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Abstract

A series of bistable hydrazone switches containing alkyl thiolate linkers of various lengths (Cn HAT, n = 3,
8, 10, and 11) were synthesized. We explore the length effect of the carbon chain on the
photoisomerization of hydrazone switches using UV-vis spectroscopy and tip-enhanced Raman
spectroscopy (TERS). The conversion efficiency (photostationary state, PSS, after irradiation at 415 or 340
nm) of the isomerization of Cn HAT monolayers on Au rises with increasing length of the alkyl chain, with
an optimum result for n-octyl (C8) thiolate or longer linkers. The low PSS4;5 of C3 HAT is attributed to
strong quenching by the metal surface, as confirmed by density functional theory (DFT) calculations based
on a one-dimensional double-well model. The partial trap of photo-induced hot carriers in the excited
states of C3 HAT in the potential well of Au reduces the lifetime of its excited states. Such calculation
results provide insight into the detailed mechanism of surface quenching effect. Furthermore, UV-vis
results suggest that after irradiation at 415 nm, Cn HATs cannot isomerize when bound to Ag; higher
photon energies are necessary in this case. These results validate the previously proposed substrate-
mediated isomerization mechanism.

Introduction

Molecular photoswitches!*?, molecules that undergo structural changes upon optical stimuli, enable
scientists to remotely control the motion of molecules and to modulate their properties and functions.
These compounds attract considerable attention, as they play significant roles in various fields ranging
from nanotechnology to biology®®*”, and their great potential has been shown in applications such as data
storagel®®, drug delivery!® 7 1 sensing®**? catalysis*®, and energy conversion,'¥ etc. Over the past
decades, various types of photoswitches have been developed and explored, including azobenzenes,
diarylethenes®, and spiropyrans’”, and hydrazones™¥. Among these photochromic compounds,
hydrazone-based switches!*®, which are a new addition to the molecular toolbox available to the
community, uniquely combine ease of synthesis, bistability (thermal half-life as long as 5300 years!*),



fatigue resistance, mutli-phase switchability in an easily accessible and modular structural framework.!?*
21 Our recent systematic structure-property study using a family of hydrazone switches has shown that
their properties, including activation wavelengths, photostationary states (PSSs), quantum yield, thermal
half-lives, and solution/solid-state fluorescence characteristics, are highly dependent on the electronic
property of the substituent groups of the hydrazone.?? Optimization of these properties will pave
avenues to opportunities for developing new applications and thus greatly enhances the proliferation of
hydrazone switches as effective tools in various research fields.

When it comes to the development of the applications of photoswitches, one is faced with the
challenge of engineering these molecular switches onto adaptive surfaces/materials. Obviously, the
photoisomerization of molecular switches also depends on their chemical and physical environments. For
instance, an azobenzene derivative, azobenzene thiol, fails to isomerize when lying flat on a gold surface
because of a surface quenching effect.’?®! Such a quenching effect is expected to be significantly reduced
when the distance between the hydrazone and the metal surface increases, as the rate of both energy
(~1/d%)?4 and electron (~e9)®! transfer are strongly distance dependent. To examine the influence of a
proximal metal surface on the isomerization efficiency, and to minimize the surface quenching effect and
thus improve the PSS of the photoswitches, we studied the effect of systematically varying the distance
between the hydrazone switch and the metal surface. Thus far, questions about the influence of the
chemical structure of photoswitches on metal surfaces on their isomerization properties have not been
fully answered. Understanding these effects will facilitate the development process of their real-world
applications.

When it comes to monolayer analysis, one is faced with the extremely small quantities of material
available, which renders many conventional spectroscopic approaches such as NMR inapplicable.
Fortunately, there are techniques that are sufficiently sensitive to analyze molecular monolayers, such as
scanning probe microscopy (SPM)?%27!, UV-vis spectroscopy?®, and TERS?* 2% 301 SPM provides
topographic and electronic structure information of the analyte but very limited chemical information.
UV-vis spectroscopy provides useful information from the maximum absorption wavelength of molecules,
and TERS gives detailed chemical information if the signals obtained can be assigned with the help of
theoretical calculations.

