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4 TRANS/CIS -ISOMERIZATION REACTIONS IN DIRECT CONTACT
WITH NOBLE METAL SURFACES

i.e. one monolayer. Figure 4.10 (b) shows the QMS signal of mass 57 for the single
heating steps. After the final HREELS measurement a full TPD to TS = 650 K has
been recorded. The HREELS spectra of the trans-TBI are dominated by the intense
phenyl ring torsion modes which are highlighted in figure 4.10 (a)17 located at 230,
703, and 880 cm−1 up to heating temperatures of 380 K, due to the planar (trans-)
adsorption geometry (see figure (b)). After heating the sample to 440 K a very strong
intensity decrease of theses vibrational modes is observed, which we assign to a con-
formational change to cis-isomers with one phenyl ring pointing upwards, in analogy
to the HREELS measurements of the trans to cis-isomerization of TBA on Au(111)
[Ova07] and in comparison to the taken STM-images (figure 4.12 (a)). Note that the
spectral changes are not caused by a reduced TBI coverage, since thermal desorption
spectroscopy shows basically no desorption at these conditions (see blue line in figure
4.10 (b)). Therefore we assign the observed changes to a trans to cis isomerization of
TBI on Au(111) which is illustrated in figure 4.11.

Au(111) Au(111)

kT

Figure 4.11: Schematic illustration of the measured adsorption geometries of trans-
TBI/Au(111) and for cis-TBI/Au(111), found at 210 K and after annealing to TS > 380 K,
respectively.

Since it is known that isomerization of this class of molecules can also be achieved
by STM manipulation [Ale06, Cho06, Hen06, Dri08, Ale08], attempts have been made
by L. Grill et al. to achieve a switching of the TBI molecules on Au(111) by applying
voltage pulses to a single molecule. For two different manipulation strategies ((i) to
increase the voltage up to ± 2.5 V and (ii) using small voltages and high currents up
to 100 nA) no isomerization could be induced [Mie11].

However, directly after adsorption, some of the molecules appear as bright spots in
the STM image (see figure 4.12 (a)) with an apparent height of 3.9 ± 0.3 Å above the
surface, while for the protrusions of the trans-isomers appear at 2.4 ± 0.2 Å. A charac-
teristic height profile across such a feature is presented in figure 4.12 (b). These bright
spots are typically found either in small, disordered islands or at the border of large
islands. Only in few cases they are located inside ordered islands. It is very important
that these spots have a similar appearance compared to TBA molecules in their cis-
form [Dri08], which exhibit an apparent height of 4.1 ± 0.3 Å. Moreover, three small
protrusions are visible close to the bright lobe (inset in figure 4.12 (a)), in similarity

17Compare with chapter 4.2.2.
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What	
  are	
  molecular	
  switches?	
  

Requirements:	
  
•  Two	
  stable/meta-­‐stable	
  states	
  
•  Reversibly	
  switchable	
  
•  Switch	
  is	
  ac5vated	
  by	
  an	
  outside	
  s5mulus	
  

„[Molecules,	
  which]	
  exist	
  in	
  two	
  different	
  states	
  that	
  can	
  be	
  reversibly	
  switched	
  from	
  one	
  to	
  
another	
  [...].“	
  

Ben	
  L.	
  Feringa	
  
	
  

2 STUDIED SYSTEMS

2.2.1 Azobenzene

Molecular switches like azobenzene represent promising systems for applications, e.g.
molecular electronic devices and sensor applications, due to their ability to undergo a
reversible, photoinduced conformational change between two stereoisomers, the trans-
and the cis-isomer [Tam00, Rau03a, Fan90]. Stereoisomers are molecules that have
the same molecular formula and sequence of bonded atoms, differing only in the three-
dimensional orientations of their atoms in space.

N

N

NN

365 nm

420 nm,
kT

trans-azobenzene
planar

cis-azobenzene
3-dimensional

Figure 2.3: Structure of azobenzene in its planar trans-state (left) and after the optically
induced (λ = 365 nm) isomerization resulting in the three-dimensional cis-conformation (right).
In the trans-isomer the double bond of the diazo group is 120◦ aligned to the single bonds
between the nitrogen atoms to the phenyl rings as a consequence of the sp2-hybridized orbitals
of the nitrogen. The back reaction can be induced by light (λ = 420 nm) or by thermal
activation.

