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With the help of a computational scheme combining Molecular Dynamics, DFT and TD-DFT methods, the conformational, elec-
tronic and optical properties of a new class of hybrid compounds where a photochromic molecule belonging to the dithienylethene
family (DTE) is covalently linked to a Auys nanocluster (gold nanocluster or GNC), are investigated. We compare two types of
hybrid GNC-DTE systems where the aromatic linker between the metallic and the DTE moiety is either a phenyl or a thiophene
ring. By examining the perturbation of the DTE electronic structure after grafting upon the GNC, we show that the hybrid system
with a phenyl linker should preserve its photochromic activity. For the latter system, we have then studied the possible energy and
electron transfer between the GNC and the DTE units. The energy transfer between the two moieties can be a priori discarded
while an uni-directional electron transfer should take place from the GNC to the excited DTE. We show that this transfer can be

controlled by switching the state of the molecule.

1 Introduction

Among the numerous photoactive organic compounds, pho-
tochromes have aroused an increasing interest both experi-
mentally ' and theoretically®® over the last decades. In
these compounds, two isomers are able to undergo a light-
induced reversible transformation between two isomers char-
acterized by specific structural and electronic features. Among
the different photochromic families, dithienylethene deriva-
tives (DTEs) are one of the most effective photochromic com-
pounds, as both isomers are generally stable at room tem-
perature and exhibit a high switching fatigue resistance (see
Figure 1(a)). Consequently, these compounds may be used
as on and off states in molecular-scaled optoelectronic de-
vices such as switches, logic gates or memories. Within these
devices, DTEs are generally attached to noble metal elec-
trodes or nanoparticles (NPs) !%-12and should retain their pho-
tochromic characteristics after anchoring on the metallic sur-
face in a way to provide efficient nano-switches. In the case
of DTE directly attached to a 2 nm-size gold NP, Feringa and
coworkers have shown that the cyclization reaction depends
on the nature of the spacer linking the switching molecule to
the surface of the metallic aggregate. '3 They observed that the
ring-closure of the open DTE is either preserved with a phenyl
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linker, or inhibited with a thiophene ring one. The same ob-
servations were obtained in the case where the DTE is fixed
between two gold contacts. 4

More recent works have considered the opportunity of us-
ing quantum-sized gold nanoclusters (NCs) presenting a sub-
nanometer to ~ 2 nm core size. Unlike previously used large
gold NP whose optical properties are dominated by surface
plasmon resonances, gold NCs possess a molecular size and
thus a non metallic electronic structure.

Over the past decade, thiolate-protected Aups nanoclusters
(Aups(SR)jg with R an alkyl group) have been extensively
studied since they possess high thermal and chemical stabili-
ties. 1>~17 These nanoclusters present a core-shell arrangement
of gold and sulphur atoms. Hence, the Auys(SR) |5 system
which represented in Figure 1(c) presents a C; symmetry and
is based on a central icosahedral Au;z core surrounded by an
exterior Auj2(SH);g shell.'® For the sake of simplicity, these
Aups5(SR) ¢ sulphur-stabilized gold nanoclusters will be re-
ferred to as gold nanoclusters (GNCs) or as Auys GNCs. The
quantum confinement of these GNCs yields outstanding re-
dox, photoluminescence and catalytic properties %1923, They
have already been used as catalysts?* or as support for pho-
toactive compounds2>%%, as they constitute promising build-
ing blocks for nano-scaled functionalised material. Thus, with
the aim of elaborating photoresponsive molecule-NP hybrid
devices, Auys GNCs functionalised by azobenzene derivative
thiolates were recently synthesised.? It was shown that the
redox and optical absorption of the hybrid compound could
be modulated after isomerisation of the azobenzene photo-
switches, thus proving the interplay between the NP and the
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Fig. 1 (a) Dithienylethene molecules under study, o and ¢
respectively refer to the open-ring and closed-ring isomers. (b)
Atom Numbering within the 1 and 2 dithienylethene units.(c)
Representation of the core (balls) -shell (tube) Auys(SH) 3 GNC
structure (color code: yellow=Au, pink=S, white=H). (d) Scheme of
the GNC-DTE hybrid systems.

organic moiety. In the same vein, a Auys-pyrene hybrid sys-
tem has been synthesised.”® In this compound, a significant
fluorescence quenching was observed for the pyrene and time-
resolved fluorescence upconversion and transient absorption
measurements actually proved that an ultrafast electron trans-
fer occurs from the Aujs to the attached pyrene. Therefore,
Auys GNCs can interact with an anchored organic molecule
in various ways, and most of the times does not act as a sim-
ple support. This type of hybrid photoactive compounds is
still very rare in the literature and the association of a GNC
with photochromic molecules is potentially a unique source of
novel optoelectronic properties. Consequently, there is today
a great challenge to understand the electronic communication
within hybrid organic-inorganic systems and the possible elec-
tron and/or energy transfer between the chromophore and the
metallic GNC. In that framework, theoretical tools constitute a
useful complement to experimental studies in order to design
more efficient hybrid architectures.

