting almost complete isomerization.
Spontaneous reverse isomerization occurring in the dark was
also quantitative but took much longer (up to 150 min) with a
clear dependence: the higher the content of SAT, the faster the
process (Figure S30).
In an attempt to gain more details on the dependence of the

back isomerization rate from χ, we performed atomistic
simulations on these nanoparticles (see SI for details). They
were simulated with SAT ligands in the trans conformation
first and then reverted to cis in order to follow the same
experimental pathway. The so obtained equilibrated molecular
structures are reported in Figure S45. By means of umbrella
sampling calculations (US) (see SI), we then computed the
free energy barrier for the cis → trans isomerization of the
CNNC dihedral angle and the NNC angle, the two most
significant parameters to investigate azobenzene thermal
relaxation.13 The average value of ∼21 kcal/mol found for all
χSAT(PT)@AuNPs is comparable to that for the free SAT
ligand in DCM (∼20 kcal/mol). This suggests that an increase
in the energy barrier of the CNNC dihedral and the NNC
angle due to steric hindrance at the nanoparticle surface is
likely not the primary reason for the (low) composition-
dependent back isomerization observed in the experiments.
Another possible explanation may be that SAT reverse
isomerization is being aided by trans neighboring SAT ligands.
Such a collective switching behavior has been already proposed
in the past;14 our current calculations found no indication of a
quantitative difference either in the energy (∼20 kcal/mol)
and in the pathway for SAT reverse isomerization when all
neighboring ligands are already in the trans state (Figure S46).
This point demands further exploration and more sophisti-
cated models.
Notably, after accomplishing the full switching cycle, only

the sample with 20% SAT returned to the pristine spectrum
(Figure 2C); whereas the spectra of the remaining samples
have undergone slight changes in the line shape with the
noticeable increase of the π−π* transition band (Figure S27).
The observed increase is most likely accounted for changes in
the dielectric function of the monolayer caused by AuNP
aggregation manifested by the broadening of the plasmon
resonance and eventually the emergence of a new peak over
time (Figure S28).
Having scrutinized the isomerization behavior of SAT

ligands, we proceeded to install active sites. We chose a
Hoveyda−Grubbs second-generation ruthenium complex
(H2) in which the active site is encompassed by bulky mesityl
rings. Because of the danger of poisoning the metal center with
the sulfur of thiol group,15 the precatalyst was generated in situ
in the reaction between the styrene moieties of the adsorbed
SAT ligands and a commercial Grubbs second-generation
ruthenium complex (G2). The reaction was performed in the
presence of copper(I) chloride to shift the equilibrium toward
the product by catching the releasing phosphine. Both G2 and
CuCl were employed in equimolar amounts in respect to the
adsorbed SAT ligands. Considering the steric constraints
within the monolayer, the reaction time was set as 2 h, which is
at least twice as long for the analogous reaction to occur in
solution. The incorporation of the ruthenium onto the surface
was monitored by the temporal evolution of the π−π*
transition band of 20SAT(PT)@AuNPs, which showed the
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highest colloidal stability (vide supra). In the initial stage of the
reaction, the peak centered at 344 nm increased and moved by
≈6 nm toward the blue region due to the presence of large
amounts of unreacted G2 with a maximum at 336 nm. With
the lapse of time, its position began to change eventually
settling ≈2 nm to the right of the original position due to
overlapping with the emerging signal of H2 having a maximum
at 400 nm (Figure 3A). Similar changes were observed for the
remaining samples and were the most pronounced for
100SAT(PT)@AuNPs, where the total amount of H2 formed
was expected to be the largest (Figure S23). To further support
the generation of H2 on the surface, a portion of 20SAT-
(PT)Ru@AuNPs was precipitated with pentane and washed
several times with MeOH to remove any unbound ruthenium
species. The XPS analysis of the resulting precipitate revealed
the presence of Ru4+ corresponding to the oxidation state of
the metal (Figure 3B) as well as other heteroatoms present in
H2 complex (Figure S20). The obtained sample was then
examined by NMR spectroscopy, which showed the appear-
ance of a broad singlet resonance at 16.42 ppm attributed to
the −CH�Ru proton of the immobilized H2 (Figure 3C).
Another characteristic signal was observed at 10.41 ppm, which
most probably belongs to the product of its solvolysis (−CH�
O)16 and is also present in unbound H2, albeit in much less
amount, suggesting that MeOH used during the NP
purification speeds up the degradation process. Furthermore,
the integration of these two proton resonances (Figure S21)
revealed that only 39% of absorbed SAT ligands underwent