TERS combines SPM with plasmon-enhanced Raman spectroscopy,*33! and therefore provides
chemical fingerprint and topographic information simultaneously. Because of the strong and highly
confined field in a plasmonic nanocavity at the tip apex, the spatial resolution of TERS reaches a few
nanometers?*3¢ and even down to the A scale (submolecular resolution) under ultrahigh vacuum and
cryogenic conditions.B7-3%! TERS has been demonstrated to be a powerful analytical technique for the
study of molecular switches, including azobenzene-based ?°!, and hydrazone-based®” switches.
Recently, we reported a study of a hydrazone switch functionalized with a C6 alkyl thiolate linker (C6 HAT)
anchored on various metal surfaces using TERS and UV-vis spectroscopy.2% We found that C6 HAT cannot
isomerize on a Ag surface when irradiated at 415 nm (the activation wavelength for the Z-to-E
isomerization); higher photon energies were required to cause photoisomerization in this case. Based on
this finding and supported by density functional theory (DFT) calculations, we proposed a substrate-
mediated photoisomerization mechanism to explain the behavior of C6 HAT on these metal surfaces. This
mechanism predicts a significant influence of the length of the alkyl linker on the photoisomerization of
hydrazone switches, but this length effect has not been explored experimentally.
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Here we study this length effect systematically. We thus synthesized a series of hydrazone thiol (HAT)
switches containing an alkyl thiolate linker allowing us to anchor these molecules onto a metal surface.
To verify the effect of the distance between the photo-responsive functional group (C=N) and the metal
surface on the isomerization of HAT, the number of carbon atoms (Cn) of the alkyl linker was designhed to
be 3, 8, 10, and 11, as shown in Scheme 1. We investigated the photoisomerization behavior of these
hydrazone thiolate switches (Cn HAT, Figure 1a) in solution, in the solid state, and when assembled as a
monolayer on a metal surface, after irradiating them at 4 =415 nm or 340 nm. For this, different analytical
techniques were employed, including NMR spectroscopy (solution phase), UV-vis spectroscopy (solution
phase and at the monolayer level), confocal Raman spectroscopy (solid state), and TERS (at the monolayer
level). Finally, TERS mapping was also used to monitor and quantify the photoisomerization of Cn HAT
self-assembled monolayers (SAMs) on Au. The photoisomerization behavior of Cn HATs was
comprehensively studied from various aspects, which shed light on the substrate-mediated

photoisomerization mechanism for hydrazone switches on metal surfaces.
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Scheme 1. Molecular structure of the Z isomer of synthesized Cn HAT (n =3, 8, 10, 11).

Materials and methods

1.1 Materials for molecule synthesis

All reagents and starting materials were purchased from commercial vendors and used as supplied
unless otherwise indicated. All experiments were conducted under air unless otherwise noted. Compounds
were purified by column chromatography using silica gel (SiliCycle®, 60 A, 230-400 mesh) as stationary
phase and solvents mixtures used during chromatography were reported as volume ratios unless
otherwise noted. Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. and
used as received. *H NMR, 3C NMR and 2D NMR spectra were recorded on a 500, 600 or 800 MHz NMR
spectrometer, with carrier frequencies of 500.13, 600.13 or 799.75 MHz for H nuclei, and on 600 or 800
MHz NMR spectrometers with carrier frequencies of 150.9 and 201.1 MHz for *3C nuclei. Chemical shifts
are quoted in ppm and were calibrated using the residual solvent peak as the reference. ESI mass spectra
were obtained on a Waters Quattro Il ESI mass spectrometer. Melting points were measured on an
Electrothermal Thermo Scientific IA9100X1 digital melting point instrument.



1.2 Photoisomerization in solution

Irradiation experiments involving photoswitches in toluene were conducted with a stand-alone xenon
arc lamp system (Model: LB-LS/30, Sutter Instrument Co.) outfitted with a SMART SHUTTER controller
(Model: LB10-B/IQ, Sutter Instrument Co.) and a liquid light guide LLG/250. 340 (part number: 340HC10-
25) and 410 (part number: 410FS10-25) nm light filters purchased from Andover Corporation, were used
in the irradiation experiments. UV-Vis spectra were recorded on a Shimadzu UV-1800 UV-Vis
spectrophotometer.

1.3 Substrate preparation

Template stripped Au substrates!*”

were prepared by thermally evaporating 200 nm Au film onto Si
(100) wafers. The Si wafers were sonicated in ethanol for 15 min and then immersed in Piranha solution
for 30 minutes. Next, these Si wafers were flushed with large amounts of ultrapure water and dried with
N, prior to use. After deposition, pieces of glass (0.5 cm x 2 cm) were glued onto the surface of Au by a
glue (Thorlabs GmbH, Germany) which can be cured by irradiation with UV light (365 nm) for 20 min. The
as prepared Au substrates were freshly stripped from the Si wafer before use. The root mean squared

roughness (RMS) of these Au substrate is around 0.47 nm, based on STM images.
1.4 Cn HAT self-assembled monolayer (SAM) preparation and light irradiation setup

A freshly stripped metal substrate was immersed overnight in a 1 mM solution of C6 in ethanol to allow
the formation of a SAM on the surface. In the measurement of C3 HAT on Au diluted with hexanethiol,
the substrate was immersed in the mixed solution of C3 HAT and hexanethiol (¢ (cs Har) : C(propanethiol) is 1:10)
for 2 h. After immersion, the sample was rinsed with ethanol and dried under a N, flow. A 1 W UV LED
(Xinhuakai Ltd, Shenzhen, China) with a central wavelength of 415 nm and a bandwidth of 25 nm was used
as a light source. Another 1W UV LEDs (Xinhuakai Ltd, Shenzhen, China) with central wavelengths of 340
nm and a bandwidth of 50 nm was also used as a light source. The distance between the light source and
the sample was kept at 1 mm. The irradiation time was always 1 min.

