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Abstract

Ultrasmall gold nanoparticles (2 nm) were surface-coated with photoswitchable 3-azopyridine
ligands by ligand exchange with n-dodecanethiol-stabilized gold nanoparticles. Each gold
nanoparticle (2 nm) carried about 66 dodecanethiol ligands and 49 azo ligands. The azo ligands
were reversibly switchable between the E- and the metastable Z-isomer by UV and green light
irradiation as shown by UV-Vis and NMR spectroscopy. The photoswitching was not
significantly affected by the conjugation of the azo ligand to the nanoparticle surface, despite
the high density of ligands on the particle surface. This offers a pathway for photoswitchable
systems on the nanoscale, e.g. to manipulate supramolecular systems. The introduction of 0.5
wt% of the nanoparticles into a liquid crystalline host yielded a photoresponsive material which

showed a reversible nematic-to-isotropic phase transition upon irradiation

Introduction



Ultrasmall nanoparticles are on the border between atom-sharp metal clusters and classical
nanoparticles.[!l Typically, they have a diameter between 1 and 3 nm. A covalent surface
functionalization is possible by attaching ligands during synthesis,!?®! by ligand exchange after
synthesis,!”"1% or by subsequent covalent surface modification, e.g. by click reaction.l'!-!4l Such
ultrasmall nanoparticles are smaller than proteins, i.e. they offer the possibility for a surface
decoration by functional ligands that target, e.g. amino acids on the surface of proteins.[3-6 13!
They are also much less prone to a surface coating by a protein corona because they are smaller
than proteins, and because the adhesion of proteins is much more dynamic and temporary than
with larger nanoparticles.[!5-17]

The attachment of photoswitchable ligands to metal nanoparticles has been explored for larger
(plasmonic) nanoparticles and supramolecular systems.[!8-23] This offers a possibility to tune
the surface characteristics of a nanoparticle due to folding and unfolding of switchable ligands.
Conceptually, it can also be used to change the orientation of functional molecules that are
attached to the non-binding end of a surface-attached photoswitchable linker. It can also induce
local disorder by switching a ligand back and forth under continuous irradiation. The high
number of ligands that can be attached to ultrasmall nanoparticles due to their high curvature
(more than 100 on a 2 nm nanoparticle)!’> 241 leads to a very high local concentration of
switchable molecules. The strong gold-sulfur bond makes the ligand attachment very robust. 23]
NMR spectroscopy permits to follow the pathway of photoswitching for ultrasmall
nanoparticles, in contrast to larger nanoparticles that are not susceptible to NMR
spectroscopy.l?6-281 In the context of liquid crystals, larger (usually plasmonic) gold
nanoparticles without photoswitches have been proposed as dopant to vary the liquid crystal
properties.[29-33]

Here we report on a proof-of-concept study on the combination of ultrasmall nanoparticles with
photoswitchable ligands. We employed these particles to initiate the phase transition of a liquid
crystalline material. Photoswitchable 3-azopyridine ligands were attached to the surface of
ultrasmall nanoparticles in a high density. The photoresponse of the 3-azopyridine was only
slightly affected by the attachment to the gold surface, making these particles attractive for the
development of photoresponsive hybrid materials or multivalent binding platforms. We
demonstrate that the presence of functionalized gold nanoparticles in a liquid crystalline host
has only a minor effect on the phase transition temperature but leads to reversible

photoresponsive switching from nematic to isotropic upon irradiation with UV-light (365 nm).

Results and Discussion



The dodecanethiol-functionalized gold nanoparticles (AuDDT) were synthesized in toluene by
a modified Brust-Schiffrin synthesis.[*6-*7] Ligand 3 contained a photoswitchable azobenzene
group, together with a spacer and a terminal thiol group to permit covalent attachment to the
gold nanoparticle surface. After partial exchange of dodecanethiol with ligand 3,
photoswitchable gold nanoparticles (AuAzo) were obtained, which carried both dodecanethiol
and the photoswitchable ligand 3 on their surface (Figure 1). Ligand 3 can be switched from £
to Z by irradiation with UV-light (365 nm) and from Z to E by irradiation with green light (520

nm). All particles were colloidally stable in toluene.
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Figure 1: Schematic image of surface-decorated ultrasmall AuAzo gold nanoparticles, carrying

(E) (2)

dodecanethiol and the photoswitchable azo ligand 3 (left). £/Z photoswitching of the ligand 3
(right).

The particles were analyzed by complementary methods, including high-resolution
transmission electron microscopy (HRTEM), differential centrifugal sedimentation (DCS),
UV-Vis spectroscopy, and "H NMR spectroscopy in dispersion. Transmission electron
microscopy gave average core diameters of 1.8 £ 0.5 nm (AuDDT) and 2.1 £ 0.6 nm (AuAzo).
Internally, the gold nanoparticles were well crystalline (Figure 2). As expected, their size and

shape did not significantly change during the ligand exchange.



Figure 2: HRTEM images of ultrasmall AuDDT (left) and AuAzo (right) gold nanoparticles.

