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Abstract: Catalytic activity of gold nanopatrticles in a hydrosily-
lation reaction is controlled by irradiation with UV or visible light.
When exposed to UV, the particles aggregate and the catalysis
is effectively switched “off”. When the particles are exposed to
visible light, the particles redisperse and catalysis can proceed.

Catalytic systems that can be switched “on” and “off” by an
external stimulus®~® are interesting for controlled drug release/
delivery,™ as mimicks of regulatory biocatalysts,? and in the general
context of the development and improvement of synthetic strate-
gies.® The use of light as the catalysis-controlling agent is
particularly appealing since it can be delivered virtually instanta-
neously to the whole volume of the sample without any transport
(e.g., diffusion) limitations inherent to chemical delivery. Photo-
switchable catalysts have been investigated by several groups and
have generally been based on molecular switches (e.g., azobenzenes,
spiropyrans, dithienylethenes) that control the steric hindrance near
the catalytic center and/or its electronic properties. For example,
Hecht and co-workers showed that the activity of piperidine
catalysts in the Henry reaction can be modulated by covalently
attached azobenzenes.®** Willner’s group demonstrated photoswit-
chable electrocatalysis using photoisomerizable monolayers and Pt
nanoparticles.®> Other notable examples include photomodulated,
deoxyribozyme-catalyzed RNA cleavage,?® light control of per-
oxidase activity using quantum dots,® photoswitchable stereose-
lectivity of a catalytic copper dithienylethene complex,® photocat-
alytic hydrolysis of nitrophenyl acetate by azobenzene-capped
cyclodextrins,” and conversion of carbon dioxide and propylene
oxide into propylene carbonate catalyzed by aluminum porphyrin
regulated by the photoisomerization of stilbazole.® Notwithstanding
the ingenuity of these systems, many of them show modest on-to-
off ratios of catalytic activity (2—35.5*"*%), and only in three
examples more than one switching event has been demonstrated.?*<>
Here, we consider a conceptually different approach to photoacti-
vated catalysis in which catalytic activity is modulated by ap-
proximately 2 orders of magnitude by the dynamic, light-controlled
aggregation/dispersion of nanoparticles (NPs).® Our model system
is based on gold nanoparticles (AuNPs) decorated with a mixture
of “background” alkane amines and photoswitchable azobenzene-
terminated alkane thiols.™® In the absence of light, the NPs remain
unaggregated, expose a large surface area, and efficiently catalyze
a hydrosilylation reaction.™* Upon irradiation with UV light,
however, the NPs aggregate reducing the solvent-exposed surface
area and effectively switching the catalysis off. The catalytic activity
is regained upon visible irradiation and NP dispersion and can be
halted again by UV-induced aggregation.

We used gold nanoparticles (AuNPs; diameter deore = 5.5 + 0.6
nm, total diameter including the coating organics, d = ~8.0 nm)
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Figure 1. (A) Molecular structures of the “background” DDA surfactant
and of the photoresponsive azobenzene-thiol ligand, AT. (B) Schematic
representation of a photoswitchable AuNP system. Dispersed NPs are
catalytically active; aggregated NPs are catalytically inactive. (C) Hydrosi-
lylation of 4-methoxybenzaldehyde catalyzed by AuNPs in dry toluene at
39 °C and under argon.

synthesized as described before'®* and functionalized with a mixed
self-assembled monolayer, mSAM,°? of dodecylamine, DDA, and
photoswitchable azobenzene-terminated alkane thiols (AT: 11-(4-
(phenylazo)phenoxy)-1-undecane-thiol), Figure 1A). The surface
coverage, y, of AT ligands on the NPs was controlled as described
previously'®®® and varied from 0.05 to 0.5 (see Supporting
Information, Sl, Section 1). The NPs were suspended in degassed
toluene to which the reagents of the hydrosilylation reaction (4-
methoxybenzaldehyde, 1, and diphenylsilane, 2) were added under
argon. The dispersed AuNPs catalyzed*? the formation of 4-meth-
oxybenzyloxy-diphenylsilane, 3 (Figure 2A, red curve), with a
bimolecular rate constant, k,, & 9 x 10™* mM~! min~! estimated
from NMR spectra (see Sl, Section 4) and using a fitting procedure
detailed in ref 13. When, however, the reaction mixture was
irradiated with 365 nm UV light (light intensity ~ 0.05 W/cm?),
the reaction slowed down (typical rate constant, ke ~ 1 x 107°
mM~* min~!; Figure 2A, blue curve).