1.5 STM-TERS measurements

STM-TERS measurements were performed on a top illumination TERS instrument that combines STM with
a Raman spectrometer (NT-MDT, Russia, NTEGRA Spectra Upright). Electrochemically etched Ag tips!**
were used to obtain both the topography and TER spectra. A 632.8 nm He-Ne laser was used as the
excitation source. For all measurements, the tunneling current setpoint was 200 pA and the tunneling bias
0.6 V, and the intensity of the laser was 70 uW with a 1 s exposure time per spectrum.

1.6 UV-Vis measurements of Cn HAT SAMs on metal surfaces

UV-Vis spectra of Cn HAT (n = 3, 8, 10, 11) SAMs were recorded by a V660 UV-Vis spectrophotometer
(Brechbiihler AG, Switzerland) and a Genesys 10S UV-Vis spectrophotometer (Thermo scientific, USA). The
sample was prepared using the following method: a metal film of Au or Ag with a thickness of 10 nm was
prepared on quartz by physical vapor deposition under high vacuum (MED 020, BAL-TEC, Leica
microsystems GmbH, Switzerland). The UV-Vis spectrum of this metal substrate was collected first, and



then it was immersed in an ethanoic Cn HAT solution for 2 h to obtain the Cn HAT SAM on the metal
substrate. After immersion, the sample was rinsed with ethanol and dried under a flow of N,. The UV-Vis
spectrum of the Cn HAT SAM on the metal substrate was then collected in the absorbance mode. The
irradiation of the Cn HAT SAM was performed ex situ.

1.7 Density functional theory (DFT) calculations

DFT calculation were carried using the CP2K packagel***3. PBE functional® with Grimme D3
correction®! have been applied to study Cn adsorbed on Au(111) surface. The Kohn-Sham DFT has solved
in the framework of the Gaussian and plane waves method“®*”, A plane-wave energy cut-off of 500 Ry
and DZVP-MOLOPT-SR-GTH basis sets*® with Goedecker-Teter-Hutter (GTH) pseudopotentials!*®*°! were
used to describe the surfaces and molecules. The Fermi-Dirac smearing has been employed to study the
metallic system and the electronic temperature are set to 300K. The Au(111) surface is construct using a
four-layer (6x6) slab which consists of 144 atoms. The geometry optimizations are carried out by keeping
the two bottom layers fixed at the initial coordinates to maintain the bulk behavior. The projected density
of states is calculated based on the optimized geometries.

Results and discussion

Molecular design and synthesis

The chemical structure of the Cn HATSs is very similar to that of C6 HAT reported before. An alkyl
thiolate linker of various lengths ranging from 0.7 nm to 1.7 nm was attached to the ester moiety
of a hydrazone skeleton®, which has a thermal half-life of 255 years in toluene. The synthetic
approach followed a procedure reported in the literature,% with yields between 51-78 %.
Products were characterized using NMR spectroscopy (Figures S1-S8) and high-resolution mass
spectrometry. The corresponding bromine terminated model compounds (Cn Br) were also
synthesized and characterized (Figures S9-516).

Photoisomerization of Cn HATs (n = 3, 8, 10, 11) in toluene

We first employed UV-vis spectroscopy to study the photoisomerization of the synthesized Cn
HAT switches in toluene. The UV-vis spectra of C3 HAT in toluene before and after irradiation at 4
=410 nm or 340 nm are shown in Figure 1b, and the UV-vis spectra of C8-C11 HAT in toluene are
shown in Figure S17. The absorption maxima (A max) of all four Z-Cn HAT in toluene appears at 369
nm. Following irradiation of the Cn HAT solutions by 410 nm light, Amax of these compounds shifts
to 333 nm, indicating the occurrence of Z-to-E isomerization. Notably, the shift of Amax in the UV-
vis spectra of all Cn HAT solutions is exactly the same as that observed in the UV-vis spectra of C6
HAT in toluene upon irradiation by 410 nm.% The ratio of Z to E isomers was calculated by fitting
two Gaussian peaks to the UV-vis spectra according to their simulated UV-vis spectra (Figure
$18).3% A 98 % E-Cn HAT content at the PSSa10 was estimated from this fit (Table S1). In addition,
the conversion efficiency of Cn HAT in solution following irradiation was studied by *H NMR
spectroscopy. All studied Cn HATs showed similar photophysical properties, owing to the similarity
of their electronic structures. Upon 410 nm light irradiation of Cn HAT a 98 - 99 % content of the



