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We demonstrate reversible photoisomerizaton of azobenzene
molecules on a single gold nanoparticle surface with alternating
UV and visible irradiation, which is monitored by Plasmon
Resonance Rayleigh Scattering spectroscopy and stimulated by
discrete-dipole approximation method.

Photochromic switches undergo reversible conformational
changes, which affect their structural, electronic, and optical
properties in response to photo-stimuli.' Photochromic
molecules  have attracted enormous interests for their
versatile property, among them azobenzene is one of the most
widely studied photochromic molecules due to its perfect
photoisomerization property.2 The thermodynamically
favoured trans form is readily converted into the cis form upon
UV light excitation The reverse reaction occurs easily at room
temperature through UV/visible light irradiation. For their
excellent optical features, azobenzene and its derivatives have
been applied in reversible phase transfer catalysis,3 self-
assembly vesicles," and molecular devices.” Placement,
addressability become possible once azobenzene molecules
are assembled on surface. Therefore, many attempts have
been taken to study azobenzene photoisomerization on
surface and apply its property to construct functional surface
such as controllable wettability surface and reactivated
biointerface.®® Scanning tunnelling microscope (STM) tip,9
contact angle measurement™ and electrochemistry method™*
are generally applied to monitoring azobenzene molecular
reaction and conformation change on surface. According to
our knowledge, there are few reports on reversible
photoswitch of azobenzene molecules on a single nanoparticle
surface. P It is a challenge to obtain the signal of hundreds of
molecules reaction and conformation change on a single
nanoparticle surface. Particularly, plasmonic noble metal
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nanoparticles including gold, silver and copper, have attracted
considerable attentions owing to their unique optical and
chemical properties. With the development of dark-field
microscopy (DFM), it enables the observation of Plasmon
resonance Rayleigh scattering (PRRS) spectroscopy of a single
nanoparticle. As the plasmon resonance bands of plasmonics
are highly sensitive to the size, shape, and local dielectric
environment, PRRS provides a novel method for monitoring
molecular reaction,13 catalyst event,14 and morphologic
variation® on single nanoparticle surface. Moreover,
photoisomerization of the azobenzene between two
conformers provides chemical unit mimics that ascribe to the
“0” and “1” states in computers,16 reversible photoswitch of
azobenzene on a single nanoparticle surface may performed as
a nano size “write-read” device.
In this communication,
photoresponsive behaviour of azobenzene molecules on a
single gold nanoparticle (GNP) surface. PRRS spectroscopy as a
novel technique was used to track the isomerization process of
azobenzene molecules upon irradiation by (~365 nm) UV light
and (~450 nm) visible light (as shown in scheme 1). Benefitting
from the high spatial and temporal resolution, we could easily
monitor the nano-environment change surrounding the single
GNP surface in real-time. We found that under UV/Vis
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Scheme 1 A) Setup of dark-field microscopy and scattering spectroscopy. B) Schematic
illustration of photo-induce azobenzene isomerize on a single gold nanoparticle.
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irradiation, the isomerization of azobenzene molecules on GNP
surface between trans and cis form would induce the
scattering spectra peak red and blue shift respectively. The
spectral shift may be due to that the conformation change of
azobenzene molecules caused the change of local environment
surrounding the GNP surface. Furthermore, Discrete-dipole
approximation (DDA) simulations'” were performed to verify
the relationship between these photoresponsive process on
GNP surface and the corresponding scattering spectra shift.
The good agreement between calculation and experimental
results suggests that this local environment change
surrounding the GNP surface is resulted from the reversible
photoisomerization of azobenzene molecules.

To realize the photocontrolled monolayer on a single GNP
surface, we synthesized the azobenzene derivatives 10-(4-(4-
trifluoromethylphenyldiazenyl)phenoxy)decane-1-thiol (shown
in Scheme 1, denoted CF;AzoSH, the synthesis method
described in ESIT). The principle of photo-induced azobenzene
molecules isomerize on a single GNP surface is outlined in
Scheme 1. GNP was selected as the substrate to maintain the
CF3AzoSH molecules, due to that it could form stable Au-S
bond (as showed in Figure S2 of the ESIT) and has perfect
photostability property. In addition, the PRRS spectroscopy of
single GNP is proportion to the local refractive index. 18 Upon
irradiation of UV light, the CF3;AzoSH molecules transform from
trans to cis, which would enhance the refractive index of the
local environment surrounding the GNP surface inducing the
spectral red shift. When exposure to visible light, the trans
CF3AzoSH molecules convert to cis isomer, the local
environment surrounding the GNP surface would closely
recover back to the initial state with spectral blue shift. Thus, it
is possible to monitor the reversible isomerization process of
CF3AzoSH molecules on a single GNP surface by tracing the
scattering spectra of corresponding particle.