metalation reaction; while the comparison of other integrals
showed the total percentage of SAT ligands in the monolayer
as 25%, which is in line with the previous findings (vide supra).
Given the incomplete reaction with G2, the obtained NPs are
further denoted as χSAT(PT)Ru@AuNPs, indicating only the
content of the SAT ligand.
After introducing the active sites, we began the isomerization

experiments (Figure S29). We have not noticed that the
enlargement of the SAT ligand greatly influenced its capability
of converting to the cis form. The isomerization was as fast as
before and lead to the disappearance of the π−π* transition
band. The situation has, however, changed when the process of
returning to trans form was triggered. While the trend of
increasing the rate with the number of SAT ligands persisted,
the overall process was much slower and incomplete (Figure
S30). The lowest conversion (52%) was obtained for the
sample with the lowest (10%) SAT coverage, and the highest
conversion (79%) was achieved for the sample fully covered
with SAT (100%). In addition, we found that the amount of
“unreturned” ligands (37%, the colloidally stable sample with
20% SAT) correlates with the amount of the attached H2
complex (39%, vide supra). These results, in addition to
confirming the presence of bulky ruthenium termini, indicated
that some interactions between Ru and the monolayer are
established during the trans-to-cis isomerization, preventing the
metalated SAT ligands from returning to the initial state once
the light source was removed.

Figure 3. Experimental evidence for ruthenium insertion into the SAT ligand: (A) temporal evolution of the absorbance spectrum after addition of
the G2 complex to the dispersion of 20SAT(PT)@AuNPs. To highlight the spectral changes that occurred during the reaction, normalization
procedure was applied and the spectra of unbound G2 and H2 were added for comparison; (B) partial X-ray photoelectron spectrum of the
modified AuNPs after their purification. A peak at 281 eV was identified as Ru 3d5/2; (C) partial 1H NMR spectra of the AuNPs with immobilized
H2 and unbound H2 and G2 for comparison (DCM-d2, 293 K), showing the presence of a resonance for vinyl protons coupled with Ru between
16 and 17 ppm characteristic for H2 complexes.
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Having obtained the proof of the isomerization of the
metalated SAT, we moved on to testing the nanoparticles in
catalysis. As a model reaction, we took the ring-closing
metathesis of N,N-diallyltosyl amide. First, the reaction was
carried out in the dark, that is, when the catalytic units are
expected to be revealed to solution. Since the actual amount of
“active” ruthenium in each sample was difficult to quantify, we
varied the amount of the substrate to maintain the amount of

both metalated and unmetalated SAT ligands at 10 mol %. We
found that each sample displayed very different activity
(Figures 4A and S33−S36, S41). The NP dispersions with
10% SAT were the least active. Those containing 20 and 40%
SAT were practically indistinguishable. While the sample with
100% SAT was enormously active. These results confirmed our
preliminary conclusion that the amount of H2 generated in
each sample is different and indicated that the unreacted G2,

Figure 4. Catalytic experiments: (A) time−conversion plots for metathesis reaction occurring in nonirradiated and preirradiated CH2Cl2-d2
solutions containing olefin (4 mM) and 20SAT(PT)Ru@AuNPs (10% mol in terms of SAT ligand); (B) time−conversion plots for metathesis
reaction carried out first in the dark, then under UV light, and again in the dark, catalyzed by Ru containing 20% SAT AuNPs that differed in the
type of background ligand; (C) plausible mechanism of the initiation and catalysis of metathesis reaction in the presence of Ru containing AuNPs
with PT as background ligand. The initiation leads to the generation of AuNPs with a reduced amount of Ru precatalysts that get stuck in the
monolayer after irradiation and are not able to reinitiate the catalytic cycle (in contrast to AuNPs with HDT, where partial reinitiation takes place).

