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ABSTRACT: The reversible photoisomerization of azobenzene has been
utilized to construct a plethora of systems in which optical, electronic,
catalytic, and other properties can be controlled by light. However, owing to
azobenzene’s hydrophobic nature, most of these examples have been realized
only in organic solvents, and systems operating in water are relatively scarce.
Here, we show that by coadsorbing the inherently hydrophobic azobenzenes
with water-solubilizing ligands on the same nanoparticulate platforms, it is possible to render them essentially water-soluble. To
this end, we developed a modified nanoparticle functionalization procedure allowing us to precisely fine-tune the amount of
azobenzene on the functionalized nanoparticles. Molecular dynamics simulations helped us to identify two distinct
supramolecular architectures (depending on the length of the background ligand) on these nanoparticles, which can explain
their excellent aqueous solubilities. Azobenzenes adsorbed on these water-soluble nanoparticles exhibit highly reversible
photoisomerization upon exposure to UV and visible light. Importantly, the mixed-monolayer approach allowed us to
systematically investigate how the background ligand affects the switching properties of azobenzene. We found that the nature
of the background ligand has a profound effect on the kinetics of azobenzene switching. For example, a hydroxy-terminated
background ligand is capable of accelerating the back-isomerization reaction by more than 6000-fold. These results pave the way
toward the development of novel light-responsive nanomaterials operating in aqueous media and, in the long run, in biological
environments.

■ INTRODUCTION

The reversible isomerization of azobenzene (1,2-diphenyldia-
zene)one of the simplest and most robust photoswitchable
compoundshas been investigated extensively for nearly a
century.1 The trans−cis isomerization process entails a
significant change in the shape of the molecule and a decrease
in the distance between two para substituents from ∼9 Å to
∼6.5 Å. These changes in various azobenzene derivatives have
been used to modulate catalysis,2−4 affinity to metal ions,5 and
binding to biological molecules in living organisms6,7 and even
to control the conformation of a bound “guest” molecule.8

However, whereas all of these functions have been realized in
free molecules, the immediate surroundings of a molecular
switch can have a profound effect on its switching properties. It
has long been known, for example, that confining azobenzenes
within small volumes can effectively suppress their switch-
ing9−14 and that the success of trans → cis isomerization could
be correlated15 to the amount of free space available to an
azobenzene unit. In contrast, several systems showed evidence
of cooperative azobenzene switching,16−18 whereby densely
packed azobenzenes isomerized very readily in a process most
likely initiated at the periphery of an ensemble.19,20 Beyond
these single-component systems, it would arguably be more
interesting to control the properties of molecular switches by
other species residing in their proximity.

Inorganic nanoparticles (NPs) functionalized with binary
(mixed) monolayers of ligands21−25 provide an attractive
platform for inducing intermolecular interactions between the
adsorbed species and hence for investigating how various
functional groups affect the properties of switchable molecules.
An additional advantage of the mixed-monolayer approach is
that by decorating NPs with mixtures of functional and
solubilizing ligands, it becomes possible, by tuning the
composition of the monolayer,26 to effectively solubilize
compounds that are otherwise insoluble in a given solvent.27

For example, whereas azobenzene-functionalized NPs have
been investigated extensively in various organic solvents,28−32

their properties in aqueous media have remained unknown
because of the nonpolar nature of azobenzene and,
consequently, the very low solubility of azobenzene-function-
alized NPs in water. Access to water-soluble, azobenzene-
coated NPs could broaden the scope of applications of these
nanomaterials, in particular in the context of biomedical
applications (such as in photopharmacology33,34).
We hypothesized that water-soluble, azobenzene-coated NPs

could be obtained by functionalizing NPs with mixed
monolayers comprising (i) azobenzene and (ii) a ligand
terminated with a polar group, such as an oligo(ethylene)
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glycol (OEG) chain or a charged group. Such functionalization
is typically achieved by treating NPs capped with weakly
bound ligands (e.g., dodecylamine (DDA) for Au NPs) with
an excess of ligands having higher affinity (e.g., thiols). We
speculated that above a critical fractional coverage with polar
ligands the NPs should be soluble in water despite the

presence of the hydrophobic azobenzene groups. However,
cofunctionalization of NPs with mixtures of polar and apolar
ligands is not an easy task:24 earlier studies showed that such
processes typically result in preferential adsorption of only one
of the two ligands. Among numerous other examples,35−40

Bishop and co-workers found that performing ligand exchange

Figure 1. Structural formulas of thiolate ligands used in this study.

Figure 2. (a) Schematic illustration of the three-step procedure adopted in this study. (b) Representative transmission electron microscopy (TEM)
image of A1/B1-functionalized 2.5 nm Au NPs (θ = 0.30) deposited on a carbon-coated copper grid from an aqueous solution. (c) Series of UV/
vis absorption spectra of A1/B1-functionalized 2.5 nm Au NPs (in water) obtained at different θ values. (d) Dependence of the on-NP molar
fraction of azobenzene A1, χ, on its molar fraction used in the functionalization step, θ. The red and the green markers correspond to
functionalization by the simultaneous and consecutive addition of the two thiols, respectively. The gray line corresponds to θ = χ. (e) Dependence
of χ on θ for the A2 + B1 combination. (f) Representative TEM image of A2/B2-functionalized 5.5 nm Au NPs (χ = 0.15). (g) Series of UV/vis
absorption spectra of A2/B2-functionalized 5.5 nm Au NPs (in 9:1 v/v water−methanol) obtained at different θ values. Note the pronounced band
at ∼520 nm due to the localized surface plasmon resonance of 5.5 nm Au NPs.
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on DDA-capped 6 nm Au NPs with an 8:1 mixture of
octadecanethiol and ω-mercaptoundecanoic acid resulted in a
0.35:1 mixture of these two ligands on the functionalized
NPs,41 whereas Meli et al. reported that a 3:1 molar ratio of
dodecanethiol and ω-mercaptoundecanol used to functionalize
4 nm NPs was increased up to 32:1 as a result of the ligand
exchange reaction.42 The discrepancy between the solution
and the on-NP ratio typically originates from attractive/
repulsive interactions between the ligands or when one of the
ligands induces NP precipitation during the functionalization
process. Therefore, we developed a modified NP functionaliza-
tion procedure that allowed us to predictably control the molar
ratio of the two ligands on the NPs. These NPs allowed us to
systematically investigate how the background ligand influ-
enced the switching properties of azobenzene in water.