In this theoretical study, we consider a GNC functional-
ized with a photochromic molecule, more precisely a DTE
(see Figure 1). We do not consider an alkyl chain linker
between the organic and metallic parts, as we want to max-
imize the communication between the DTE and the GNC.
Instead, the anchoring onto the GNC is made through a co-
valent bond, with an aromatic bridge between the DTE unit
and the binding Sulphur of the cluster. Inspired by the exper-

imental work by Feringa and coworkers, we use two different
thiol-functionalised aromatic linkers, a thiophene (molecule
1) or a phenyl (molecule 2) bridge, as depicted in Figurel(b).
The systems under study thus correspond to [Auys(SH)17-1]~
for the phenyl derivative (hereafter referred to as GNC-1) and
[Auy5(SH) 7-2]~ for the phenyl linker (hereafter referred to as
GNC-2). Like in previous experimental studies dedicated to
Aups-pyrene hybrid systems,?® all the systems are negatively
charged (charge -1) and present a closed shell electronic struc-
ture. Both the open-ring (0) and closed-ring (c¢) isomers of 1
and 2 DTE molecules are considered.

As a matter of fact, theoretical chemistry can bring help-
ful insights to rationalize the interactions between the DTE
and the GNC. We thus aim at (i) demonstrating if whether
or not the photochromic properties are preserved within these
new hybrid systems and (ii) investigating the possible energy
and/or electron transfers between the GNC and the photo-
switch. The molecular size of the GNC-DTE structures al-
lows the use of ab initio quantum calculations like DFT and
TD-DFT methods to explore the electronic structure and opti-
cal properties of these hybrid systems. This study is organized
as follows: after a study dedicated to the optical properties
of the isolated DTEs, we analyse successively the structural
and optical properties of the hybrid GNC-DTE systems. Fi-
nally, we describe the possible electron and energy transfers
between the molecule and the nanocluster, respectively in the
framework of Forster and Rehm-Weller mechanisms.

2 Computational Details

2.1 UYV-Visible absorption spectrum

To assess the optical properties of the Auys-DTE hybrid sys-
tems, we rely on a three-step computational scheme, previ-
ously validated for a GNC-Pyrene system. >’

First, to investigate the orientations that the DTE molecule
can adopt with respect to the GNC, Molecular Dynamics
(MD) simulations have been performed in vacuum. Experi-
mentally, the GNC is protected with alkanethiol chains (Cg
chains).?® Therefore, a conformational study has been car-
ried out for the [Aups(SCgHi3)17-DTE]™ system using the
DL _poly code.?® The general Amber Force Field is chosen
to describe H, C, and S atoms?® while the gold parameters
are taken from the work of Ayappa et al.3? The simulation is
run following the procedure set up by Malfreyt and cowork-
ers to study the conformation of thiolates derivatives on Gold
SAMS.3! During these simulations, we froze the positions of
the Auys metallic core and the sulphur atoms. These positions
correspond to the X-Ray structure of [Auys(SH)g]~.'® The
MD simulation procedure is described in details in the Sup-
porting Information section. We emphasize that MD simula-
tions only constitute a tool to generate starting structures for
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the subsequent computational step.

In a second step, the following procedure has been applied:
(1) Low energy conformations were randomly extracted from
MD simulations. To decrease the computational cost, the sev-
enteen (SCgH13) chains were then replaced by SH groups. In-
deed, previous works have shown that these linear alkyl chains
do not impact the absorption spectrum of the gold nanoclus-
ter. 1827 (ii) For the subsequent [Au,s5(SH);7-DTE]~ systems
(referred to as "GNC-DTE” systems), the structure of the DTE
subunit is minimized with a fixed geometry for AuysSH7. We
used a DFT relativistic method relying on the zero-order reg-
ular approximation (ZORA)?3? using the Amsterdam Density
Functional code (ADF).33 At this stage, the BP86 GGA func-
tional is chosen,3*33 along with a triple zeta plus polarization
basis set (TZP) for C, S, H, and a frozen core approximation
is used for Au up to the 4f orbitals. Conductor-like screen-
ing model (COSMO) is used for the solvent effect descrip-
tion. This method was shown to yield accurate results on GNC
structures. 182736 (jii) All the constraints are removed and the
geometry of the hybrid system is fully optimized.

Finally, we have obtained the excited-state properties using
the vertical TD-DFT approximation>’-3® with the Gaussian09
software.3° For organic conjugated compounds such as DTEs,
range-separated hybrid (RSH) functionals combined with a
description of solvent effects with the Polarizable Continuum
Model (PCM)*%*! allow to obtain accurate estimate of excita-
tion energies and a description of long range phenomenon like
charge transfer, a crucial problem for hybrid systems. *>*3 We
have thus chosen the CAM-B3LYP# functional. The basis
set combination, 6-31G(d) for C, S, H and LANL2DZ pseu-
dopotential and basis set for Au, was previously found to give
satisfying accuracy at a reachable computational effort.?” A
comparison of the optical properties of the [Auy5(SH) 3]~ sys-
tem obtained with different pseudopotentials is provided in the
Supplementary Information section (see Figure S-4). Using
higher quality pseudopotential / basis set does not modify the
global shape of the calculated UV-Vis spectum and only yields
trifling energy shifts (up to 10 nm). We have run the major-
ity of the calculations with the PCM (Toluene) approach, since
gold NP-DTE systems were previously synthesized in this sol-
vent. '3 Within this framework, the 15 first excited states were
computed for the isolated DTEs while 200 excited states were
computed for each GNC-DTE hybrid system, in order to reach
the electronic transitions involving the DTE moiety in the 250-
300 nm region.