In solution the photoinduced switching process is a well-studied phenomena. When
not stated elsewise the following considerations are in relation of the properties of the
molecules in solution. Azobenzene consists of the namesake diazo-group (–N=N–). Fig-
ure 2.3 shows the two isomers of azobenzene. The origin of the functionality of this
molecule, i.e. possessing two geometrically different isomers upon illumination with
appropriate wavelength, is given by the electronic structure of the diazo group. The
two nitrogen atoms are sp2-hybridized and bonded by a σ- and a π-bond. Additionally
the lone pair electrons of the nitrogen features an antibonding orbital n. The confor-
mational change can be induced by either exciting an electron from the S0 ground state
to the first excited state S1 or by excitation from the ground state to the second excited
state S2.

For the trans-isomer the S0 →S1 excitation is dominated by the transition from
the highest occupied molecular orbital (HOMO) in the lowest unoccupied molecular
orbital (LUMO). The HOMO is composed of the non-bonding orbital n of the lone pair
electrons, whereas the composition of the LUMO is for the most part deduced from
the antibonding π∗-orbital. The S0 →S2 excitation is essentially given by the HOMO-
1→LUMO transition. The HOMO-1 is dominated by the π-orbital of the diazo unit.
In summary the photoexcited electronic transitions are the n→π∗ excitation (S0 →S1)
and the π→π∗ excitation (S0 →S2) [Füc06].

The trans→cis-isomerization can occur involving two different reaction pathways:
inversion and rotation. The first step for both pathways is the excitation from the
ground state (n and π, respectively) to the excited state π∗ by photons of appropriate
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  Azobenzene	
  simple	
  example	
  for	
  a	
  photochromic	
  switch	
  

2.2 Molecular Switches

energy.

Figure 2.4: Schematic drawing of the potential
energy diagram of azobenzene in solution. The
ground state potential energy surface exhibiting
the characteristic double well, representing the
two isomers.

This weakens the stiff N=N double bond
and a rotation of the phenyl ring around
the diazo group is feasible. Note that this
rotation is occurring out of the molecu-
lar plane. In the inversion pathway one
phenylring moves in the molecular plane
by an angle of 120◦ around an axis per-
pendicular to the N=N double bond.

The orientation of the two phenyl-
rings at the same side of the molecule
leads to steric repulsion between the moi-
eties. Regarding the resulting cis-isomer
the steric reorientation causes a rotational
angle of about 60◦ regarding the planes
of the phenylrings leading to its three di-
mensionality. Whereas the trans-isomer
does not possess a dipole moment, the
cis-isomer exhibits a dipole moment of
≈ 3 Debye [Ber36, Füc06]. In the case of azobenzene and its derivatives also a ther-
mally activated cis → trans reaction is possible which involves a thermal barrier of
around 1 eV. The isomerization processes and the underlying excitations are schemati-
cally drawn in figure 2.4, as well as the activation energy for the thermal back reaction
and the energy difference between the stable trans- and the meta-stable cis-isomer
[Rau03b, Füc06].

In this work we studied the the switching ability of the azobenzene derivative
3, 3‘, 5, 5‘-tetra-tert-butyl-azobenzene (TBA) upon adsorption on noble metal surfaces
(see figure 2.5 for the corresponding UV/Vis-absorption spectra and the structural
model). The TBA has been synthesized in the group of St. Hecht (HU Berlin, Institut
für organische Chemie). TBA is equipped with four bulky tert-butyl-groups1 which are
expected to act as a molecular spacer2. This concept has been already introduced and
discussed in literature and it has been shown for lander molecules that the molecular
spacers can lead to a decoupling of the active part of the molecule, i.e. the π-system,
from the surface [Mor04, Jun97].