Figure 5. (A) Molecular structure of 20SAT(PT)Ru@AuNPs extracted from its equilibrated atomistic simulations in DCM (not shown). All SAT
ligands are initially in their trans conformation (top) and then reverted to cis (bottom). SAT chains are colored by element (C, gray; N, blue; O,
red, H, white), with those presenting the catalytic group in green, and PT chains are portrayed as white spheres. The Hoveyda-Grubbs moiety is
highlighted as a green transparent surface. (B) Radial distribution function (RDF) of the Ru atom calculated from the gold surface for each
monolayer composition χ (10, 20, 40, and 100). Dark curves, trans state; light curves, cis state.
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which is much more active than H2, is present in the sample
with full SAT coverage, which is most likely concerned with
the access of G2 complex to styrene moieties within variously
composed monolayers (the hindered access to the monolayer
is also evidenced by the different speed of the reaction
catalyzed by free and immobilized H2, Figure S42B). The
above assumptions were further supported by catalytic studies
conducted under UV light. The NP dispersions (5.6 mM) were
first irradiated and then subjected to the substrate. In view of
the higher NP concentration (when compared to UV−vis
studies), the irradiation time was elongated to ≈20 min to
ensure complete isomerization. As anticipated, whereas the
NPs covered with 100% of SAT displayed some residual
activity (due to the presence of G2 remnants), the other
samples had no activity at all. Experiments with the
immobilized Ru precatalyst without the azobenzene fragment
(20ST(PT)@AuNPs, Figure S22) confirmed that the observed
catalyst deactivation is due to the physical concealment of
ruthenium centers within the created monolayers and not
because of decomposition (Figures S37 and S43).
Atomistic simulations also support this. Indeed, monitoring

of the ruthenium center during the simulation time revealed a
marked shift in the position of the precatalytic group closer to
the gold core once the trans → cis isomerization has occurred.
Visual inspection of the molecular trajectories also displays
them qualitatively (Figures 5 and S47). In a few cases, the high
flexibility of the ligand chains allows the ruthenium centers to
even approach the nanoparticle core.
Another factor contributing to the screening of the

precatalytic group could be the bulkiness of the background

PT ligand, which may offer an additional steric obstacle to
diffusion of the substrate when ligands are already converted in
their cis state. To verify this hypothesis all PT ligands were
replaced by aliphatic ligands (1-hexadecanethiol, HDT). From
molecular calculations, we see that the lack of the terminal
phenyl ring in HDT ligands enables stronger and persistent
interactions between the alkyl portions of the chains,17 leading
to clustering of ligands. The nonuniform distribution of the
chains on the surface makes the monolayer locally more
exposed to the external environment (Figures 6 and S48). This
consequently has an impact on the level of exposure of the
precatalytic group to the outside.
A simple yet effective way to indirectly verify that is by

quantifying the accessibility of the group by estimating the
average number of solvent molecules encountered by the active
site during the simulation time.18 Figure 6 compares the
tridimensional distribution of the solvent molecules around
20SAT(PT)Ru@AuNPs (panel B) and 20SAT(HDT)Ru@
AuNPs (panel C) at a distance from the gold core where the
catalytic group is at its highest concentration (see Figure 5B for
reference). The values are then normalized to the density of
the solvent in the bulk, thus providing a measure of the local
solvation of the monolayer. It is apparent that the presence of a
bulky group in the background ligand considerably reduces the
amount of solvent that is able to diffuse within the organic
shell. For 20SAT(PT)Ru@AuNPs, this value is always lower
than 0.6, meaning that there is a decrease of more than 40% in
the local solvation when compared to the bulk solvent.
Differently, the distribution is far from uniform in 20SAT-
(HDT)Ru@AuNPs, with regions where DCM molecules are