2.2 Emission properties

To evaluate the efficiency of the energy transfers, we have
calculated the emission properties of isolated DTEs. To this
purpose, we have determined the minimum on the potential
energy surface corresponding to the S state within the CAM-

B3LYP/6-31G(d) framework. To describe the solvent effects,
we have selected the state-specific (SS) approximation in its
non-equilibrium limit to determine the transition energies of
the excited state. The SS model accounts for the variations of
the polarization of the medium following the electronic den-
sity rearrangements of the solute after emission. The emission
wavelength corresponds to the longest wavelength of the ver-
tical TD-DFT calculation computed at the minimum of the
excited state. 4340

2.3 Free energy of electron transfer

To study photoinduced electron transfer, one has to compute
the free energy of electron transfer AGgr. A scenario lead-
ing to a positive free energy transfer is considered to be un-
favourable and is then discarded. On the contrary, the more
negative is the AGgr value, the more likely is the mechanism.
To compute the free energies of electron transfer, we have used
a Rehm-Weller formalism:+’

AGer = Ep/p+ —Epja- —Eoo+wp (1)

where Epp+ and E4 5~ represent respectively the oxida-
tion and reduction potentials of the donor D and acceptor A,
w), is a coulombic interaction term which was demonstrated to
be negligible.*® Eq is a correction term due to the presence of
an excited species, approximated as the vertical Sy — S; exci-
tation energy. This simple formalism has been widely used to
predict photoinduced electron transfer.**!. Indeed, one can
found other approximations to define Egg, such as the elec-
tronic energy difference between the relaxed ground state and
the relaxed excited state, or the free energy difference between
these two systems.>> However, the two latter approximations
require the optimization of the S; state or/and the computation
of the excited state frequencies, two computational steps that
are not affordable for GNC-based systems.

For the computation of the electrochemical properties, a
Born-Haber cycle is used (see Supporting Information). For
instance, for an oxidation process, we have:

AGox(sol) = AGwc(g) + AGSOIV(+1) - AGsolv(O) (2)

where AG,(501) and AG,(,) are respectively the free energy
of oxidization in solution and in gas phase. AGj,, ;) and
AGg,1,(0) are respectively the free energy of solvatation of the
oxidized and neutral species. We have thus optimized the
structure of the different systems in the gas phase, computed
the harmonic vibrational frequencies in the gas phase and cal-
culated the free energy of solvatation within the PCM model.
The oxidation potential is then given by the Nernst equa-
tion:
AGox(sol)

A F 3)

ED/D+ =
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with n the number of exchanged electrons and F the Faraday
constant. To determine E4 /4~ potential, one should write the
same equations based on the Born-Haber cycle and the Nernst
equation for the reduction process.

Experimentally, in non-aqueous solution, the measurement
is conducted with respect to a reference couple, namely
Fc/Fc™ (Ferrocene/Ferrocenium). We have thus computed ab-
solute redox potential of the Fc/Fc™ couple and subtract this
value to the calculated absolute potential of the compound of
interest.

This theoretical methodology has already been applied and
validated for various organic and organometallic chemical sys-
tems>3 and excited redox potentials.’>8 In previous
theoretical works dedicated to the computation of redox po-
tentials, it has been shown that the nature of the exchange-
correlation functional plays a critical role to confront the the-
oretical results with experimental measurements. >0 Indeed,
it has been demonstrated that GGA functionals provides better
results than hybrid ones.®' To compute the redox properties,
we have thus chosen the BP86 functional combined with the 6-
31G(d) basis set for C, S, H, and LANL2DZ pseudopotential
and basis set for Au, within the PCM approach (when needed),
with the Gaussian09 code. In this framework, we found that
the redox potential of Fc/Fc™ is 5.54 V in toluene and 4.99
V in dichloromethane. The reliability of this computational
scheme is discussed later.

3 Optical properties of isolated DTEs

To validate the computational scheme dedicated to the opti-
cal properties, we have first studied the isolated molecules,
1 and 2, substituted with a -SCOCH3 group as synthesized
by Kudernac and coworkers. ' Deviations between the com-
puted absorption wavelength corresponding to the first excited
state and the position of the experimental absorption band are
in the range of TD-DFT precision, namely 0.05 eV, 0.11 eV,
and 0.02 eV for respectively 1e-SCOCH3, 20-SCOCH3 and
2¢-SCOCH3. We can thus conclude that the optical proper-
ties of the isolated DTE are accurately described within this
theoretical framework.

Calculated absorption features of DTEs 1 and 2 (with R
= H in Figure 1, thus corresponding to the organic frag-
ment in the GNC-DTE compounds) obtained with this TD-
DFT//DFT scheme are detailed in Table 1. For both the open-
ring (1o and 20) and closed-ring (1¢ and 2¢) isomers, the
less energetic transition is very intense and corresponds to a
HOMO—LUMO electronic excitation. These frontier orbitals
are given in Figure 2 and other relevant molecular orbitals can
be found in the Supporting Information section (Figure S-1).

For 1¢ and 2¢, both HOMO and LUMO are delocalised
upon the entire DTE skeleton and present the typical topology
of closed DTE frontier orbitals.®? For 10 and 20, the HOMO

Table 1 Most intense electronic transitions calculated at the
PCM(Toluene)-CAM-B3LYP/6-31G(d)//BP86/TZP level for 1o, 1c,
20 and 2¢: wavelengths (4, in nm), oscillator strengths (f) and state
description are given. Only transitions with f > 0.15 are listed in
this table.

