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In the course of developing electronic devices on a molecular scale, dithienylethenes photochromic molecules
constitute promising candidates for optoelectronic applications such as memories and switches. There is thus
a great interest to understand and control the switching behavior of photochromic compounds deposited on
metallic surfaces or nanoparticles. Within the framework of the density functional theory, we studied the
effect of small gold clusters (Auand Aw) on the electronic structure and absorption spectrum of a model
dithienylethene molecule. The molecular orbital interactions between the photochromic molecule and the
gold cluster made it possible to rationalize some experimental findings (Dulic, D.; van der Molen, S. J,;
Kudernac, T.; Jonkman, H. T.; de Jong, J. J. D.; Bowden, T. N.; van Esch, J.; Feringa, B. L.; van Wees, B.
J. Phys. Re. Lett. 2003 91, 207402). For the closed-ring isomer, grafting a photochromic molecule on a
small gold cluster does not change the characteristics of the electronic transition involved in the ring-opening
reaction. On the opposite, the absorption spectrum of the photochromic open-ring isomer is strongly modified
by the inclusion of the metallic cluster. In agreement with experimental results, our study thus showed that
the cycloreversion reaction which involves the closed-ring isomer should be still possible, whereas the ring-
closure reaction which involves the open-ring isomer should be inhibited. Connecting a dithienylethene molecule
to a small gold cluster hence provides a qualitative comprehension of the photochromic activities of
dithienylethenes connected to a gold surface.

I. Introduction SCHEME 1: (a) Open and Closed Forms of the Free
Photochome Molecule and (b) Atom Numbering%P®

open-ring 1somer closed-ring isomer

Dithienylethenes with heterocyclic aryl groups show photo-
chromism, which is defined as the photoreversible transforma-
tion between two isomers having different absorption spéctra. (a) uv

Dithienylethenes undergo a ring-closure reaction (cyclization) -
under UV irradiation, whereas a ring-opening reaction (cyclo- Vis

reversion) occurs under visible light irradiation (see Scheme R
1). These molecules are fatigue resistant and thermally stable
photochromic compoundsince both isomers require light for .
isomerization. H 38

The high thermal- and photostabilities as well as the revers- ®) :
ibility make the dithienylethenes promising candidates for :
optoelectronic applications such as memories and switches. H /;4““03
Implementation of this type of molecule in an electronic device . ARG
would both miniaturize it and add the commutation property. R N f“ (C?\S‘/ T SH

: e 1

It was also demonstrated that these compounds can be used t
modulate different properties such as electric currents or surface . .
plasmon resonances of metallic nanopartiéles. ~ ~— -~/
In order to use these photochromic compounds within an P

active electronic device, it is necessary to ensure that their
commutation properties are preserved when they are in contact R=HS-, Aus -, Auy §-
with metallic surfaces. There is thus a great interest to = ° The dashed lines depict the-electron conjugation path from
understand and control the switching behavior of photochromic spection of the HOMO and LUMOr is the distance between the

. . - two reactive carbons, 2 and; Z; and &, are, respectively, defined as
compounds .deposned on mgtalllc surfaces or_nz.;mopartlcles._4_3_6_H and—4'—-3—&—H'; P corresponds to the photochromic
Photochromic molecular switches made of dithienylethene it
derivatives self-assembled on gold have been recently stérdied.
Both the electronic transport and spectroscopic properties of onstrated that the photochromic properties of dithienylethene
these molecular devices have been investigated by using brealswitches between two gold electrodes can be dramatically
junction experiments and UWis spectroscopy. It was dem-  affected. Hence, the authors have shown that the cyclization
mechanism depends on the nature of the spacer linking the
* Corresponding author. E-mail: perrier@itodys.jussieu.fr. switching molecule to the metal surfa&éFor example, in the
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case of diarylethenes with a phenyl group spacer grafted on Au cluster
Au(111), the optoelectronic properties of the photochromic
molecules are preserved. On the opposite, a thienyl linker
inhibits the ring-closure process of the photochromic moiety.

Therefore, using dithienylethenes molecules in these different
devices requires a fine comprehension of the optical and
electronic properties of molecules attached to metallic surfaces.
In this work, we are interested in studying the effect of small
gold clusters (Ag and Aw) on the electronic structure and
absorption spectrum of a model dithienylethene molecule. This
photochromic molecule is grafted on the metallic cluster through Aol 3y chisster
a thiol group (see Scheme 1,=RSH). The aim of our present
study is to obtain a qualitative description of the switching
properties of photochromic molecules interacting with small
metallic gold clusters. To correctly reproduce the experimental
issues, a metal surface should be used instead of a small cluster.
Nevertheless, both scanning tunneling microscope measure-
ment$1° and theoretical calculatiokishave shown that the
contact between the metal and the molecule corresponds to a Bridge site <
single localized Aa-S bond. Our work should thus provide a
good modeling of the contact between the metal and the
molecule and then lead to a satisfying understanding of the
influence of the metals on the electronic properties of the
molecule.