Figure 2.5 shows the UV/Vis absorption spectrum of TBA solved in cyclohexane in
the photostationary state before (dotted red line) and after (solid red line) illumination
with light at an energy of hν = 3.96 eV (λ = 313 nm). The absorption spectrum of
the trans-isomer is dominated by a strong absorption band with its maximum at 3.81
eV (hν = 325 nm) which is attributed to optical excitation of the π → π∗ transition.
A second, weaker absorption band with is visible at lower photon energies with its
maximum located at 2.82 eV (hν = 440 nm) is associated to the symmetry forbidden

1tert-butyl-groups: (CH3)3C–
2The TBA has been synthesized by St. Hecht et al. [Pet08], Chemistry Department, HU Berlin;
member of the SFB 658.
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[2]catenane	
   [2]rotaxane	
  

•  Rota5on	
  (catenane)	
  or	
  linear	
  movement	
  
(rotaxane)	
  of	
  the	
  macrocyclic	
  component	
  

•  Switching	
  induced	
  by	
  chemical,	
  
electrochemical	
  or	
  photochemical	
  s5muli	
  

•  Components	
  are	
  held	
  together	
  
mechanically	
  and	
  addi5onal	
  non-­‐covalent	
  
bonding	
  interac5ons	
  

•  Catenane	
  can	
  be	
  built	
  up	
  to	
  a	
  [n+1]-­‐part	
  
chain	
  as	
  well	
  as	
  rotaxane	
  can	
  have	
  [n]	
  
compounds	
  cycling	
  the	
  linear	
  part	
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The	
  re9nal	
  molecule	
  

•  Cis-­‐trans-­‐isomerisa5on	
  triggered	
  via	
  the	
  influence	
  of	
  visible	
  
light	
  

•  Conforma5on	
  change	
  ac5vates	
  the	
  rhodopsin,	
  in	
  which	
  it	
  is	
  
embedded	
  

•  Rhodopsin	
  breaks	
  down	
  into	
  several	
  compounds	
  and	
  forms	
  
metarhodopsin	
  (ac5vated	
  rhodopsin)	
  

•  Protein	
  is	
  able	
  to	
  send	
  electrical	
  impulses	
  to	
  the	
  brain	
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  Palczewski	
  et	
  al.,	
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  289,	
  2010	
  



From	
  solu9on	
  to	
  the	
  surface	
  

Opportuni9es	
  
•  Benefi5ng	
  from	
  geometrical	
  proper5es	
  
•  Allowing	
  charge	
  transport	
  
•  Self-­‐assembly	
  

Difficul9es	
  
•  Conforma5on	
  change	
  due	
  to	
  molecule-­‐

surface-­‐interac5on	
  ranging	
  from	
  
physisorp5on	
  (e.g.	
  van-­‐der-­‐Waals-­‐forces)	
  
to	
  strong	
  chemical	
  bonds	
  

•  Energy	
  levels	
  can	
  be	
  shieed	
  significantly	
  
•  Switching	
  ability	
  is	
  no	
  longer	
  guaranteed	
  

Feringa,	
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  2001	
  



Azobenzene	
  revisited	
  (adsorp9on	
  on	
  coinage	
  metals)	
  

2.2 Molecular Switches

energy.

Figure 2.4: Schematic drawing of the potential
energy diagram of azobenzene in solution. The
ground state potential energy surface exhibiting
the characteristic double well, representing the
two isomers.

This weakens the stiff N=N double bond
and a rotation of the phenyl ring around
the diazo group is feasible. Note that this
rotation is occurring out of the molecu-
lar plane. In the inversion pathway one
phenylring moves in the molecular plane
by an angle of 120◦ around an axis per-
pendicular to the N=N double bond.

The orientation of the two phenyl-
rings at the same side of the molecule
leads to steric repulsion between the moi-
eties. Regarding the resulting cis-isomer
the steric reorientation causes a rotational
angle of about 60◦ regarding the planes
of the phenylrings leading to its three di-
mensionality. Whereas the trans-isomer
does not possess a dipole moment, the
cis-isomer exhibits a dipole moment of
≈ 3 Debye [Ber36, Füc06]. In the case of azobenzene and its derivatives also a ther-
mally activated cis → trans reaction is possible which involves a thermal barrier of
around 1 eV. The isomerization processes and the underlying excitations are schemati-
cally drawn in figure 2.4, as well as the activation energy for the thermal back reaction
and the energy difference between the stable trans- and the meta-stable cis-isomer
[Rau03b, Füc06].