■ RESULTS AND DISCUSSION
Controlling the Fractional Coverage of Azobenzene

on Water-Soluble Nanoparticles. We functionalized gold
NPs with different combinations of thiolated azobenzenes Am
(m = 1 through 6) and background (“dummy”) thiols Bn (n =
1 through 9) (Figure 1 and Supporting Information, Sections
2−4) using the following approach. First, we treated DDA-
capped NPs with θ (where θ < 1) equivalents of Am (step 1 in
Figure 2a; equiv with respect to the number of binding sites on
the NPs, calculated assuming that a single thiolate moiety
occupies an area of 0.214 nm2 on the surface of gold43). After 1
h, (1 − θ) equiv of Bn was added and shaking was continued
for an additional 2 h (Figure 2a, step 2). This two-step
procedure should lead to a practically quantitative ligand
exchange, given alkanethiols’ ∼100 times higher (vs alkyl
amines) affinity to gold.13 To ensure that the ligand exchange
reaction was complete, we then added one extra equivalent of
thiol (i.e., a mixture of θ equiv of Am and (1 − θ) equiv of Bn)
(step 3 in Figure 2a). After ∼1 h of mixing, the functionalized
NPs were washed, dried, and dissolved in deionized water (see
Supporting Information, Section 4.1.2, for details).
Figure 2b shows a representative transmission electron

microscopy (TEM) image of A1/B1-functionalized 2.5 nm
NPs. Comparing TEM images before and after ligand exchange
allowed us to conclude that our functionalization protocol did
not affect the size or size distribution of the NPs. (A valid
question is whether the three-step functionalization procedure
yields monolayers of intermixed ligands, as opposed to patches
of azobenzene and background thiol;44 we will address this
issue later, with several observations supporting the former
scenario.) UV/vis absorption spectra of aqueous solutions of
A1/B1-functionalized NPs obtained with increasing values of θ
displayed increasing absorption at ∼350 nm (due to the π →
π* transition of trans-azobenzene, Figure 2c). We found that
NPs prepared with as much as θ = 0.4 exhibited excellent
aqueous solubility (with no signs of NP aggregation by TEM,
dynamic light scattering (DLS), or UV/vis absorption
spectroscopy). When θ > 0.4, however, the NPs could not
be redispersed in water owing to the hydrophobic character of
the terminal azobenzene groups.
To determine the actual molar fraction of A1 on the

functionalized NPs (i.e., χ), we subtracted the spectrum of 2.5
nm NPs functionalized with a single-component monolayer of
B1 (gray in Figure 2c) from the spectra of A1/B1-decorated
NPs. Provided that the background ligand B1 exhibits no
absorption in the near-UV and visible range, the operation
afforded the optical response of pure A1, based on which its

concentration could be evaluated (see Supporting Information,
Section 5). The green markers in Figure 2d denote the
dependence of χ on θ for NPs functionalized by the
consecutive addition of the two thiols. With an average
deviation of ∼11% (based on the four data points), this
method allows us to predictably control the fractional coverage
of azobenzene on Au NPs. In contrast, the simultaneous
addition of A1 and B1 led to a much higher deviation of ∼94%
(Figure 2d, red markers).
Having demonstrated the ability to control the amount of

A1 on the surfaces of NPs, we sought approaches to further
(i.e., beyond χ = 0.36) increase the loading of azobenzene on
Au NPs while keeping the particles soluble in water. First, we
replaced A1’s alkyl chain with the hydrophilic tris(ethylene
glycol) to afford A2 (Figure 1). With the same background
ligand B1, the molar fraction of A2 on 2.5 nm water-soluble
NPs could be increased up to χ ≈ 0.53 (Figure 2e). The A2/
B1 combination emphasized the usefulness of the three-step
NP functionalization protocol adopted in this work; as the red
markers in Figure 2e show, treating 2.5 nm NPs simultaneously
with a mixture of 5 equiv of A2 and 5 equiv of B1 resulted in
NPs on which no A2 could be detected. On the other hand,
following the modified protocol allowed us to place desired
amounts of A2 on the NPs, with an average deviation (from θ
= χ) of only ∼23% (Figure 2e, green markers). We also
synthesized A3, which contains an extra quaternary ammonium
group at the 4′ position of azobenzene. This presence of this
highly polar group allowed us to further increase the molar
fraction of azobenzene on Au NPs to χ = 0.84 (see Supporting
Information, Figure S56b).
To verify the applicability of our functionalization protocol