E isomer was found for PSSs10 (Figure $S19-S22). The quantum vyield (Dzs¢) of the process was
determined to be 3.1 - 4.0 % (Figure S23, S25, S27, S29). The back isomerization can be triggered
by irradiating the samples with 340 nm light. As shown in the blue curve of Figure 1, irradiation of
the samples with 340 nm light results in a redshift of Amax to 364 nm with a PSSs40 consisting of 77
% Z-Cn HAT (Gaussian fit, table S1), similar to that observed at the PSS340 of C6 HAT. These results
demonstrate that the efficiency of the Z-to-E and the back isomerization is independent of the
carbon chain length of the linker in solution. Irradiation of the obtained samples with 340 nm light
yields a PSS340 consisting of 77 - 78 % of the Z isomer using *H NMR spectroscopy (Figure $S19-522)
with ®g570f 5.6 - 8.3 % (Figure S24, 526, 528, S30). The half-life (z1/2) of the Eisomer was measured
to be 196-370 years at 298 K using the model compounds Cn Br (Table S2).

SH n=328,10,11
z E
b
8 33
3204 & ] ——C3HAT-Z
0.15 1
1)
Q
<

0.10 A

0.05 +

0.00 T - T
300 350 400 450

Wavelength (nm)
Figure 1. a. Z/E photoisomerization of Cn HAT where n corresponds to the number of carbon atoms in the
linker. b. UV-vis spectra of C3 HAT in toluene (1x10®° M) before (black curve) and after irradiation with
410 nm light (red curve), followed by irradiation with 340 nm light (blue curve).

Photoisomerization of Cn HAT (n = 3, 8, 10, 11) in the solid state

Confocal Raman spectroscopy was employed to investigate the photoisomerization of Cn HAT powders.
To get information about the expected changes in the Raman spectra of Cn HATs upon photoisomerization,
density functional theory (DFT) calculations with the B3LYP method using a basis set of 6-31G3 were
performed to simulate the vibrational spectra of the Z and E isomers of Cn HAT (Figure S31). We found
that all the Raman spectra of the Z and E isomers of Cn HAT molecules show similar features. In the
spectrum of Zisomers, the peaks at 990 and 1618 cm™ correspond to the breathing and stretching modes
of the benzene rings, respectively. Both peaks remain the same after Z-to-E isomerization. Upon the Z-to-
E isomerization, the peaks at 1436 and 1475 cm™, which are associated with the C=N stretching mode,
shift to 1565 cm™. Additionally, the peak corresponding to the C=0 stretching mode shifts from 1670 cm"
1t0 1737 cm™, which is attributed to the disappearance of the intramolecular hydrogen bonding between
the carbonyl oxygen of the ester and the nitrogen of the aniline. Moreover, the intensity of the peak at
1024 cm (the C-H bending mode) increases and the C-N stretching mode slightly shifts from 1508 cm™ to
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1524 cm™. The peaks at 1576 and 1737 cm™ are characteristic peaks of the E isomer and the peaks at 1435,
1476, and 1670 cm™ are the characteristic peaks of the Z isomer. It is noteworthy that because of the
small Raman cross-section of the C=0 bond, this vibrational mode is usually very weak in Raman spectra.
Hence, the decrease of the peaks at 1435 and 1475 cm?, and the new peak appearing at 1565 cm™ were
used to determine the Z-to-E isomerization of the molecules.

The experimental Raman spectra of Cn HAT powder samples before and after irradiation at 415 nm or
340 nm were collected and are shown in Figure 2. Before light irradiation, all the Raman spectra (black
curves in Figure 2) of Cn HAT powders show similar features and are in good agreement with the simulated
spectrum of the Z isomer. After irradiation with 415 nm light, we observed similar changes in the Raman
spectra in all cases, but to various extents for the different compounds. For C3 HAT (Figure 2a), a slight
decrease in intensity of the peaks at 1436 and 1476 cm™ and a new peak appearing at 1565 cm™ were
observed. Moreover, the peak intensity at 1680 cm™ decreases while a new peak appears at 1709 cm?
(red curve shown in the insets). All these changes are consistent with the results of the predicted Raman
spectra, suggesting that some of the Z-C3 HAT molecules have isomerized to the E form. For C8 HAT, C10
HAT, and C11 HAT (Figure 2b-d), the peak intensity at 1436 cm™ significantly decreased and the peak at
1475 cm™ almost disappears, while a prominent peak appears at 1709 cm™. Additionally, the peak at 1680
cm™ completely shifts to 1709 cm™ (the red curves shown in the insets). Such changes indicate a very high
photoconversion efficiency. As described above, the peaks at 1680 and 1709 cm™ only refer to the C=0
vibrational mode, and thus the ratio of these two peaks can be used to estimate the PSS. A Gaussian fit
was performed to calculate the ratio of the two isomers (Figure S32). For C3 HAT, the E and Z ratio at
PSS415 is calculated to be 48:52, which is much smaller than that in the solution phase. For C8, C10, and
C11 HAT, this ratio is 97:3, 92:8, and 97:3 (see Table S3), respectively. The switching efficiency of these
compounds is comparable to our earlier results reported for C6 HAT powders. The lower conversion
efficiency of C3 HAT powders upon 415 nm light irradiation is likely because of the strong intermolecular
interactions of C3 HAT. The molecular volume of C3 HAT is smaller than that of other Cn HAT (n = 8, 10,
11) molecules, and hence, we speculate that the hydrazone skeleton of C3 HAT is more closely packed in
the bulk material,’??i.e., there is less free volume for C3 HAT to accommodate the change in shape upon
isomerization, and stronger steric effects among molecules, compared with other Cn HAT molecules.

