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The ability to switch the hydrophilicity/hydrophobicity of nano-
particles promises great potential for applications. Here we report
a generic approach that allows hydrophobization of cationic sur-
faces by light-induced photoacid switching from the unbound
zwitterionic form to the electrostatically bound anionic form.
Importantly, this allows reversible assembly and disassembly of
cationic AuNPs, with disassembly kinetics controlled by tempera-
ture. The AuNPs can be repeatedly transferred between aqueous
and non-polar solvents using light, showing potential in purifi-
cation processes. In the macroscopic scale, nontrivially, light trig-
gers the in situ hydrophobization of a flat cationized gold surface.
The current approach is generic and opens up a new way to
control the surface properties and self-assembly of nanoparticles.

Introduction

Controlling the surface chemistry of nanoparticles has been a
major focus due to its vital importance in, e.g, stabilizing the
nanoparticles, guiding the self-assembly and plasmonic coupling,
tuning the biocompatibility, and enabling sensitivity."* The
ability to reversibly switch the nanoparticles between the hydro-
philic and hydrophobic states promises intriguing potential for
applications such as purification of colloids, sensing of metals or
biomolecules, and new routes for out-of-equilibrium self-
assemblies.””” Most approaches so far are based on covalent graft-
ing of photoresponsive ligands, use of light-controlled specific
host-guest chemistry, or irreversible adsorption of charged
surfactants.”*™? In particular, use of light to control the surface
properties of nanoparticles is highly desirable due to the high
temporal and spatial resolution of the light, and the potential to
couple with other processes such as photomechanical
actuation.”* ™ Here we first report on the light-induced hydro-
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phobization of cationic gold nanoparticles (AuNPs), based on the
reversible electrostatic adsorption of a photoacid that can be
switched between zwitterionic and anionic forms. In comparison
with previous studies using covalently grafted spiropyrans,”® >
the present concept allows considerable design flexibility, since
the components can be synthesized separately and different catio-
nization methods can be used. The hydrophobization allows
reversible assembly/disassembly of AuNPs, and the kinetics of
the disassembly process can be easily controlled by temperature.
Importantly, cationic AuNPs can be reversibly transferred
between aqueous and non-polar solvents under the control of
light, a challenging task for metal nanoparticles to date. The prin-
ciple can further be extended to the macroscopic scale as shown
by the in situ hydrophobization of a cationized flat gold surface.

Results and discussion

Scheme 1 illustrates the light-induced hydrophobization
process on cationic AuNPs. Upon irradiation (420 nm), the
photoacid in Scheme 1 undergoes a transition from the proto-
nated merocyanine form to the spiropyran form, meanwhile
releasing a proton.>® Studies so far have been mainly based on
the pH change, such as colloidal self-assembly***>** or gelation
of supramolecular hydrogels.>>*® In contrast, we utilize another
notable feature of the photoacid: the transition from the zwitter-
ionic merocyanine to anionic spiropyran upon irradiation. In
the dark, the photoacid molecules are predominantly in their
zwitterionic form and do not interact specifically with the cat-
ionic AuNPs. Upon irradiation, the transition leads to the
adsorption of anionic spiropyran onto the nanoparticle surface,
forming a hydrophobic shell. This process is reversible, as the
photoacid spontaneously returns to its zwitterionic form and
detaches from the surface of AuNPs in the dark. Consequently,
the cationic AuNPs undergo reversible light-induced assembly/
disassembly cycles, as shown experimentally in Fig. 1.

The AuNPs were synthesized by a seed-mediated method in
the presence of tannic acid®>” and subsequently modified by
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Scheme 1 Light-induced hydrophobization of cationic gold nano-
particles. (a) Reversible switching between the zwitterionic form and
anionic form of the photoacid. (b) Cationic AuNPs. (c) Light-induced
adsorption of the anionic photoacid on the cationic AuNPs.

a
—— ~100F e [ Light 1
0.5 _Barhk 3 Ligmz
ight S ol H# N [ Light 3
= = Recovered <. 80 —Dgrk 1
g 04 i ——Dark2
c o 60 ~—— Dark 3
8 03 =
5 T 40
§ 0.2 8
©
£ 20
0.1 5
Z o0
0.0
500 600 700 800 40 20 0 20 40 60 80 100
Wavelength (nm) Zeta potential (mV)
C
Light on Light off
—  —— e ~—
— — =
E—
. ) L ) N o
d . o o o €
L} .
. e 0 o
.9 @ A o o
® o ace . °
H o
. . . i
- (S Light
) o. . 3 . °
o . . Dark
. e A % e .
ot * e
. . >
» .. . . o L]
{4 . ®
ke . 5 2 e 50nm

Fig. 1 Light-induced reversible assembly of 10.9 nm cationic AuNPs. (a)
UV-Vis spectra of AuNP/photoacid solution before and after irradiation.
(b) Zeta potential change of AuNPs upon three cycles of irradiation.
Irradiation: table lamp for 5 min. (c) Photographs of the AuNP/photoacid
solution in a disposable cuvette. White arrows: direction of irradiation.
(d), (e) Representative TEM images of cationic AuNPs in the dark and
after irradiation.