In this work we studied the the switching ability of the azobenzene derivative
3, 3‘, 5, 5‘-tetra-tert-butyl-azobenzene (TBA) upon adsorption on noble metal surfaces
(see figure 2.5 for the corresponding UV/Vis-absorption spectra and the structural
model). The TBA has been synthesized in the group of St. Hecht (HU Berlin, Institut
für organische Chemie). TBA is equipped with four bulky tert-butyl-groups1 which are
expected to act as a molecular spacer2. This concept has been already introduced and
discussed in literature and it has been shown for lander molecules that the molecular
spacers can lead to a decoupling of the active part of the molecule, i.e. the π-system,
from the surface [Mor04, Jun97].

Figure 2.5 shows the UV/Vis absorption spectrum of TBA solved in cyclohexane in
the photostationary state before (dotted red line) and after (solid red line) illumination
with light at an energy of hν = 3.96 eV (λ = 313 nm). The absorption spectrum of
the trans-isomer is dominated by a strong absorption band with its maximum at 3.81
eV (hν = 325 nm) which is attributed to optical excitation of the π → π∗ transition.
A second, weaker absorption band with is visible at lower photon energies with its
maximum located at 2.82 eV (hν = 440 nm) is associated to the symmetry forbidden

1tert-butyl-groups: (CH3)3C–
2The TBA has been synthesized by St. Hecht et al. [Pet08], Chemistry Department, HU Berlin;
member of the SFB 658.
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TABLE II: Azobenzene structural parameters as defined in
Fig. 2 and as obtained using GGA-PBE, as well as the three
semi-empirical correction schemes due to Ortmann, Bechst-
edt and Schmidt (OBS), Grimme (G06) and Tkatchenko and
Scheffler (TS). None of these schemes affects the gas-phase
geometric parameters, which is why only the PBE values are
quoted here. Note that the G06 scheme does not feature pa-
rameters for Au.

Trans Cis

z dNN ω z dNN ω

(Å) (Å) (deg) (Å) (Å) (deg)

Gas-phase PBE − 1.30 0 − 1.28 12

PBE 3.50 1.30 0 2.31 1.29 18

Au(111) OBS 3.48 1.30 0 2.24 1.30 19

G06 − − − − − −

TS 3.28 1.30 0 2.23 1.30 18

PBE 3.64 1.30 0 2.27 1.32 23

Ag(111) OBS 3.60 1.30 0 2.20 1.32 25

G06 2.75 1.33 0 2.14 1.32 25

TS 2.98 1.31 1 2.16 1.32 25

PBE 1.98 1.40 39 1.93 1.35 33

Cu(111) OBS 1.97 1.40 38 1.91 1.35 33

G06 2.05 1.40 11 1.89 1.35 35

TS 2.05 1.40 13 1.89 1.35 34

result unchanged by the dispersion corrections despite a
small downward shift similar in magnitude to the changes
of z observed at Au(111). For the trans isomer, correc-
tion effects range from none in the OBS scheme, to a dra-
matic reduction of z with concomitant elongation of dNN

in the G06 and TS schemes. Nevertheless, the trans iso-
mer at Ag(111) again remains planar in all cases. Finally,
at Cu(111) the role of dispersion corrections is decidedly
different from that at Au(111) and Ag(111): With GGA-
PBE already yielding a strong azo-bridge to surface bond,
which significantly elongates the NN bond and pins the
bridge at a short vertical distance to the surface, the
cis isomer z-shift induced by the dispersion schemes is
smaller than at the other two substrates. Since this azo-
bridge bond also determines the surface distance in the
trans isomer and thereby puts the phenyl-rings well inside
the range of surface Pauli repulsion, the intra-molecular
distortion energy succumbs and as indicated by the large
value for ω, the phenyl-rings are bent out of the molec-
ular plane in GGA-PBE. Again, the OBS scheme is too
weak to influence this result. However, the G06 and TS
schemes are not, and bend the phenyl-rings back towards
the surface, yielding an ω of some ten degrees, consider-
ably closer to that of the gas-phase geometry (0◦) than
that of GGA-PBE (∼ 40◦). In fact, this restoring force,
self-consistent with the ring repulsion and molecular dis-