Next, we irradiated the samples with 340 nm light. As shown in the blue curves of Figure 2, the intensities
of the characteristic Raman bands for the E isomer at 1564 and 1709 cm™ decrease in all cases, while the
intensities of the peaks at 1436, 1476, and 1675 cm partially recover, which means that part of the E
isomer has isomerized back to the Zstate. The E/Z ratio at PSSz40 for Cn HAT (n=3, 8, 10, 11) was calculated
to be 39:61, 71:29, 75:25, and 59:41, respectively. The highest back conversion efficiency was observed
in C11 HAT powder (38 % of the E-C11 HAT have isomerized), which could be attributed to the loosest
packing of C11 HAT compared with other Cn HAT molecules. Notably, although the Z-to-E isomerization
efficiency of C11 HAT powder after 410 nm light irradiation was comparable to that of C11 HAT in toluene,
the back conversion efficiency is much lower than that of C11 HAT in toluene (75% of the E-C11 HAT has
isomerized). This difference is tentatively ascribed to the different packing of the Z and E isomers of C11
HAT in powder samples. We speculate that after C11 HAT molecules switch from Z to E, the E molecules
are more closely packed in bulk materials than the Z molecules, due to the smaller molecular volume.
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Figure 2. Confocal Raman spectra of Cn HAT (n = 3, 8, 10, 11) powders before (black curves) and after
irradiation with 415 nm light (red curves), followed by irradiation with 340 nm light (blue curves), (a) C3
HAT; (b) C8 HAT; (c) C10 HAT; (d) C11 HAT. Insets: Zoomed-in spectra in the range between 1650 and 1750
cm? of Cn HAT powders before and after light irradiation.

Photoisomerization of a Cn HAT (n = 3, 8, 10, 11) monolayer on a metal surface

Of central interest in this work is the study of the alkyl chain length on the photoisomerization of HAT
at the monolayer level. To investigate the switching behavior of hydrazone at the molecular level, Cn HAT
molecules were self-assembled on a metal surface to form monolayers. A common strategy to produce
self-assembled monolayers (SAMs) is through adsorption of alkanethiols on Au, Ag, and other metals due
to the high affinity of the thiolate headgroup for the metal substrate. ¥ In our model molecules,
alkanethiol linkers were attached to the hydrazone skeleton, and therefore the assembly of Cn HAT
molecules on a metal surface could be more complicated than that of simple alkanethiols on metal. Due
to the large terminal group (hydrazone skeleton), the resulting structures probably are more disordered
and less dense than those formed from alkanethiols, but the coverage of Cn HATs on Au is still expected
to be close to a full monolayer. To quantify the conversion efficiency of Cn HAT SAMs on Au surfaces after
light irradiation, UV-vis spectra of these samples were recorded and are shown in Figure 3. Before any
light irradiation, the maximum absorption peak in the UV spectra of the Cn HAT SAMs appears between
375 to 380 nm for C3, C8, C10, and C11 HAT (Figure 3, black curves). After irradiation at 415 nm, all the
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Cn HAT SAMs samples exhibited a ca. 40 nm hypsochromic shift. As shown in Table 1, the E/Z ratio at
PSS415 for C3 HAT was calculated to be 53:47 based on Gaussian fitting (Figure S33), while the E/Z ratio at
PSSa15 for other HAT compounds was as high as 90:10 (Table 1). Compared with other HAT compounds,
the C3 HAT SAM on Au thus exhibits a lower PSS after irradiation at 415 nm. A drop in conversion efficiency
of C3 HAT could result from steric/packing effects, as explained above for the case of C3 HAT powder. To
assess the contribution of steric effects, we investigated the isomerization of C3 HAT on Au diluted in a
10-fold excess of

a b
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Figure 3. UV-vis spectra of Cn HAT (n = 3, 8, 10, 11) SAMs on Au before (black curve) and after irradiation
with 415 nm light (red curve), followed by irradiation with 340 nm light (blue curve) (a). C3 HAT; (b). C8
HAT; (c). C10 HAT; (d). C11 HAT. The y axis (A A) represents the absorbance of Cn HAT SAMs, the
absorbance of the Au substrate has been subtracted from the total absorbance of Cn HAT SAMs on Au.
The negative absorbance shown in the Figures is due to the imperfect subtraction of the absorbance of
Au. The discrete steps at 370 and 420 nm are due to the change of grating.