The hydrodynamic diameter of the particles was determined by differential centrifugal
sedimentation (Figure 3). A monodisperse distribution with no indication for the presence of
agglomerates or aggregates was obtained for both particle types. The hydrodynamic diameters
of the particles were in the ultrasmall range, with 1.4 = 0.4 nm for AuDDT nanoparticles and
1.5 £ 0.5 nm for AuAzo nanoparticles. However, differential centrifugal sedimentation
generally leads to an underestimation of the diameter for very small particles because the

effective density changes due to the ligand shell,?8! as reported earlier for similar systems.['
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Figure 3: Differential centrifugal sedimentation (DCS) of AuDDT and AuAzo gold

nanoparticles, dispersed in toluene. No aggregates or larger particles were present.

NMR spectroscopy can be used to investigate the successful attachment of ligands to the
nanoparticle surface. This is a viable method for ultrasmall nanoparticles; however, for larger
nanoparticles, significant peak broadening is observed, resulting in a significant decrease in
resolution.[?l NMR spectroscopy can also be used to determine the ligand ratio on the surface
by integration.[? 13- 3% Figure 4 shows 'H-NMR spectra of free dodecanethiol and ligand 3, as
well as 'H-NMR spectra of the nanoparticles AuDDT and AuAzo. As expected, the signals of
the ligands on the nanoparticles showed a distinct peak broadening compared to the free
ligands.[*28] As a result of peak broadening, the multiplicity also disappeared. No additional
sharp signals from dissolved ligands were present in the nanoparticle sample, indicating the

purity of the nanoparticle dispersion.[28]
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Figure 4: 'H NMR spectra of the dissolved ligand dodecanethiol (DDT), of AuDDT
nanoparticles, of the dissolved ligand 3, and of AuAzo nanoparticles, all in toluene-ds, except

for ligand 3 which was measured in CDCIl3 (from top to bottom).



The signal at 0.9 ppm in the spectrum of AuDDT nanoparticles was assigned to the methyl
group H1' and the signal at 1.5 ppm to the overlapping methylene groups H2'-H12'. In the NMR
spectrum of AuAzo nanoparticles, a clear peak broadening was observed as well, indicating the
successful ligand exchange. The peak broadening was also visible for the aromatic signals
between 6.5 ppm and 9.5 ppm, despite the considerable distance of the aromatic protons from
the metal core. Usually, the NMR signals become narrower again with increasing distance from
the metal core due to the increased mobility.[? By comparison of the spectra of AuDDT and the
free ligand 3 with that of AuAzo nanoparticles, the broad signal at 0.9 ppm was assigned to the
H1' proton of conjugated dodecanethiol. Thus, dodecanethiol was still present in the AuAzo
nanoparticles, i.e. the ligand exchange was only partial (which is not unusual for gold
nanoparticles).[> 41 To determine the ratio of DDT and ligand 3, the integrals at 8.4 ppm of
ligand 3 (proton H1) and the signal at 0.9 ppm of dodecanethiol (protons H1') were normalized
to the corresponding number of protons, resulting in a molar ratio of dodecanethiol to ligand 3
of about 1.6 : 1.

For AuDDT nanoparticles, the number of dodecanethiol ligands per particle was 135 as
determined by elemental analysis (ratio of sulfur to gold), in good agreement with similar
systems. For glutathione-functionalized ultrasmall gold nanoparticles (2 nm), 127 ligands were
bound to the surface.l'*! With peptide-functionalized ultrasmall gold nanoparticles, the number
of bound ligands was approximately 15 to 150, depending on the length of the peptide chain.[?!
This results in a molecular footprint of 0.09 nm? for DDT on AuDDT nanoparticles, also in
agreement with previous results. The footprint of glutathione on ultrasmall gold nanoparticles
was 0.10 nm?2.['*l Compared to a study where the footprint of peptides of different lengths on
ultrasmall gold nanoparticles was analyzed, the footprint of DDT is similar to that of the
dipeptide AlaCys, which was 0.12 nm?.[2] The tripeptide AlaAlaCys had a footprint of 0.25 nm?,
and the tripeptide AlaCysAla had a footprint of 0.29 nm?2.[?21 Molecular footprints of (16-
mercaptohexadecyl)trimethylammonium bromide (MTAB) on gold nanoparticles of 1.2 to 25
nm were between 0.17 and 0.5 nm2[* For alkanethiols bound to 1.5 to 5.2 nm gold
nanoparticles, a footprint of 0.13 to 0.16 nm? was found.!*?!

The number of ligands per nanoparticle was also determined for AuAzo nanoparticles. As there
are now two different ligands on each nanoparticle, at first the mass fraction of sulfur was used
to determine the total number of ligands (one sulfur per ligand). This gave 115 ligands per
particle. In order to distinguish between DDT and ligand 3, the mass fraction of nitrogen was
used. As nitrogen is only present in ligand 3, the number of ligand 3 molecules per particle

could be determined to 49. The number of DDT molecules is the difference between the total



number of ligands and the number of ligand 3 molecules, i.e. 115 —49 = 66 DDT molecules per
particle. These ligand numbers result in a ratio of DDT to ligand 3 of 1.4 : 1, supporting the
results from '"H NMR spectroscopy. The fact that the total number of ligands after partial
exchange of DDT by ligand 3 is almost constant within the error of the experiment shows that
ligand 3 is well integrated into the DDT layer on the gold nanoparticle surface. Details on the
computation of ligand concentrations are given in the Experimental Section.