to NPs of other sizes, we worked with 5.5 nm, DDA-capped Au
NPs. Similar to 2.5 nm NPs, these larger particles could be
readily functionalized with different Am/Bn mixtures such that
the resulting χ approached the expected θ value (see
Supporting Information, Section 4.2.1, for details). For
example, the A1:B1 ratio on the NPs differed by only ∼12%
from the expected one (average value based on three samples).
To further demonstrate the proof-of-concept, we worked with
a mixture of A2 and a newly synthesized polar ligand, B2.
Figure 2f shows a representative TEM image of A2/B2-
functionalized NPs at θ = 0.20 (corresponding to χ = 0.15),
and the UV/vis spectra in Figure 2g correspond to NPs
decorated with three different A2:B2 ratios. Based on these
three samples, we determined the average deviation from θ = χ
to be ∼14%. Experiments with multiple other Am/Bn
combinations confirmed that our functionalization procedure
allows us to control the molar fraction of azobenzene on both
2.5 and 5.5 nm NPs.

Reversible Isomerization of Azobenzene on Water-
Soluble Nanoparticles. It was of critical importance to verify
that azobenzenes adsorbed on the surfaces of gold NPs retain
their photoswitchable properties. Figure 3a shows changes in
the UV/vis spectra of A1/B1-functionalized 2.5 nm NPs (χ =
0.17) resulting from exposure to a low-intensity (∼0.7 mW·
cm−2) hand-held UV light source. Within several minutes of
UV irradiation, the band at ∼350 nm decreased nearly to the
background level, indicative of trans → cis azobenzene
isomerization. Notably, azobenzene switching did not affect
the high colloidal stability of the NPs (no absorption increase
in the long-wavelength region, Figure 3a). Therefore, these
NPs behave differently than the azobenzene-coated NPs do in
hydrophobic solvents, which, upon UV irradiation, readily
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assemble into metastable aggregates to minimize contact with
the nonpolar environment.30,45,46

To accurately determine the photoisomerization yield of
azobenzene on NPs, we developed a procedure based on a
combination of UV/vis absorption and NMR spectroscopies
(see Section 6 of the Supporting Information for details).
Using this method, we found that the photostationary state
(PSS) under UV light contained ∼92% of the cis isomer
(Figure 3b). Subsequent exposure to blue light (we worked
with a 460 nm light-emitting diode) triggered a fast back-
isomerization reaction; the PSS was reached within <2 min,
and it consisted of ∼84% trans-azobenzene. We also studied
the kinetics of spontaneous back-isomerization (relaxation) in
the dark (Figure 3c). Kinetic analysis of the reaction,
performed by monitoring the increase in absorbance at 350
nm, revealed that the reaction obeyed first-order kinetics, with
a rate constant of k ≈ 0.032 h−1, a value typical of A1 and other

structurally simple azobenzenes in organic solvents. Nano-
particles functionalized with higher amounts of A1 behaved
analogously; for example, UV irradiation of χ = 0.36 NPs
allowed us to establish a PSS with ∼90% cis-A1 within a similar
time scale of several minutes (Figure 3d; see also Figures S59−
S61 in the Supporting Information). Importantly, the system
was highly reversible (Figure 3e), and repeated switching of
azobenzene on the NPs did not affect their size distribution
(Figure 3f).
To help better understand the high solubility and efficient

switching of A1/B1-functionalized NPs in water, we studied
these particles by means of atomistic molecular dynamics
(MD) simulations. In these studies, an icosahedral47−49 gold
nanoparticle functionalized with a densely packed monolayer
of randomly distributed trans-A1 and background ligands B1
was first constructed. The size of the metallic core was ∼2.5
nm, and χ amounted to 0.15 (which corresponds to 14 A1
ligands and 77 B1 ligands; Figure 4a, left), in agreement with a

typical experimental situation, and the NP was allowed to
equilibrate (20 ns) in a box of water. We found that in their
energy-minimized state (Figure 4a, right) these NPs featured
trans-azobenzene moieties buried within the ligand monolayer;
in other words, the high energy of trans-A1 in water was
decreased by solvation with long alkyl chains (see also

Figure 3. (a) Evolution of the UV/vis absorption spectra of an
aqueous solution of A1/B1-functionalized 2.5 nm Au NPs (χ = 0.17)
under UV light exposure. (b) Reversible photoswitching of A1 on
A1/B1-functionalized 2.5 nm Au NPs. (c) Kinetics of the thermal
back-isomerization of A1 on the same NPs (A∞ denotes the
absorbance at λmax before irradiation; A0, immediately after an
extended exposure to UV light; At, after thermal relaxation for time t;
k, rate constant). (d) UV/vis absorption spectra of an aqueous
solution of A1/B1-functionalized 2.5 nm NPs (at χ = 0.36) before
(black) and after (purple) exposure to UV light and after subsequent
exposure to blue light (in blue). (e) Reversible switching of
azobenzene for 10 cycles (10 min of UV and 1 min of blue light
irradiation were applied in each cycle (χ = 0.36)). (f) Representative
TEM image of χ = 0.36 A1/B1-functionalized 2.5 nm Au NPs after 10
switching cycles.