propanethiol using UV-Vis spectroscopy. As shown in Figure S34, the E/Z ratio at PSS45 of the diluted C3
HAT SAM is also 53:47, indicating that lowering the packing density of C3 HAT on Au does not affect its
conversion efficiency. Although the phase separation °2 of binary thiol compounds is likely to occur under
ambient conditions, the steric effects in the diluted C3 HAT SAM is significantly reduced. This observation
leads us to conclude that the low isomerization of C3 HAT results from strong quenching of the excited C3
HAT molecules by the Au surface. The isomerization of on-surface photoswitches concurrently involves



several complex processes, such as direct molecular excitation and/or substrate-mediated charge transfer
processes. First, upon irradiation at 415 nm, some of the molecules are promoted to an excited state.
However, these excited adsorbates are prone to relax to the ground state via a non-radiative decay
because of efficient electron/energy transfer to the metal surface. On the other hand, we have proposed
a substrate-mediated charge transfer mechanism®” for the isomerization of an on-surface hydrazone
photoswitch, supported by our previous experimental results. According to this mechanism, the excitation
of light first induces the formation of hot carriers in the d band of the metal surface, followed by transfer
of these hot carriers to the molecules, leading to the formation of excited intermediates, which then
results in isomerization. The whole process is also dependent on the distance between the switch group
and the metal surface, as the tunnelling rate of these hot carriers from the saturated alkyl chain to the
switching group (the C=N bond) decays exponentially as a function of the donor-acceptor distance based
on Marcus theory!™. At the same time the further away the hydrazone is from the surface, the more
direct light isomerization will take place. The interplay between these effects results in an enhancement
in the E/Z ratio at PSS415 as the linker length is increased from 1 nm to 2 nm. Ultimately, the outcome of
these effects is that the £/Z ratio reaches a maximum value of 90:10 for C8 HAT and above, which is higher
than that reported for C6 HAT (82:18). One can speculate that the latter is the sweet spot where mainly
Marcus theory is working.

Table 1. Photochemical properties of Cn HAT (n =3, 8, 10, 11) SAMs on Au

Parameter C3 HAT C8 HAT C10 HAT C11 HAT
Amax, zisomer (NM) 380 380 379 375
Amasx, pss a1s (Nm) 344 340 340 335
([E):[2])pssazs (%) 53:47 90:10 90:10 89:11
Amax, pss 3a0 (nm) 360 360 364 354
([E):[Z])pss3a0 (%) 41:59 41:59 42:58 44:56

The samples were also irradiated at 340 nm, and the maximum absorption peak was found to shift back
by a different extent, to between 354 nm and 364 nm (Figure 3, blue curves), indicating that back
isomerization occurs. Subsequently, Gaussian functions were again fitted to the absorption peaks (Figure
S35). Based on the area ratio of the two absorption peaks of both isomers, the percentage of the E-Cn
HAT molecules was calculated. Table 1 summarizes the absorption wavelength of each sample and the
conversion efficiency in %. Surprisingly, unlike the back isomerization of Cn HAT in the solid state (Table
S3), which varies dramatically as a function of the linker length, Cn HAT SAMs on Au reached a PSSs40 of
around 41% E-Cn HAT in all cases. When comparing the E/Z isomer ratio following irradiation at 415 nm
(forward reaction) with that for irradiation at 340 nm (back reaction), it becomes evident that back
isomerization for C3 HAT is also less efficient than for the other Cn HAT molecules. To verify this, Cn HAT
compounds were dissolved in EtOH followed by irradiation with 415 nm light, which resulted in a PSS41s
of 93 % E-Cn HAT (Figure S36). Subsequently, the Au substrates were immersed in these solutions to
obtain a E-Cn HAT SAMs on Au. Irradiation of these samples with 340 nm light results in various E/Z ratios
at PSS (Figure S37). The E isomer ratio at PSSs4o for C3 HAT is only 51%, it decreases to 35% for C8 HAT and
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further decreases to 25% for C10 HAT and C11 HAT. These results confirm that the back isomerization is
also prone to quenching by the metal surface when the alkyl chain length is short. The surface quenching
effect on the back isomerization is almost negligible for C10 HAT and C11 HAT, which might be an
indication of direct light isomerization. Notably, the back isomerization for all Cn HAT is higher than that
through direct switching on Au (shown in Table 1). We speculate that the discrepancy between two
experiments may be because of the different topography of Au substrates prepared in two batches, which
resulted in different molecular orientation and packing density of Cn HAT adsorbed on Au. These factors
inevitably affected the conversion efficiency.

