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A B S T R A C T

The electrochemical surface-enhanced Raman spectra (SERS) of 1,4-bis(4-vinylpyridyl)benzene (bvpb) recorded
at different electrode potentials with three excitation wavelengths (785, 532 and 473 nm) point out there exists a
resonance process involved at more negative voltage with the 785 nm line, giving two strongly enhanced SERS
bands at about 1500 and 1150 cm− 1. This result agrees with the VIS-NIR transient absorption spectrum char-
acterized by a strong band at 607 nm and a weaker one at 1163 nm, corresponding to the first singlet (S1) and
triplet (T1) excited electronic states. The DFT potential energy curve corresponding to the trans–cis (E-Z) isom-
erization in the S0 state and in the two lowest S1 and T1 excited states, indicates that the S1 state exhibits a
significant lower barrier height than S0 state, showing also a S1/S0 conical intersection at a structural confor-
mation in which the vinyl double bond twists by 90◦. TD-DFT resonance Raman spectra of the planar and twisted
conformation in a simple model of surface complex, Ag20-bvpb, yield that the twisted molecule is able to predict
the selected enhancement of the two SERS bands. Therefore, bvpb could act as an electroactive conformational
molecular switch under a selected wavelength in nanoelectronic devices.

1. Introduction

The photochemical cis–trans (Z-E) isomerization of organic mole-
cules with a double bond in their structure have been widely studied
because this process plays a main role in many photoreceptive biological
functions such as vision and phototaxis [1,2] or the vitamin D produc-
tion [3], as well as, in devices that use photoisomerizable additives/
pigments to change their properties such as, rewritable CDs, DVDs, 3D
optical data storage and liquid crystals. Nowadays, the interest in pho-
toisomerizable molecules has been aimed at new functional materials
and molecular devices, such as molecular switches [4], molecular mo-
tors [5] and molecular electronics [6].

One prominent type of compounds subject to photoisomerism are
stilbenes [7,8] and related heterocyclic analogues (heterostilbenes)
[9,10]. The photochemistry of stilbene has attracted considerable
attention and interest for researchers [7,11–15] and has been exten-
sively investigated from experimental [7,11–16] and computational

[15,17–20] point of view, being addressed in two ways: the elucidation
of which mechanism, hula-twist or one-bond flip [1,7], is involved in the
Z-E isomerization and the detection of the transient species in the first
excited electronic state, S1, corresponding to a perpendicular molecular
geometry, when one of the benzene rings is rotated by 90◦ around the
vinyl bond [13,14]. This is a common intermediate between the two
excited trans- and cis-species, being called the phantom state due to its
difficulty to be detected and its short lifetime.

The transient absorption spectroscopy (TAS) with time-resolution in
femtoseconds gets insight into the nature and dynamics of relaxation
processes in the transient species. The main conclusions related to the
photoreactivity and excited states of trans- and cis-stilbenes [7,13,14]
can be summarized as follows, the hula-twist mechanism can take place
not only in a fluid medium but also in free molecules without any
constraint [7] and, the lifetime of the phantom state was found to be
around 135–160 fs [13], while those of the singlet excited trans and cis
species are 10 to > 100 ps [16], depending of the excess of energy, and
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300 fs [21,22], respectively. From computational point of view, most of
the works [17,23–25] conclude that the majority of E-Z photo-
isomerization reactions involved in the S1 state proceed via a conical
intersection (CI) between the S1 and S0 states, whereas a crossing to the
triplet (T1) excited states rarely occurs due to a large energy gap be-
tween the corresponding singlet and triplet excited states.

Nonetheless, although the TAS spectra provide information on the
electronic transitions of the excited states created by the photoexcita-
tion, no information on the structural changes that a molecule suffers in
the excited state can be extracted. Concerning the photoexcitation of
stilbene, no experimental evidences of the rotation by 90◦ of the double
bond in the S1 state, and thus a perpendicular molecular geometry in the
phantom state, were shown by any time-resolved vibrational spectros-
copy [26], due to the low temporal and spectral resolution of this
technique. To this regard, surface-enhanced Raman scattering (SERS)
[27] could be a complementary spectroscopic tool to TAS spectra
because it is a vibrational technique that allows us to extract information
on the molecular electronic structure and even, on the changes in the
molecular conformation upon excitation [28], with the help of theo-
retical calculations. This technique is mainly characterized by a selective
enhancement of the bands of an aromatic molecule adsorbed or close to
a nanostructured metal, as a consequence of a resonance process be-
tween the ground electronic state (S0) and an excited electronic state of
the adsorbate [29] or the metal-adsorbate hybrid that shows charge-
transfer (CT) characteristics [30]. In electrochemical SERS experi-
ments, the resonance condition can be reached under visible excitation
line at negative electrode potential [28,30–32] yielding information on
the molecular conformation in such excited electronic state.

In this work, a synergy of experimental, TAS and SERS spectra, and
computational results is provided to investigate the effect of E-Z pho-
toisomerization process of a double heterostilbene, 1,4-bis(4-vinylpyr-
idyl)benzene, adsorbed on a nanostructured silver surface, hereinafter
be called bvpb. This molecule shows two end pyridines connected each
one by a vinyl bond to a central benzene ring. Because of its photoin-
duced molecular isomerization reaction could be analogue to that of
stilbene, bvpb can play an important role in the optoelectronic field and
also, in the design of new functional materials by acting as a building
block in three-dimensional supramolecular self-assembling compounds
[33] at metal surfaces and interfaces, due to the presence of the two
nitrogen atoms in the two end pyridines.

The investigation follows several steps: firstly, bvpb was synthesized
and characterized by experimental techniques and DFT calculations. Its
electronic structure and the E-Z photoisomerization process were
investigated by TAS technique and DFT calculations related to the po-
tential energy curve of a vinyl torsion. Then, the adsorption of bvpb on
silver surface was investigated by electrochemical SERS spectra and also
DFT calculations applied to a series of simple linear metal-(E,E)-bvpb
complexes, Agnq-(E,E)-bvpb, with different sizes (n) and charges (q) that
allows to simulate the effect of the electrode potential on the electronic
structure of adsorbed bvpb. In addition, the conventional Raman and
resonance Raman of bvpb isolated and complexed were also calculated
and compared with the experimental ones.