Figure 4. Snapshots from molecular dynamics (MD) simulations of
an A1/B1-coated gold NP in the trans (a) and cis (b) state of
azobenzene. The images on the left correspond to t = 0, and those on
the right correspond to t = 20 ns. Color codes: C, cyan; N, blue; O,
red; S, yellow. (c) Average distance between the center of the NP and
the center of mass of the NN moiety of the trans (red) and cis
(blue) isomer of A1 as a function of time.
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Supporting Information, Figure S84). The positively charged
ammonium groups of B1, on the other hand, retained their
initial protruding configuration, which can explain the excellent
water solubility of these NPs despite the presence of the
hydrophobic trans-azobenzene groups.
We separately considered a cis-A1/B1-coated NP (Figure

4b). Similar to their trans isomers, the cis-azobenzene groups
became buried within the nonpolar monolayer, albeit to a
lesser (by ∼2 Å) extent, which can be visualized by plotting the
average distance of the center of mass of the NN moiety to
the center of the NP (Figure 4c). This result can be
rationalized by the more hydrophilic character of the cis
form, which can interact with water molecules via its nitrogens’
lone electron pairs.50,51 On the basis of these results, we
postulate that azobenzene switching in A1/B1-functionalized
NPs occurs within the nonpolar nanoenvironment of the NP-
bound alkyl chains52 (Figure 4, green arrows) rather than in
the aqueous phase.
We then proceeded to study azobenzene photoswitching on

NPs functionalized with other Am/Bn combinations. Both A2/
B1- and A3/B1-functionalized 2.5 nm NPs behaved
analogously to A1/B1 NPs, with the photoisomerization
reactions completed within ∼10 min for the trans→ cis and ∼2
min for the cis → trans reaction, respectively (Supporting
Information, Figures S62−S67 and S85). However, increasing
the loading of azobenzene on the NPs led to poorer PSSs
under the same irradiation conditions (e.g., ∼19% residual
trans-A3 for χ = 0.16 A3/B1-coated NPs, but as much as
∼29% trans-A3 for χ = 0.84 NPs). Interestingly, varying χ had
no effect on the kinetics of the back-isomerization reaction: we
found that cis-A2 on A2/B1-coated 2.5 nm NPs relaxed with
the same rate constant of k ≈ 0.024 h−1 irrespective of χ (in
the range 0.15 ≤ χ ≤ 0.49) (Supporting Information, Figure
S68). We were also interested in determining whether the
kinetics of thermal relaxation are affected by NP curvature. To
this end, we prepared two batches of differently sized Au NPs
(2.5 and 5.5 nm) functionalized with mixtures of A2 and B2 (χ
= 0.13 for 2.5 nm and 0.15 for 5.5 nm) and verified that both
could be switched upon UV light irradiation (these studies
were performed in a 9:1 (v/v) water−methanol mixture as the
solvent; A2/B2-coated 5.5 nm NPs could not be redispersed in
pure water). However, back-isomerization of A2 on 5.5 nm
NPs proceeded markedly (by approximately 2-fold) slower,
compared to 2.5 nm NPs (Supporting Information, Figure
S69). This result can be explained by the smaller curvature
associated with the larger particles,17,53 which can increase
molecular crowding, thus stabilizing the cis isomer.
Next, we investigated the effect of ligand length on the

switching properties of NP-bound azobenzene. To this end, we
functionalized Au NPs with a mixture of a short thiolated-
azobenzene A4 and background ligand B3 and found that the
resulting NPs were readily soluble in water. However, exposure
to UV did not induce any changes in the absorption spectra of
these NPs, indicating that trans-azobenzene groups residing
close to the gold surface are difficult to photoisomerize. This
can be attributed to the quenching of the excited state of
azobenzene by gold, in agreement with previous literature
reports.15,54,55 We therefore considered combining the short
background ligand, B3, and the long-chain azobenzene, A1
(Figure 5). Similar to A1/B1-coated NPs, azobenzene A1
coadsorbed with B3 could be readily switched for many cycles,
and the reversible isomerization was not accompanied by NP
aggregation.

The good colloidal stability of A1/B3-functionalized NPs in
water may be surprising, given the lack of background ligands’
long alkyl chains capable of solvating the azobenzene groups
(compare with the right panels of Figure 4a and b). To help
explain the efficient hydration of these NPs, we performed
additional MD simulations and found that energy-minimized
configurations of these NPs in water featured small bundles
(aggregates) of azobenzene (Figure 5c,d). As expected, the
trans isomer of A1 exhibited a higher propensity to aggregate,
with aggregates of up to five azobenzene units, whereas the
more polar cis-A1 afforded a ∼1:1 mixture of free and
dimerized azobenzenes. These results indicate that in the
absence of a nonpolar nanoenvironment on the NP surfaces,
the surface energy of the NP−water interface is decreased by
stacking the azobenzene units.
Interestingly, we repeatedly observed that the trans → cis

isomerization of azobenzene within the putative bundles on
A1/B3-functionalized NPs proceeds faster (by a factor of ∼2)
than on A1/B1- functionalized NPs at the same value of χ. The
seemingly counterintuitive observation that aggregated azo-
benzenes isomerize faster than isolated ones can be explained
by a cooperative switching mechanism, whereby isomerization
of an azobenzene unit is facilitated by the switching of its

Figure 5. (a) UV/vis absorption spectra of an aqueous solution of
A1/B3-functionalized 2.5 nm Au NPs before (black) and after
(purple) exposure to UV light and after subsequent exposure to blue
light (in blue). (b) Reversible photoswitching of A1 on the same NPs.
(c, d) Snapshots from MD simulations of an A1/B3-coated gold NP
in the trans (c) and cis (d) state of azobenzene. The images on the left
correspond to t = 0, and those on the right correspond to t = 16 ns.
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neighbor. This mechanism has previously been used to
rationalize the accelerated isomerization of azobenzene in the
crystalline state18 and within molecules self-assembled on
planar substrates.16,17,19,20

