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Self-assembly of photo-responsive molecules is a robust technology
for reversibly tuning the properties of functional materials. Herein,
we probed the crucial role of surface-adsorbate interactions on the
adsorption geometry of stilbene-functionalized N-heterocyclic
carbenes (stilbene-NHCs) monolayers and its impact on surface
potential. Stilbene-NHCs on Au film accumulated a vertical
orientation that enabled high photoisomerization efficiency and
reversible changes in surface potential. Strong metal-adsorbate
interactions led to flat-lying adsorption geometry of stilbene-NHCs
on Pt film, which quenched the photo-isomerization influence on
surface potential. It is identified that photo-induced response can
be optimized by positioning the photo-active group in proximity to
weakly-interacting surfaces.

The use of light as a non-invasive stimulus and the wide
chemical versatility of photoresponsive organic-based
monolayers make these systems highly beneficial for photo-
adjusting the surface properties of functional materials.! These
advantages led to utilization of photoresponsive organic-based
monolayers in the fields of nanosciencel?, electronics(3,
sensingl®l and catalysis®l. Photoresponsive monolayers are
constructed of two main segments: i. photoactive group, such
as azobenzenesl!®, stilbenes!”l and spiropyrans!®l; ii. surface
anchoring handle, which is frequently thiol-based for metallic
surfaces and silane-based for oxide surfaces.[22] The metal or
oxide surface on which the monolayer is anchored can
potentially function as a third segment in the photoresponsive
system and influence the photoswitchability. However, in most
systems a lateral spacer separates the photoactive group from
the surface-anchoring handle and partially decouple the surface
properties from that of the photoactive group (Scheme 1).[22]

It was recently demonstrated that N-heterocyclic carbene
molecules (NHCs) can be utilized as a surface anchoring group
for the formation of photoresponsive monolayers (Scheme 1).19
The metal-affinity of NHCs!9l enabled to form robust
monolayers in which a photoactive arylazopyrazole group was
installed on the benzimidazole backbone.® Since NHCs are
anchored to the surface through the carbene of the imidazole
ring,[!1l N-substitution of the imidazole provides a unique
opportunity for positioning a responsive group in close
proximity to the metal surface.l!2l The ability to position
chemically-active groups of NHCs in proximity to metal supports
was previously utilized for tuning the chemical reactivity of
addressable groups!12-13] and for adjusting the metal properties,
i.e. surface potential.l12d, 14]
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Scheme 1. Photoresponsive thiol- and NHC-based monolayers in which the photoactive
group is separated from the surface using an alkyl or benzimidazole spacer were
previously shown (left). In this work, the photoactive group was positioned in close
proximity to the metal surface, yielding a metal-dependent coupling of the
photoelectronic effect (right).

In a similar way, N-substitution of the imidazole ring with
photoactive groups will enable to optimally couple the light-
induced responsiveness of the photoactive group and surface
properties while benefiting from the high thermal stability of
anchored NHCs. To the best of our knowledge, such system has
not been reported yet. Herein, a photoactive stilbene group was
positioned directly on the imidazole scaffold, thus yielding NHC-
based monolayer in which the photoresponsive group is located
in close proximity to the metal surface (Scheme 1).

Stilbene was chosen as the photoresponsive group since it
enables evaluating the influence of surface proximity on both
photo-induced trans-to-cis isomerization and thermal-induced
cis-to-trans isomerization.” 151 Photoactive NHC molecules
designed to imidazole scaffold
photoresponsive stilbene functionality separated via a
methylene group (Scheme 2, NMR data can be found in Fig. S1-
S6). This design ensures close proximity of the stilbene to the
metal surface while decoupling the imidazole and stilbene
aromatic systems by sp3 carbon in order to break their
conjugation. The non-conjugated system provides an
opportunity to exclusively measure the influence of
photoinduced isomerization on surface properties. Activated
carbene solution was prepared by deprotonation of stilbene-
imidazolium (10 mM) using KO'Bu (2 eq.) in THF under inert
conditions. Stilbene-NHC was self-assembled by immersion of
Au and Pt films in the activated carbene solution (Scheme 2).
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Scheme 2. Synthetic scheme for preparation of 1-p-methylstilbene-3-methyl-1H-
imidazolium chloride (Stilbene-imidazolium, 1) from 4-chloromethylstilbene and N-
methylimidazole in toluene. Deprotonation of 1 led to the formation of stilbene-NHC
that was self-assembled on Au and Pt films.

N1ls XPS spectrum of stilbene-imidazolium 1 displayed a
dominant peak centered at 402.0 eV (Figure 1a), while the N1s
XPS spectra of stilbene-NHC that was self-assembled on Au and
Pt films exhibited a peak positioned at 400.0 eV (Figure 1b and
1c, respectively).lt2ael The shift in the peak position was
correlated to neutralization of the positive charge in stilbene-
imidazolium and was identified in various NHC-based
monolayers.l[122] The XPS peak width (FWHM= 1.3 eV) is
characteristic for NHCs on metal surfaces(!1b. 16,
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Figure 1. N1s XPS spectra of stilbene-imidazolium salt (a) and stilbene-NHCs that were
anchored on Au (b) and Pt (c) films. The measured data is shown in dots and the lines
represent the Gaussian fit.