FIG. 3: (Color online) Schematic illustration of the geome-
try changes induced by the G06 and TS correction schemes.
Shown are sideviews with the GGA-PBE geometries shaded
in the background as reference. The OBS scheme does not
have a significant effect on the GGA-PBE geometries.

tortion energy, is sufficient to somewhat offset the ef-
fect of the azo-bridge−surface bond, which appears as a
slightly increased surface distance z.

As schematically summarized in Fig. 3 the OBS
scheme correction is thus overall too weak to significantly
modify molecular geometries. Given its shallow, long-
ranged damping function, this result is readily under-
stood: As apparent from Fig. 1 the less defined minimum
in the correction potential turns the substrate dispersion
interactions into a smooth background potential, with
small gradient contributions. On the other hand, the
G06 and TS schemes use similar, deeper damping func-
tions with gradient corrections strong enough to make
adsorbate geometries in principle dependent on the lo-
cal substrate geometry. However, in the cis isomers the
phenyl-rings sit largely outside the large-gradient range
of this G06/TS damping function. The geometry correc-
tions are therefore small and practically identical for the
two schemes. For the planar trans azobenzene this situ-
ation is different and the phenyl-rings do fall inside the
large-gradient range. At Au(111) and Ag(111), where the
weak azo-bridge−surface bond does not fix the molecular

•  Cu(111)-­‐Surface	
  induces	
  strong	
  bond	
  with	
  azo-­‐bridge	
  
•  Phenyl-­‐rings	
  get	
  bent	
  out	
  of	
  the	
  surface	
  plane	
  
•  Trans-­‐isomer	
  is	
  now	
  0.3eV	
  higher	
  in	
  energy	
  

McNellis	
  et	
  al.,	
  Phys.	
  Rev.	
  B	
  80,	
  2009	
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•  Ring	
  opening/closing	
  mechanism	
  
•  Switching	
  exhibits	
  coloriza5on/decoloriza5on	
  
•  Thermally	
  irreversible	
  (P-­‐type	
  chromophore)	
  
•  High	
  durability	
  (up	
  to	
  104	
  repe55ons	
  possible)	
  
•  Photoisomeriza5on	
  leads	
  (besides	
  a	
  geometrical	
  change)	
  

to	
  a	
  change	
  in	
  electronic	
  structure	
  and	
  the	
  refrac5ve	
  index	
  

Feringa,	
  Molecular	
  Switches,	
  2001	
  



Photoelectrochemical	
  switching	
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•  Pyridinium-­‐ion-­‐groups	
  are	
  electrically	
  separated	
  from	
  each	
  other	
  in	
  the	
  open	
  isomer	
  
•  Ring-­‐closing	
  leads	
  to	
  delocalized	
  π-­‐electrons	
  connec5ng	
  the	
  ions	
  
•  Voltammogram	
  exhibits	
  switched	
  behavior	
  of	
  electric	
  current	
  
•  Realiza5on	
  of	
  molecular	
  electrical	
  switch	
  

Feringa,	
  Molecular	
  Switches,	
  2001	
  



Spiropyran	
  

2 STUDIED SYSTEMS

2.2.5 The Ring-Opening/Closing Reaction of Spiropyran

We investigated the molecule 1,3,3-trimethylindolino-6-nitrobenzopyrylospiran (spiropy-
ran, SP) which can undergo a thermally and optically induced reversible configurational
change from the three dimensional SP into the planar merocyanine (MC) isomer. The
structure of the molecule in its open and closed form is given in figure 2.9.