Effect of Background Ligand on the Kinetics of
Azobenzene Isomerization on Gold Nanoparticles. To
investigate the effect of background ligand on the switching
properties of azobenzene, we prepared 2.5 nm NPs
cofunctionalized with A2 and several different background
ligands (all NPs were at χ ≈ 0.15). We found that shortening
the alkyl chain of B1 by five methylene groups (i.e., ligand B4)
had no effect on the kinetics of the back-isomerization reaction
(Figure 6a; k ≈ 0.024 h−1). Likewise, replacing the terminal
positively charged group of B1 with the negatively charged
carboxylate (ligand B5) had little effect (k ≈ 0.030 h−1). In
contrast, replacing B1’s alkyl chain with a tris(ethylene glycol)
chain of similar overall length (B6) increased the rate of
relaxation approximately 2-fold (k ≈ 0.053 h−1). We
hypothesized that this increase might be related to the high
flexibility of OEG chains56−61 (compared to alkyl chains),
resulting in more conformational freedom available to the
terminal azobenzene groups. Indeed, analysis of MD
simulations of A2/B1- and A2/B6-coated NPs (Figures
S87−S89 in the Supporting Information) confirmed that
when coadsorbed with B6, the azobenzene group of A2 has
more conformational freedom. Furthermore, additional accel-
eration was observed for ligands incorporating longer OEG
linkers; see the combinations A5/B7 and A5/B9 below.
Interestingly, when hydroxy-terminated thiol B8 was used as

the background ligand, a dramatic acceleration of azobenzene
back-isomerization was observed (k ≈ 4.17 h−1, corresponding
to the thermal half-life of cis-azobenzene, τ1/2, of only ∼10
min). We attribute this result to the hydrogen bond (H-bond)
formation between B8’s OH group and cis-A2’s nitrogen
atoms, which can decrease the double-bond character of the
NN moiety, thereby facilitating the rotation about this bond
and reducing the energy barrier to the more stable trans isomer
(see Figure 6b).
It is interesting to point out an analogy to the study by

Tamaoki and co-workers, who synthesized a small-molecule
azobenzene appended with a strategically placed phosphate
group capable of forming a hydrogen bond with azobenzene’s
nitrogen.62 At pH = 7.3, the phosphate group was
predominantly deprotonated and cis-azobenzene was found
to back-isomerize relatively slowly. However, decreasing the
solution pH to 6.1 activated H-bonding between cis-
azobenzene and protonated phosphate, increasing the rate of
relaxation by approximately 40-fold.62

Hecht et al. has recently shown that azobenzene back-
isomerization can be efficiently catalyzed63,64 by electrons and
holes, which, in our case, could potentially originate from the
metallic core of the nanoparticle. In fact, the groups of
Scaiano,65 Santer,66 and Aramendıá67 have demonstrated the
fast back-isomerization of azobenzene in proximity to weakly
stabilized (“bare”) gold NPs. We wish to emphasize, however,
that this pathway is unlikely in our case, since (i) the particles
are passivated with a protective layer of thiols and, more
importantly, (ii) rate acceleration is only observed in the
presence of background ligands terminated with hydroxy
groups.
To verify the critical role of the hydroxy group, we also

prepared NPs cofunctionalized with A2 + B2 and found that
the rate of thermal relaxation was even faster, k ≈ 10.8 h−1

(Figure 6a). This can be explained by the higher propensity for
H-bond formation between A2 (where the distance between
the S atom and the center of mass of the NN moiety is dS−N
= 21.1 Å) and B2 (the distance between the S and terminal O
atoms is dS−O = 20.1 Å; ΔdA2/B2 = 1.0 Å) than between A2 and
B8 (dS−O = 26.7 Å, ΔdA2/B8 = 5.6 Å; all distances were
calculated for extended structures using GaussView soft-
ware68). Overall, our results show that the rate of azobenzene
back-isomerization in water can be tuned by a factor of ∼500
simply by changing the background ligand with which it is
coadsorbed on gold NPs.

Figure 6. (a) Dependence of the thermal back-isomerization of cis-A2
and cis-A5 on 2.5 nm Au NPs as a function of background ligand Bn
(note the logarithmic scale). The surface coverage of azobenzene, χ,
corresponded to ∼0.15 for all NPs. (b) Proposed mechanism for
back-isomerization of cis-azobenzene assisted by a neighboring
hydroxy group. (c) Snapshots from MD simulations of a cis-A5/B8-
coated 2.5 nm gold NP. (d) Differing kinetics of UV-induced trans →
cis azobenzene isomerization on A5/B8- and A5/B9-coated 2.5 nm
Au NPs (χ ≈ 0.15 in both cases) (here, A0 is the initial absorbance at
∼350 nm, At is the absorbance after exposure to UV light for time t,
and A∞ is the absorbance after exhaustive exposure to UV (PSS)69).
(e) Number of hydrogen bonds (by MD simulations) between B8
and trans- vs cis-A5 over a period of ∼20 ns.
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Extending the OEG chain of A2 by three EG units (i.e.,
ligand A5) again resulted in a fast back-isomerization reaction
(k ≈ 11.9 h−1 on A5/B8-functionalized 2.5 nm NPs,
corresponding to a τ1/2 value of 3.5 min). Although this result
may appear surprising given the relatively large ΔdA5/B8 = 5.5 Å
(dS−N in A5 = 32.2 Å), it can be explained by the high
flexibility of long OEG chains, which can facilitate interactions
between H-bond donors and acceptors. When, however, the
distance between the donor and acceptor sites was increased to
Δd = 16.3 Å (using the A5 + B7 combination; dS−O in B7 =
15.9 Å), the rate of back-isomerization dropped substantially
(k ≈ 0.20 h−1; see Figure 6a).
An ideal control experiment verifying the importance of

hydrogen bonding between coadsorbed azobenzene- and
hydroxy-terminated thiols would be based on replacing the
acidic hydrogen with a methyl group. To this end, we
synthesized ligand B9 and indeed found that the rate of back-
isomerization decreased from 11.9 h−1 (for A5/B8) to 0.16 h−1