This study allows us to conclude from TAS data that the photoexci-
tation of bvpb in aqueous solution decays to the S0 state in a radia-
tionless ultrafast process through S0/S1 CI. There exists a competitive
process related to an intersystem crossing practically from the Franck-
Condon point to the CI given that the two TAS bands, at 607 nm
(2.04 eV) and 1163 nm (1.07 eV), corresponding to the S1 and T1 excited
states, show a similar dynamics of relaxation, and thus, the electronic
state is degenerated in such region due to a common molecular
conformation for the two states. This behaviour is corroborated by DFT
calculations, which yield a geometry with the vinylpyridil group twisted
at 90◦ as a responsible of the degenerated electronic state. A similar
twisted geometry could be involved in the strong enhancement of two
SERS bands, about 1500 and 1150 cm− 1, observed in the electro-
chemical SERS experiments at negative electrode potential, − 1.0 V, with

785 nm (1.58 eV) excitation line, due to the close proximity to the S1
state resonance (2.04 eV). In fact, the resonance Raman spectra calcu-
lated for the twisted molecule by using a simple model of surface com-
plex, Ag20-bvpb, is able to explain the enhancement of these two bands
while an all-trans planar structure cannot support the experimental ev-
idence. SERS experiments also show that the S1 state, and thus a twisted
geometry, can be tuned by the electrode potential in a reversible way
without molecular damage, what allows us to conclude that bvpb could
be employed as conformational molecular switch addressed by electric
potential under a selected wavelength.

2. Material and methods

2.1. Synthesis and characterization of 1,4-bis(4-vinylpyridyl)benzene,
(bvpb)

All reagents of the available highest purity were purchased from
Aldrich chemicals. A similar synthetic procedure to that previously re-
ported [34] was performed. Briefly, benzoyl chloride (4.96 mL, 43
mmol, 2.0 equiv.) was slowly added to a solution of 4-methylpyridine
(4.18 mL, 43 mmol, 2.0 equiv.) in DMF (50 mL) at room temperature.
After stirring for 30 min, a solution of terephthaldicarboxaldehyde
(2.88 g, 21.5 mmol, 1.0 equiv.) in DMF (20 mL) was then added and the
reaction mixture heated under reflux for 12 h. The resulting solution was
cooled to room temperature and poured into water–ice (300 mL) which
was rendered basic by addition of ammonia until pH=10–12. The crude
product was collected by filtration and washed with solution of HCl 2 M,
yielding the corresponding dihydrochloride dipyridinium salt of bvpb as
a yellow solid (25 % yield in two steps), m.p: 309–319 ◦C; Elemental
analysis: C, 61.5 %; H, 5.4 %; N, 7.3 %. (C20H16N2•2HCl requires C,
67.2 %; H, 5.1 %; N, 7.8 %; Cl, 19,8 %); 1H NMR (400 MHz, D2O), δ
(ppm): 8.33 (d, 4H, J=6.8 Hz), 7.74 (d, 4H, J=6.8 Hz), 7.33 (s, 4H),
7.21 (d, 2H, J=16.3 Hz), 6.83 (d, 2H, J=16.3 Hz); 13C NMR (100 MHz,
D2O), δ (ppm): 154.6, 140.4, 139.3, 136.4, 128.8, 123.4, 123.3. UV
Absorption: 370 nm. Raman spectrum (excitation line λ = 785 nm):
three strong bands at 1625, 1596 and 1178 cm− 1 assigned to in-plane
modes; ethylene C––C bond stretching, C–C bond stretching (8a
mode) and C–H bending of central benzene ring, respectively.

2.2. Instrumentation

A TruSpec Micro elemental analyzer (Leco, USA) was employed in
carbon, hydrogen and nitrogen determination, being able to perform
measurements in small samples (2.5 mg). An Agilent 8453 UV–visible
spectrometer (Agilent, USA) and a 400 Plus Avance III spectrometer
(Bruker, USA) were used for recording the absorption spectrum in
aqueous solution and the NMR spectra, respectively.

The Raman and SERS spectra were recorded by a Renishaw InVia
Qontor micro-Raman spectrometer (Renishaw, UK) with 1 cm− 1 spectral
resolution using three exciting lines, 785, 532 and 473 nm. An adapted
objective (f:30 mm) was used to work in macro conditions. The laser
power at the sample was 5–10 mW, depending of the excitation wave-
length, and Wire 2.0 software (Renishaw) was used for spectral acqui-
sition and manipulation. A single scan and 10 s exposure time were
selected to avoid sample damage. The sequence of spectra was recorded
twice to check that the relative intensity of the bands kept constant.

An electrochemical cell composed by three electrodes, a platinum
counter electrode, an Ag/AgCl/KCl (sat) reference electrode and a pure
silver working electrode was employed for recording spectroelec-
trochemical SERS experiments. The silver surface was polished with
0.30 alumina (Büehler, USA) and then electrochemically activated by an
oxidation–reduction pre-treatment involving seven pulses of a trian-
gular sweep from − 0.5 V to+ 0.6 V at 5 mV/s using a 0.1 M KCl aqueous
solution. A potentiostat model 600E (CH Instruments Inc., USA) controls
the electrode potentials. SERS spectra of bvpb/KCl aqueous solution
(0.1 mM/0.1 M) were recorded in forward and reverse way, that is, from
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0.0 V up to − 1.4 V by step of − 0.1 V and then get back to 0.0 V in the
same way. This procedure was repeated twice in order to check the
reproducibility.

A Helios spectrometer (Spectra Physics, USA) in a probe-reference
mode was employed for recording the transient absorption spectra
(TAS). However, a complete system requires a solid-state amplifier
(Spitfire Ace Model F, Ti:Sapphire, 800 nm, ≤ 1KHz) that operates in a
chirped pulse amplification. It also needs a pump laser (Empower, Nd-
YLF, 527 nm, 1KHz), to energize the Spitfire amplifier, and a seed
laser (Mai Tai, Ti:Sapphire, 800 nm, 80 MHz) to provide the original
pulses. Small fraction (about 1–3 mJ) of pump pulses at 800 nm wave-
length is used to produce white-light continuum in a sapphire plate
inserted in the TOPAS equipment (290–1600 nm), a two-stage optical
parametric amplifier. Once TOPAS is properly adjusted and calibrated
the wavelength can be easily changed usingWinTOPAS software and the
pump beam for the specific sample can be selected. In our case, it was set
at 370 nm. The other branch of the amplified 800 nm light is focused on
a calcium fluoride plate or a different substrate (proprietary information
of Spectra Physics) for generating a white-light continuum in the VIS
and the NIR, respectively. The resulting beam is used as a broadband
probe. Then, the probe is focused on the sample spatially overlapped
with the pump that is set at the magic angle (54.7◦) to prevent the
dipole–dipole interactions between the excited molecules and the probe
light.

The probe-reference mode, in which the probe beam is split into two
before passing through the sample and one leg is sent to the reference
spectrometer, allows to monitorize the fluctuations in the probe beam
intensity. This has the advantage to achieve a good signal/noise ratio
with lower number of averaged laser pulses, being of interest for
photodegradable samples where the number of lasers shots is very
limited. A spectral resolution of 1.5 and 3.5 nm is achieved in the VIS
and NIR region. The intrinsic temporal resolution is 7 fs. An aqueous
sample solution, 10-3 M, in a static cell with 0.2–1 mm thick quartz
window and 2 mm optical pathlength was employed. The transient ab-
sorption measurements cover the 450–800 nm and 800–1600 nm
spectral ranges and a 0–5 ns time range. Different times delay between
the pump and probe were performed. TAS spectra were analyzed with
Surface Explorer program, version 4.0.