Hollow site

Top site

Top site hep site

: . . Figure 1. Representation of the Auand Aw cluster models. The
The paper IS organlze_d as follows. In sect|_on Il, we present different adsorption sites are represented: top, bridge, hollow, “fcc”
the computational details. Results concerning the reference tace_centered cubic), and “hcp” (hexagonal closed packet). For the
molecule are given in section Ill. The modification of the Ay, cluster, the six dark atoms are on the first layer, the three other
electronic and optical properties induced bysAnd A clusters atoms are on the second layer.
on both closed-ring and open-ring isomers is also discussed in

section Ill. We conclude in section IV. We will now detail how the geometry and electronic

properties of gole-dithienylethene systems have been obtained.

Hereafter, the photochromic part of the molecule will be referred

as P (see Scheme 1). The free photochrome molecule will thus
All the calculations described in this work were carried out correspond to the acronym “HS$—SH” and the “cluster

with the Gaussian 03 software package. Geometry optimiza- molecule” systems will be denoted as “f8+P—SH” (n = 3,

tions have been performed under density functional theory 9).

(DFT) using the hybrid B3LYP exchange-correlation func-  The considered free photochrome presents a terminal thiol

tional13146-31 G basis set was used for H, C, and S atoms. group to favor the adsorption of the molecule on the metallic

The B3LYP/6-31G level has previously been used by Goldberg cluster. On the basis of experimental issues on self-assembled

et all® to determine the geometrical parameters of a series of monolayers, it is generally accepted that hydrogen atoms are

diarylethenes. Calculated results were found to be in good generally dissociated upon adsorption to surf&e¥. The

agreement with X-ray data. In particular, the most important adsorption reaction can proceed either by a ionic dissociation

geometrical parameter, the reaction distarngg $ee Scheme  of the thiol or by a “homolytic” reaction leading to radical

1), is nicely reproduced by calculations at this level of theory formation3*

(1% error between experimental and calculated values). The

relativistic Los Alamos National Laboratory effective core

potential (ECP) with a doublé~valence (LANL2DZ) was used .

for Au atoms!® This ECP treats explicitly the 5s, 5p, 5d, and RSH+ Au—RSAu+H )

6s electrons of Au. where R is an organic group. On the basis of available
The absorption spectra of free and metalolecule systems  electrochemical evidence as well as conductometric data,

were calculated by using time-dependent density functional reaction 2 is favored significantly over reaction 1 for self-

theory (TD-DFT) calculations with the same level of calcula- assembled monolayetsWe assume that reaction 2 should also

tions. TD-DFT was shown to be an efficient method to evaluate be favored for thiol-terminated photochromes, and we thus only

spectroscopic properties of large conjugated moleétles consider the formation of neutral Aand Aw dithienylethene

such as organic dy&sor dithienylethened?-29 In the case of clusters. One must notice that, in order to study closed-shell

dithienylethenes? the calculated absorption maximum of a “gold clustermolecule” systems, we have only considered

series of closed-ring isomers was found to be in good agreementclusters with an odd number of Au atoms.

with experimental values (2% of average error between experi- For Au; clusters, we have considered three different adsorp-

mental and theoretical values). Although a more extended basistion sites, “top”, “bridge”, and “hollow”, which are represented

set is needed to achieve high accuracy in excitation enefyjies, in Figure 1. The Ay initial geometry parameters have been

it was shown that the 6-31 G basis set provides a reasonablechosen to represent the Au(111) surface: the Au(111) surface

compromise between computational time and accuracy of theis constructed using the bulk lattice constant of 4.078vbich

results3® Moreover, the aim of the present study is to provide leads to a At-Au bond distance of 2.885 A.

a qualitative, rather than quantitative, understanding of the For each adsorption site (top, bridge, and hollow), full

optical properties of the “gold clustephotochrome” system.  geometry optimization of the system has been performed

Il. Computational Details

RSH+ Au— RSAuU +H" (1)
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Closed-ring isomer

Fromt view View  from
the  cluster
4 sidde

Figure 2. AusS—P—SH closed-ring and open-ring isomers.
according to the following procedure: (i) we first optimize the
AuzSH molecule with symmetry constraints (top Ssit€;,
symmetry; bridgeC,, symmetry; hollow,Cz, symmetry), (ii)
we remove the symmetry constraints and the geometry ef Au

SH system is reoptimized, (iii) we replace the hydrogen atom

of the AisSH system with the photochromic unit“fSH”, and
the geometry optimization is performed with constraints (the
geometry of the AgS subunit is fixed), and (iv) all the
constraints are removed.

For computation time reasons, we could not perform a
geometry optimization of the AS—P—SH system. We con-
sidered a Ay (6, 3) cluster model (i.e., six atoms in the first

Perrier et al.