As shown in Figure 1, the CF;AzoSH molecules exhibited
perfect reversible photoswitch property in ethanol solution,
upon UV irradiation of CF3;AzoSH solution there was a
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Figure 1 UV/Vis spectra of CF3AzoSH ethanol solution before (red solid line) and after
(blue dash line) UV irradiation (c=1.25 x 10'5M). Inset the changes of CF3AzoSH

molecules absorption band at 352 nm upon alternating irradiation by UV and visible
light. The concentration of CF3AzoSH is 1.25 x 10°M.
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remarkable change of the absorption spectra. Continuous UV
irradiation the absorption band at 352 nm got further
decreased. In the meantime, the absorption band at 440 nm
increased slightly. For the absorption band at 352 and 440 nm
are attributed to m-m* and n-m* transitions of CF3;AzoSH
molecules respectively. This change of spectral clearly exhibits
the isomerization of CF;AzoSH molecules from trans to cis
isomer. When exposure to visible light, the m—mt* absorption
recovered back with a slight decrease in the n—t* absorption,
which shows that CF;AzoSH molecules transformed from cis to
trans state. Upon repeated alternating irradiation by UV and
visible light, this reversible photoisomerization process in
solution could be recycled by several times.

Most studies of azobenzene molecules switch have been
carried out in solution, in which azobenzene molecules are
randomly distributed without orders, on single GNP surface
azobenzene molecules could form self-assembled monolayer
and be addressed separately. To modify dispersed azobenzene
molecules, a spacer molecules n-C4H,SH was selected. We
applied the following procedure to form the mixed self-
assembled monolayers (SAMs) of n-C,HsSH/CF3;AzoSH on GNP
surface. GNPs with an average diameter of 60 nm were
immobilized on ITO glass slide to act as substrate. Then
immersing of the ITO glass slide in octane-1-thiol ethanol
solution for 5 min to take up some sites of GNP surface. After
that, immerse the above treated substrate in CF;AzoSH
ethanol solution for 24 hours. Finally, rinse the prepared slides
with ethanol for several times to remove the free CF;AzoSH
molecules to obtain a mixed monolayers. The mixed
monolayers of GNP provides more free space
photoisomerization of CF;AzoSH molecules between trans and
cis form on GNP surface.

In order to address this bulky photoreaction could take
place on the single GNP surface, scattering spectra of single
GNP was employed to monitoring the photoresponsive
behaviour of CF;AzoSH molecules on a single GNP surface
under UV/Vis irradiation (Figure 2A). Scattering spectra were
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Figure 2 A) The reversible shift of Plasmon resonance Rayleigh scattering spectra of
single mix n-C4HsSH/CF3AzoSH functionalized GNP (60 nm) obtained at different times
upon alternating irradiation by UV and visible light (from bottom to top 0, 30, 60, 90,
120, 150 min). Inset The reversible shift of scattering spectra peak of single mix n-
C4HgSH/CF3Az0SH functionalized GNP (60 nm) obtained at different times upon
alternating irradiation by UV and visible light. B) The simulation model of CF3AzoSH
molecules photoisomerizing on a single GNP surface and the corresponding simulated
scattering spectra of the model.
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recorded at 30 min interval between 0 min and 150 min during
reversible light control by repeated UV/Vis irradiation. Before
light irradiation, the scattering spectra peak of the n-
C4HoSH/CF3AzoSH SAMs modified GNP was 557 nm. After
exposure to UV light (~365 nm) for 30 min, its scattering
spectra peak red shifted to 563 nm. This should be attributed
to the increasing of surrounding refractive index induced by
the molecules conformation change as shown in Figure 2B.
After continuous UV irradiation, there was no further red shift
of scattering spectra. After exposure to visible light, spectral
blue shift of GNP was observed, which suggests that visible
light induced the local environment surrounding the GNP
nearly recovered back to the initial state. Upon repeated
alternating irradiation by UV and visible light, the AA,, of
scattering spectra were 6~7 nm (as showed in Figure 2A inset).
Meanwhile, in the same conditions the AA,,, of scattering
spectra of n-C4HoSH modified GNP were 1~2 nm (see in Figure
S3 of the ESIT). This reversible shift of scattering spectra might
due to the reversible photoisomerization of CF;AzoSH
molecules on GNP surface between trans and cis isomer,
which caused the change of dielectric constant of the SAMs
immobilized on GNP surface.

To verify the plasmon scattering spectra
reversible shift is corresponding to the photoisomerization of
CF3AzoSH molecules on GNP surface, we performed careful
calculation to simulate this process. Considering the dielectric
environment of core/shell system have been extensively
studied by discrete-dipole approximation (DDA) method,19 and
the dielectric constant m of the model in Figure 2B |[m| < 2,"
we chose DDA method to simulate the scattering spectra (the
calculation detail see in ESIT). The mixed self-assembled
monolayers (SAMs) of n-C,HSH/CF;AzoSH was considered to
be the shell cover the finite metal core, the incident light went
through the shell medium to the metal core surface and been
converted into the localized surface plasmon resonance
oscillations. Therefore, the CF;AzoSH molecules in the SAMs
transformed from trans to cis upon the UV irradiation, which
would change the thickness and refractive index of the shell.
The change of dielectric constant m of shell medium would
cause the scattering spectra shift. The calculation results
suggested that when CF;AzoSH molecules on GNP surface
isomerized from trans to cis state with UV irradiation, the
scattering spectra of GNP would red shift (Figure 2B), which is
in good agreement with the experimental results. This
indicated that CF3;AzoSH molecules could reversibly
photoisomerize on single GNP surface and alter the refractive
index of the surrounding environment.