All equipments stay in the central research support services (SCAI
center) of the University of Málaga.

2.3. Theoretical calculations

Density Functional Theory (DFT) [35] was employed to calculate the
equilibrium geometry, the vibrational wavenumbers and the internal
rotation potential energy curve along the single C–C bond of pyridine
and the double C––C ethylene bond in the S0 state. The calculations
performed in S1 and T1 excited states were carried out by spin-
unpolarized and spin-polarized Time-Dependent DFT (TD-DFT).

Three hybrid functionals, B3LYP [36], wB97XD [37] and CAM-
B3LYP[38], with the electronic basis set, 6–31+G* [39] were selected,
together with the CAM-B3LYP/Def2TZVPP [38,40] level of calculation,
in order to investigate the effect of the functionals and the electronic
basis set on different issues such as, optimized geometrical parameters,
vibrational wavenumbers, absorption band, Raman spectrum and elec-
tronic structure of bvpb. CAM-B3LYP/6–31+G* level was only
employed for the potential energy curves associated with torsions of
both pyridine groups with respect to the plane of the vinylene linkage
and of the C––C ethylene bond implicated in the E-Z isomerization of
bvpb, since it represents a good compromise between the quality of the
results and the required computer time, as will see later.

In addition, a simple model of linear metal-(E,E)-bvpb complexes,
Agnq-(E,E)-bvpb, with different sizes (n) and charges (q) such as, n =

0 with q= 0 and n= 3, 5, 7 with q=±1, was employed to investigate the
effect of the electrode potential on the electronic structure of bvpb
adsorbed on silver surface. The combined variable qeff = q/n models the

change of the excess of charge of a surface atom of the electrode under
applied voltage [41,42]. This theoretical model yields results in agree-
ment with the experimental evidences [41,42]. The neutral complex,
Ag20-(E,E)-bvpb, was selected to calculate the potential energy curve due
to the torsion of vinyl bond and the resonance Raman spectra. This
closed-shell molecular system reproduces quite well the SERS spectra in
aromatic molecules [28,30,43]. Due to the presence of the silver atoms,
all calculations of the surface complexes were performed at CAM-
B3LYP/Def2TZVPP level.

The bulk aqueous solvent effect was also incorporated in the calcu-
lations of the isolated molecule and the metallic complex by using the
polarizable continuum model (PCM=water).

Raman intensities were computed in the Born-Oppenheimer
approach using the Placzek approximation [44,45]. Under these con-
ditions, the mathematical expression for the resonance Raman cross
section of a vibrational mode p for a perpendicular plane-polarized light
becomes:
(
dσ
dΩ
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Being υ̃in and υ̃p, the wavenumbers of the incident radiation (785 nm)
and of the vibrational normal mode p; ε0 the vacuum permittivity; h the
Planḱs constant; c the speed of light; kB Boltzmann’s constant and T the
temperature. The (45a2p + 7γ2

p) term is the Raman activity, ap is the mean
isotropic polarizability and γp is the derivative of the anisotropic
polarizability.

Raman and UV spectra were plotted using a lorentzian function with
a value of 10 units as a full width at half maximum. The computed
vibrational normal modes and molecular orbitals were visualized with
MOLDEN program [46]. All calculations were carried out with the
GAUSSIAN16 revision C.02 program [47] provided by the Super-
computing and Bioinnovation Center (SCBI) of the University of Málaga.

3. Results and discussion

3.1. Equilibrium geometry in S0 state and electronic structure of bvpb.
Raman and UV spectra. Comparison of DFT results

The molecular geometry of bvpb was first optimized considering that
the pyridine and benzene rings and the vinylene linkage are coplanar in
all-trans-conformation (E,E-isomer), i.e., constrained to a C2h symmetry.
Due to the absence of experimental data about the structure of bvpb, the
geometrical parameters calculated at different DFT levels (Table S1)
were compared with the experimental data obtained in a related mole-
cule like trans-stilbene [48–51].

The four levels of calculation yield values of distance and bond an-
gles in the same order of the experimental data for trans-stilbene, except
the calculated C–N distance, R(C4-N5), and H-Cethylene-Cring angle, A(H-
C1-C2) in bvpb, that are slightly smaller (e.g. 1.339 Å and 114.3◦ at
B3LYP/6–31+G*) than the respective C–C distance and angle in trans-
stilbene (1.369 Å and 121.1◦) [48,49]. However, some differences
among the DFT calculations were detected. B3LYP/6–31+G* level gives
slightly higher values of bond distances of the carbon skeletal (e.g.
1.351 Å for C=C distance) than the rest of the calculations (e.g. 1.341 Å
for CAM-B3LYP/6–31+G*), while the higher level of calculation CAM-
B3LYP/Def2TZVPP yields smaller values (e.g. 1.332 Å for C––C dis-
tance), as expected for a long-range-corrected functional with a huge
basis set. The two functionals wB97XD and CAM-B3LYP with the same
basis set, 6–31+G*, yield similar results (e.g. 1.342 Å and 1.341 Å for
C––C distance), intermediate values between those of B3LYP/6–31+G*
and CAM-B3LYP/Def2TZVPP. There are no other appreciable differ-
ences for the rest of parameters at any level of calculation.

The similar geometrical data between those calculated for (E,E)-bvpb
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and those experimental for trans-stilbene indicate that bvpb would show
an analogous geometrical structure to trans-stilbene. Because of trans-
stilbene has the two phenyl rings slightly twisted by 3-7◦ with respect to
the vinylene plane, as shown experimentally [48,49], it would be also
expected an almost planar geometry for bvpb in the S0 electronic state.
In fact, the optimized structure of bvpb under a C2h symmetry at any
level of calculation, except at wB97XD/6–31+G* level, yields real
wavenumbers, indicating an absolute equilibrium minimum. Because of
the structure optimization at wB97XD/6–31+G* level gives a geometry
with the two pyridine rings slightly twisted, the potential energy curves
related to torsions of both pyridine rings will be investigated in the next
section. As a result in advance, a flat minimum was found in a small
rotational angles range in S0 state.

Regarding to the vibrational wavenumbers, although those all
calculated are overestimated with respect to the experimental ones, the
theoretical Raman spectrum of (E,E)-bvpb at any level of calculation
reproduces quite well the experimental intensities profile (Figure S1); a
very strong band recorded at 1596 cm− 1 assigned to 8a:νring mode of the
three aromatic rings and two strong bands recorded at 1625 and 1178
cm− 1 assigned to C––C stretching and benzene C–H in-plane deforma-
tion, respectively. All recorded bands belong to a totally symmetric
irreducible representation (Table S2). Only the intensities of the two
bands recorded in the 1600 cm− 1 region are swapped in the wB97XD/6-
31+G* Raman spectrum (Figure S1), predicting the strongest band as
that at higher wavenumber assigned to C=C stretching. Given that (E,E)-
bvpb is a double heterostilbene, the assignment of the Raman bands has
been done by correlation with those reported for E-stilbene (Table S2
and references in Material Supplementary).