TABLE 1: Closed-Ring and Open-Ring Isomers: Calculated
HOMO and LUMO Levels, HLGs (HOMO and LUMO
Gaps), Bond Lengths and Angles for the Free Molecule
(HS—P—SH) and for Molecules Connected with a Ay
Cluster (n = 3, 9¢

0cs-s
—Hor
HOMO LUMO HLG ds.ay ree OC5—
compound (V) (eV) (eV) (&) (A) S-Au
closed-ring HS—P—SH —-5.04 -2.02 3.02 1.539 96.8
isomer
Au%SfI)DfSH —4.88 —4.08 0.80 2.406 1.539 104.4
top

AusS—P-SH -5.06 —3.69 1.37 2.631 1.540 104.5

(bridge)
AusS—P-SH —-4.94 -3.71 123 2861 1540 144.0

(hollow)
open-ring  HS—P—-SH —-595 —-1.24 471 3.626  97.9

isomer
Au%SfI)LSH —552 —4.34 118 2394 3.613 104.2
top

AusS—P-SH -5.76 —3.74 2.01 2.631 3.615 110.2

(bridge)
AuzsS—P—-SH —-5.62 —3.80 1.82 2.861 3.614 1458

(hollow)

2 The letter P in the molecule names corresponds to the photochrome
central unit (see Scheme 1).

Closed-ring isomer

(ipen-ring Isommer

=

009

LUMO

-

e
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layer and three atoms in the second layer as depicted in Figure . * Vﬁ ’}"

1) to represent the Au(111) surface. As in thesAuitial

geometry, the Au(111) surface is constructed using the bulk

lattice constant which leads to a Aéu bond distance of 2.885
A. For the Ay system, there are four sites of adsorption

represented in Figure 1: the top site, the bridge site, and two

threefold hollow sites which correspond to the “fcc” site (face-

HOMO HOMO

Figure 3. HOMO and LUMO orbitals of the free photochrome
molecule (isodensity= 0.04 au).

The size and signs of the highest occupied molecular orbital

centered cubic) and the “hcp” site (hexagonal closed packet). (HOMO) and lowest unoccupied molecular orbital (LUMO) of

The “hcp” site lies above a subsurface atom, whereas the “fcc”

both open-ring and closed-ring isomers are illustrated in Figure

site does not. DFT calculations have previously shown that the 3. The frontier HOMO and LUMO are distributed along the

hollow fcc site is the energetically preferred siéélhe distance

s-conjugation chains shown in Scheme 1. In the open-ring

between the surface and the linking S atom was chosen as 2.04somer, thes-path has severe distortion along the hexatriene

A37 which corresponds to a AtS distance equals to 2.66 A.
We then assume that the photochromic molecule is tilted 30
as this is the case in alkane self-assembled monoféykris

center (between the 2 and Rositions) due to the nonplanar
geometry. The frontier orbitals are mainly delocalized between
the 2 and 2positions. In the closed-ring isomer, the frontier

angle corresponds to the angle between the normal to the goldorbitals are more extended and coplanar along the polyene chain

surface and the -SCs bond (Figure 2 and Scheme 1). The

geometry of both open-ring and closed-ring molecules corre-

sponds to the optimized geometry of the molecule within the
Au3S—P—SH system.

Ill. Results and Discussion

I1l.1. Geometry, Electronic Structure, and Absorption
Spectrum of the Free MoleculeThe key geometrical param-
eters are summarized in Table 1, whege is the reaction
distance between the two reactive carbons &ndndé&, are

shown in Scheme 1. the HOMO and LUMO are delocalized
between the 5 and' positions.

The HOMO of the open-ring isomer and the LUMO of the
closed-ring form present a bonding character between the C
and G atoms. On the opposite, the LUMO of the open-ring
form and the HOMO of the closed-ring isomer are bonding
between G—C. and G—Cy¢ positions. Therefore, one can notice
that the HOMO (respectively, the LUMO) of the open-ring
isomer correlates with the LUMO (respectively, the HOMO)
of the closed-ring isomer. According to Woodwaiidoffmann

the dihedral angles depicted in Scheme 1. The overall optimizedrules2® the ground state cyclization and cycloreversion are
structures of both the open-ring and closed-ring isomers areforbidden. From now on, the designation “photochromic orbit-

depicted in the Supporting Information.

als” will correspond to the orbitals involved in the cyclization/
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TABLE 2: Relative Energies (in kcal-mol=?) of the i
Closed-Ring (CF) and Open-Ring (OF) Isomers for the Free o ‘7 5
Photochrome Molecule and the “Ai—Molecule” System View  from  the Jo

cluster sice

9
29

E(CF) E(OF)  E(CF)— E(OF) e
HS—P—-SH* 0.0 —-4.0 4.0 -6.96 eV
AusS—P—SH (topy 0.0 15 -1.5
AusS—P—SH (bridgey 9.9 9.0 0.9
AuzS—P—SH (hollowy 31.0 30.1 0.9