(A5/B9). This on-nanoparticle H-bonding was further
investigated by MD simulations, which revealed the presence
of H-bonds between cis-A5 and B8 residing on the same NPs
(Figure 6c). In sharp contrast, the terminal methoxy groups of
B9 were exposed to the solvent; see Supporting Information,
Figure S91a.
We separately simulated a mixture of trans-A5 and B8

coadsorbed on 2.5 nm Au NPs. These simulations showed that
the trans isomer of A5 may also be capable of forming H-bonds
with B8’s hydroxy group (Supporting Information, Figure
S91b), thus possibly reducing the double-bond character of the
NN group and increasing the rate of the trans→ cis forward-
isomerization. To verify this hypothesis, we exposed NPs
functionalized with trans-A5/B8 and trans-A5/B9 to UV light
for increasing periods and found that, indeed, isomerization
proceeded faster with the OH-terminated B8 as the back-
ground ligand (Figure 6d). The difference in rates, however,
was much smaller than in the case of back-isomerization (∼4
and ∼74, respectively), which can be accounted for by the
lower percentage of trans-A5 vs cis-A5 engaged in H-bonding
with B8 (estimated as 0.7% and 1.9%, respectively, over a
period of of 20 ns; Figure 6e) and by the lower strength of H-
bonds formed by trans-A5 (a significant distortion from
planarity in the O−H···N moiety; see Figure S91c in the
Supporting Information).
To verify the mechanism shown in Figure 6b (specifically,

the importance of the oxygen atom at the para position of
azobenzene), we also synthesized thiolated azobenzene A6
with an alkylas opposed to alkoxysubstituent at the para
position. Interestingly, this small change in the structure of
azobenzene had a profound effect on the kinetics of back-
isomerization, with nearly no acceleration observed in the
presence of hydroxy-terminated background ligand B2
(compare k ≈ 0.028 h−1 for A6/B2-coated NPs with k ≈
10.8 h−1 for A2/B2-coated NPs; Supporting Information,
Figures S71 and S73). These results are in agreement with our
earlier results on light-induced self-assembly of NPs in
nonpolar solvents, where we showed that the surface polarity
of NPs coated with 4,4′-dialkoxysubstituted cis-azobenzenes is
much higher compared to NPs functionalized with cis-
azobenzenes having only one substituent at the para
position.13,70 In other words, removing the electron-donating
alkoxy substituent in A6 decreased the electron density on the
nitrogen atoms, thus decreasing the hydrogen-bond-accepting
character of the cis-azobenzene group.

Next, we investigated the effect of solvent on the
intermolecular interactions between azobenzene A5 and
background ligands. To this end, we prepared concentrated
solutions of A5/B8-functionalized 2.5 nm Au NPs in water and
diluted them with 24 volumes of various organic solvents (i.e.,
volume fractions of water in the resulting solutions = 4%). We
hypothesized that organic solvents can solvate azobenzene
and/or hydroxy groups, thus weakening the H-bonding
between them. Indeed, the presence of organic solvents
decreased the rate of thermal relaxation of cis-A5 from k ≈ 11.9
h−1 (pure water) all the way to k ≈ 0.025 h−1 (for 24:1
dioxane−water) (Figure 7a; see also Supporting Information,
Figure S74). Notably, the back-isomerization rates in DMF-,
acetone-, and dioxane-rich solutions were similar to those of
free A5 in organic solvents, suggesting excellent solvation of

Figure 7. (a) Rates of thermal back-isomerization of cis-A5 on A5/
B8-functionalized 2.5 nm Au NPs in different 1:24 water−solvent
mixtures, where the solvent is indicated on the left. (b) Dependence
of the back-isomerization rate of cis-A5 on A5/B8-functionalized 2.5
nm Au NPs as a function of the composition of the acetonitrile−water
mixture. (c) Rates of the thermal back-isomerization of cis-A5 on A5/
B9-functionalized 2.5 nm Au NPs in different 1:24 water−solvent
mixtures, where the solvent is indicated on the left (HCl solution in
pure water).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b09638
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09638/suppl_file/ja8b09638_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b09638


the terminal groups of A5 and B8 and no strong interactions
between them. Surprisingly, however, the addition of
acetonitrile (MeCN) led to a pronounced increase in the
reaction rate (k ≈ 79.2 h−1), indicating efficient stabilization of
the intermolecular interactions between A5 and B8 in this
solvent. To confirm that the >3000-fold difference (0.025 h−1