Based on these differences, a switchable system was constructed
in which the catalysis is switched “on” under irradiation with visible
light (white light, light intensity ~0.1 W/cm?) and is switched “off”
when the sample is irradiated with UV. Figure 2B illustrates reaction
progress over three “off—on” cycles with the on-to-off ratio of the
reaction rate constants in the presence and in the absence of UV
irradiation on the order of 90.** We note that the curves in Figure
2 do not continue for longer times (i.e., for more than three cycles)
to emphasize the fact that UV irradiation becomes gradually less
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efficient in switching catalysis “off”; the origin of this effect is
discussed later in the text.
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Figure 2. (A) Percent conversion for the AuNP-catalyzed hydrosilylation
of 4-methoxybenzaldehyde as a function of time under irradiation with
visible light (red markers) and under 365 nm UV irradiation (blue markers).
The lines are fits to the kinetic equation derived in ref 13. Surface coverage
of azobenze ligands on the AuNPs was y = 0.3. (B) Hydrosilylation of
4-methoxy-benzaldehyde can be switched “on” by visible light (red portions
of the curve) and “off” by UV (blue portions). For the experiments shown,
2 = 0.31. Error bars were calculated based on standard deviations from
three NP batches, three samples per batch.

The ability to switch catalysis “on” and “off” derives from the
reversible aggregation of the functionalized NPs. Specifically, when
the NPs are irradiated with UV light, the azobenzene groups of
their thiol ligands undergo a trans-to-cis isomerization and develop
~5 D electric dipoles.’®° In nonpolar solvent, these dipoles
translate into attractive forces between the NPs (for typical values
of surface coverage, y = 0.3, ~10 KT per NP pair; see ref 10b)
which, in turn, mediate complete aggregation of the particles into
larger structures within ~1 min. This process is evidenced by the
red shift of the UV —uvis spectra of the NP solutions (Figure 3B) as
well as by the dynamic light scattering (DLS) measurements (Figure
3C) and TEM imaging (Figure 3A). Based on the DLS and TEM
data, the sizes of the aggregates are estimated at D ~ 900 nm. The
decrease in the rate of catalysis on AuNP surfaces is then due to
the decrease of the total solvent-exposed surface area, S of these
particles. Basic geometric arguments™ indicate that, upon aggrega-
tion, the exposed surface area decreases approximately by a factor
of (D/d)y where 1, ~0.64,° is the packing fraction of the individual
NPs within the aggregate; for the experimental values of NP and
aggregate diameters, we have ~74, which is close to the factor by
which the reaction rate constants decrease. Such agreement should,
indeed, be expected for heterogeneous catalysis,*” where the
reaction rate is known to scale with the number of active/available
surface sites per unit mass of the catalyst,*® p. It follows that Ko,/
Kott = pon/posr. Because the mass of the AuNP catalyst in the
unaggregated/“on” and aggregated/“off” states is conserved, the
ratio pon/posr reduces to the ratio of the number of active surface
sites pon/ Poft = Non/Nogr. Assuming that the distribution of such sites
is random with, on average, one site per surface area of As, we
have Non/Nott = NonAs/NortAs = Sup/Sagg and, finally, Kon/Kerr = Sue/
&gg.19

The aggregates forming upon UV irradiation are metastable and
disintegrate into individual nanoparticles when the UV irradiation
ceases, and the cis-azobenzenes reisomerize into the trans form
having no electrical dipoles mediating interparticle attractions.?°
Reisomerization and aggregate dissolution are markedly accelerated
upon irradiation with visible light. UV —vis and DLS measurements
illustrated in Figure 3 show that within 1—2 min the aggregates
revert to individual NPs; these free NPs are again capable of
efficient catalysis.