Regarding to the electronic structure of (E,E)-bvpb (Table S3), each
level of calculation shows a different distribution of the first ten singlet
excited states according to their irreducible representations. In any case,

all calculations predict a low-lying bright singlet S1 state, 3.1 eV at
B3LYP/6–31+G* and about 3.6 eV at CAM-B3LYP/6–31+G* and
Def2TZVPP, that belongs to Bu irreducible representation with an
oscillator strength about 1.7 arbitrary units (a.u.) at any level of calcu-
lation. This S1 state corresponds to a π-π* transition involving the
HOMO-LUMO orbitals (inset of Fig. S2a). The experimental UV spec-
trum and those calculated at different levels were plotted in Fig. S2a and
S2b, respectively. Experimentally, an absorption band centered at 370
nm is shown (Fig. S2a), while the calculated UV band in gas phase is
blue- or red-shifted about 30 nm in both cases, depending on the level of
calculation (Fig. S2b), that is, the levels of calculation subestimate or
overestimate the energy of the electronic states as much as a 8 % respect
to the experimental value. Due to most of selected levels gives a blue-
shifted UV band (− 30 nm) and only the B3LYP/6–31+G* level pre-
dicts a red-shifted UV band (+30 nm), the CAM-B3LYP/6–31+G* level
was chosen to study the potential energy associated with torsion of
pyridine ring and of vinyl bond. This level of calculation has a good
compromise between the quality of the results and the required com-
puter time. In addition, the incorporation of the bulk solvent effect at
this level of calculation by using PCM predicts an absorption band at
370 nm (Fig. S2b), in agreement with the experimental evidence.

3.2. Torsional potential energy curves of pyridyl ring and of vinyl double
bond in isolated bvpb

Two types of torsional motion can be considered in (E,E)-bvpb
molecule, one along the C–C single bond connecting the pyridine rings,
defined by the dihedral angle ϕ, and other along the C=C double bond,
defined by the dihedral angle τ. Fig. 1 shows the CAM-B3LYP/6–31+G*
potential energy curves related with the torsion of the two pyridine rings
leaving coplanar the benzene ring and the two double bonds. Under this

Fig. 1. Potential energy curves at CAM-B3LYP/6–31+G* level associated with torsions of both pyridine rings with respect to the plane defined by the benzene ring
and the C––C double bonds (ϕ dihedral angle), keeping either C2 (a) or Ci (b) symmetry in the structure of bvpb.
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restricted condition, all geometrical parameters are optimized at each
fixed ϕ angle. Both rings can be rotated by an equal amount in opposite
direction leading to C2 symmetry (Fig. 1a), or in the same direction
becoming Ci symmetry (Fig. 1b). The shapes of both potential curves are
very similar one each other. In both cases, the barrier for the perpen-
dicular rings was reached at 7.3 kcal/mol in gas phase (or 9.4 kcal/mol,
PCM), being in the same order of magnitude that in the case of trans-
silbene [49] and other polyenes [52]. Also, a flat minimum between
− 20◦ and+ 20◦ was calculated in agreement with the gas-phase electron
diffraction data obtained for trans-stilbene that give a dihedral angle of
about 30◦ [50]. However, the optimized Ci and C2 conformations only
differ + 0.053 and + 0.046 kcal/mol in gas phase (or + 0.012 and +

0.019 kcal/mol, PCM) with respect to the planar C2h symmetry. The
calculated energy difference between the C2 and Ci symmetries is very
small, (7.2•10-3 kcal/mol, gas phase; 6.6•10-3 kcal/mol, PCM), being
the C2 symmetry conformation slightly more stable than Ci one in gas
phase while a reverted behaviour is found in aqueous solvent. Thus, such
low barrier height points out that bvpb is slightly flexible as happens in
many conjugated molecules [53].

Because of two pyridine rings can act as a free rotor, the potential
energy curve associated with the torsion of C=C double bond has been
calculated for only one of the two vinyl bonds keeping planar the rest of
the molecular structure and leaving free the ϕ angle corresponding to
the rotation of pyridine ring. This implies a hula-twist mechanism in
which the rotation of the C=C double and C–C single bond was involved
as already evidenced in previous work [7]. Although this is the domi-
nant photochemical reaction pathway for polyenes, a small diene or a
longer polyene chromophore imbedded in a rigid medium or in a protein
binding cavity such as those of rhodopsin [1] and previtamin D [54], the
hula-twist can also take place in free molecules without any constraint
[7], while the conventional one-bond-flip process is the preferred re-
action pathway in a fluid medium [55].

Fig. 2 shows the CAM-B3LYP/6–31+G* relative potential energy
profile of the ground state (S0), and the first excited triplet (T1) and
singlet (S1) states in gas phase by considering the rotation of one vinyl
bond. The barrier of (E,E)-(E,Z) isomerization along the S0 potential
curve is 3.17 eV (+73.21 kcal/mol) with a transient state (TS) at τ = 90◦

and the difference energy between the two isomers, (E,E) and (E,Z), is
only 0.34 eV (+7.91 kcal/mol). These values slightly change when all
geometrical parameters are optimized. Figure S3 shows a potential en-
ergy diagram showing the optimized structures and energies associated
with each conformer, as well as, the minimum energies required to reach
the different TS. In this case, the difference energy between the (E,E) and
(E,Z) isomers becomes smaller, 0.18 eV (+4.27 kcal/mol) while the
barrier height, TS1, remains practically unchanged, 3.16 eV (+73.10
Kcal/mol). Also, a second isomerization, from (E,Z) conformation to (Z,
Z) one, related to the other C=C double bond is considered. The barrier
height (E,Z)-(Z,Z), TS2, is slightly higher (+84.29 kcal/mol) and the all-
cis-isomer (Z,Z-bvpb) differs only + 4.19 and + 8.46 kcal/mol with
respect to the (E,Z) and (E,E) isomers, respectively. The calculated N…N
distance and ϕ angle of bvpb are the two geometrical parameters that
significantly change with the isomerization (Figure S3). The N…N dis-
tance is shortened from 16.2 Å in (E,E) isomer to 14.2 Å in TS1 and
reaches 12.7 Å in (E,Z) isomer, while the ϕ angle is rotated from 0◦ in (E,
E) to 4.7◦ in TS1 and up to 40.3◦ in (E,Z) isomer. PCM calculations
(orange values in Figure S3) yield similar results to that obtained pre-
viously in gas phase for the barrier heights, TS1 (+72.94 kcal/mol) and
TS2 (+84.43 kcal/mol), and for the energy differences of the cis-isomers,
(E,Z) and (Z,Z), with respect to the all-trans (E,E) one (+5.08 and +