Figure 6. (A) Molecular structure of 20SAT(HDT)Ru@AuNPs extracted from equilibrated atomistic simulations in DCM (not shown). All SAT
ligands are in the cis state. SAT chains are colored by element (C, gray; N, blue; O, red, H, white), with those presenting the catalytic group in
green, and HDT chains are portrayed as white spheres. The Hoveyda−Grubbs moiety is highlighted as a green transparent surface. (B,C) Density
distribution of the solvent at the distance from the gold core where the catalytic group is most often placed during the simulation time: (B)
20SAT(PT)Ru@AuNPs and (C) 20SAT(HDT)Ru@AuNPs. White circles identify the position of the Ru atom. The distribution is shown as a
two-dimensional projection of the sphere surface (x-axis, the azimuthal angle φ; y-axis, the cosine of the polar angle θ) and is normalized on the
density of the solvent in bulk. Red areas represent poorly solvated regions (e.g., less accessed), while blue areas highly solvated regions (e.g., highly
accessed). (D, E) Visual comparison of solvent molecules in close contact (in blue) with the precatalytic group in 20SAT(PT)Ru@AuNPs (D) and
20SAT(HDT)Ru@AuNPs (E), showing one SAT(Ru) ligand (in green) as a representative example. The same pictures, but before the trans → cis
transformation occurs, are reported in Figure S49.
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not detected (i.e., inside ligand bundles) and regions where the
solvation is almost identical to that of the bulk solvent (i.e.,
between two ligand clusters). Considering specifically the
position of the Ru atoms (Figure 6, white circles), in
20SAT(PT)Ru@AuNPs most of them are placed in a poorly
solvated area, which implies that the precatalytic moieties are
more difficult to access by the solvent and by other incoming
molecules (Figure 6D). Instead in 20SAT(HDT)Ru@AuNPs
they can be found close to blue regions on the map, so they are
well exposed to the solvent and easily accessible from the
surrounding environment (Figure 6E). Overall, these collective
pieces of evidence support the possibility to screen a catalytic
headgroup using a dual approach involving ligands possessing
photoswitchable abilities together with ligands presenting
bulky groups.
Remarkably, the catalysis can be turned off not only before

the start of the reaction but also during its course. For
demonstration, we chose the NPs with 20% SAT coverage,
which among all samples so far exhibited the highest colloidal
stability during the isomerization and the best catalytic
performance in terms of available SAT ligands. The experiment
was commenced in the dark, and when the conversion of the
substrate to the product reached ca. 20%, UV light was applied
for 20 min (Figures 4B and S38). As expected, the NP activity
ceased, albeit not immediately�when the sample was back in
the dark. This is because the catalysis does not occur on the
surface, but in the solution (Figure 4C). Therefore, it takes a
while for catalytic species (LnRu�), generated from the
attached precatalyst and the substrate prior to irradiation, to be
deactivated.19

Since SAT ligands with time are partially reverted to trans
forms, we wondered if the NPs would regain their activity.
Surprisingly, neither keeping in the dark nor exposing to
daylight rendered them active again. This confirmed once
again that only ligands containing no ruthenium are able to
undergo the reverse isomerization.
To understand the reason for sticking the active centers