Page 4 of 13

System A (nm) f Orbital composition
1o 289 0.76 HOMO—LUMO (68%)
HOMO-1—LUMO+1 (19%)
269 1.00 HOMO—LUMO+2 (56%)
HOMO-1—LUMO+1 (18%)
1c 558 0.64 HOMO—LUMO (97%)
336 0.37 HOMO-1—LUMO (72%)
HOMO—LUMO+1 (22%)
20 317 1.00 HOMO—LUMO (40%)
HOMO-1—LUMO (22%)
HOMO-1—LUMO+1 (19%)
275 0.58 HOMO—LUMO+2 (44%)
2c 588 0.76 HOMO—LUMO (96%)
354 0.28 HOMO—LUMO+1 (82%)

LUMO LUMO

LUMO LUMO
i S . ,
HOMO HOMO HOMO HOMO
1o Ic 20 2c

Fig. 2 Frontier molecular orbitals of 10, 1¢, 20 and 2¢ (threshold:
0.02 a.u).
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also presents a DTE 7 orbital topology,® with an electronic
density mainly centred on the photochromic core, while the
LUMO is much delocalised on the lateral chains. Regarding
the nature of the interaction between the two carbons involved
in the cyclisation/retrocyclisation process (red-circled carbons
in Figure 1), the latter orbital presents the required topology
for initiating the ring closure reaction: there is a significant
density on (at least one of) the reactive carbon atom(s) as well
as a bonding character for the to-be-formed CC bond. The
bonding interaction between the two reactive carbon atoms
is highlighted in the ESI section for 1o in Figure S-2. For
20, one can identify a bonding interaction between the two
reactive carbon atoms by reducing the isodensity threshold
(0.01 a.u instead of 0.02 a.u.) as shown in ESI (Figure S-
2). The promotion of an electron towards a LUMO present-
ing such a topology has been shown to be the first step in the
photoinduced ring-closure reaction for a large series of DTE
compounds.%2-%4 In the following, the promotion of an elec-
tron towards a virtual orbital presenting such a topology will
be denoted as a photochromic transition. The presence (re-
spectively absence) of such an electronic transition in the ab-
sorption spectrum will be used as a criterion to determine the
preservation (respectively the loss) of the DTE photoreactive
properties within the hybrid system.

4 GNC-DTE systems:
and optical properties

structural, electronic

4.1 Structural properties

Along the MD trajectory, the main parameter describing the
conformation of the hybrid GNC-DTE system is the relative
orientation of the photoactive molecule with respect to the
nanocluster. The small size of the GNC induces a relatively
large radius of curvature (see Figure 3): the 17 alkanethiol
chains and the anchored DTE are thus relatively far apart and
can move freely. Indeed, in the course of the MD simulation,
the DTE oscillates between conformations where the DTE is
tilted with respect to the GNC to more perpendicular orienta-
tions (see for instance two different conformations Conf1 and
Conf2 extracted from the MD trajectory for GNC-2¢ in Fig-
ure 3). These two conformations actually correspond to the
two lowest energetic conformers among a set of 20 snapshots
extracted from MD simulations. The energetic difference be-
tween Confl and Conf2 is 4.1 kcal.mol~! in favour of the
Confl structure. In the following, we thus discuss the struc-
tural and optical properties of the Conf1 structure (referred to
as GNC-2c¢).

The main geometrical parameters of the different DTEs,
isolated and grafted onto the GNC, are compared in Table 2.
The optimized geometries of the hybrid systems are sketched
in Figure 4, for both the open and closed forms. First, one

(@

®)

Fig. 3 (a) GNC-1o system coated with alkanethiol chains (color
code: yellow=Au, pink=S, grey=C, white=H). (b) Example of two
different conformations Conf1l and Conf2 extracted from the
Molecular Dynamics simulation of GNC-2c¢ (the C¢H;3 alkane
chains have been replaced by H atoms). The same color code is
used.

B,

> A

GNC-2¢

Fig. 4 Optimized geometries of the GNC-DTE systems. The
GNC-2c structure corresponds to the Conf1 structure in Figure 3(b)
with a different view angle.
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Table 2 Evolution of the different structural parameters for the isolated DTE and the DTE after immobilisation on the GNC (anchored DTE).
The BLA definition is provided in Supporting Information. The atom numbering is given in Figure 1. d is the distance between the two
reactive carbon atoms C4-Cy . &; corresponds to the dihedral angle C1-C,-C3-Cy, & to C5-C;-C3-Cy/, &3 to C7-C4-C5-Cg for 1 and

C7—C6—C5—Sl for 2, 54 to C7/—C6/—C5/—C8/ for 1 and C7/—C6/—C5/—Sl/ for 2.

1o 1c 20 2¢
BLA - isolated DTE (10%) 9.041 5.152 8.695 4471
BLA - anchored DTE (10%) 8.672 5.431 9.244 4.488
d (&) - isolated DTE 3.64 1.54 3.65 1.55
d (A) - anchored DTE 3.64 1.54 3.58 1.54
&\ & () - isolated DTE 42.8\43.7 8.0\8.0 44.4\42.6 8.5\8.8
&\ & (O - anchored DTE 34.2\44.2 10.2\6.6 46.9\47.6 49\11.5
&3\ & () - isolated DTE 23.8\19.8 8.9\12.1 5.8\17.9 0.2\2.8
&3\ & () - anchored DTE 2.8\19.5 32.9\11.7 1.9\20.8 8.7\5.2