the cationic ligand (11-mercaptoundecyl)-N,N,N-trimethyl-
ammonium bromide (MUTAB) by a two-step phase transfer
method.”® The average diameter is 10.9 + 1.2 nm as deter-
mined by transmission electron microscopy (TEM) (Fig. S17).
The AuNPs were dispersed in an ag. 0.2 mM photoacid solu-

tion, where the pH was adjusted to 2.70 with hydrochloric
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acid. The acidic conditions were chosen for two reasons. First,
the stability of the photoacid in aqueous solutions is signifi-
cantly enhanced by acidification,?® which allows storage of the
solution in a fridge for several weeks. Second, the low pH sup-
presses the partial deprotonation of the merocyanine form*
and improves the reversibility of the assembly. In principle,
reversible assemblies of AuNPs can be achieved in the pH
range between 2.3 and 3.2 (Fig. S21). At pH 2.70, irradiation
only causes a minimal decrease of the pH to 2.66, close to the
theoretical value (2.659) of full deprotonation of the photoacid.
The ratio of photoacid molecules in the solution to cationic
ligands on the AuNPs is estimated to be 10, assuming that
each ligand occupies 0.214 nm>.'>?*° Comparable results are
achieved in the ratio range between 15 and 1.5 (Fig. S37),
demonstrating the robustness of the process. The cationic
AuNPs are stable in photoacid solutions as proven by the plas-
monic band around 520 nm and the zeta potentials of +37.2 +
6.0 mV shown in Fig. 1a and b. After irradiation for 5 min, the
UV-Vis spectrum shows a shifted plasmonic band around
557 nm and significantly increased absorbance above 520 nm,
both indicating the formation of AuNP assemblies.>"'*3!
Remarkably, the zeta potential of the AuNPs drops to +4.8 +
4.3 mV, which confirms the adsorption of the anionic photo-
acid and neutralization of the surface charges. Once the
irradiation is switched off, the photoacid molecules gradually
desorb from the AuNPs and the electrostatic repulsion is
restored. Consequently, the AuNP aggregates disassemble
within one hour, as seen from the recovered UV-Vis spectrum
and the zeta potential measurements shown in Fig. 1a and b.
This assembly/disassembly process is highly reversible and
also applicable for smaller AuNPs (5.1 nm), see Fig. S4 and
S5.1 Furthermore, the AuNPs/photoacid solution can be stored
at room temperature for at least one week without significant
changes of the response (Fig. S6t). In principle, other posi-
tively charged ligands, such as amine-terminated organothiols
(Fig. S77), can also be used for the hydrophobization process,
showing the generic applicability of the approach.

Fig. 1c shows the photoacid solution containing AuNPs
upon irradiation. A dark background was used to highlight the
scattering of light during the irradiation. Due to the small size,
the dispersed AuNPs show negligible scattering®® and therefore
appears to be dark at the beginning of irradiation. After
5 minutes, aggregates of AuNPs are formed, which give rise to
enhanced scattering of light and a bright appearance of the solu-
tion. The assemblies can be directly observed by TEM as shown
in Fig. 1d, e and S8.1 In the dark, the AuNPs are well dispersed,
compared to the polydisperse aggregates after irradiation, which
is commonly observed for destabilized nanoparticles.'***>

The ability to control the kinetics of transient assemblies
has been a constant pursuit in out-of-equilibrium and
dynamic systems.'*>?®*” We next demonstrate that the dis-
assembly kinetics of the metastable AuNP assemblies can be
readily controlled by temperature. The kinetics of the AuNP
disassembly depends on how fast the photoacid molecules
desorb from the AuNP surface in the dark, as a result of the
spontaneous recovery of the photoacid from the anionic spiro-
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pyran to zwitterionic merocyanine. This temperature-depen-
dent process of the photoacid recovery can be followed by the
change of absorbance of the aqueous photoacid solution at
420 nm as shown in Fig. 2a and S9.{ Here a 0.1 mM solution
was used due to the high absorbance of the photoacid. The
recovery kinetics can be characterized by the half-life of the
process (Fig. 2b), which increases from less than 10 s at 50 °C
to almost 20 min at 15 °C. On the other hand, a strong depen-
dence on temperature can be observed for the AuNP disassem-
bly process, shown by the change of absorbance at 800 nm in
Fig. 2c. For the range between 15 °C and 30 °C, the absorbance
continues to increase after the irradiation has been removed.
This could be the result of the slow photoacid recovery that
leads to further assembly of the AuNPs. The time needed to
reach the onset of re-dispersion is defined as the recovery time
() indicated in Fig. 2c. The recovery time demonstrates a
linear relationship with the half-life of photoacid recovery
(Fig. 2d), indicating the correlation between the two processes.