10.14 kcal/mol, respectively). Also, the geometrical parameters, N…N
distance and ϕ angle, practically are not affected by the presence of
aqueous solvent (Figure S3) as also happen for the potential energy
curve associated with the torsion of the vinyl bond (Figure S4) in S0
state. In summarize, because of this high barrier along the S0 energy, the

Fig. 2. CAM-B3LYP/6–31+G* potential energy curves associated with torsion of one of C––C vinyl bond according to a hula-twist mechanism in the ground
electronic state (S0) and the first excited triplet (T1) and singlet (S1) states. The ϕ angle is optimized at each fixed τ angle and the rest of the molecule is constrained in
a plane.
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E-Z isomerization of bvpb involves the S1 excited state.
Along the S1 potential curve (Fig. 2), the barrier of (E,E)-(E,Z)

isomerization is about seven times smaller, 0.5 eV (11.5 kcal/mol), than
in the case of S0 state, 3.17 eV (73.21 kcal/mol) showing a point at τ =

90◦ in which the forces are not optimized because of the proximity to the
TS of the S0 potential curve, with a difference energy between them,
ΔES0-S1(90◦) = 0.13 eV (2.82 kcal/mol), and even a difference energy to
that of the T1 potential curve of ΔES1-T1(90◦) = 0.38 eV (8.71 kcal/mol).
PCM calculations (Figure S4) yield even smaller energies, with a barrier
height in S1 state of 0.4 eV (9.2 kcal/mol) and ΔES0-S1(90◦) = 0.07 eV
(1.61 kcal/mol) and ΔES1-T1(90◦) = 0.31 eV (7.10 kcal/mol). Thus, the
three electronic states, S0, S1 and T1, lie almost at the same energy in the
conformation of bvpb in which the vinyl group rotates τ = 90◦, that is,
this twisted conformation shows a degenerated electronic state. A
similar behavior was found in other aromatic molecules such as ben-
zene, toluene and pyrrole [56] in which the T1 is also degenerate with
the two singlet S0 and S1 states contributing, in some cases, to the
dissociation yield under certain experimental conditions. Thus, the E-Z
isomerization of bvpb could occur through a S0/S1 conical intersection
(CI), as happen in most of polyene molecules [57] or trans-estilbene
[23], and particularly in our case, an intersystem crossing to the T1 state
could be also involved, leading a transoid-isomer with τ =±60◦ as pre-
dicted theoretically (Fig. 2) that corresponds to a minimun in the T1
state. This behavior is also predicted by considering PCM calculations
(Figure S4). Therefore, it could be expected that bvpbmolecule shows an
intersystem crossing at the CI, as happen in other aromatic molecules
[56]. The two S1 and T1 excited states of (E,E)-bvpb in the Franck-
Condon region show the same molecular orbital type with Bu symme-
try (Table S3), which correlates with B2u in benzene (D6h symmetry) that
is basically purely biradical [58] with minimal interaction between the
two unpaired electrons in the triplet. Therefore, the S1 and T1 states
would be degenerate over the whole trajectory from the Franck-Condon
region to the CI, as will be evidenced by TAS in the next section.

3.3. Femtosecond transient absorption spectra (TAS) of aqueous solution
of bvpb

Fig. 3 shows the 3-D surface of the VIS-NIR time-resolved TAS of
photoexcited bvpb in aqueous solution. Individual transient spectra at
different delay times up to 1 ps are shown in Fig. 4. Spectra at longer
delay times can be seen in Figure S5.

The VIS region (Fig. 3a, Fig. 4a) is characterized by a weak negative
adsorption band in the 450–490 nm region and a strong excited state
absorption (ESA) band in the 570–650 nm region with a maximum at
607 nm (2 eV). Since the S0 state of bvpb in aqueous medium absorbs at
370 nm but the fluorescence spectrum has a strong emission band in the
390–500 nm region with a maximum at 430 nm (2.8 eV), the negative
absorption band appearing in the same region is assigned to the stimu-
lated emission (SE) originated from the locally S1 state of the almost
planar conformation. In fact, the CAM-B3LYP/6–31+G* optimization of
the S1 state for the planar (E,E) conformation under C2h symmetry
predicts an emission band at 406.5 nm in gas phase or 476.4 nm in
aqueous solvent (PCM model) in agreement with the SE maximum
appearing at 490 nm. A similar result is obtained for the optimized C2
and Ci conformations of (E,E)-bvpb (404.7 nm, gas phase, and 474.7 nm,
PCM in C2 symmetry and 404.7 nm, gas phase, and 474.9 nm, PCM in Ci
symmetry).

The VIS-TAS spectra also show in the sub-picosecond scale (Fig. 4a)
that the SE band is slightly red-shifted (470 → 490 nm) while the ESA
band shows a significant wavelength shift from 525 nm at 0.2 ps to 607
nm at 1 ps. This could be due to two effects: a solvation dynamic of bvpb
in the S1 state originating from the dipolar interactions with polar sol-
vents, as shown in previous work [59,60], and even to a structural
change during the vibrational relaxation process such as an internal
rotation of a certain moiety with a low barrier height [61], for example
the rotation of vinyl bond in S1 state, as predicted previously by DFT

calculations.
The NIR-TAS spectrum (Fig. 3b, Fig. 4b) shows a weaker broad band

with a maximum at 1163 nm (1.1 eV). This indicates that the band
apparent in the NIR region reflects the transition from S1 to a higher
lower state than the upper transition probed in the VIS region, that is,
there is a transient species at 1.1 eV. This would correspond to a T1 state
in concordance with DFT calculation that yields an energy minimum at
0.7 eV for the T1 state (Fig. 2). The lower absorbance signal of this band,
about twice minor than that corresponding to S1 state, is related to the
spin forbidden transition S1-T1 and a competitive process with the S1-S0
allowed transition.

Figure S5 also shows the temporal profiles recorded at three selective
wavelengths corresponding to SE (494 nm) and the two ESA bands (607
nm and 1163 nm) and their respective local fitting by tri-exponential
functions. The three fitted lifetimes are very similar in the three
bands. This feature together with the fact that both bands appear
practically at the same time, that is, the 607 nm band slightly starts
appearing at 260–320 fs (Fig. 4a) while the 1163 nm band begin a little
after at 365–394 fs (Fig. 4b), could indicate that both S1 and T1 states
could have a shared potential energy surface.

In the case of a global fit of VIS and NIR-TAS spectra, the dynamics of
the two ESA bands were investigated by the singular value decomposi-
tion method using tri-exponential fitting functions, yielding also similar
lifetimes of the three components for the two transient species. The
lifetimes are: τ1 = 0.46 ± 0.42 ps, τ2 = 2.69 ± 2.30 ps and τ3 = 72.77 ±

8.30 ps for the transient species at 607 nm, and τ1 = 0.32± 0.76 ps, τ2 =
1.71 ± 2.10 ps and τ3 = 71.08 ± 16 ps for the transient species at 1163
nm.