can note that the anchoring on the nanocluster has a slight
effect on the Bond Length Alternation (BLA) which quanti-
fies the molecular conjugation through the difference between
simple and double CC bonds along the conjugation path (see
Supporting Information for a detailed description of the BLA
formula). An empiric indicator of the feasibility of the ring-
closure reaction is the distance d between the two reactive
carbons. Experimentally, in crystalline samples, it has been
shown that if this value exceeds 4.2 A, the photocyclisation
is expected to be compromised. %% For GNC-10 and GNC-
20, d is respectively 3.64 and 3.65 A, and is thus unmodified
with respect to free DTEs, 10 (3.64 A) and 20 (3.68 A). In the
same vein, the & and & dihedral angles defined in Table 2
can also impact the efficiency of the ring-closure reaction, by
modifying the d distance. In our case, they practically do not
vary after immobilization on the nanocluster, the maximum
change being 8 ° between 1o and GNC-1o. On the contrary,
the dihedral angles &3 and &,, corresponding to the torsion be-
tween the first thiophene ring and the outer aromatic ring (re-
spectively phenyl or thiophene for 1 and 2), are significantly
modified in the ”anchored” conformation. For example, for 1,
&; decreases from 23.8°to 2.8 °between 1o and GNC-1o0, and
increases from 8.9°to 32.9°between 1¢ and GNC-1e. &3 is sig-
nificantly more impacted than &4, this torsion angle describing
the moiety of the molecule close to the GNC. These geometri-
cal perturbations will certainly echo on the optical properties
of the DTE.

Concerning the relative stability between the open and
closed isomers, for both isolated 1 and 2 DTEs, the energy
difference between the different open/closed forms is close to
10 kcal.mol !, in favour of the open-ring isomer. This result
is in accordance with previous energetic studies.*® After im-
mobilisation on the GNC, this value stays in the same order
of magnitude, decreasing by circa 3 kcal.mol~! for 1 and in-
creasing by circa 2 kcal.mol~! for 2. Therefore, the presence
of the metallic system does not impact the energetic difference
between the open and closed isomers and does not destabilize

LUMO+2

LUMO+2

GNC-1c GNC-2¢

Fig. 5 Virtual molecular Orbitals of GNC-1¢ and GNC-2¢ showing
a non-negligible contribution on the DTE moiety (threshold: 0.02
a.u).

the closed-ring form.

4.2 Optical properties

4.2.1 Analysis methodology. As shown for the isolated
DTEs, the photochromic behaviour of the molecule can be in-
tuited from the analysis of the topology of the virtual orbitals
populated after irradiation. Thus, the study of the DTE pho-
toactive properties within the hybrid GNC-DTE compound
is performed by scanning the 200 calculated excited states.
We have paid a particular attention to the transitions involv-
ing DTE-localized virtual orbitals (these orbitals are shown in
Figure 5) and carefully analysed their topology.

4.2.2 GNC-closed form DTE. The absorption spectra of
GNC-1c and GNC-2¢ are presented in Figure 6. To provide a
better understanding of the evolution of the DTE optical prop-
erties within the GNC-DTE system, three spectra are super-
imposed: the isolated DTE (in its “anchored” geometry), the
GNC and the GNC-DTE. Most relevant electronic transitions
are detailed in Table 3. For both systems, an intense transition
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Table 3 Theoretical electronic transitions for GNC-10, GNC-2o,
GNC-1c and 2¢ involving the DTE moiety. See Table 1 for more
details.

System A (nm) f Orbital composition
GNC-10 298 0.26 HOMO-3—LUMO+6 (19%)
HOMO-2—LUMO+14 (15%)
287 0.23 HOMO-3—LUMO+8 (45%)
HOMO-4—LUMO+8 (39%)
275 1.00 HOMO-3—LUMO+16 (21%)
HOMO-3—LUMO+17 (19%)
GNC-20 389 0.29 HOMO-2—LUMO+2 (23%)
HOMO—LUMO+3 (19%)
HOMO-1—-LUMO+4 (16%)
381 0.23 HOMO-2—LUMO+4 (28%)
HOMO-2—LUMO+3 (20%)
HOMO-1—-LUMO+2 (18%)
HOMO-2—LUMO+5 (10%)
339 0.59 HOMO-3—LUMO+5 (17%)
313 0.76 HOMO-4—LUMO+6 (20%)
GNC-1c 548 0.70 HOMO-1—-LUMO+2 (96%)
GNC-2¢ 609 0.81 HOMO—LUMO+2 (55%)

clearly stands out in the visible region: A = 548 nm for GNC-
1c (oscillator strength f = 0.70) and A = 609 nm for GNC-2¢
(f = 0.81). For these two compounds, this transition popu-
lates the LUMO+2 virtual orbital, depicted in Figure 5, which
matches the LUMO of the isolated DTE. Consequently, the
maximum absorption band of the closed-ring DTE is not per-
turbed after grafting onto the GNC.

To study the effect of the relative DTE/GNC orientation on
the optical properties, another conformation (Conf2 in Fig-
ure 3(b)) was extracted from MD simulations for 2c. Theo-
retical spectra corresponding to these two conformations are
compared in Figure 7, with an emphasis on the visible re-
gion where the photochromic transition of the closed form is
expected. No remarkable differences are observed between
the spectra corresponding to these two orientations: the DTE-
localised electronic transition peaks at the same wavelength,
with nearly the same intensity.

From all these findings, we can thus conclude that there is
no communication between the organic part and the GNC,
and this yields the preservation of the optical properties of
the closed-ring DTE. This lack of interaction is due to the
few number of electronic transitions belonging to the metal-
lic fragment around 600 nm. In a first order approach, the ring
opening reaction is then expected to be as efficient in the hy-
brid system as in the free closed DTE. The preservation of the
ring-opening photoreactivity heads in the same direction that
the 2 nm gold NP-DTE hybrid systems. Indeed, for larger gold
aggregates, Feringa et al'3 have shown that the absorbance
spectrum of the hybrid structure is a simple addition of the NP
and closed DTE optical properties, with the ring-opening of

1c and 2c still being efficient.