The hydrodynamic particle diameter was determined by DOSY NMR spectroscopy. DOSY can
also be used to distinguish free unbound ligands from surface-bound ligands.?® 43! Figure 5
shows the Stejskal-Tanner plot for both particle species.[**] By the Stokes-Einstein equation,
the hydrodynamic diameter was computed to 2.8 = 0.6 nm for AuDDT and 3.1 + 0.6 nm for
AuAzo nanoparticles. The hydrodynamic diameter by DOSY was considerably larger than that
obtained by DCS as expected (see above). The difference between the hydrodynamic diameter
and the metal core diameter gives an estimated thickness of the ligand shell of about 0.5 nm,
i.e. in good agreement with earlier results and silimar to the peptide AlaCys.[?] Note that the
DOSY spectra were measured in toluene whereas DCS was performed in water. The
hydrophobic nature of the particles will certainly affect the solvation state of the ligand shell
when comparing water and toluene as solvents. All particle characterization data are

summarized in Table 1.
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Figure 5: Stejskal-Tanner plots of 'H-DOSY NMR experiments of AuDDT and AuAzo

nanoparticles, dispersed in toluene-ds.



Table 1: Parameters of AuDDT and AuAzo nanoparticles, based on spherical gold

nanoparticles with a diameter of 2 nm.

nanoparticle ~ hydrodynamic  hydrodynamic  core diameter number of molecular
diameter by diameter by 'H- by HRTEM / ligands footprint of
DCS /nm DOSY NMR / nm ligands / nm*
nm
AuDDT 1.4+04 2.8+0.6 1.8+0.5 135 DDT 0.09
AuAzo 1.5+0.5 3.1+0.6 2.1+0.6 66 DDT and 0.11

49 ligand 3 (average)

UV-Vis spectroscopy was used to confirm the absence of plasmonic nanoparticles and the
successful attachment of the photoswitchable ligand 3. Figure 6 shows the UV-Vis spectra of
AuDDT and AuAzo nanoparticles. No surface plasmon resonance (SPR) band was visible
around 520 nm, indicating the absence of plasmonic gold nanoparticles larger than about 5
nm.[*3-46] The UV-Vis spectrum of AuAzo nanoparticles showed a band corresponding to the

azo ligand 3 at 350 nm.
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Figure 6: UV-Vis spectra of ultrasmall AuDDT and AuAzo gold nanoparticles, dispersed in
toluene. No plasmon resonance bands were found around 520 nm, indicating the absence of
(larger) plasmonic gold nanoparticles. The band at 350 nm is due to the azo group in ligand 3

in AuAzo nanoparticles.



The AuAzo nanoparticles were then investigated with respect to their photophysical properties
dispersion, i.e. the photoswitching behavior of the azo ligand 3 attached to the nanoparticles
was studied. The nanoparticles were dispersed in dichloromethane (DCM) with a maximum
absorbance of 0.8 at 350 nm. After taking an initial UV-Vis spectrum, the sample was irradiated
with either 365 nm or 520 nm, respectively, until the photostationary states (PSS) were reached.
Irradiation with 365 nm induces the E/Z transition (trans—cis) whereas irradiation with 520

nm induces the Z/E transition (cis—trans).
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Figure 7: UV-Vis absorbtion spectra of AuAzo nanoparticles dispersed in DCM. Black: Initial
spectrum prior to irradiation; vielet: Spectrum of the photostationary state (2) after irradiation
with 365 nm for 5 s; green: Spectrum of the photostationary state (E) after irradiation with

520 nm for 50 s.

Initially a distinct absorption band of the m — m* transition was observed at 350 nm (Figure 7).
Upon irradiation with UV-light (365 nm) the band significantly decreased and shifted to
305 nm, which is characteristic for the E/Z-isomerization of azobenzenes.[*’! Simultaneously,
an increase in the n — 7* band at 430 nm was observed. The photostationary state was reached
after 5s, which was confirmed by further irradiation resulting in an identical spectrum.
Afterwards, the sample was irradiated with 520 nm for a Z/E-isomerization. 50 s were required
to reach the PSS. Indeed, a reverse effect was detected with a lower absorbance at 350 nm
compared to the initial spectrum, indicating an incomplete Z/E-isomerization, which is
consistent with the free ligand 3 (Figure S17). We conclude, however, that the azo ligand 3 can
be photoswitched in both directions after covalent conjugation to the gold nanoparticles.

10



To quantify the photostationary distributions of the E- and Z-isomers, NMR experiments were
conducted. The signals at 8.58 ppm (E-isomer) and 8.33 ppm (Z-isomer), corresponding to
proton H1 in ligand 3, were integrated to determine the E/Z-ratio of the azo group. Figure 8
shows the spectra at the photostationary states upon irradiation with 365 nm (PSS36s5nm) and
520 nm (PSSs2omm), respectively, as well as the spectra for the free ligand 3 in both

configurations.
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Figure 8: '"H-NMR spectra of the dispersed AuAzo nanoparticles and the dissolved ligand 3,
both in DCM-d>, for the photostationary states upon irradiation with 365 nm (PSS365mm; Z) and
520 nm (PSSs200m; E).