The first component τ1 with a domain time in the sub-picosecond

Fig. 3. Amplitude-wavelength-time (A(λ,t), ΔA(λ,t), I(λ,t)) 3-D surface of time-
resolved transient absorption spectra of photoexcited bvpb in aqueous solution
in the (a) VIS and (b) NIR region.
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scale (0.46 and 0.32 ps for 607 and 1163 nm, respectively) is assignable
to the vibrational relaxation and solvation effect since both processes
have similar time scales in protic solvents. The photoexcitation at 370
nm (27027 cm− 1) populates the higher vibrational levels with about
3771.22 cm− 1 of excess vibrational energy of the S1 state of bvpb
(emission at 430 nm = 23255.81 cm− 1). The growth of the SE band
(Fig. 4a) is the result of vibrational relaxation in the locally planar S1
state. The second component τ2 (2.69 ps and 1.71 ps for 607 and 1163
nm, respectively) is assigned to the conformational relaxation, that is,
the rotation around the vinyl bond as suggested by the previous work
[62] and the third component, τ3 (72.77 ps and 71.08 ps for 607 and
1163 nm, respectively) would correspond to the lifetime of S1 and T1
states of bvpb in aqueous medium. The shorter lifetime of both states
could be correlated with the hydrogen bonding interaction between the
excited state of bvpv and the aqueous solvent [63].

The similar lifetimes associated with the different relaxation pro-
cesses in both S1 and T1 states indicate that the two states could be
nearly degenerate from photoexcited states under 370 nm to CI and
therefore, this is also related to a non-planar geometry for the transient
species in the S1 state. In fact, the DFT calculations (B3LYP/6–31+G*)
reproduce this experimental behaviour predicting a twisted conforma-
tion of the vinylpyridyl group at τ = 90◦ in which the lowest singlet and
triplet states, S0(90◦) (3.16 eV), S1(90◦) (3.29 eV) and T1(90◦) (2.91 eV)
states, are practically degenerated (Fig. 2 and Fig. S4) with a very small
energy difference among them.

On the other hand, the calculated B3LYP/6–31+G* emission en-
ergies of different twisted conformations in the gas phase and aqueous
solvent are smaller than the planar one (406.5 nm, gas phase; 476.4 nm,

PCM), being for example those corresponding to a dihedral angle of 50◦

(491.7 nm, gas phase; 597.1 nm, PCM) and 60◦ (561.1 nm, gas phase;
689.5 nm, PCM) in the range of the experimental value of 607 nm
observed in VIS-TAS spectrum. Therefore, we may conclude that the
relaxation of the locally lowest excited singlet state, S1, in aqueous so-
lution involves the twisted vinylpyridyl group due to the lower barrier
height, in order to form the phantom state [62,64] decaying equitably to
the S0 state of the cis/trans isomers. Absorption of new photoproducts
and even the cis-conformer are not observed in TAS spectra due that both
trans- and cis-bvpb could have practically the same UV absorption band,
as expected for the stilbenes derivatives [65]. For example, an absorp-
tion band at the same region for the three isomers of bvpb is predicted by
CAM-B3LYP/6–31+G* in gas phase (340 nm, 320 nm and 302 nm for
the (E,E), (E,Z) and (Z,Z) isomers), being thus not possible to detect
experimentally a TAS band of the cis-conformation. Even the three iso-
mers have similar calculated Raman spectra (Figure S6) in S0 state,
yielding evidence that they are indistinguishable.

However, the analysis of electrochemical surface-enhanced Raman
spectra, SERS, with the help of DFT calculations, could bring to light that
a twisted conformation is involved in the SERS signal, as will discuss in
the next sections.

3.4. Electrochemical SERS spectra of bvpb on a nanostructured silver
electrode

Fig. 5 shows the series of electrochemical SERS spectra recorded at
the 785 nm (1.58 eV) excitation line. The most interesting finding is the
appearance and enhancement of two strong bands recorded at 1498 and
1154 cm− 1 from − 1.0 V up to more negative electrode potential. Other
weaker bands also appear at about 1320, 1238 and 504 cm− 1. These
bands are not recorded in SERS spectra at more positive electrode po-
tential and not even in the Raman spectrum. In addition, the two bands
at 1498 and 1154 cm− 1 not only become the strongest ones at − 1.0 V
with 785 nm line (Fig. 5), but also their intensities decrease when the
532 (2.33 eV) nm line is employed and disappearing at all at 473 nm
(2.59 eV) line, as can be seen in Figure S7.

The selective enhancement of certain SERS bands of aromatic mol-
ecules, is related to the presence of a chemical/charge transfer (CT)
mechanism, similar to a resonant Raman process, in which excited states
of different nature [29,30,43] can be involved. In many cases, photo-
excited metal-to-molecule CT states of the hybrid system [31,32], or
even excited state of the own adsorbate [29], are involved. Thus, SERS is
a spectroscopic technique that allows getting insight into the electronic
structure of a molecule adsorbed in rough metal surface and is also
enable to put in evidence the presence of a resonant state, above all in
electrochemical experiments in which the resonant condition can be
reached with the joint action of the excitation line and the voltage. In
addition, the CT states of the metal-adsorbate hybrid system, with
similar characteristics to the electronic state of the radical anion [30],
appear a lower energy than that of the adsorbate isolated, being possible
to reach them by visible excitation line. At CAM-B3LYP/Def2TZVPP
level, the first singlet excited S1 state in bvpb isolated and the S1(CT0)
state in neutral Ag20-(E,E)-bvpb complex is calculated at 3.65 eV
(Table S3) and 2.58 eV (Table S4), respectively, being the S1(CT0) state
reachable with visible photons. In both cases, HOMO-LUMO orbitals are
involved in the transition (Figure S8). Therefore, the presence of the two
strong bands, 1498 and 1154 cm− 1 at − 1.0 V, could be due to the ex-
istence of a resonant process from S0 state up to excited S1. Due to the
small barrier height of the S1 state and the presence of a S0/S1 CI, the
conformation of bvpb could change upon excitation from planar
conformation in S0 state to a twisted geometry corresponding to the TS
or phantom state in which the vinyl bond is rotated 90◦. The comparison
of the calculated resonance Raman spectra between the planar Ag20-(E,
E)-bvpb and twisted geometry could shed light on this point.

Fig. 4. Transient absorption spectra of the photoexcited bvpb in aqueous so-
lution at different delay times below 1 ps. (a) VIS and (b) NIR region.
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3.5. Effect of the electrode potential on the electronic structure of bvpb
adsorbed on silver surface

Interesting information can be extracted from the analysis of the
linear silver-(E,E)-bvpb complexes, Agnq-(E,E)-bvpb, with different sizes
(n) and charges (q), used as a theoretical model to simulate the electrode
potential (Figure S9).