More generally, for the closed isomers, the photoactive
properties are related to the position of the DTE absorption
bands with respect to GNC ones. The photochromic transition
is usually found around 600 nm where the absorption of the
GNC is non-existent or very weak. Thus, this transition is re-
covered with an intensity in the same order of magnitude in
the GNC-DTE spectrum. This behaviour should be preserved
as long as the metallic cluster does not strongly absorb in this
spectrum region.

4.2.3 GNC-open form DTE. Virtual molecular orbitals
and absorption spectra of GNC-1o and GNC-20 are respec-
tively given in Figures 8 and 9. The photochromic transi-
tions of the open DTE are expected in the UV region, around
300 nm, where metal — metal transitions are very abundant.
Therefore, the impact of the anchoring onto the GNC is not as
straightforward as in the closed-isomer cases, and a thorough
scan must be performed.

For GNC-1o, three absorption bands correspond to the pro-
motion of an electron towards a virtual orbital localized on the
DTE fragment: A =298 nm (f = 0.26), A = 287 nm (f = 0.23)
and A =275 nm (f = 1.00). As shown by Table 3, the first tran-
sition at 298 nm promotes an electron towards the LUMO+6
which possesses a non-bonding interaction between the reac-
tive carbons. The second one populates the LUMO+8 which
presents a bonding interaction between the reactive carbons
and thus corresponds to a photochromic transition, accord-
ing to the previously established criteria. The last transition
involves the LUMO+16 and LUMO+17 which both show a
bonding character between the reactive carbons. The latter
transition is thus a second photochromic transition. For this
compound, we thus expect the ring-closure photoactive prop-
erties to be preserved. Indeed, the experimental study of a
NP-10 system by Feringa and co-workers led to the same re-
sults: for larger NP, the ring-closure of 1o was found to be
possible.

For GNC-2o, four transitions involving molecular orbitals
localized on the photochrome moiety can be found: A = 389
nm (f = 0.29), 381 nm (f = 0.23), 339 nm (f = 0.59) and
313 nm (f = 0.76). The 389 nm and 313 nm transitions pop-
ulate respectively the LUMO+2 and LUMO+6, both virtual
orbitals presenting a non-bonding interaction and thus a non-
photochromic topology. On the opposite, the two transitions
peaking respectively at 381 nm and 339 nm involve both the
LUMO+2 and the LUMO+5. Since the LUMO+5 shows a
bonding character between the reactive carbons (similarly to
the LUMO of 20), these two excitations are potentially pho-
tochromic transitions. Nevertheless, the contribution of the
LUMO+S5 to the latter excitations is very small, 10 % for the
381 nm transition and 17 % for the 339 nm one. Moreover,
contrarily to GNC-1o, these potentially photochromic transi-
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Fig. 6 Theoretical absorption spectra of GNC-1¢ (left) and GNC-2¢ (right). DTE spectrum is in green, the gold cluster spectrum is in dotted
black line, and the hybrid system spectrum is in red. The calculated excitation properties are convoluted with a Gaussian function (FWHM =
0.2 eV) and the stick spectra of the hybrid systems are also represented.
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Fig. 7 Theoretical absorption spectra of GNC-2¢ for two different conformations (left: Confl, right: Conf2) in the Visible region. These
conformers are represented in Figure 3(b). The stick spectra are also represented.
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Fig. 8 Virtual molecular Orbitals of GNC-10 and GNC-20 showing a non-negligible contribution on the DTE moiety (threshold: 0.02 a.u).
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Fig. 9 Theoretical absorption spectra of GNC-1o0 (left) and GNC-2o0 (right). See Figure 6 for more details.
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tions are drowned into a high density of purely metallic tran-
sitions. Consequently, among the complete absorption band
including this electronic transition (in a 10 nm range), the pop-
ulation of the LUMO+5 becomes negligible (less than 10 %).
The photochromic transition of the open DTE 20 is then hardly
recovered in the hybrid compound GNC-2o.

Similarly to the closed form case, we have compared the ab-
sorption features of GNC-20 with another stable conformation
(see Figure S-6 in SI). In the UV region, there are some differ-
ences since most of the molecular orbitals of the hybrid system
are delocalized on both the DTE and the GNC fragments and
are thus more sensitive to the respective orientations of these
two parts. Consequently, the resulting electronic excitations
are slightly modified. Nevertheless, for this second confor-
mation, one can not observe any photochromic transition pre-
senting a non-negligible oscillator strength and the loss of the
ring closure is predicted as well. For 20 anchored on a GNC,
we thus retrieve the photochromic behavior that was observed
for larger gold aggregate: the ring closure should be inhib-
ited., 1314