After 20 min of irradiation of AuAzo nanoparticles with 365 nm, the photostationary state
PSS3650m with = 90% of Z-isomer was observed, confirming that the photoswitching of the azo
ligand 3 attached to gold nanoparticles is still possible. On the other hand, the E-rich
photostationary state PSSs2onm Was reached after 6 h of irradiation of AuAzo nanoparticles with
520 nm, leading to = 75% E-isomer. These values are in good agreement with those obtained
for the dissolved azo ligand 3 (PSS36sum = 94% Z after 8 min, PSSszonm = 78% E after 8 min),
indicating that the photoswitchability of the azo ligands was not significantly disrupted by steric

hinderance after conjugation to the nanoparticles.
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We attribute the considerably longer irradiation times for ligand 3 conjugated to the
nanoparticles to the absorption by the gold nanoparticles, reducing the light intensity reaching
the photoswitches. To confirm this, a control experiment was carried out with a mixture of the
dissolved azo compound 4 and AuDDT particles (also having a brown color). Azo compound
4 was chosen instead of ligand 3 to prevent ligand exchange reactions during the experiment.
AuDDT and azo compound 4 were dispersed and dissolved in DCM in a molar 1.4 : 1 ratio as
it is also present in AuAzo nanoparticles for DDT and ligand 3. In this UV-Vis photoswitching
experiment (Fig. S18), the irradiation times to reach the PSS were similar to those of AuAzo
nanoparticles (Figure 7). The irradiation times at 520 nm were 50 s for AuAzo nanoparticles
and 60 s for AuDDT + azo compound 4, indicating that the conjugation of the azo compounds
to the nanoparticles was not responsible for the longer irradiation times but rather the light
absorption of the inherently brown gold nanoparticles.

The thermal stability of the Z-isomer towards Z/E-isomerization was determined by NMR
spectroscopy. A sample of AuAzo nanoparticles in DCM-d, was irradiated at 365 nm for
several minutes. The sample was then transferred to a brown glass NMR tube and kept in the
dark at ambient temperature, while a spectrum was taken every 6 h. Integration of the same
signals as for the PSS experiment and linearization gave the rate constant of the thermal first-

order Z/E-isomerization of the azo ligand 3 (Figure 9).
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Figure 9: Thermal dark relaxation of AuAzo nanoparticles in DCM-d> at ambient temperature.

Plot of the proportion of Z-isomer versus time (left) and its linearization (right).

The thermal half-life time Z/E of AuAzo nanoparticles was determined as ~67 h, which is close
to the value of the free ligand 3 (=59 h; Figure S19), indicating that the attachment to the

nanoparticles did not significantly affect the thermal relaxation of the azo compound. The first-
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order rate constant is 0.0103 h™! for the AuAzo nanoparticles and 0.0117 for the dissolved ligand
3.

Finally, the functionalized nanoparticles were brought into a liquid crystal (LC) host to study
the effect of photoswitching on the orientational supramolecular order in the nematic phase.
The AuAzo particles were dispersed in DCM and mixed with the liquid crystalline host SCB
(4-cyano-4’-n-pentylbiphenyl) phase at 0.5 wt%. After removal of DCM under reduced
pressure, the nanoparticle-doped LC material was obtained, showing a similar phase behavior
like the 5CB host.[*® Polarized optical microscopy (POM) showed that the nematic-to-isotropic
phase transition occurred at 33 °C instead of 35 °C for pure SCB and crystallization was
supressed (measured down to 0 °C). A droplet of the material on an untreated glas slide was

investigated with respect to the photoresponse of the particles (Figure 10).

Figure 10: Polarized optical microscopy (POM) images of AuAzo nanoparticles, dispersed in
the liquid crystalline host SCB at 0.5 wt%. The nematic phase was present while the UV light
was turned off (A, "UV off"), but it turned isotropic phase under UV irradiation (B "UV on").

The images were taken under crossed polarizers at 30 °C in the second heating cycle.

Under the POM at 30 °C the materials showed the characteristic texture of the nematic phase
(Figure 10 A), while irradiation with 365 nm yields an instant extinction of the texture. The
initial texture can be restored by switching off the UV light. We attribute this behavior to the
constant £/Z and Z/E switching of the azo ligand 3 on the surface of the gold nanoparticles
during UV-light irradiation leading to a disruption of the orientational order in the mesophase.
Similar effects have previously been reported.[*”) These results displays a promising start
towards functionalized ultrasmall gold nanoparticles in materials applications. The high density
of the ligands on the ultrasmall nanoparticles, leading to a very high local concentration in their

immediate vicinity inside the liquid crystal, probably contributes to this high efficiency.

Conclusions
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Ultrasmall gold nanoparticles with attached photoswitchable ligands can be analyzed by
standard procedures for photoswitching experiments, i.e. NMR and UV-Vis spectroscopy. The
photophysical properties are close to those of the dissolved ligand, even at a very high surface
loading (49 photoswitchable ligands on each 2 nm nanoparticle). This is favorable for designing
photoswitchable particles with tailor-made properties. Inside a liquid crystalline host material,
the nanoparticles induce an instantaneous nematic-to-isotropic phase transition under UV-light
irradiation, leading to promising photoresponsive materials. The chemical composition makes
the nanoparticles hydrophobic in nature and leads to an excellent dispersibility in organic

solvents like dichloromethane or toluene.