2 Reference: closed-ring isomémReference: closed-ring top isomer.

Front view

View  from  the
cluster side
-]

TABLE 3: Closed-Ring and Open-Ring Isomers: Transition
Corresponding to the Electronic Excitation within the .
Photochrome Unit, Corresponding Wavelength, and .
Oscillator Strength 9
Amax oscillator gt Gl
compound (nm)  description strength ey Hlgey
closed-ring HS—P—-SH 462 HOMO— 0.259
isomer LUMO J"‘( e
Auz—P—-SH (tOp) 492 HOMO— 0.237 View  from e f=q Front view
LUMO + 2 clusier side s k ‘_‘ J
Aug—P—SH (hollow) 491 HOMO— 0.366
LUMO + 5 -
open-ring HS—P—SH 292 HOMO— 0.112 2
isomer LUMO )
Aus—P—SH (top) 319 HOMO— 0.027 |'
LUMO +3 LUMO +1 J LUMO +2
Aug—P—SH (hollow) 332 HOMO— 0.002 S i b
LUMO + 6 ' '

Figure 4. Reference photochromic molecule connected to achuster
cycloreversion reactions, that is to say, to the orbitals delocalized (top position). Closed-ring isomer: representation of some characteristic
over the hexatriene system. orbitals (isodensity= 0.02 au).

The excitation energies of both open-ring and closed-ring A A .
isomers are given in Table 3. For both the open-ring and the (T0-016 A) and the &-Ce bond ¢+0.010 A), while the G—Cs

closed-ring isomers, the TEDFT absorption spectrum shows ~&nd G—Ce bonds decrease (respectivety0.015 and—0.010

that the transition with the highest oscillator strength correspondsA)' The other bond lengths in the thiophene ring close to the
to the HOMO— LUMO (7 — 7*) single excitation, thatis to AU &tom (S-Cp, C—Cs, Cs—S) are slightly modified, while

say, to the excitation from the 1A to 1B state undey the value of the reaction coordinatg does not change.
symmetry. This is in agreement with previous CASSCF calcula-  II-12.1.2. Molecular Orbitals. The HOMO of the At
tionstS4041which have shown that this electronic excitation is Photochrome unit corresponds to the HOMO of the free
the first step of both the cyclization and cycloreversion reactions. Photochrome with some minor contributions of the sA6s

IIl.2. Effect of a Small Cluster on the Photochrome orbitals (Figure 4). These contributions lead to a destabilization
metrical and energetic parameters of the@u4P—SH systems The LUMO and LUMO + 1 orbitals are mainly of Ag

(top, bridge, and hollow) are summarized in Tables 1 and 2. character (Figure 4): the LUMO corresponds to an antibonding
The results show that the hollow position is unstable and that interaction between the 6s orbitals of the two Au atoms not
the top position is energetically more stable than the bridge linked to the sulfur atom, whereas the LUM® 1 orbital
position by 9.9 kcamol~1 for the closed-ring isomer and 7.5 Presents an antibonding interaction between the 5d Au orbitals.
kcalkmol~! for the open-ring isomer (Table 2). Therefore, in These two cluster antibonding orbitals are inserted between the
the following, we will focus on the results obtained for the HOMO and LUMO of the free photochrome molecule. This
AusS—P—SH top system. One can also notice that the interac- thus leads to a strong decrease of HOMQIMO energy gap

tion with the metallic cluster decreases the energy difference (HLG) of the Aus—photochrome unit compared to the free
between the closed-ring and open-ring isomers compared to themolecule (Table 1).

free photochrome (Table 2). For the top position, the closed- The LUMO + 2 orbital corresponds to the first unoccupied
ring isomer becomes more stable than its open-ring counterpart,orbital of the free molecule. The energy level of the LUMO
suggesting that the molecuteluster interaction is stronger in 2 orbital is—2.04 eV for the closed-ring isomer as compared

this position. to —2.02 eV for the LUMO of the free molecule. Therefore,
11.2.1. Closed-Ring Isomelil.2.1.1. Geometrical Parameters. ~ grafting the photochrome molecule to a Adluster neither
The main characteristics of the optimized structure o§%u changes the shape nor the energetics of the LUMO located on

P—SH closed-ring isomer are given in Table 1 (see also the the organic moiety, i.e., of the LUMO of the “photochromic”
Supporting Information). The AuS—C angle is 104.%4 as system.

compared to 9638for the H-S—C angle in the free photo- I11.2.1.3. Absorption Spectrum. To get an absorption spectrum
chrome, and the distance between Au and S atoms is 2.406 A.covering the IR and UV regions, we had to calculate 25 states.
Linking the photochrome molecules to the £cluster leads to Information concerning the most intense transitions is given in
a decrease of the bond length between the terminal sulfur andTable 4. The transition corresponding to the electronic excitation
the nearest carbons@h the thiophene ring (1.819 to 1.788 A).  within the photochrome unit corresponds to the HOM®©