Several parameters controlling the performance of the system
merit further discussion. First, the composition of the mSAM has
a pronounced effect on catalysis. If all ligands—both the azoben-
zene-terminated switches and the alkane-chain “background”—are
thiols, no catalysis takes place. This observation is congruent with
previous works showing that thiols poison the catalytic gold
surface.?* The amine ligands such as DDA bind to the gold surface
more loosely than the corresponding alkane thiols (binding free
energies AGppa ~ —11.4 kJ mol™* vs AGpio1 &~ —22.8 kJ mol?;
see ref 22) and do not hinder catalysis. On the other hand, if all
ligands, including the azobenzene switches, are attached to the NPs
via weakly binding amines, they are too labile and reversible
aggregation—dispersion becomes problematic. We found that the
best compromise is to use mixed SAMs incorporating strongly
binding thiols serving as switches and weakly binding amines
serving as background ligands. For such mixed monolayers, the
fraction of azobenzene thiols has to be above ~0.23 to ensure robust
light-driven aggregation/dispersion but below 0.33 to not poison
the catalyst; in other words, the optimal range for photocatalysis is
0.23 < 4y = 0.33.
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Figure 3. (A) Typical color changes of the reaction mixture irradiated
with 365 nm UV (i to ii) and visible (ii to i) light. The corresponding TEM
images show dispersed and aggregated AuNPs. (B) UV—vis spectra
corresponding to the cycles of alternating vis and UV irradiation (from i to
vi, 6 min each). (C) The sizes of free and aggregated AuNPs measured by
DLS (note the logarithmic y-scale).

The major limitation of photoswitchable catalytic systems
reported to date’ 2 is that they can only rarely perform more than
one on—off catalytic cycle. In our system, photomodulation of
catalytic activity is very efficient over at least three UV —vis cycles
(see Figure 2B), but beyond this point not all NPs aggregate upon
UV exposure, and the catalysis cannot be completely switched “off”
(although the kon/kofs ratios remain above ~10 for several more
cycles). One possible explanation here could be that the SAMs
coating the NPs are being damaged by UV light; however, the light
intensities we used, ~0.05 W/cm?, are similar to those used in other
photoswitchable AuNP systems for which many more NP aggrega-
tion/dispersion events were achieved (e.g., over ~300 for the
nanoparticle based “photopaper”*°). Also, the TEM images and
the UV —uvis spectra of the particles do not change markedly from
the first to the second switching cycles ruling out the possibility of
particle coalescence.?® Instead, a reasonable explanation is that both
the 4-methoxybenzaldehyde and diphenylsilane substrates of the
hydrosilylation reaction have affinity for the gold surface?®?® from
which they can gradually displace the DDA and, more importantly,
the azobenzene thiols. This is all the more likely since these
substrates are used in large excess with more than 50 molecules in
solution per one ligand (DDA and azobenzene thiols) on the AuNPs.
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Lastly, we note that the Kq./kofs ratios were similar when NPs of
other sizes (3 and 10 nm) were used. This observation indicates
that nanoparticle curvature has a negligible effect on catalytic
activity and the switching mechanism. On the other hand, polar
solvents such as MeOH or acetonitrile had a highly detrimental
effect on the photoinduced NP aggregation and consequent catalytic
behavior, since the dipole—dipole forces in polar solvents are greatly
diminished (their strength scales with 1/e2, where ¢ is the dielectric
constant of the solvent).?*

In summary, we demonstrated photoswitchable catalysis con-
trolled by reversible aggregation/dispersion of catalytic nanopar-
ticles. While the present system achieves more switching cycles
than in most previous works,> > it is clear that for practical
applications the number of cycles in which the kon/kof ratio remains
high should be increased substantially. This could potentially be
achieved by the use of reactions in which reaction substrates/
products do not compete with the switchable ligands for the
adsorption/catalytic sites on the NPs. In this context, the use of
homogeneous catalysts tethered onto the NPs appears most promis-
ing and versatile, though it will require avoiding cross-reactivity
of these ligands with the functional groups attaching to the
nanoparticle surfaces.?®
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