Quantitative analysis of the N1s/Au4f and N1s/Pt4f XPS peaks
area ratio indicated on similar surface coverage of stilbene-
NHCs on the two metal films (Table S1). The higher carbon
content on Pt is attributed to either the presence of base
residues or to encapsulated solvent molecules!!1a 12c1 Contact
potential difference (CPD) measurements were performed to
analyze the influence of stilbene-NHC monolayer on the work
function (WF) values of Au and Pt. The WF values of Au and Pt
films were changed by -0.36 eV and -0.25 eV, respectively,
following surface-anchoring of stilbene-NHC. The decrease in
WEF values results from the interface dipole that is formed
between the NHC and metal surfaces.[!?] The larger change in
surface potential of Au, in comparison to Pt, can be associated
with the higher order of stilbene-NHC on Au.[12e]

The photoswitchability of surface-anchored stilbene-NHC and
its impact on surface properties was examined by CPD
measurements under irradiation. Each cycle consisted of one-
hour irradiation (at 365 nm) followed by relaxation without
illumination. Irradiation of stilbene-NHC that was self-

assembled on Au film led to a photo-induced increase of 90 +
10 mV in CPD values (Figure 2a, green-colored bars). Stilbene
isomerization lowered the molecular dipole pointing towards
the surface, which increased the CPD value.l!a. 171 Bare Au
substrate demonstrated an average change of 23+ 7 mV in CPD
values following illumination (Figure 2a, orange-colored bars),
attributed to the interaction of light with polycrystalline Au
islands that were present on the corrugated Au film.[18]
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Figure 2. ACPD measurements under UV irradiation (365 nm) of bare and Stilbene-NHC
coated metal films: (a) bare Au (orange-colored bars) and stilbene-NHC/Au (green-
colored bars) and (b) bare Pt (orange-colored bars) and stilbene-NHC/Pt (green-colored
bars). Error bars represent the SD values of three samples.

Thermal-induced relaxation (without illumination) yielded a
decrease in CPD values due to cis-to-trans isomerization of the
stilbene group.*5P! Reversible changes in CPD values was
demonstrated over several cycles with a relatively small
decrease of 10 % in ACPD changes after the third cycle. The
photo-degradation can be correlated to the susceptibility of
-C=C- bonds to undergo photo-induced transformations.[1°]
Notably, the isomerization of stilbene-NHC on Au led to ACPD
values that were in the same range as those measured for NHC
that was functionalized with arylazopyrazole on its
benzimidazole backbone and supported on Au film.[% This
similarity in ACPD values indicates that surface proximity of the
stilbene group did not quench its photo-induced isomerization
impact on surface properties. The measured ACPD values of
NHC-stilbene were 2-fold higher than that of thiol-based SAMs
that were functionalized with azobenzene.[29 |t is hypothesized
that the enhanced ACPD values of NHC-stilbene are correlated
with higher degree of conformational freedom available to
stilbene attached to NHC, resulting from its larger footprint(2t]
in comparison to that of a thiolate ligand.

Photo-induced ACPD values of stilbene-NHC/Pt (Figure 2b,
green-colored bars) were similar to the values measured for the
bare Pt film (Figure 2b, orange-colored bars) and threefold
lower than the ACPD values recorded for stilbene-NHC/Au.
Since the surface density of stilbene-NHC on Au and Pt is
comparable (Table S1), the differences in ACPD values imply
that the effect of photoisomerization was quenched once
stilbene-NHC was anchored on Pt. Photoactivity quenching on
Pt can be correlated to the strong electronic interaction of the
aromatic benzene rings of stilbene-NHC with the Pt film. It was
previously demonstrated that strong interaction of benzene
and benzene-functionalized molecules with Pt surface can lead
to a flat-lying position of the benzene ring.[12e 221 Similarly, the
interaction of stilbene-NHC with Pt can induce flat-lying



positioning of the stilbene and thus hinder its photo-tunability,
leading to deteriorated photo-induced ACPD values.

For stilbene-NHC/Au, on the other hand, 15 minutes was
measured as the half-life time for thermal-induced cis-to-trans
isomerization, based on first-order decay analysis of ACPD
values (Fig. S7). This result demonstrates that surface proximity
does not lead to rapid
isomerization. As a control experiment, photo-inert dimethyl