To summarise, for open hybrid systems, the preservation of
the photochromic properties strongly depends on the nature of
the linker between the DTE and the GNC. For the two systems
under investigation GNC-10 and GNC-20, the photochromic
transition peaks in a spectrum region where the GNC absorbs
as well. Thus, the optical properties of the hybrid system do
not correspond to a simple addition of the DTE and metal-
lic absorption spectra and the rationalization of the pertur-
bation is not straightforward: only a careful analysis of the
virtual orbitals can bring insights on the photoreactivity. In-
deed, the mixing between metallic and DTE-localized virtual
orbitals depends on the conjugated character of the DTE/GNC
bridge. A closer look on the molecular orbitals in Figure 5
reveals that the virtual orbitals of GNC-2o, presenting a non-
negligible density on the DTE moiety, still possess a conse-
quent amount of density on the GNC. The orbital of inter-
est for GNC-20, namely the LUMO+5, is delocalised on the
GNC and the bisthiophene moiety close to the metallic aggre-
gate. In that case, due to the strong conjugated character of the
bisthiophene group, the electronic structure can be described
as a fragment interaction between GNC and bisthiophene, the
electronic structure of the DTE core fading away. On the op-
posite, for GNC-1o, the phenyl-thiophene bridge between the
DTE and the GNC is less conjugated and the DTE electronic
structure is preserved. The orbital with the correct topology is
then entirely localized on the DTE moiety. The preservation
or loss of the photoactive properties should thus be related to
the perturbation of the DTE electronic structure after immo-
bilisation.

4.3 Electron/Energy transfer mechanism within GNC-
DTE hybrid switches

Additionally to the photochromic properties, one can inves-
tigate the possible energy or electron transfer between the
metallic and the organic moieties. Within this framework,
we will focus on the GNC-1 properties since we have demon-
strated that only 1 should retain its switching properties once
linked to the GNC.

4.3.1 Energy Transfer. Upon photoexcitation, an energy
transfer following a Forster mechanism is first conceivable. ¢
Such a phenomenon involving the GNC as the energy donor
and a chromophore as an energy acceptor has already been
observed.®® However, for GNC-DTE systems, Aups; GNCs
are known to emit in the 700-900 nm energy range,®®’! and
this emission band should not overlap neither the open form
absorption spectrum (in the UV region) nor the closed form
one (in the 500-600 nm region). Besides, it has been shown
that the Auys GNCs also present a blue emission with a maxi-
mum around 510 nm.”? In that case, one can consider that the
closed-ring isomer behaves as an energy acceptor, given that
the fluorescence quantum yield of the GNC visible emission
is not weak. Indeed, there are still some controversies about
the emission properties of the GNCs and these properties can-
not be rationalised with the help of TD-DFT calculations, the
computational cost being prohibitive. Thus, a Forster mecha-
nism involving the GNC as the energy donor and the closed-
ring DTE as an energy acceptor cannot be ruled out. Experi-
mental investigations of the GNCs emission properties should
be carried out to confirm the existence of this mechanism.

We can also possibly consider the DTE to act as a donor and
the GNC as an acceptor. The calculated emission properties of
the closed DTE 1c¢ shows the presence of an emission band in
the near IR (848 nm), a region where the GNC does not ab-
sorb. At the same time, 10 presents a calculated emission band
peaking at 345 nm, that can potentially overlaps with a GNC
absorption band (see Figures 6 or 9 for the GNC absorption
spectrum), as there are weak but numerous transitions lying in
this area (4 transitions with f between 0.05 and 0.15, in the
330-360 nm range). Forster energy transfer is not only ruled
by the amount of overlap between the donor emission band
and the acceptor absorption band (see Sup. Info section for
a complete description of the Forster formalism), but also by
(i) the distance between the donor and the acceptor, (ii) the
orientation factor k? representing the orientation between the
two transition dipole moments *73 (see Supplementary Infor-
mation for the expression of k) and (iii) the donor fluores-
cence quantum yield (QY). To enhance Forster energy trans-
fer, (i) the spatial separation between the donor and the accep-
tor should be in the 10-50 A range, which is the case in our
hybrid system: GNC and the DTE are 11 A apart. (ii) For
the four GNC transition dipoles (acceptor) coupled with the
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Table 4 Calculated oxidation Epp+ and reduction E4 /4 potentials
for DTE 1 and the GNC. Comparison with available experimental
data are given in acetonitrile and dichloromethane solvents for
respectively 1 and the GNC.

Table 5 Free energies of electron transfer for GNC-Pyrene,
GNC-10 and GNC-1c systems, for different pathways. 10%, 1¢c*,
GNC* and Pyrene* are the excited states of 10, 1c, the GNC and the
Pyrene moieties.

Ep/p+ (V vs Fc/Fc™)

Ey /4 (V vs Fe/Fc ) system Eoo

AGgr

1o (acetonitrile)
1c (acetonitrile)

0.15 (exp: 1.16)
-0.50 (exp: 0.43)

-2.85 (exp: -2.53) GNC — Pyrene*
-2.05 (exp: -1.74) Pyrene* — GNC

433 nm ; 2.86 eV
433 nm ; 2.86 eV

-0.74 eV (exp: -1.37 eV20)
-0.42 eV (exp: -0.16 eV 29)

GNC (dichloromethane) -0.55 (exp: -0.48) -1.88 (exp:-2.36) GNC* — Pyrene 864 nm ; 1.44 eV 0.83 eV (exp: 0.74 eV 26y
1o (toluene) -0.07 -4.17 GNC — 1o* 364 nm ; 3.41 eV -0.54 eV
1¢ (toluene) -0.75 -3.38 lo* — GNC 364 nm ; 3.41 eV -0.16 eV
GNC (toluene) -1.30 -3.32 GNC* — 1o 864 nm ; 1.43 eV 1.44 eV