At the same time, there is an increase of both the © bond LUMO + 2 transition. Hereafter, this electronic excitation will
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TABLE 4: Au3 —P—SH Closed-Ring and Open-Ring
Isomers Absorption Spectra: Calculated Wavelength,
Oscillator Strength, and Major Contributions (Only the
Most Intense Transitions Are Given)

From view Fiew  from

cluster sicde

wavelength oscillator

(nm) strength description
closed-ring 1426 0.199 HOMO—LUMO et HOMOS
isomer e :
492 0.237 HOMO—LUMO + 2 Aze 6,83 eV
324 0.248 HOMO- 3— LUMO +
1, HOMO— 2—LUMO + 2
open-ring 1276 0.080 HOMO—-LUMO Fa ey Fromt view
isomer
582 0.073 HOMO—LUMO +1

353 0.126 HOMO- 3— LUMO +
1, HOMO— LUMO + 2
319 0.027 HOMO—LUMO + 3

309 0.113 HOMO-6—LUMO +1 HOME .
p 604 eV

be denoted as the “photochromic” transition. In comparison to

the photochromic transition of the gas-phase photochrome, Table

3 still shows a large oscillator strength and a 30 nm red-shift & J\Ji 4

due to the introduction of the Awcluster. View from the JJ\ : 2 I W ,‘.: 3
The absorption spectrum (Table 4) is also dominated by a ¥ _Jf' » s o Y

transition lying in the infrared domain which corresponds to a = " I—a P et

HOMO — LUMO electronic excitation. An inspection of the
frontier orbitals shows that this transition corresponds to a charge
transfer from the photochromic unit to the metallic cluster. The
324 nm transition is also particularly intense: it arises from
the HOMO — 3 — LUMO + 1 transition, that is to say, from

a Aus localized excitation.

LUMO
434 eV

LUMO +1
-2.83 eV

Thus, the strongest allowed photochromic localized transition view gom e 41
of the closed-ring free photochrome is not strongly modified “““"** “\3 1" o
by the inclusion of the Agicluster. The corresponding excitation ol
wavelength shows a 30 nm bathochromic shift compared with ‘a @, 5
the free molecule (Table 3), indicating the perturbation of the ; - .
electronic structure of the closed-ring isomer due to thg Au ' . ‘
cluster. As a matter of fact, the destabilization of the HOMO J

orbital leads to a decrease of the gap between the photochromic LUMO 2 LUMO 43
last occupied and first unoccupied orbitals (respectively, the AT JJ —
HOMO and LUMO + 2). Since there is a strong correlation Figure 5. Reference photochromic molecule connected to achuster

between the energy gap of the photochromic frontier orbitals (iop position). Open-ring isomer: representation of some characteristic
and the maximum absorption wavelengththe strongest orbitals (isodensity= 0.02 au).

allowed photochromic localized transition shifts to larger
wavelength. Although the molecule under investigation is a of the dihedral angle§. Then, the metallic cluster does not
model system, one can notice that this bathochromic shift is influence the geometry of the open-ring isomer.
also observed experimentally in the case of diarylethenes with  [11.2.2.2. Molecular Orbitals. The HOMO (Figure 5) presents
a phenyl group spacer grafted on Au(1#Besides, when the  a significant contribution on the Aluster, on the linking sulfur
complete absorption spectrum is examined, an infrared absorp-atom, and on the thiophene ring close to the metallic cluster.
tion band corresponding to a charge transfer from the photo- The contribution on the thiophene ring opposite to the; Au
chromic unit to the Ay cluster (e.g., a ligand metal charge- cluster is much smaller. Therefore, the HOMO orbital is
transfer band) and a UV absorption band corresponding to amodified as compared to the last occupied orbital of the free
transition localized on the metallic cluster appear. photochrome (Figure 3). Since the antibonding character of the
111.2.2. Open-Ring Isometll.2.2.1. Geometrical Parameters. HOMO orbital increases due to the antibonding interaction
The optimized geometry of the photochrome open-ring isomer between the linking S atom and the thiophene ring, the energy
bonded to a Awl cluster is given in Table 1 (see also the of this orbital increases (Table 1).
Supporting Information). The AuS—C angle is 104.2 as The LUMO and LUMO+ 1 orbitals of the clustermolecule
compared to 979for the H-S—C angle in the free photo- system correspond to cluster antibonding orbitals. The LUMO
chrome, and the distance between Au and S atoms is 2.394 A+ 2 orbital arises from ar-bonding interaction between the
Linking the photochrome molecules to the £cluster leads to three Au atoms and is then an unoccupied cluster bonding
a decrease of the bond length between the terminal sulfur andorbital.
the nearest carbons@ the thiophene ring (1.807 to 1.792 A). The LUMO + 3 orbital is equivalent to the LUMO of the
Unlike the closed-ring isomer, the geometry of the thiophene free photochrome and thus corresponds to the first unoccupied
ring close to the Au atom is not modified. Besides, in photochromic orbital. The energy level of the LUME3 orbital
comparison to the free molecule, the reaction coordinatibes is —1.08 eV compared te-1.24 eV for the LUMO of the free
not change (Table 1) and there is a small decrease of the valuemolecule. Therefore, grafting the photochrome molecule to a
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H-P-SH
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Figure 6. Molecular electronic orbitals diagram of ASH and of the closed-ring forms of A&—P—SH and H-P—SH (energies are in eV).