within the monolayer, we first considered the metathesis
between alkene and N�N double bond that could potentially
cleave SAT ligand and destroy the precatalyst.20 However, we
did not find any evidence of the formation of the imine
product on the NMR spectra (Figures S33−S36). Another
reasonable explanation for not returning to the initial state
were noncovalent interactions with the underneath monolayer.
Initially, we considered π−π interactions between the mesityl
rings of NHC carbenes and phenyl groups of the background
ligands. To verify this hypothesis, we synthesized NPs
containing 20% SAT, where PT ligands were fully replaced
by the aliphatic ligands HDT, denoted as 20SAT(HDT)@
AuNPs. UV−vis studies revealed that the newly created
monolayer SAT ligands (Figure S24) had almost no difficulties
with back isomerization when they were devoid of ruthenium
and displayed the same slow and incomplete kinetics after
metalation (Figures S31 and S32). The only noticeable
difference compared to PT monolayers was their catalytic
behavior (Figures S40 and S41). Despite the full conversion to
the cis form, the NPs, albeit much slower, continued to catalyze
the reaction after the irradiation was stopped, which agrees
with the poorer protection of the active sites by HDT
highlighted by the molecular simulations. Moreover, shortly
thereafter, the NPs resumed their original activity (Figure 4B),
indicating that the immobilized precatalyst serves as a stock for
the gradual generation of active species.19 Our experiments

also confirm this, showing that in the case of PT as the
background ligand only 52% of the precatalyst is initiated prior
to irradiation (Figure S44). The reactivation, however, did not
last long. With time, it began to decline, suggesting that HDT,
although it enables the metalated SAT ligands to undergo the
back isomerization, the extent of the latter is very limited. A
similar isomerization and catalytic behavior was also observed
when the amount of SAT ligand on the surface was reduced to
10% (Figures S32, S39, and S41). So, we can conclude that
π−π interactions with PT coligands, though theoretically
possible, are rather not responsible for the incomplete back
isomerization of SAT ligands. Furthermore, the bulkiness of
the ruthenium precatalyst is also crucial. This becomes
apparent when one compares a light-mediated decrease in
catalytic activity of the present system with its prototype,10

comprising similar linear background ligands, but much smaller
proline catalyst units.
It could also be that the nanoconfinement of SAT(Ru)

ligands that arises from strong collective local interchain
interactions and steric effects due to the bulkiness of the
catalytic group hinders the return to the trans isomer; by
performing US calculations, we reconstructed the free energy
surface of the cis → trans isomerization of the azobenzene in
SAT(Ru) along the CNNC dihedral angle. Different local
monolayer compositions surrounding a selected SAT(Ru)
ligand were considered. However, there was no evidence of an
increase in the activation barrier for cis-to-trans thermal
isomerization that could explain the incomplete back isomer-
ization observed in the experiments.
We thus propose the recoordination of Ru atom from the

oxygen of the isopropoxyl group to the azo bond of adjacent
SAT ligand as the most likely explanation for the incomplete
back isomerization. Our previous research suggested that such
a bonding should be very strong given the dormant nature of
the precatalyst equipped therewith,21 so potentially being able
to hinder the isomerization of the active ligands. This type of
interaction can be identified by the appearance of Ru (4d6)-N
(π*) transition around 500 nm.22 After careful inspection of
the absorbance spectra, we indeed noticed a marked shoulder
on the left to plasmon peak to appear during the irradiation of
the samples with immobilized ruthenium, which does not
disappear after the SAT ligands isomerize back to the trans
forms (Figures 2D, S29, and S31).

■ CONCLUSIONS
In summary, we have introduced a “double shield” concept for
the cessation of catalytic activity. The implementation of this
idea, based on a combination of intra- and intermolecular steric
constraints for active center screening, was exemplified by the
olefin metathesis reaction. The sterically cumbersome
ruthenium NHC complex was pinned to the gold nanoparticle
surface and directed toward the ligand shell with the aid of an
azobenzene photoswitch. When the precatalyst is surrounded
by aliphatic ligands, it can access the substrate to some extent
and sustain catalysis. However, after terminating these ligands
with phenyl rings, the access is blocked, and consequently,
catalysis does not take place. The demonstrated ability to
remotely stop chemical reactions on demand can be
particularly useful for uncontrolled processes, where direct
intervention is not possible. Especially, it will be beneficial for
controlling chemical selectivity when more than one reaction
takes place simultaneously. Current efforts are underway in our
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laboratory to make the process of photoswitching fully
reversible, thus enabling cyclic control over catalysis.
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