vs 79.2 h−1) in relaxation kinetics in dioxane- and MeCN-rich
solutions is due to intermolecular interactions on NPs and
interactions of azobenzene with solvent molecules, we
prepared solutions of small-molecule A5 in dioxane and
MeCN and found only a small (∼1.2-fold) difference in the
back-isomerization rates (Supporting Information, Figure
S72). By studying the behavior of A5/B8-functionalized NPs
in several different MeCN−water mixtures, we found that the
transition between the fast and the very fast regime occurs
between 87.5% and 90% v/v MeCN contents (Figure 7b; see
also Supporting Information, Figure S75). We therefore
speculate that when present at ≥10%, water can to some
extent interfere with the on-NP H-bond formation; however at
≤7.5%, no such competition exists.
As expected, replacing B8’s OH group with OMe decreased

the kinetics of back-isomerization in all solvents (Figure 7c).
The extent of decrease was most striking for the 24:1 MeCN−
water mixture, where the relaxation rate of cis-A5 decreased by
a factor of ∼6100 simply by replacing background ligand B8
with B9 (as illustrated in the abstract graphic). We also studied
the back-isomerization of cis-A5 coadsorbed with B9 in the
presence of a strong acid, potentially capable of reducing the
bond order of the NN moiety, thus facilitating back-
isomerization. Indeed, reducing a solution’s pH from 7 to ∼1.6
increases the rate from ∼0.16 h−1 to ∼9.43 h−1 (23 mM HCl
in Figure 7c). Quite remarkably, k ≈ 9.43 h−1, observed for
A5/B9-functionalized NPs at a low pH, was still lower than k
≈ 11.9 h−1 found for A5/B8-coated NPs at pH = 7,
emphasizing the importance of preorganization/high effective
molarity on hydrogen bond formation.
Having discussed the properties of azobenzenes on the

surfaces of water-soluble NPs, we revisit the issue of ligand
mixing on NP surfaces. We argue that, with the exception of
NPs decorated with the very short background ligand B3
(Figure 5c,d), thiolated azobenzenes Am and background
ligands Bn are intermixed and do not phase-separate on NPs.
This argument is supported by the following observations.
First, NPs featuring patches of azobenzene would have a
propensity to aggregate into small clusters by hydrophobic
interactions; no such clusters could be detected by TEM.
Second, replacing the background ligand on azobenzene-
coated NPs would have little effect on the switching properties
of azobenzenes if Am and Bn were phase-separated; however,
we found that the properties of azobenzene are greatly affected
by the background ligand. In particular, all the azobenzene
units on NPs cofunctionalized with Am and hydroxy-
terminated background ligands back-isomerize rapidly, suggest-
ing that each has at least one OH-donating neighbor. Third,
the back-isomerization rate was independent of χ, as
demonstrated for A2/B1-functionalized 2.5 nm gold NPs,
suggesting that a good mixing of the two ligands exists. It is
important to point out that the first step of our ligand-
exchange protocol (i.e., treating DDA-coated NPs with a
substoichiometric amount of azobenzene) most likely does
lead to patches of azobenzene; it is the subsequent addition of
an excess of thiols that apparently results in equilibration to
monolayers of intermixed ligands.

Accelerated Back-Isomerization of Azobenzene on
Other Inorganic Nanoparticles. To further confirm that the
accelerated relaxation of cis-azobenzene on NPs is not induced
by the plasmonic nature of gold particles, we coadsorbed
azobenzene-terminated ligands with hydroxy-terminated back-
ground ligands on other inorganic NPs. First, we prepared
water-soluble 3.5 nm palladium NPs cofunctionalized with A2
and B2 (Figure 8 and Supporting Information, Section 8) and

verified that A2 could be reversibly isomerized on these NPs
(Figure 8a−d). Although a significant (∼11-fold) acceleration
was observed (k ≈ 0.18 h−1, compared with k ≈ 0.016 h−1 for
small-molecule A2 in DMSO), the effect was much less
pronounced than on A2/B2-coated 2.5 nm Au NPs (k ≈ 10.8
h−1, i.e., ∼700-fold acceleration), which could be due to the
previously reported oxidation of the Pd NP surface (to PdO),
which decreases the overall density of thiolate ligands on these

Figure 8. (a) Evolution of the UV/vis absorption spectra of an
aqueous solution of A2/B2-functionalized 3.5 nm Pd NPs (χ ≈ 0.10)
under UV light exposure. (b) Kinetics of the thermal back-
isomerization of A2 on these NPs. The inset shows a representative
TEM image of water-soluble A2/B2-functionalized 3.5 nm Pd NPs.
(c) Reversible photoswitching of A2 on A2/B2-functionalized 3.5 nm
Pd NPs. (d) Reversible switching of azobenzene for 10 cycles (5 min
of UV and 2 min of blue light irradiation were applied in each cycle).
(e) Structural formulas of catechol-based ligands for Fe3O4 NPs:
azobenzene-terminated ligand A7 and hydroxy-terminated ligand
B10. (f) Kinetics of the thermal back-isomerization of A7 on A7/
B10-functionalized 4.0 nm Fe3O4 NPs (χ ≈ 0.10). The inset shows a
representative TEM image of these NPs.
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NPs, thereby increasing the average distance between hydro-
gen bond donors (OH groups) and acceptors (azobenzene).71