Aus cluster leads to a destabilization of the LUMO of the free The transition involved in the cyclization reaction corresponds
photochrome molecule. to the HOMO— LUMO + 3 electronic excitation. Since the
111.2.2.3. Absorption Spectrum. The most intense transitions HOMO and LUMO+ 3 orbitals are not localized on the same
of the absorption spectrum are given in Table 4. One can notice part of the molecule, the oscillator strength is weak. Besides,
that the absorption spectrum of the free photochrome is strongly the destabilization of the HOMO orbital leads to a bathochromic
modified by the inclusion of the Agcluster. This spectrum is  effect: the wavelength of the photochromic transition is 319
dominated by two transitions corresponding to charge transfer nm, whereas the maximum absorption band of the free molecule
from the photochrome unit to the Aaluster. These transitions is 292 nm (Table 3).
COfreSpond to electronic excitations from the fO”OWing: ThUS, the inclusion of the M|uster strong]y modifies the
(i) The HOMO to the LUMO (1276 nm). Since the HOMO  absorption spectrum of the free photochrome. The HOMO
orbital is partly delocalized over the Asluster, this transition  orbital is delocalized over the metallic cluster, and there is a
has a nonnegligible oscillator strength. destabilization of both the last occupied and first unoccupied
(i) The HOMO to the LUMO+ 1 (582 nm). photochromic orbitals (respectively, the HOMO and LUMO
The absorption spectrum is also dominated by two bands 3 orbitals for the open-ring A$—P—SH system). The desta-
corresponding to charge transfer from the thiophene rings to bilization of the HOMO being the major effect, the photochro-
the Aw cluster. The corresponding electronic excitations are mic HOMO—-LUMO gap decreases and the photochromic

as follows: transition is red-shifted#27 nm). At the same time, the value

(i) A combination between the HOM©> LUMO + 2 and of the oscillator strength decreases. This transition is surrounded
the HOMO — 3 — LUMO + 1 excitations (353 nm). The by 10 electronic excitations in the 36840 nm region present-
HOMO — 3 orbital is delocalized on the Awluster and on ing strong oscillator strength and corresponding to charge
the thiophene ring close to the metallic cluster (Figure 5). transfer from the photochromic unit (or from the thiophene unit)

(i) HOMO — 6 — LUMO + 1 (309 nm) where the HOMO  to the metallic cluster. Other mechanisms proceeding through
— 6 orbital is delocalized on the Aucluster and on the these electronic excitations may thus occur, and the cyclization
thiophene ring close to the metallic cluster. reaction, which involves an electronic excitation from the last

An inspection of the molecular orbitals in Figure 5 shows occupied to the first unoccupied photochromic orbitals, may
that these four transitions correspond to a charge transfer frombe strongly affected by these competitive pathways. Since the
the photochromic unit of the molecule to the metallic cluster. photochromic reactivity of the open-ring isomer also depends
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AusS-P-SH H-P-SH
Auz-SH / \.Me [| \ 7 WaMe |\
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Figure 7. Molecular electronic orbitals diagram of ASH and of the open-ring forms of AB—P—SH and H-P—SH (energies are in eV).
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on the potential energy surfaces (PES) of the excited states, théhas some contributions on the metallic cluster, the HOMO
careful investigation of the cyclization reaction of the 8t LUMO electronic transition has a nonnegligible oscillator
P—SH system would require the computation of the first excited strength. Besides, the LUM@ 1 and LUMO+ 2 orbitals of
states PE$2:40 the AuSH fragment and the LUMO of the HP—SH moiety
111.2.3. Orbital Fragments Interactions AnalysiSomparison do not interact significantly for energetic and symmetrical
of both photochromic isomers shows that the open-ring isomer reasons. As a consequence and as previously seen, both the
absorption spectrum is much more modified than the closed- photochromic last occupied and first unoccupied orbitals of the
ring one. In order to understand these differences, we haveclosed-ring isomer mainly keep their identity and the photo-

studied, for both isomers, the Aumolecule system (AdS—
P—SH) orbital diagram in terms of orbital fragments interactions.
We have considered that the Aunolecule system was formed
from two fragments, A¢SH and H-P—SH. As a matter of fact,
we have built the AgS&—P—SH molecules from these fragments
(see section Il). In Figure 6 (respectively, Figure 7), the
molecular orbitals of AgSH and of the closed-ring (respectively,
open-ring) H-P—SH moieties constituting the complex are
correlated to the orbitals of the closed-ring (respectively, open
ring) AusS—P—SH molecule. This correlation was done by
comparing the shape and energies of theSAtP—SH molecule
orbitals with those of the fragments.

chromic transition is not strongly modified.