The calculated wavenumbers (Table S5) of the neutral surface
complex, Ag20-(E,E)-bvpb, point out that all recorded SERS bands belong
to in-plane totally symmetry modes. The assignment of SERS bands has
been done by correlation with those reported of E-stilbene (Table S5 and
references in Material Supplementary). Taking into account the pro-
pensity rules of the plasmonic mechanism [27], a flat or titled orienta-
tion and even reorientation of bvpb by electrode potential is discarded.
Thus, bvpb adsorbs in an edge-on orientation through the nitrogen atom
as happen in SERS of pyridine [31].

Also, the HOMO-LUMO gap becomes smaller at negatively charged
complexes (Fig. 6). It varies from about 2 eV at positively charged
complexes, concerning to an adsorbate-to-metal transition, to about 1 eV
at negatively ones, where a metal-to-adsorbate transition is involved.
This dual behaviour was already observed in analogue aromatic

molecules [42,66]. This indicates that more negative voltage could
favour the resonance process to the S1 state. In fact, the energy of the
S1(CT0) state for each complex and the amount of charged transferred,
Δq = qAg2(Si)-qAg2(S0), inset of Fig. 6, confirms this evidence. While the
CT0 state remains almost constant at about 2 eV at positively charged
complexes with a transferred charge of about − 0.8 a.u., it drastically
gets down at negatively ones reaching the lowest value, 0.01 eV, for the
Ag3- -(E,E)-bvpb complex with a transferred charge of 1.0 a.u. In this case,
the very close proximity of the S0 and S1(CT0) states yields a change in
the potential energy surface, appearing a newminimum that correspond
to the equilibrium structure of the cis-conformation, Ag3- -(Z,E)-bvpb. The
calculated CAM-B3LYP/Def2TZVPP Raman spectra for each theoretical
model (Figure S9) reproduce the SERS spectra recorded at more positive
electrode potential, Figure S7, except that of Ag3- -(E,E)-bvpb complex
that predicts an imaginary wavenumber. It corresponds to an out-of-
plane normal mode in which the vinyl torsion and the twist of pyri-
dine ring are involved. The molecular relaxation through this normal
mode drives to a cis-conformation, Ag3- -(Z,E)-bvpb, being more stable,
about 5 kcal/mol, than the corresponding all trans-isomer, Ag3- -(E,E)-
bvpb, in the S0 state. Although the calculated Raman spectrum of Ag3- -(Z,
E)-bvpb complex in S0 state (Figure S10) predicts a similar spectrum to
the rest of the all-trans complexes, two bands in the 1600 cm− 1 wave-
number region, the S1 state can be reached under a red excitation line
given that a vertical excitation energy of 1.53 eV is calculated
(Table S4). Under resonance condition, the calculated Raman spectrum
(Figure S10) is able to predict the enhancement of the three SERS bands
recorded at − 1.0 V, 785 nm line. Thus, these three enhanced SERS bands
at − 1.0 V under 785 nm line could be related to a molecular confor-
mational change that occurs upon excitation.

3.6. Torsional potential energy curve of vinyl bond in neutral Ag20-(E,E)-
bvpb surface complex

The neutral complex was selected to study the torsional potential
energy curve (Figure S11) because of its vertical energy (S1 state, 2.5 eV,
Table S4) is in the same order of that of bvpb isolated, as shown the TAS
data (S1 state, 2 eV (607 nm), Fig. 4). The most interesting findings are
similar to those obtained for the isolated molecule, a lower barrier
height in the S1 state (1.7 eV, 49.5 Kcal/mol) than the S0 state (3.2 eV,
73.8 Kcal/mol) and the existence of a CI in a twisted conformation with
a dihedral angle of 90◦ at energy as much as that of isolated molecule
(about 3 eV). The only difference corresponds to the equilibrium planar
structure, Ag20-(E,E)-bvpb, with a lower energy in S1 state, 2.17 eV at
CAM-B3LYP/Def2TZVPP level, than in the case of isolated bvpb, 3.38 eV
at CAM-B3LYP/6–31+G* level (Fig. 2).

However, due to the presence of the silver cluster linked to one of the
nitrogen atom, the two vinyl bonds become not equivalent and thus, the
potential energy diagram of Ag20-bvpb complex considering the rotation
of the different vinyl bonds in the S0 state was performed. The optimized
structures and the minimum energies required to reach the different TS
in gas phase and considering the aqueous bulk solvent are shown in
Figure S12. The energy difference between the two conformers in the TS
state or in the cis-conformation, Ag20-(E,Z)-bvpb and Ag20-(Z,E)-bvpb is
small in both cases, about 1–2 kcal/mol. Thus, it is not possible to
differentiate which C––C double bond rotates preferentially.

In any case, the Raman and resonance spectra were also calculated
for those all molecular structures. The Raman spectra corresponding to
the equilibrium geometry of the different optimized complexes
(Figure S13) predict two intense bands in the 1600 cm− 1 region, as
happens for the isolated (E,E)-bvpb in S0 state (Figure S1). Even the
resonance Raman spectrum of all-trans bvpb, Ag20-(E,E)-bvpb, in the S1
state (Fig. 7) leads to the same result, the enhancement of two bands in
the 1600 cm− 1 region, and is not able to predict the new bands observed
at about 1500 and 1100 cm− 1 in the SERS spectrum at − 1.0 V with 785
nm. However, the resonance spectra in the TS state (Fig. 7), that
correspond to the S0/S1 CI surroundings, predict the enhancement of

Fig. 5. Electrochemical SERS spectra of aqueous bvpb/KCl (10-4M/0.1 M) so-
lution recorded on a nanostructured silver surface in an electrode potential
range from 0.0 V to − 1.2 V at 785 nm excitation line.
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three bands at about 1570, 1300 and 1180 cm− 1 that correlate with
those recorded experimentally at 1498, 1238 and 1154 cm− 1. This
suggests that a conformational change in the structure of bvpb occurs
upon excitation under resonance condition to the S1 state, in where the
twist of one of vinyl bond is mainly involved, because of their calculated
spectra predict better the experimental behaviour than those with two
twisted vinyl bonds. This fact also implies a significant change of the
molecular distance between the free end nitrogen atom and that
involved in the adsorption to silver surface (Fig. 8), working as a
nanomechanical device. The vertical molecular distance is shortened
from 18.30 Å in the all-trans Ag20-(E,E)-bvpb at positive voltage to 13.05
or 6.49 Å at negative voltage, depending on if the end vinyl bond or the
close vinyl bond to silver atom twists, respectively. Given that the S1
state can be tuned by electrode potential, bvpb can act as a conforma-
tional switch in functionalized metal surface, being an excellent candi-
date for dynamic molecular machines in which it is possible to control
the movement at the molecular level in a reversible manner.

4. Conclusions

The synergy of experimental femtosecond-TAS and electrochemical
SERS spectra combined with DFT calculations gets insight into the E-Z
photoisomerization process of the double heterostilbene, 1,4-bis(4-
vinylpyridyl)benzene, (bvpb).