Experimental Section

Reagents

Nitric acid (HNOs, 67%), hydrochloric acid (HCI, 37%) and sodium acetate (NaCH3COO,
analytical grade) were received from Bernd Kraft (Duisburg, Germany). Tetraoctylammonium
bromide (>98%), dodecanethiol (>98%), sodium borohydride (NaBHa, >96%), and 3 kDa spin
filters were obtained from Merck (Darmstadt, Germany). Toluene (99.8%), dimethylformamide
(DMF, 99.5%), ethanol (99.8%), methanol (99.8%), sodium chloride (NaCl, 99.5%), potassium
hydroxide (KOH, analytical grade), and 1,8-dibromooctane (98%) were obtained from Fisher
Scientific (Geel, Belgium). Toluene-ds (99.5%) was received from Eurisotop (Saarbriicken,
Germany). Dichloromethane-d> (99.6%) and chloroform-d (99.8%) were obtained from deutero
(Kastellaun, Germany). Chloroform-d was filtered over aluminum oxide before use.
Acetonitrile (HPLC grade), hydrochloric acid (HCI, 37%), and acetic acid (glacial) were
obtained from VWR (Dietikon, Switzerland). Potassium thioacetate (97%), 4-cyano-4’-n-
pentylbiphenyl (98%) and 3-aminopyridine (99%), were obtained from TCI (Tokyo, Japan).
Magnesium sulfate (99%) and potassium carbonate (99%) were received from Carl Roth
(Karlsruhe, Germany). Phenol (99%) and octyl bromide (98%) were obtained from abcr
(Karlsruhe, Germany). Sodium nitrite was received from BASF (Ludwigshafen am Rhein,
Germany). Cyclohexane and ethyl acetate were obtained from Caldic (Diisseldorf, Germany)
in technical purity and distilled before use.

Ultrapure water (Purelab Ultra instrument, 18.2 MQ, ELGA) was used. All glassware for
nanoparticle synthesis was cleaned by boiling once with concentrated nitric acid (67% in water),
followed by rinsing with water. Silica gel (60 M, 0.04 - 0.063 mm) was received from Machery
Nagel (Diiren, Germany).
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Synthesis of the ligand AzoAlkyl 3

g

0

Br

1
CgH1BrOS
267.23

Alkylation agent 1 was synthesized according to the literature.’%! 1.91 g (16.7 mmol, 1.0 eq.)
potassium thioacetate and 10 mL (14.6 g, 53.7 mmol, 3.2 eq.) 1,8-dibromooctane were dissoled
in 150 mL acetonitrile and refluxed overnight. The salts were filtered off and the solvent was
removed under reduced pressure. The crude product was purified by flash column
chromatography on silica gel with a gradient of pure cyclohexane to 95:5 cyclohexane:ethyl
acetate as eluent. The product (3.50 g, 13.1 mmol, 78%) was obtained as a colorless oil.
"H-NMR (400 MHz, CDCls, 298 K): 6 [ppm] = 3.40 (t, *J = 6.8 Hz, 2 H), 2.86 (t, °*J = 7.4 Hz,
2 H), 2.32 (s, 3 H), 1.85 (m, 2 H), 1.55 (m, 2 H), 1.47-1.26 (m, 8 H).
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Azo compound 2 was synthesized according to the literature.['®] 4.92 ¢ (52.3 mmol, 1.0 eq.)
3-aminopyridine was suspended in 75 mL glacial acetic acid and 15 mL hydrochloric acid
(12 M) and cooled to 0 °C. 4.03 g (58.4 mmol, 1.1 eq.) sodium nitrite was dissolved in a
minimum amount of water and added dropwise under stirring for 30 min. Separately, 7.06 g
(75.0 mmol, 1.4 eq.) phenol and 22.5 g (166 mmol, 3.2 eq.) sodium acetate were dissolved in a
mixture of 50 mL ethanol and 50 mL water and added to the diazonium salt. After stirring for
one hour the resulting precipitate was isolated by filtration, washed with water, and dried in
vacuo. The product (7.98 g, 40.0 mmol, 77%) was obtained as an orange solid.

'"H-NMR (400 MHz, DMSO-ds, 298 K): 6 [ppm] = 10.51 (s (br), 1 H), 9.03 (d, *J =2.4 Hz,
1 H), 8.67 (dd, 3J=4.7, 4J=1.6 Hz, 1 H), 8.10 (ddd, *J=8.2, /=24, 1.6 Hz, 1 H), 7.84
(m, 2 H), 7.58 (dd, 3J=8.2,4.7 Hz, 1 H).
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Ligand 3 was synthesized according to the literature.’'1 1.90 g (7.12 mmol, 1.0 eq.) alkylation
agent 1, 1.60 g (8.01 mmol, 1.1 eq.) azo compound 2 and 1.65 g (11.9 mmol, 1.7 eq.) potassium
carbonate were dissolved in 170 mL acetonitrile and refluxed overnight. After removing the
solvent under reduced pressure, 150 mL ethanol and 2.51 g (44.7 mmol, 6.3 eq.) potassium
hydroxide dissolved in 20 mL water were added. The reaction mixture was refluxed for 4 h.
After cooling to room temperature, 70 mL of 1 M hydrochloric acid were added and the solvent
was removed under reduced pressure. The crude product was adsorbed onto celite and purified
by flash column chromatography on silica gel with 2:1 cyclohexane:ethyl acetate as eluent. The
product (519 mg, 1.51 mmol, 21%) was obtained as an orange solid.