Conventionally, the transfer of the nanoparticles between
different solvent phases is achieved by surface modification
such as ligand exchange, or adsorption of charged
surfactants.”'%*%*3° However, the transfer is normally irrevers-
ible and sometimes accompanied by partial aggregation. Also
light-controlled host-guest chemistry can be used, but sacrifi-
cing the generality and limiting its applicability only to small
particles.”® We show that the solubility of the 10.9 nm AuNPs
in water or a non-polar solvent (toluene) can be switched by
light as shown in Fig. 3 (see Fig. S101 for 5.1 nm AuNPs). The
AuNPs remain unchanged during repeated phase transfers,
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Fig. 2 Temperature-controlled transient stability of AUNP assemblies.
(a) Recovery of the absorbance at 420 nm of a 0.1 mM photoacid solu-
tion after 5 min irradiation. (b) Half-life of the recovery process in (a).
Dashed curve: Exponential fitting. (c) Change of absorbance at 800 nm
of the AuNP/photoacid mixture after 5 min irradiation. The recovery
time (t;) is exemplified for 40 °C. (d) The recovery time of the AuNPs vs.
the half-life of the photoacid recovery. Dashed line: linear fitting.
Irradiation for (a) and (c): 25 mW cm™2 at 455 nm. Irradiation stops at t =
1 min.
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since the ligand (MUTAB) protection is kept intact throughout
the process. In the dark, the AuNPs are positively charged and
thus prefer to stay in the aqueous phase. Upon irradiation, the
neutralized and hydrophobized AuNPs can be easily extracted
into toluene by shaking. The transferred AuNPs in the toluene
phase are stable as confirmed by the typical reddish color and
TEM (Fig. S117). In the dark, the AuNPs gradually regain positive
charge and migrate back into the aqueous phase by gentle
shaking. The time scale of the transfer is also temperature
dependent. At 50 °C, less than 10 minutes are needed for the
complete transfer of AuNPs back to the aqueous phase, com-
pared to 1 hour at room temperature. The phase transfer process
is remarkably quantitative: 97-98% of the AuNPs are transferred
between the two phases as shown by the UV-Vis spectra in
Fig. 3b and c. This ability to transfer the AuNPs between
different phases can be potentially utilized for applications such
as purification of colloids, as illustrated in Fig. S12.}

The wettability of a surface is a highly relevant property for
various applications. Although the possibility to reversibly
switch the wettability has been shown,*® in situ control of the
contact angle is still challenging, requiring spontaneous flow
of the residing droplet. Here we show that a macroscopic
surface can also be hydrophobized (Fig. 4), as a further demon-
stration of the principle’s versatility. A 150 nm gold film was
evaporated on a silicon substrate (Fig. S13t), which was
further modified by MUTAB. As shown in Fig. 4b and c, the
contact angle of a photoacid solution on this surface is close
to 0° before irradiation, as expected for a highly polar surface.
Upon irradiation, the contact angle starts to increase within a
few seconds and reaches 60.1 + 0.7° in 50 s (Movie S17t), deter-
mined from 5 substrates. As the control, a bare gold surface
shows no response upon irradiation, where a constant contact
angle of 20° was observed. Intriguingly, the contact angle on the
cationic surface did not show observable recovery in the dark,
which may be attributed to the fact that the hydrophobized area
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Fig. 3 Light-induced reversible transfer of cationic AuNPs between two
solvents. (a) Photographs showing the transfer of AuNPs between
aqueous and toluene phases. (b) UV-Vis spectra of the aqueous phase in
the dark and after irradiation. (c) UV-Vis spectra of the toluene phase in
the dark and after irradiation. Irradiation: 25 mW cm™2 at 455 nm, 5 min.
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Fig. 4 (a) Schematic illustration of the hydrophobization and change of
the contact angle on a cationic gold surface. (b) Change of the contact
angles of a photoacid solution (0.2 mM, pH 2.70) on a bare and a cat-
ionic gold surface upon irradiation. (c) Photographs of the photoacid

solution on a cationic gold surface upon irradiation (455 nm, 8 mW
cm™?) starting at O s.

Si substrate

o

(i.e. initial area covered by the droplet) is much larger than the
area covered by the final droplet. The photoacid molecules on
the dewetted surface could not detach from the surface due to
the lack of contact with the liquid, and the surface surrounding
the final droplet therefore remains hydrophobic.

Conclusions

To sum up, we introduce the light-induced reversible hydro-
phobization of cationic AuNPs via electrostatic adsorption of
an anionic photoacid, in contrast to previously reported
methods using covalently grafted ligands or pH changes
caused by the photoacid. The hydrophobization causes transi-
ent assembly of AuNPs in the aqueous phase, and the dis-
assembly process can be kinetically controlled by temperature.
This feature could be relevant in programming the lifetimes of
assemblies in out-of-equilibrium and dissipative systems. The
light-induced switching between cationic and hydrophobic
states can be used to reversibly transfer the AuNPs between an
aqueous and a non-polar organic phase with high efficiency,
potentially useful for purification applications. This principle
can also be extended to macroscopic surfaces, where the
contact angle changes dramatically in situ from 0° to 60° upon
irradiation. The proposed mechanism is generic and opens up
a new way to control the surface properties and self-assembly
of nanoparticles. Future work will focus on the extension to
other colloidal systems and new application possibilities.
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