For the open-ring isomer, in comparison to the closed-ring
isomer, we both have a stabilization of the HOMO and a
destabilization of the LUMO of the HP—SH fragment (Figure
7). The destabilization of the LUMO mainly comes from the
strong antibonding interaction between positiopg@d G. For
the HOMO, along ther-electron conjugation path of the open-
ring isomer, between positions 2 and there are two anti-

- bonding interactions, whereas for the closed-ring isomer, the

m-electron conjugation path presents three nodes between
positions 5 and'5Due to this energetic stabilization, the HOMO
of the H-P—SH photochromic fragment now interacts strongly

For the closed-ring isomer, due to the weak overlap between with the HOMO and HOMO- 1 of the AuSH fragment. This

the first unoccupied orbital of the ABH fragment and the

results in a delocalization of the HOMO of the /A8+P—SH

HOMO of the H-P—SH photochromic fragment, there is a molecule on the Au atoms and on the thiophene ring close to
small interaction between these two orbitals although they are the metallic cluster. Both the identity of the HOMO photochro-

close in energy. Therefore, the photochromic HOMO orbital mic orbital and the nature of the photochromic transition are
and the cluster LUMO orbital are slightly modified. One can thus completely lost. Furthermore, since the HOMO orbital has
notice that, since the HOMO orbital of the §&&+P—SH system some important contributions on the Au atoms, strong transitions
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from the HOMO to the first unoccupied metallic orbital (LUMO,
LUMO + 1, LUMO + 2) appear. The absorption spectrum of
the photochromic open-ring isomer is thus strongly modified
by the inclusion of the A cluster, and this may lead to
important consequences on the ring-closure reaction.

Hence, our results concerning a model dithienylethene |

molecule grafted on a small gold cluster provides a simple
explanation of the experimental results of Dulic ef dlhey

have shown that the cycloreversion reaction which involves the
closed-ring isomer is still possible, whereas the ring-closure
reaction which involves the open-ring isomer is inhibited. This
can be explained by the strong mixing of the metallic and the
photochromic orbitals within the open-ring isomer. We have

also found the same conclusions as other theoretical stud-

ies36:42.43Contrary to the present work, these studies have used
large gold clusters to model the gold surface. For instance, Li
et al®® have used a (3 3) periodic lattice made up of eight
ideal Au(111) layers. They attributed the inhibition of the ring-
closure process to the overlapping of the HOMO photochromic
orbital with the Au d band which has a high density of states.
Therefore, our study has shown that connecting dithienylethene
molecule to a small Auicluster can give qualitative information
about its photochromic activity. On the other hand, the small
size of the cluster may lead to proper effects on the electronic
structure and absorption spectrum of the goitblecule system.

To analyze this size effect, the 48—P—SH system is studied
and compared to the AB—P—SH molecule.

111.3. Effect of the Cluster Size on the Optical Proper-
ties: Aug—Dithienylethene Systemlll.3.1. Closed-Ring Iso-
mer.For the closed-ring isomer, the photochromic last occupied
orbital corresponds to the HOMO of the £&+~P—SH system,
whereas the photochromic first unoccupied orbital corresponds
to the LUMO + 5 orbital of the complex (Figure 8). For the
HOMO orbital of the AyS—P—SH molecule, the contributions
on the gold cluster are small, whereas there are totally negligible
for the LUMO + 5 orbital. A comparison of the frontier orbital
of HS—P—SH, AwS—P—SH, and A4S—P—SH (Figures 3, 4,
and 8) shows that the shape of the photochromic last occupied
and first unoccupied orbitals is not modified when this molecule
is grafted to a Agor Aug cluster. Besides, when the size of the
cluster is increased, the energies of the two photochromic
orbitals are slightly modified: the energy level of the last
occupied orbital is-4.88 eV for the AyS—P—SH system and
—4.81 eV for the AygS—P—SH molecule. In the same way, the
energy level of the photochromic first unoccupied orbital is
—2.04 eV for AuS—P—SH and—1.92 eV for AwS—P—SH.

The photochromic transition corresponds to the HOMO
LUMO + 5 electronic excitation. As given in Table 3, the
corresponding wavelength (491 nm) is really close to the
photochromic excitation wavelength in the &+P—SH system
(492 nm). This result is consistent with the weak contribution
of the gold cluster in the orbitals involved in this transition
(HOMO and LUMO + 5). Interestingly, Table 3 also shows
that the photochromic transition in 88—P—SH is much more
intense than in the free photochromic molecule or in thgSAu
P—SH system.