Melting point: 81 °C

"H-NMR (400 MHz, CDCI3, 298 K): 6 [ppm] = 9.12 (d, 4/=2.2 Hz, 1 H, C>-H), 8.62 (dd,
3J=438, 4J= 14Hz, 1H, C!-H), 8.07 (ddd, 3J=8.2, 47=2.2Hz, 1H, C3-H), 7.90 (d,
3J=9.0 Hz, 2 H, C’-H), 7.38 (dd, 3/=8.2, 4.8 Hz, 1 H, C?-H), 6.97 (d, >J=9.0 Hz, 2 H, C8-
H), 4.00 (t,*J = 6.5 Hz, 2 H, C'°-H>), 2.49 (dt, > = 7.4,7.3 Hz, 2 H, C'"-H), 1.77 (m, 2 H, C'!-
H»), 1.57 (m, 2 H, C'%-Hy), 1.49-1.25 (m, 8 H, C'>!5-H»).

BC-NMR (101 MHz, CDCl3, 298 K): 6 [ppm] = 162.32 (C°), 150.97 (C"), 148.02 (C%), 147.02
(C3), 146.82 (C®), 126.77 (C?), 125.14 (C7), 123.93 (C?), 114.80 (C?), 68.37 (C'?), 33.99 (C'9),
29.25 (C'-15), 29.14 (C'1-15), 29.00 (C!'-15), 28.29 (C'!-15), 25.96 (C!'!-19), 24.64 (CV7).

HR-MS (ESI-pos., MeOH), m/z: calc. for [C19H2sN3OS+H]": 344.1791; found: 344.1812; calc.
for [C19H2sN30S+Na]*: 366.1611; found: 366.1615.

IR (ATR), ¥ [em™]: 2919, 2850, 1601, 1580, 1499, 1466, 1417, 1388, 1323, 1299, 1250, 1139,
1107, 1016, 841, 813, 722, 698, 553.

1/ 3
| 7
Na . N6 s
PN
5 Q 10 12 14 16
N N N
0 1 13 15 17
4
C19H25N30
311.43



Compound 4 was synthesized according to the literature.[’?) 720 mg (3.61 mmol, 1.0 eq.) azo
compound 2, 783 mg (5.67 mmol, 1.6 eq.) potassium carbonate and 0.75 mL (833 mg, 4.31
mmol, 1.2 eq.) octylbromide were suspended in 10 mL DMF and stirred at 120 °C overnight.
After cooling to room temperature, 150 mL brine (saturated aqueous sodium chloride solution)
was added and extracted twice with ethyl acetate. The organic layers were washed with brine
again, dried over magnesium sulfate, filtrated and concentrated under reduced pressure. The
crude product was purified by flash column chromatography on silica gel with 5:3
cyclohexane:ethyl acetate as eluent. The product (888 mg, 2.85 mmol, 79%) was obtained as
an orange solid.

Melting point: 83 °C

"H-NMR (400 MHz, CDCl3, 298 K): 6 [ppm] = 9.14 (dd, J=2.2 Hz, 1 H, C°-H), 8.66 (dd,
3J=48, 47=1.5Hz, 1 H, C!-H), 8.12 (ddd, *J=8.2Hz, 4J= 2.2 Hz, 1 H, C*-H), 7.94 (d,
3J=9.0 Hz, 2 H, C"-H), 7.43 (ddd, J = 8.2, 4.8 Hz, 1 H, C2-H), 7.02 (d, *J =9.0 Hz, 2 H, C8-
H), 4.05 (t, 3>J = 6.5 Hz, 2 H, C'%-H,), 1.82 (m, 2 H, C''-H>), 1.48 (m, 2 H, C'>-H,), 1.41-1.24
(m, 8 H, C'*16-H3), 0.89 (t, °*J = 6.8 Hz, 3 H, C'"-H3).

BC-NMR (101 MHz, CDCl3, 298 K) & [ppm] = 162.54 (C°), 150.87 (C!), 148.24 (C*), 146.95
(C3), 146.93 (C®), 127.12 (C?), 125.99 (C7), 124.11 (C?), 114.96 (C?), 68.61 (C'?), 31.95 (C'9),
29.48 (C'¥1%),29.37 (C'3/1%),29.30 (C'"), 26.15 (C'?), 22.80 (C'5), 14.24 (C'7).

HR-MS (ESI-pos., MeOH), m/z: calc. for [C1oH25sN30+H]*: 312.2070; found: 312.2075.

IR (ATR), ¥ [em™']: 2918, 2851, 1599, 1580, 1498, 1466, 1420, 1383, 1322, 1297, 1252, 1138,
1108, 1044, 1020, 997, 843, 812, 721, 698, 552, 494.

Elemental analysis (CHN) [%]: calc. for C19H25N30: C 73.28, H 8.09, N 13.49; found: C 73.65,
H 8.08, N 13.35.