The analysis of the photoinduced excited state dynamics, by means
of femtosecond-TAS, yields the presence of two transient species cor-
responding to the two lowest singlet ant triplet excited states, S1 and T1,
recorded at 610 nm and 1163 nm, respectively. The tri-exponential
fitting functions employed in a global fit by using the singular value
decomposition method point out that three relaxation processes are
involved, a vibrational relaxation and solvation dynamics in the sub-
picosecond scale, the isomerization involving the rotation around the
olefinic double bond in the order of 2–3 picoseconds and the electronic
state decay around 70–80 picoseconds. Both S1 and T1 excited states
show similar lifetimes associated with the different relaxation processes
what implies that the two states could be nearly degenerate one each

other from photoexcited states under 370 nm to CI.
The DFT results related to the potential energy curve in a hula-twist

isomerization around the vinylpyridine bond shed light on this ultrafast
process and point out that a S0/S1 conical intersection and an inter-
system crossing occur at a structural conformation in which the double
bond twists 90◦, which could favour a degeneration of these two states,
being in agreement with the experimental TAS results.

No absorption band corresponding to any cis-bvpb conformer is
observed in TAS spectrum. Therefore, after photoexcitation of all trans-
bvpb in the UV band, a radiation-less relaxation to the S0 state mainly
occurs through a conical intersection. In a minor proportion, other
competitive deactivation process through an intersystem crossing is also
involved, reaching the T1 state that is finally deactivated by decaying to
S0 state in another radiation-less pathway, as a consequence of the
collisions with the polar solvent.

The presence of the twisted conformation of bvpb has been evi-
denced by electrochemical SERS spectra recorded on a nanostructured
silver electrode at different excitation wavelengths. The presence of two
strongly enhanced bands recorded at negative voltage with 785 nm
excitation line indicates that a resonance process is involved in the SERS
record. From a theoretical point of view, only resonance spectra calcu-
lated for a twisted conformation at the CI point can explain this exper-
imental feature. Therefore, SERS can be a complementary spectroscopic
technique to the femtosecond-TAS for the elucidation of conformational
changes in the excited states.

Furthermore, SERS experiments have shown that this twisted
conformation, with a shorter N-N distance than that in the E,E-
conformer as predicted by DFT calculations, can be tuned by the electric
potential applied to the metal surface in a reversible process (forward
and reverse way) without molecular damage. Therefore, a self-
assembled monolayer of bvpb on metal surface holds potential as a
conformational switch addressed by voltage under a selected excitation
line in nanoelectronic devices. This finding would also open the way for
the fabrication of new devices based on the force expressed by molecules
organized in films giving a nanomotors, and towards electric switchable
nanoelectronic circuits.

Fig. 6. HOMO-LUMO gap of the linear silver-(E,E)-bvpb complexes, Agnq-(E,E)-bvpb, with different sizes (n) and charges (q) at CAM-B3LYP/Def2TZVPP level. The
right inset shows the vertical energy up to the S1(CT0) state. Red and green values correspond to the transferred charge, Δq = qAg2(Si)-qAg2(S0). Positive values
indicate a charge transferred from metal(M)-to-adsorbate(A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Isabel López-Tocón: Writing – review & editing, Writing – original
draft, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Miguel García-Castro: Investigation. Juan Carlos
Otero: Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

This research has been supported by the Spanish Ministerio de
Ciencia e Innovación/FEDER (PID2022-138559NB-I00 and PID2021-
122613OB-I00) and Universidad de Málaga/FEDER (FQM-103-G-
FEDER). The authors thank to the Supercomputing and Bioinnovation
Center (University of Málaga) for computational resources.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apsusc.2024.160962.

References

[1] R.S.H. Liu, D.T. Browne, A bioorganic view of the chemistry of vision: HT-n and BP-
m, n mechanisms for reactions of confined, anchored polyenes, Acc. Chem. Res. 19
(1986) 42–48, https://doi.org/10.1021/ar00122a003.

[2] C.M. Pearson, T.N. Snaddon, Alkene photo-isomerization inspired by vision, ACS
Cent. Sci. 3 (2017) 922–924, https://doi.org/10.1021/acscentsci.7b00376.

[3] W. Fuß, Previtamin D: Z-E photoisomerization via a Hula-twist conical intersection,
Phys. Chem. Chem. Phys. 21 (2019) 6776–6789, https://doi.org/10.1039/
C9CP00500E.

[4] A. Mammana, G.T. Carroll, J. Areephong, B.L. Feringa, A chiroptical
photoswitchable DNA complex, J. Phys. Chem. B 115 (2011) 11581–11587,
https://doi.org/10.1021/jp205893y.

[5] J. Vachon, G.T. Carroll, M.M. Pollard, E.M. Mes, A.M. Brouwer, B.L. Feringa, An
ultrafast surface-bound photo-active molecular motor, Photochem. Photobiol. Sci.
13 (2014) 241–246, https://doi.org/10.1039/C3PP50208B.

[6] M. Kondo, Photomechanical materials driven by photoisomerization or
photodimerization, Polym. J. 52 (2020) 1027–1034, https://doi.org/10.1038/
s41428-020-0367-0.

[7] W. Fuß, C. Kosmidis, W.E. Schmid, S.A. Trushin, The photochemical cis–trans
isomerization of free stilbene molecules follows a hula-twist pathway, Angew.
Chem. Int. Ed. 43 (2004) 4178–4182, https://doi.org/10.1002/anie.200454221.

[8] D.H. Waldeck, Photoisomerization dynamics of stilbenes, Chem. Rev. 91 (1991)
415–436, https://doi.org/10.1021/cr00003a007.

[9] J. Qu, C.T. Cao, C. Cao, Determining the excited-state substituent constants of furyl
and thienyl groups, J. Phys. Org. Chem. 31 (2018) 3799, https://doi.org/10.1002/
poc.3799.
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transfer in “Push-Pull” stilbenes, Bull. Chem. Soc. Jpn. 75 (2002) 1041–1047,
https://doi.org/10.1246/bcsj.75.1041.

[63] S. Hirai, M. Banno, K. Ohta, D.K. Palit, K. Tominaga, Vibrational dynamics of the
CO stretching mode of 9-fluorenone in alcohol solution, Chem. Phys. Lett. 450
(2007) 44–48, https://doi.org/10.1016/j.cplett.2007.10.090.

[64] H. Gruen, H. Goerner, Trans-cis photoisomerization, fluorescence, and relaxation
phenomena of trans-4-nitro-4’-(dialkylamino)stilbenes and analogues with a
nonrotatable amino group, J. Phys. Chem. 93 (1989) 7144–7152, https://doi.org/
10.1021/j100357a024.

[65] R.N. Beale, E.M.F. Roe, Ultra-violet absorption spectra of trans- and cis-stilbenes
and their derivatives. Part I. Trans- and cis-Stilbenes, J. Chem. Soc. (Resumed)
(1953) 2755–2763.
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