Figure 9 depicts the complete absorption spectra of the free
molecule HS-P—SH, the AuS—P—SH system, and the A8—
P—SH complex within the 4062000 nm range. These spectra
have been obtained by fitting the HIDFT calculated transitions
with a Gaussian distribution. Information concerning the pho-
tochromic transition can be found in the 406800 nm region.

For the AuS—P—SH molecule, there is a transition in the
infrared region (1694 nm). Like the infrared absorption band
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Figure 8. Characteristic orbitals of the AB—P—SH isomers (isoden-
sity = 0.02 au).

of AuzS—P—SH, this transition arises from a HOMO LUMO
electronic excitation. Since the LUMO of the 4&&+P—SH
molecule is delocalized on the metallic cluster, this transition
corresponds to a molecule to cluster charge transfer. Figure 9
shows that from AgS—P—SH to AwS—P—SH, the oscillator
strength of the HOMG~ LUMO excitation strongly decreases.
For AusS—P—SH, the transition is intense because the photo-
chromic HOMO has some contributions on the Au atoms. There
is a nonnegligible overlap between the HOMO and LUMO of
the cluster-molecule system. On the opposite, for ¢Su-P—

SH, the HOMO has some small contributions on the Au atoms
close to the linking sulfur. The orbital is not delocalized on the
overall cluster, and the overlap between the HOMO and the
LUMO is small. Therefore, the oscillator strength decreases. It
then appears that the charge-transfer transition is a consequence
of the small size of the gold cluster, and most probably, this
band should disappear for a system made of a molecule grafted
on an infinite gold surface.

111.3.2. Electronic and Spectroscopic Properties of the Open-
Ring IsomerFor the open-ring isomer, the photochromic highest
occupied orbital corresponds to the HOMO of theg8tP—

SH system, whereas the photochromic first unoccupied orbital
corresponds to the LUMG- 6 orbital of the complex (Figure

8). Like the AyS—P—SH system, the identity of the last
occupied photochromic orbital is completely lost: this orbital
has some important contributions on the cluster, on the linking
S atom, and on the neighbor thiophene ring. This orbital is
similar to the HOMO of AygS—P—SH system which tends to
prove that we have a strong interaction between the last occupied
orbital of the cluster and the HOMO of the molecule. Besides,
when the size of the cluster is increased, the energies of the
last occupied and first unoccupied photochromic orbitals are
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not strongly modified: the energy level of the photochromic excitations presenting strong oscillator strength and correspond-
last occupied orbital (respectively, the photochromic first ing to cluster localized electronic excitations. Hence, one can

unoccupied orbital) is-5.52 eV (respectively;-1.08 eV) for
the AwS—P—SH system and-5.50 eV (respectively;-1.16
eV) for the AwS—P—SH molecule.

Since the AygS—P—SH density of states is large in a small

draw the same conclusions as the ;8t#P—SH open-ring
isomer: the cyclization reaction which proceeds though the
HOMO — LUMO + 6 electronic excitation may be strongly
affected.

energy domain, it has been necessary to calculate 80 excited Figure 10 depicts the complete absorption spectra of HS

states to obtain the information concerning the photochromic
transition. The latter transition corresponds to the HOMO
LUMO + 6 electronic excitation. As shown by Table 3, the
corresponding absorption band (332 nm) is red-shifted in
comparison with the A¢88—P—SH open-ring isomer (319 nm).
Table 3 also shows that the photochromic transition igSku
P—SH is less intense than in the free photochromic molecule
or in the AS—P—SH system. Indeed, in the AS—P—SH

P—SH, AusS—P—SH, and AyS—P—SH within the 256-1500

nm range. For the Ai$—P—SH system, the absorption spectrum
has been calculated from 320500 nm. Information concerning
the photochromic transition can be found in the 2800 nm
region. For the AsS—P—SH molecule, there is a strong
transition in the infrared region (1276 nm, Table 4). As
previously seen, this transition arises from a HOMQ.UMO
electronic excitation which corresponds to a molecule to cluster

system, the photochromic transition is surrounded by electronic charge transfer. For the A8—P—SH molecule, the HOMG~
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LUMO excitation is blue-shiftedA(~ 1000 nm) and nonopti- Supporting Information Available: Geometrical parameters
cally active. As a matter of fact, from A8—P—SH to AuS— of the closed-ring and open-ring gas-phase isomers, geometrical
P—SH, the oscillator strength of the HOMG- LUMO parameters of the closed-ring Audithienylethene system, and
excitation strongly decreases. Like the closed-ring isomer, for geometrical parameters of the open-ringsAdithienylethene
AuzS—P—SH, the strong charge-transfer transition found in the system. This material is available free of charge via the Internet
infrared region is an artifact due to the small size of the gold at http://pubs.acs.org.
cluster.
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