GNC — 1c* 700 nm ; 1.77 eV 0.31eV

1c* — GNC 700 nm ; 1.77 eV 0.80 eV
transition dipole of 1o (donor) obtained by TD-DFT, k2 takes =~ GNC* — 1c 864 nm ; 1.43 eV 0.65eV

different values, ranging from O to 1.3. This calculation is led
in a static framework, thus neglecting the motion leading to
potential changes in the respective donor/acceptor orientation
and thus consecutive modifications of the transition dipole ori-
entations. Yet, the calculated k? values are not systematically
equal to zero and are in the range of the value generally used to
evaluate the energy transfer efficiency (x>=2/3). (iii) Finally,
DTE fluorescence QYs are known to be relatively weak (in
the 0.01-0.1 range) since the radiative desexcitation process
is in competition with the photocyclisation reaction.’® There-
fore, from the last observation, we can intuit that the emission
properties of the DTE should weaken the efficiency of the en-
ergy transfer and may even prohibit this mechanism, with the
DTE acting as a donor and the GNC as an acceptor.

4.3.2 Electron Transfer. Au,s GNCs are well known to
switch between different charge states, especially from the
natural negatively charged form to the neutral form.”’ Fur-
thermore, electron transfer involving the GNC and an organic
chromophore has already been observed.?%’® In particular,
Devadas and co-workers have actually proved that an ultra-
fast electron transfer occurs from the Auys NC to an attached
excited pyrene derivative. 2

In that framework, we have first validated the protocol aim-
ing at calculating the free energies of electron transfer. Con-
cerning the redox properties, Table 4 shows that the calculated
potentials are globally in good agreement with reported exper-
imental values (for instance, the calculated and experimental
oxidation potential of the GNC are respectively -0.48 and -
0.55 V), except for the oxidation potential of the closed form
DTE.

Concerning the Rehm-Weller formalism, in a first step,
we have considered the GNC/Pyrene system and compared
the free energies of electron transfer experimentally obtained
by Devadas et al?® to theoretical values calculated with our
methodology. We have determined the structural, electronic
and optical properties of the GNC-Pyrene system in a previous
work.27 Table 5 shows that the evolution of AGgy value ob-

tained by Devadas and coworkers is reproduced with our cal-
culation scheme: the electron transfer from the excited Pyrene
to the GNC is the unique favourable mechanism, indicating
that this transfer is uni-directional.

In the same vein, to investigate the electron transfer mech-
anism within the GNC-DTE hybrid system, three possible
pathways might be investigated: i) from the GNC to the ex-
cited DTE (open or closed), ii) from the excited DTE (open
or closed) to the GNC, iii) from the excited GNC to the DTE
(open or closed). For GNC-DTE systems, the comparison of
the three pathways leads to the following results: an electron
transfer may only occur between the DTE open form and the
GNC. For pathways involving the closed form 1e, the cal-
culated free energy values are always positive and thus un-
favourable to the existence of any electron transfer between
the two moieties. Additionally, the possible electron transfer
between 1o and the GNC is found to be uni-directional: the
most favorable AGgr value is obtained for the GNC — lo*
mechanism. One can note that this electron transfer from the
GNC to the excited open DTE should not quench the photo-
cyclization reaction: the S; of 1o (which is the photochromic
transition) will still be populated (the electron transfer from 1o
to the GNC is less favorable), as needed for the ring closure.
It should thus be possible to control the electron transfer by
light induced switching: for the open-ring isomer, there is an
electron transfer from the GNC to the excited DTE while, after
photoirradiation and formation of the closed-ring isomer, the
electron transfer between the organic and metallic moieties is
impeded.

5 Conclusions

This work enlightens the possible functionalities of new hy-
brid compounds, built upon a Aujys nanocluster functional-
ized with a DTE photochromic unit. By combining DFT and
TD-DFT calculation schemes, we have first investigated the
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photochromic properties of these new hybrid systems. While
the DTE ring-opening reaction should not be impacted by the
grafting onto the GNC, the ring-closure reaction might be im-
peded. The preservation or loss of the photoactive properties
actually depends on the nature of the aromatic linker bridg-
ing the dithienylethene moiety and the gold cluster. In some
cases (in particular with a thiophene linker), the impossibility
to photo-close the open-ring isomer can be explained by the
impossibility to populate a virtual orbital possessing a bond-
ing interaction between the two carbons atoms involved in the
bond formation. Hence, we demonstrate that the perturba-
tion of the DTE electronic structures due to the grafting onto
the GNC can rationalize the modification of the photoswitch-
ing properties, without referring to any dynamical effect ob-
served upon photoexcitation: the loss of photoactive proper-
ties should not be systematically caused by a quenching of the
excited states.

In a second step, for the GNC-1o and GNC-1¢ systems,
where the photoreactivity is still efficient, we have investi-
gated the possible energy and electron transfer mechanisms
between the GNC and the DTE moieties. On the one hand, due
to the weak emission properties of the DTE open-ring isomer,
energy transfer following a Forster mechanism from the ex-
cited open photochrom to the metallic cluster can be ruled out.
The energy transfer from the excited GNC to the closed-ring
DTE may be conceivable, given that the fluorescence quan-
tum yield of the GNC visible emission is not weak. On the
other hand, by using a Rehm-Weller formalism, we demon-
strate that a uni-directional electron transfer may occur, from
the GNC to the excited open-form DTE. Switching from the
DTE open-ring isomer to the close one should thus enable to
light-control the electron transfer within this hybrid system.
Hence, this study sheds light upon a potential new family of
hybrid system, with bi-functional switching capacities, com-
bining the photochomism to a uni-directional electron trans-
fer, and paves the way towards promising future experimental
works.
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