Synthesis of dodecanethiol-capped gold nanoparticles (AuDDT)

The preparation was carried out by a modified Brust-Schiffrin synthesis.[3% 331 Tetrachloroauric
acid (4 mg Au, 20 pmol) was dissolved in 30 mL degassed water and 30 mL toluene. To transfer
the gold to the organic phase, tetraoctylammonium bromide (2.5 eq., 16 mg, 50 pmol) dissolved
in 1 mL toluene was used as a phase transfer catalyst. After stirring for 10 min, the organic
phase was separated from the aqueous phase, and dodecanethiol (2.5 eq., 11.8 uL, 50 pmol)
was added rapidly. The solution was stirred for 20 min, during which the initially yellow
solution turned colorless. Then, a freshly prepared solution of sodium borohydride in ice-cold
water (7.5 eq., 5.7 mg, 150 pmol, 7.6 g L!) was quickly added. The solution was stirred for

another 30 min. The particles were purified by precipitation. For this, the reaction solution was
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diluted to 400 mL with methanol and left standing for 12 h at -20 °C. The precipitated AuDDT
nanoparticles were isolated at 4,000 rpm (2,500 g). Afterwards, they were redispersed in 8 mL
toluene and again diluted with 400 mL methanol and stored at -20 °C for 12 h. This procedure

was repeated four times. The dispersed nanoparticles had a brown color.

Synthesis of azobenzene ligand-functionalized gold nanoparticles (AuAzo)

The synthesis was accomplished via ligand exchange of dodenacethiol by ligand 3. For this,
AuDDT nanoparticles (4 mg Au, 20 umol) were dispersed in 20 mL toluene. Subsequently,
ligand 3 (4.35 eq., 30 mg, 87 umol) was added dissolved in 1 mL of toluene. The mixture was
stirred for 72 h at room temperature under light exclusion. Purification was performed in the

same way as for AuDDT nanoparticles. The dispersed nanoparticles had a brown color.

Computation of the ratio of ligands to nanoparticles

The average number of ligands on each nanoparticle was estimated by ICP-MS elemental
analysis, using the molar ratios of sulfur to gold and to nitrogen. This is outlined exemplarily
in the following for AuDDT nanoparticles. To obtain the amounts of substance of the elements,
the obtained mass fractions w were multiplied by the total mass of the sample:

_ Mgotal " Welement
Nelement = M (1)
element

For AuDDT nanoparticles, this resulted in the amounts of substances for gold and sulfur:

1g-555-1073 s
Ny = g =2.82 107> mol )
196.97 =
mol
1g-492-107* s
ng = g = 1.53 - 107> mol (3)
32.07 =
mol

The molar ratio is then calculated from the ratio of the amounts of substance of the two
elements:

1.53 - 107> mol
2.82 - 1075 mol

molar ratio (S : Au) = =0.54 (S) : 1 (Au) 4)
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A particle diameter of 2 nm was assumed for the number of atoms per particle, based on the
results of the TEM (metal core). This gives about 250 gold atoms per nanoparticle as reported
earlier.['4]

The number of ligands per nanoparticle then results from the number of atoms and the molar

ratio of sulfur to gold:

DDT per NP = molar ratio - atoms per NP = 0.54 - 250 = 135 )
The molecular footprint can be determined from the particle surface Anp and the number of
ligands per particle:

Anp _ A4nr(NP)?
DDT per NP DDT per NP

(6)

molecular footprint =

Methods and instruments

DCS was performed with a CPS Instruments DC 24000 disc centrifuge at 24,000 rpm. A density
gradient was prepared with two different sucrose solutions (8 and 24 wt%). To prevent
evaporation, 0.5 mL dodecane were used. Polyvinylchloride (PVC) in water with a
hydrodynamic diameter of 483 nm was used as standard, provided by CPS Instruments.

TEM measurements were performed with an aberration-corrected FEI Titan transmission
electron microscope with a Cs-probe corrector (CEOS Company) at a voltage of 300 kV.[34
The images were analyzed with the program ANTEMA.[®] UV-Vis spectroscopy was
performed on a Genesis 50 instrument (Thermo Scientific) in a quartz cuvette (600 puL) from
200 to 800 nm. The gold concentration was determined by atomic absorption spectroscopy
(AAS) with a Thermo Electron M-Series spectrometer (graphite tube furnace; operated
according to DIN EN ISO/IEC 17025:2005). For sample preparation, 10 puL of the sample was
dissolved in 990 pL aqua regia and then diluted with 4 mL water. ICP-MS was used to
determine gold, sulfur, and nitrogen with a Spectro Model Spectro Arcos instrument after
microwave digestion at Microanalytical Laboratory Kolbe (Fraunhofer Institut Umsicht,
Oberhausen). NMR  spectroscopy was carried out with a Bruker Avance Neo 400 MHz
spectrometer. The freeze-dried particles were dispersed in 600 pL toluene-ds. IR spectra were
obtained from a Jasco FT/IR-4600 instrument. Mass spectra were obtained with a Bruker maXis
4G instrument with electrospray ionisation (ESI). For elemental analysis (CHNS), an EURO
EA elemental analyser (EURO VECTOR) was used. Photoswitching UV-Vis experiments were

conducted with a Jasco V-550 spectrometer in quartz cuvettes (2 mL) from 250 to 700 nm.
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Irradiation of the samples was carried out with different LEDs combined with a power supply
(12'V, 700 mA): 365 nm (OSRAM, 1.36 W), 405 nm (EDISON, 0.67 W), 460 nm (OSRAM,
0.85 W), and 520 nm (Cree, 87.4 Im). Polarized optical microscopy (POM) was performed on
untreated glass slides on a Nikon Eclipse Ni microscope, equipped with a Linkham LTS420
heating stage with crossed polarizers. Micrographs were recorded on an OptixCam Summit K2
OCS-D3K4-14 camera in the second heating cycle. Irradiation of the liquid crystalline samples
was performed with a 365 nm Honle bluepoint LED eco at 35% of maximum capacity (20 W

cm?).