a

- [T1

E{eV)
R S T U

E (-5.46 eV)

= - == 1

e HOMO (-5.50 eV)
HOMO-1

Au DOS Adsorbate

Figure 4. (a). Diagram of the energy levels of C3 HAT on Au (111) aligned with the projected density of
states (DOS) of optimized structures. Upper part: solution of one-dimensional double-well model for C3
HAT. The red line represents the electron distribution of the ground state, and the green line represents
that of the excited state. (b). Atomic model illustrating how C3 HAT molecules are adsorbed on Au (111)
(not to scale).

To shed light on the surface quenching effect on the isomerization reaction, we carried out DFT

calculations for Cn HAT molecules adsorbed on Au(111) surfaces. Based on these results we propose a
one-dimensional double-well model to understand the observed phenomenon. As shown in Figure 4a,
square potentials are used in a double-well model, whose depths are given by the work function (Es- E,)
of the metal and electron affinity (ELumo - Ev) of the Cn HAT molecules. The double-well is separated by the
length of the alkyl chain linker. We approximate the width of the potentials to be Wmeta = 5.2 and W =
2.8 A, which are taken from the average distance between molecules on a Au surface (V3 a, being the
average bond length of Au-Au) and the length of the dihedral atoms (C-C=N-N, corresponding to the LUMO
orbitals), as shown in Figure 4b. We solved this double-well problem using the Schrodinger equation to
approximate the energy level of the ground (red) and excited states (green). As suggested by the double-

11



well model, with increasing the length of the linker, excitation energy decreases and levels out at n=8.
When the linker is short (n=3), the excitation energy is 3.10 eV, which is slightly higher than that of the
HAT molecules with a longer linker (Eex = 3.02 eV), suggesting a shorter lifetime of the excited state of C3
HAT (see details about the calculations in supporting information). As shown in Figure 4a, photo-induced
hot carriers in the excited states of C3 HAT are partially trapped in the potential well of Au and therefore
excited molecules are easily quenched by the Au surface, in contrast to other HAT molecules with a longer
linker (Figure S38 and Table S4). This is in good agreement with our experimental results. Moreover, the
excitation energy of Cn HAT on Ag was calculated. We found a similar trend as that observed for Cn HAT
on Au (see Figure S39 and Table S5), which means that the isomerization of C3 HAT on Ag is probably
guenched by the surface.

The UV spectroscopic results show that C8 HAT on Au exhibits the highest photoconversion after
irradiation at 415 nm. When we further increase the linker length, it does not lead to an even higher
conversion. As a cross validation, the photoisomerization of a C8 HAT SAM on Au was verified by TERS.
TER spectra of a C8 HAT SAM on Au before and after irradiation at 415 nm are shown in Figure 5a and 5c,
respectively. In the TER spectrum of a C8 HAT SAM, we observed similar spectral features as we found in
the confocal Raman spectra, consistent with the predicted Raman spectrum of the Z isomer, except for
the disappearance of the peak at 1680 cm™. This could result from the low signal-to-noise ratio of the
spectrum, as the intensity of this peak is intrinsically weak and further reduced because of the surface
selection rule of TERSEY, in which in-plane vibrations are cancelled by the induced mirror dipoles in the
substrate. After irradiation at 415 nm, the peaks at 1430 and 1469 cm™ almost disappear, while the
intensity of the peak at 1073 cm™ significantly grows, and simultaneously a new peak appears at 1572 cm
. All these spectral differences indicate the occurrence of the Z-to-E isomerization. Furthermore, to
guantify the isomerization ratio of C8 HAT after 415 nm light irradiation, we collected TERS maps of a C8
HAT SAM on Au before and after irradiation at 415 nm with a pixel size of ca. 30 nm. As shown in Figure
5b and 5d, after irradiation with 415 nm light, we observed the same spectral changes in most of the TER
spectra within the map as those observed in the single TER spectrum. This indicates that most of the Z-C8
HAT molecules have isomerized to the E form. As mentioned above, the peak at 1572 cm™ is characteristic
for the E isomer, such thus we could use this peak to calculate the conversion efficiency. As shown in the
TERS map of the peak intensity at 1572 cm™ (Figure S39), this peak appears in 85% of the spectra. This
value agrees with the conversion efficiency calculated from the UV-vis spectroscopic results of the C8 HAT
SAM on Au. Apart from C8 HAT, we also collected TERS maps of C3 HAT/C11 HAT before and after
irradiation at 415 nm (Figure S40 and S41). In both cases, we observed spectral features similar to those
found in the TERS maps of C8 HAT, indicating the occurrence of isomerization upon light irradiation.
Furthermore, all TER spectra within a map were accumulated and averaged to obtain statistical
information. Notably, we found that a small peak appears at 1709 cm™ in the averaged TER spectra of C3
and C11 HAT SAMs on Au after irradiation at 415 nm, while the intensity of the peak at 1680 cm™®
decreases (Figure S40c and S41c). All these spectra changes confirm the isomerization.