Spiropyran (SP)
neutral closed form
3-dimensional

Merocyanine (MC)
zwitteriomic open form
planar

Merocyanine (MC)
zwitteriomic open form
planar

350 nm

550 nm,
kT

Figure 2.9: Structure of trimethyl-6-nitro-spiropyran in its closed, three-dimensional form
(left) and after the ring-opening reaction resulting in the open merocyanine conformation
(right). The closed spiropyran isomer possesses two halves with orthogonal planes The me-
rocyanine can be found in a zwitterionic state, the locations of the charges are indicated by +
and -, respectively.

Excitation with wavelength around 350 nm (dependent on the solvent) converts the
closed, colorless form to an open colored form which was first reported by E. Fischer
et al. [Fis52, Ber71]. Whereas spiropyran is inert the merocyanine is chemically highly
reactive and is a resonance hybrid between a neutral form and a zwitterionic one, pos-
sessing a large dipole moment [Gar00]. The dipole moment changes from | !µ | = 5.4
Debye for the closed Sp form to | !µ | = 11.3 Debye in the open MC form [Cot00].
Merocyanine can be closed in the presence of visible light and by thermal activation.

Due to its large change of the molecular properties the use of these molecules to
form part of sensors and detectors [Byr06], perform logic operations in molecule-based
devices [Par89, Ber00, Ray02], and to induce reversible changes of chemical or optical
properties of organic-inorganic interfaces [Rad07] is discussed in the literature.

Figure 2.10: Structural formula of (a) indoline and (b) benzopyran.

Spiropyran consists basically of two moieties that are build up from the indoline and
benzopyran molecules. The structural formula of the respective molecules is displayed

18

•  Spiropyran	
  is	
  built	
  up	
  from	
  on	
  indoline	
  and	
  one	
  benzopyran	
  molecule	
  with	
  an	
  addi5onal	
  NO2	
  
•  Dras5c	
  difference	
  in	
  reac5vity	
  as	
  well	
  as	
  dipole	
  moment	
  
•  Due	
  to	
  the	
  large	
  change	
  in	
  molecular	
  proper5es	
  various	
  applica5ons	
  are	
  proposed	
  

F.	
  Leyssner,	
  PhD	
  thesis,	
  2011	
  



Photoswitching	
  of	
  fluorophores	
  

merocyanine possesses weak fluorescence in polar organic solvents
and within self-assembled films.42,43 Embedded in the hydrophobic
cavities of water-soluble nanoparticles, the merocyanine shows
strong fluorescence with a maximum around 670 nm and a
fluorescence quantum yield of 0.18.32,44,45

On the other hand, photochromic compounds can be used
advantageously as fluorescence resonance energy transfer (FRET)
acceptors to reversibly switch the fluorescence of a donor
fluorophore.30,31,35,36,44–47 Following this concept, switching of the
donor fluorophore is performed by modulating the absorption
properties of the photochromic compound (Fig. 3).

Fig. 3 (a) Principle of photoswitching of fluorophores by spiropyrans.
The spiropyran MB131 (Fig. 1) is covalently attached to an organic
fluorophore whose fluorescence emission spectrum overlaps significantly
with the absorption of the merocyanine form of MB131. As long as the
spiropyran resides in its uncolored spiropyran form the fluorophore shows
strong fluorescence. Upon switching the spiropyran to its merocyanine
form with UV light, fluorescence is strongly quenched by energy transfer.
(b) Absorption spectra of the spriropyran (magenta), merocyanine (green),
absorption of the fluorophore (blue) and emission of the fluorophore
(red). As can be seen the emission spectrum of the fluorophore overlaps
perfectly with the absorption spectrum of the merocyanine. Thus switching
of the donor fluorescence can be realized by modulating the absorption
properties of the spiropyran.