DOSY-NMR spectroscopy

DOSY-NMR spectroscopy of dispersed nanoparticles was performed on a 700 MHz Bruker
NEO spectrometer with a 5 mm TCI cryoprobe with z-gradient at 25 °C. The freeze-dried
particles (4 mg) were dispersed in 200 pL toluene-ds. Spectra were measured with a diffusion
time of 4 = 100 ms and a pulsed gradient duration of ¢ = 3.5 ms. The gradient strength was
incremented from 5 to 95% of the maximum gradient strength (64.2 G cm™! for a smoothed
square gradient pulse) in 32 linear steps. Spectra were processed with the program Topspin 4.4
(Bruker). The linearized diffusion data were plotted and fitted according to the Stejskal-Tanner

equation:[#4 3¢l

In (é) - —7262(11 ; 5/3)-D-G2 (7)

with I = signal intensity, /o = signal intensity without gradient, y = gyromagnetic ratio of 'H,
o = diffusion gradient pulse length, 4 = diffusion delay, G = gradient strength, and D =
translational diffusion coefficient.

The linearized relative intensities for all nanoparticle signals were averaged. The error bars
represent the standard deviation of these signals. While the standard error of the Stejskal-Tanner
fit itself is small (<2%), we estimate the error of the diffusion coefficient to 20% due to manual
integration and potentially overlaying small signals from impurities.

The hydrodynamic diameter was calculated according to the Stokes-Einstein equation: 7]

kT

dn= 3n-D ®)
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with di = hydrodynamic diameter, kg = Boltzmann constant, 7 = temperature in K, # = dynamic

viscosity at 25 °C, and D = translational diffusion coefficient.
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Figure S2: 'H-NMR spectrum of azo compound 2 in DMSO-ds (400 MHz, 298 K).
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Figure S8: 3*C-NMR spectrum of azo compound 4 in CDCl3 (101 MHz, 298 K).
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Figure S9: 'H-13C-HSQC spectrum of azo compound 4 in CDCl3 (298 K).
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Figure S10: 'H-'3C-HMBC spectrum of azo compound 4 in CDCl3 (298 K).
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Figure S11: 3C-DEPTQ NMR spectrum of AuDDT nanoparticles, dispersed in toluene-ds
(298 K).
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Figure S12: 'H-'H-COSY spectrum of AuDDT nanoparticles, dispersed in toluene-ds (298 K).
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Figure S13: 'H-"*C-HSQC spectrum of AuDDT nanoparticles, dispersed in toluene-ds (298
K).
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Figure S14: >*C-DEPTQ NMR spectrum of AuAzo nanoparticles, dispersed in toluene-ds (298
K).
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Figure S15: 'H-'H-COSY spectrum of AuAzo nanoparticles, dispersed in toluene-ds (298 K).
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Figure S16: 'H-'3C-HSQC spectrum of AuAzo nanoparticles, dispersed in toluene-ds (298 K).
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Figure S17: UV-Vis absorption spectra of azo ligand 3 dissolved in DCM (20 uM). Black:
Initial spectrum before irradiation; violet: Spectrum of the photostationary state after irradiation
with 365 nm; dark blue: PSS of 405 nm; blue: PSS of 460 nm; green: PSS of 520 nm. UV-
Vis photoswitching experiments: Irradiation occurred at 365, 405, 460 and 520 nm,
respectively, yielding versatile photostationary states. Given that 365 nm gave the best Z-rich

PSS and 520 nm the best E-rich PSS, these wavelengths were chosen for all experiments with

AuAzo particles.
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Figure S18: UV-Vis absorption spectra of azo compound 4 with AuDDT in DCM. Azo
compound 4 and AuDDT particles were mixed in the same molar ratio of DDT and ligand 3 in
AuAzo nanoparticles (1.4 : 1). Azo compound 4 was used instead of ligand 3 to prevent ligand
exchange during the experiment. The mixture was diluted until an absorption of about 0.8 was
reached. Black: Initial spectrum before irradiation; vielet: Spectrum of the photostationary state
after irradiation with 365 nm (3 s); green: PSS of 520 nm (60 s). Photostationary states were
obtained after similar times of irradiation, indicating that the conjugation of ligand 3 to the

nanoparticles does not increase the necessary time to reach the PSS (Fig. 7).
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Figure S19: Thermal dark relaxation of ligand 3 dissolved in DCM-d> (10 mM). Plot of the
proportion of Z-isomer versus time (left) and its linearization according to a first-order reaction
(right). The NMR experiments for thermal dark relaxation of ligand 3 in DCM-d> (10 mM)
were conducted as described for the AuAzo particles. An irradiated solution (365 nm) was
transferred to a brown glass NMR tube and kept in the dark at ambient temperature, and an 'H-

NMR spectrum was taken every 6 h.
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