According to our previous experimental results of C6 HAT, isomerization of C6 HAT on Ag cannot be
triggered by irradiation with 415 nm photons but only by irradiation at 280 nm. We therefore sought to
verify, using UV-vis spectroscopy, whether Cn HAT SAMs on Ag can undergo Z-to-E isomerization with
irradiation at 415 nm or 280 nm. The experimental results are shown in Figure S42. In contrast to the Cn
HAT SAMs on Au, no significant shift of the maximum absorption wavelength in the absorption spectra of
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Cn HAT SAMs on Ag was observed, which demonstrates the absence of photoisomerization. Based on the
substrate-mediated isomerization mechanism proposed, a light source with an energy of at least higher
than 3.9 eV is needed to trigger the isomerization of HAT on Ag. We therefore irradiated the samples with
a wavelength of 280 nm (E = 4.4 eV, Figure S43). In the absorption spectra of C8, C10, and C11 HAT SAMs
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Figure 5. (a,c) Baseline corrected TER spectrum of a C8 HAT SAM on Au surface before (a, black curve) and
after irradiation with 415 nm light (b, red curve). The peaks at 1430 and 1469 cm™ marked with a blue
rectangle correspond to the Z isomer. The peaks at 1073 and 1572 cm™ marked with yellow rectangles
correspond to the E isomer. (b, d) Waterfall plot of all TER spectra from maps of a C8 HAT SAM on Au
before (b) and after irradiation with 415 nm light (d). The red arrows label the position of the peaks at
1073 cm™ and 1573 cm™. The size of all maps is 1 x 1 um? with a 31 nm pixel size. All TER spectra were
normalized to the Raman peak at 1598 cm™.

on Ag after irradiation at 280 nm, we found a significant blue shift in the absorption peak, which indicates
that most of the molecules have isomerized to the E form. Interestingly, in the cases of C3 HAT, we did
not observe such a peak shift, which could be tentatively attributed to the strong inhibition of the excited
molecule by the Ag. Overall, these results support the proposed substrate-mediated isomerization
mechanism.

Conclusions

In summary, we have synthesized a series of bistable hydrazone switches containing alkyl
thiolate linkers (Cn HAT, n = 3, 8, 10, and 11) of various lengths, ranging from around 1 to 2 nm.
The length effect of carbon chain linker on the photoisomerization of the hydrazone switches was
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systematically investigated in solution, in the solid state, and as a monolayer assembled on metal
surfaces, using UV-vis spectroscopy, confocal Raman spectroscopy, and TERS. In solution, the
conversion efficiency of Cn HATs upon irradiation at 415 nm or 340 nm was found to be
independent of carbon chain length. We also monitored the conversion efficiency of Cn HAT SAMs
on Au and Ag using UV-vis spectroscopy and TERS. Interestingly, we found that the Z-to-E
conversion efficiency of Cn HAT SAMs on Au at PSS41s increases as a function of the alkyl chain
length and saturates after the carbon number of the alkyl chain reaches 8. A similar trend was
found for the back isomerization. These results reflect the synergy between the metal surface-
induced quenching and the previously proposed substrate-mediated photoisomerization
mechanism. When the length of the carbon chain increases, quenching by the surface strongly
decreases, as confirmed by DFT calculations. On the other hand, the proposed photoisomerization
mechanism would stop working at a certain distance, since the electron transfer rate decays
exponentially with donor-acceptor distance. Subsequently, direct light isomerization starts
playing a larger role. Cn HAT SAMs, similar to C6 HAT, were found not to isomerize on Ag surfaces
upon irradiation at 415 nm, but can isomerize upon irradiation at 280 nm, except for C3 HAT.
Overall, these results confirm the previously proposed isomerization mechanism. Our study
suggests that the isomerization of HAT monolayers assembled on metal surfaces is not only
affected by the linker length, but also by the substrates. To increase the isomerization efficiency
of photoswitches on surfaces, a rational design of their chemical structure and an appropriate
choice of the substrate are of great importance. This understanding contributes to developing
effective photocontrollable surfaces using molecular switches.
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