thermal-induced cis-to-trans
functionalized-NHCs were deposited on Au and Pt films and the
effect of irradiation on WF values was measured. Photo-
induced ACPD values of 20 + 7 and 22 + 8 mV were measured
for dimethyl-NHC on Au and Pt films, respectively (Fig. S8).
These values are similar to the values measured for the bare
metal films (Figure 2), indicating that the photo-induced
changes in ACPD of stilbene-NHC/Au stems from the stilbene
group and were not induced by the imidazole scaffold. Control
experiment was also performed with bulkier NO,-functionalized
NHCs (1,3-bis(2,4-dinitrophenyl)-1H-imidazol-3-ium) that was
deposited on Au film. UV-irradiation led to ACPD values of 8 + 3
mV, confirming that the conformational freedom of benzene
rings has negligible influence on photoactivity of stilbene-NHC.
Polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS) measurements of stilbene-NHC/Au
and stilbene-NHC/Pt (Figure 3a and 3b, respectively) were
performed under illumination and thermal relaxation (purple-
and black-colored spectra, respectively) to probe the trans and
cis isomers, respectively, of the stilbene group. The high
sensitivity of PM-IRRAS measurements to dipoles that are
perpendicular to the surface yields spectroscopic data with
which the impact of illumination on the anchoring geometry of
stilbene-NHC on Au and Pt can be deduced. Illumination led to
the appearance of a peak at 740 cm-! on both Au and Pt films
that were coated with stilbene-NHCs. This peak was attributed
to the cis-stilbene isomer(ts? 231 and was not detected under
dark conditions. Additionally, surface illumination eliminated
two vibrational signatures at 947 and 1648 cm-, assigned to
C-H bending and C=C-H stretch of the trans double bond,
respectively. The photo-induced variations in IR spectra validate
that stilbene isomerization led to the observed changes in CPD
values. The signals in the 1300-1600 cm-! range, assigned to the
imidazole ring, were not significantly modified following
illumination, indicating that the imidazole ring did not change
its position during the light-dark cycles.

W
o

104 0.24 7
Au Cis Pt Cis
3 E]
o [
E |uv £
o} 54 Trans g
5 £ 0wy
£ 2
E Trans § Trans Tra{:s
=< <
Dark Dark x40
0 —# T T T 0 — r - -
500 700 1100 1300 1500 1700 500 700 1100 1300 1500 1700
Wavenumber (cm™) Wavenumber (cm")
C
0.06 1Cis - 740 cm?
0.03
Ei
= 000 1
5
j 0.10
[
&
0.05
0.00 -

Number of Cycles

Figure 3. In-situ PM-IRRAS spectra of stilbene-NHC on Au (a) and Pt (b) films,
measured under illumination and after thermal relaxation (purple- and black-
colored spectra, respectively). (c) Peak area analysis of cis- and trans-related
vibrations (740 and 1648 cm™, shown in upper and lower panels, respectively)
of stilbene-NHC/Au (black) and stilbene-NHC/Pt (pink) during several cycles
of irradiation (purple background) and thermal relaxation (gray background).

The amplitudes of the vibrational peaks were 20-fold higher for
NHC-stilbene on Au than on Pt. Since the surface density of
stilbene-NHC on Au and Pt is comparable (Table S1), the vast
differences in the vibrational amplitude were correlated to
dissimilarities in the adsorption geometry, induced by the
strong interaction of stilbene-NHC with Pt. The deteriorated
vibrational signals of stilbene-NHC on Pt indicate that the
surface-anchored molecules were mostly oriented in a close to
flat-lying position.l12<el  The absence of the vibrational
fingerprint attributed to the imidazole ring at 1300-1600 cm-!
on Pt further supports a flat-lying orientation of the aromatic
imidazole ring. The flat-lying stilbene groups on Pt were photo-
isomerized upon their illumination, as identified by the changes
in the PM-IRRAS spectra (Figure 3b). However, due to the
parallel position of the stilbene group in respect to the Pt
surface, the photo-isomerization did not induce a noticeable
influence on work function values (Figure 2b).

The reversible appearance and disappearance of a cis-related
peak (740 cm) and the disappearance and appearance of a
trans-related peak (1648 cm) under illumination and dark
conditions, respectively, were monitored for stilbene-NHC on
Au and Pt during three consecutive dark-light cycles (Figure 3c).
High reversibility of photo-isomerization was detected for both
stilbene-NHC/Au and stilbene-NHC/Pt. However, the vibrational
signal amplitude variations for stilbene-NHC on Au were much
higher than those measured on Pt, correlated to differences in
metal-adsorbate interactions that influenced the adsorption
geometry of anchored molecules.

In conclusion, N-substituted NHC with a stilbene group was
synthesized and self-assembled on Au and Pt films, enabling to
position a photoactive group in close proximity to the metal



surface. In-situ PM-IRRAS and ACPD measurements provided a
holistic view of the influence of metal-adsorbate interactions on
stilbene photoisomerization impact on
properties. Stilbene-NHC that was anchored on the more inert
and weakly interacting Au surface accumulated a vertical
orientation, which led to structural flexibility and high
isomerization efficiency that resulted reversible photoinduced
changes of 90 + 10 mV in CPD value. Once stilbene-NHC was
supported on Pt film, the strong metal-adsorbate interactions
led to flat-lying adsorption geometry of the stilbene group that
quenched the influence of photoswitchability on CPD values.
The presented results therefore identify the key impact of
metal-adsorbate interactions on the adsorption geometry and
the ability to photo-adjust the surface potential. It is
demonstrated that in order to fully utilize the photo-induced
response of monolayers for adjusting the metal properties the
photo-active group should be positioned in high proximity to
weakly-interacting metal surfaces.

and its surface
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