We also synthesized 4.0 nm Fe3O4 (magnetite) NPs
cofunctionalized with the previously reported45 azobenzene
A7 and hydroxy-terminated background ligand B10 (Figure
8e). Despite considering several hydroxy-terminated back-
ground ligands, we did not succeed in preparing water-soluble,
azobenzene-coated Fe3O4 NPs and studied their properties in
2:1 v/v toluene−methanol. Azobenzene A7 on these NPs
back-isomerized with k ≈ 0.030 h−1 (Figure 8f), corresponding
to a minor acceleration effect (∼3-fold; k ≈ 0.0097 h−1 for free
A7 in the same solvent mixture; Supporting Information,
Figure S78), which could be attributed to the relatively large
footprint of catechol-based ligands45,72 and consequently
decreased intermolecular interactions between A7 and B10.
Nevertheless, the accelerated reaction on both Pd and Fe3O4
NPs, together with the other experimental observations and
computer simulations, indicate that fast thermal relaxation of
cis-azobenzene on nanoparticulate platforms is predominantly
(if not exclusively) due to intermolecular coupling to the
nearby hydroxy-terminated ligands.
Wetting Properties of Aqueous Solutions of Azo-

benzene-Functionalized Nanoparticles. Finally, we were
interested in determining whether azobenzene switching on
NPs could affect the properties of the aqueous solutions of
these particles. To this end, we placed 10 μL water droplets
containing increasing amounts of A2/B1-functionalized 2.5 nm
Au NPs (χ ≈ 0.53) on top of polystyrene (PS) Petri dishes and
determined the contact angles as a function of NP
concentration (Figure 9a, red markers). We found that the
contact angle, ∠, decreased from ∼90° (pure water) to 55 ± 3°
even for a dilute (c = 0.10 μM) aqueous solution of these NPs.
For concentrations ≥ 0.83 μM, the droplets were found to wet
the surface completely (superwetting regime, ∠ ≈ 0°; Figure

9b, second from the left). These results suggest that
azobenzenes bound to one hemisphere of each NP interact
with the hydrophobic PS surface, whereas azobenzenes on the
other hemisphere remain buried inside the mixed monolayer,
facilitating hydration and efficient wetting of PS substrates; in
other words, these NPs can act as “nanoscale surfactants”.
Indeed, decreasing the fractional coverage of A2 required
higher concentrations of NPs to achieve wetting of PS: the
contact angle of χ ≈ 0.33 NPs dropped below 60° only when a
c = 5.8 μM solution was used, whereas aqueous solutions of χ
≈ 0.15 NPs did not spread on PS even at a high (c = 11.6 μM)
concentration of NPs (Figure 9a, green and red markers,
respectively).
When the solution of χ ≈ 0.53, A2/B1-functionalized 2.5

nm Au NPs were exposed to 10 min of UV light (resulting in
PSS containing ∼31% of residual trans) prior to being
deposited on the PS substrate, wetting was suppressed (∠ ≈
29°; Figure 9b, the third from the left). This effect was
observed for a wide range of NP concentrations (0.1 μM ≤ c ≤
2.9 μM; purple markers in Figure 9a) and could be explained
by the higher affinity of the trans isomer of A2 (compared with
the more hydrophilic cis-A2) to the underlying PS surface. Pre-
exposing the same NP solution to 10 min of UV and then to 2
min of blue light produced a PSS comprising ∼93% trans-A2,
resulting in the complete wetting of PS (Figure 9b, right).
Interestingly, placing the same NP solution onto a more
hydrophilic surface (we worked with silicon wafers) had the
opposite effect: we found that pre-exposure to UV light
facilitated spreading (Figure 9c), which could be attributed to
the favorable interactions50,51 between the cis-azobenzene
moieties and the surface OH groups.

■ CONCLUSIONS
In sum, we co-deposited several thiolated azobenzenes with
thiols terminated with various polar functional groups on the
surfaces of gold nanoparticles. Owing to the polar nature of the
latter, “background” ligands, the resulting NPs were readily
soluble in different polar solvents, including water. Depending
on the length of the background ligand, the intrinsically
hydrophobic azobenzene groups self-organized into two
distinct supramolecular architectures, identified with the help
of molecular dynamics simulations. Azobenzene adsorbed on
NP surfaces retained its light-switchable properties and, once
isomerized to the cis isomer, spontaneously back-isomerized in
a reaction that obeyed first-order kinetics. These NPs allowed
us to systematically investigate the kinetics of azobenzene
back-isomerization as a function of the background ligand. In
the course of these studies, we found that background ligands
terminated with the hydroxy group increased the rate of back-
isomerization. We demonstrated that simply replacing the
terminal methoxy group with an OH could facilitate the
reaction by a factor of >6000. Efficient acceleration was
observed only in cases where the length of the background
ligand was similar to that of the azobenzene-terminated thiol,
suggesting the involvement of intermolecular interactions
(hydrogen bonding) between the two species. Several groups
have previously reported on the fast thermal relaxation of cis-
azobenzenes bearing hydroxy substituents at the para
position.73−76 In all these cases, however, the acceleration
was attributed to the ability of these azophenols to undergo
partial deprotonation. We showed that nanoparticle surfaces
provide an environment that promotes intermolecular
interactions, resulting in unprecedented rates of back-isomer-

Figure 9. (a) Contact angles of aqueous solutions of A2/B1-
functionalized 2.5 nm Au NPs on polystyrene as a function of the
fractional coverage of azobenzene on the NPs (χ). (b, c) Photographs
of water droplets (left) and droplets of a 0.83 μM aqueous solution of
χ = 0.53 NPs placed on polystyrene (b) and silicon wafer (c) before
and after exposure to light.
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ization even in azobenzenes lacking the hydroxy group. Our
results pave the way toward the development of novel light-
responsive materials operating in aqueous media and, in the
long run, in biological environments. Importantly, these studies
can readily be extended to other switchable molecules77−79 and
background ligands, as well as to nanoparticles of other sizes
and compositions, including upconversion NPs.80
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