In order to further confirm the photoisomerization process
of CF3AzoSH molecules on GNP surface. surface-enhanced
Raman spectroscopy (SERS) was performed according to the
published method.”® As shown in Figure S4 in the ESIT, after
exposure the sample to UV irradiation for 30 min, the intensity
of the entire SERS spectra decreased compared with the initial
SERS spectra of CF;AzoSH molecules. In addition, the peaks at
1571, 1171 and 1110 cm™ that may be ascribed to trans
isomer became weak and some new peaks at 1531, 1138 and
1130 cm™ may be ascribed to cis isomer occurrence. After
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Figure 3 A) The peak shift of scattering spectra of single mix n-C4HoSH/CF3;AzoSH
functionalized GNP (60 nm) obtained in increasing irradiation time by UV light. B)
UV/Vis spectra absorbance measured at 353 nm (Ass3) during the course of trans—cis
isomerization of CF3AzoSH molecules in solution.

irradiation by visible light for 30 min, the intensity of the entire
SERS spectra of CF3AzoSH molecules got some recovered and
concomitantly the peaks of SERS spectra at 1571, 1171 and
1110 cm™ nearly recovered back, and meanwhile, the peaks at
1531, 1138 and 1130 em™ disappeared. These results
demonstrated the photoisomerization process of CF;AzoSH
molecules on GNP surface is convinced.

To get further insights into the relationship of the
photoisomerization process and scattering spectra shift. The
scattering spectra of mix n-C,HgSH/CF;AzoSH functionalized
GNP at different UV irradiation time were studied. As shown in
Figure 3A, the scattering spectra gradually red shift as the UV
irradiation went on during 50 min. The rate change trend of
scattering spectra red shift occurred similarly with the change
of photoisomerization rate of CF;AzoSH molecules in solution
(Figure 3B). Furthermore, the kinetic constant of scattering
spectra red shift is 4.39 min'1/102, that is about 36 times less
than the photoisomerization kinetic constant of CF;AzoSH
molecules in solution (k, = 2.67 5'1/102).21 Which intrinsically
reflects the quench effect for photoisomerization of CF;AzoSH
molecules from the GNP surface. The results reveal that the
rate of scattering spectra red shift should be dependent on the
kinetic of CF;AzoSH molecules transformed from trans to cis
isomer on GNP surface.

To prove this method not confined to CF;AzoSH molecule
the effect of substituent group
trifluoromethyl, the azobenzene 10-(4-
(phenyldiazenyl)phenoxy)decane-1-thiol was  synthesized
(denoted AzoSH, the synthesis method described in ESIt) to
study its photoisomerization process on a single GNP surface
based on PRRS spectra. From the scattering spectra in Figure
S6, we know the reversible photoisomerization of AzoSH
molecules on a single GNP surface could also cause the
reversible shift of scattering spectra. The AA,,, of scattering
spectra were 4~5 nm less than the scattering spectral change
of mix n-C4HgSH/CF;AzoSH functionalized GNP. This result
could be attributed to the substituent group trifluoromethyl
increased the refractive index surrounding the GNP surface
which induced the red shift of scattering spectra of GNPs. Thus,
CF3AzoSH functionalized GNPs showed more obvious
scattering peak shift and enhanced the signal to noise ratio
compare with AzoSH functionalized GNPs.

model and address
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In conclusion, we designed and studied photoresponsive
behaviour of CF3AzoSH molecules on individual GNP surface.
The results suggested that the reversible photoisomerization
process of CF3;AzoSH molecules on single GNP surface is
relative to the spectra reversible shift.
Furthermore, the observations could be
explained well via theoretical models using DDA simulations. In
addition, from the rate of scattering spectra red shift, we could
constitutionally illustrate the photoisomerization kinetic of
CF3AzoSH molecules on a single GNP surface and the quench
effect from the GNP surface. Besides, this method not
prohibited to the model molecule CF;AzoSH and could also be
applied to study the photoisomerization process of other
azobenzene molecules on single GNP surface. The findings of
this investigation demonstrate PRRS spectroscopy has great
potential in behaviour at single
nanoparticle level. Moreover, the study of photoisomerization

single-particle
experimental

studying molecular

process on single nanoparticle level offers great importance in
developing nano size “write-read” devices.
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Graphical Abstract:

Reversible Photoisomerization of Azobenzene Molecules on

Single Gold Nanoparticle Surface

By Heng Song, Chao Jing, Wei Ma, Tao Xie, Yi-Tao Long*

PRRS spectra of single gold nanoparticles shows a reversible shift towards the

photoswitchable reaction, which could be verified by DDA simulations.
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