To select the photochromic compound exhibiting the most
suited switching properties, we performed photoswitching experi-
ments with various spiropyrans (Fig. 1). The spiropyrans MB131
and MB216 were dissolved in ethanol at 10-5 M concentrations.
For both MB131 and MB216, the spiropyran forms show no
absorption in the visible range (Fig. 3). However, upon irradiation
at 280 or 337 nm with an average power of 66 or 200 mW,
respectively, the merocyanine form is quantitatively formed within
minutes as indicated by the broad absorption band in the visible
range and a reduced absorption band in the UV-range (Fig. 3).
After irradiation with visible light (100 mW, 532 nm) for a few
minutes the absorption band of the merocyanine form disappears
completely and the spiropyran form with strong absorption in
the UV is repopulated. This photoinduced switching between the
colorless spiropyran and the colored merocyanine form is highly
reversible and can be performed more than ten times without any
loss in activity.

The switching performance of MB231 (Fig. 1) was studied in
water at concentrations of 10-4–10-5 M. Already under daylight
conditions the merocyanine form of MB231 is partly formed as
indicated by the absorption band between 500 and 600 nm. After
60 s irradiation at 280 nm with 80 mW the absorption band in
the visible range increases and the absorption band between 250
and 300 nm decreases. After 40 min irradiation at 532 nm with
an average power of 25 mW the merocyanine’s absorption in the
visible range disappears and the UV absorption band appears
again (data not shown). Again, photoswitching between the two
states is highly reversible.

While MB131 and MB216 can be switched from the merocya-
nine to the spiropyran form very fast and with low excitation
power (data not shown), MB231 exhibits a very stable merocyanine
form, which has to be irradiated with higher laser powers and for
longer times to be efficiently switched back to the spiropyran form
in aqueous solvents. Due to the comparably stable merocyanine
form in aqueous solvents MB231 exists in both the spiropyran and
merocyanine form already under daylight conditions. However, all
three spiropyrans show a very low fluorescence quantum yield of
around 1%.

To use the reversible photoswitching of spiropyrans for
modulation of the fluorescence intensity of standard organic
fluorophores, MB131 and MB216 were covalently coupled to
different fluorophores from the ATTO-family. Importantly, the
absorption spectrum and the fluorescence quantum yield of the
fluorophore–spiropyran conjugates JA484 (MB131–ATTO594),
JA476 (MB131–ATTO590), JA481 (MB131–ATTO565), JA497
(MB216–ATTO590), and JA496 (MB216–ATTO565) remain al-
most unaffected indicating negligible direct electronic communi-
cation between the fluorophore and the spiropyran. To study the
influence of the excitation wavelength (see absorption spectrum of
the merocyanine form in Fig. 3b) fluorescence switching behavior
of the conjugates was investigated recording the fluorescence
intensity of the fluorophores upon excitation at 488, 514, and
568 nm before and after additional irradiation of the spiropyran
with UV light at 337 ± 37.5 nm with an average excitation power
of 200 mW (Fig. 4).

Fig. 4 shows the typical behavior of the fluorescence intensity
of a fluorophore–spiropyran conjugate upon additional excitation
with UV light. The fluorophore is excited and emits constant fluo-
rescence intensity. Upon additional irradiation with UV light the

216 | Photochem. Photobiol. Sci., 2010, 9, 213–220 This journal is © The Royal Society of Chemistry and Owner Societies 2010
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merocyanine possesses weak fluorescence in polar organic solvents
and within self-assembled films.42,43 Embedded in the hydrophobic
cavities of water-soluble nanoparticles, the merocyanine shows
strong fluorescence with a maximum around 670 nm and a
fluorescence quantum yield of 0.18.32,44,45

On the other hand, photochromic compounds can be used
advantageously as fluorescence resonance energy transfer (FRET)
acceptors to reversibly switch the fluorescence of a donor
fluorophore.30,31,35,36,44–47 Following this concept, switching of the
donor fluorophore is performed by modulating the absorption
properties of the photochromic compound (Fig. 3).

Fig. 3 (a) Principle of photoswitching of fluorophores by spiropyrans.
The spiropyran MB131 (Fig. 1) is covalently attached to an organic
fluorophore whose fluorescence emission spectrum overlaps significantly
with the absorption of the merocyanine form of MB131. As long as the
spiropyran resides in its uncolored spiropyran form the fluorophore shows
strong fluorescence. Upon switching the spiropyran to its merocyanine
form with UV light, fluorescence is strongly quenched by energy transfer.
(b) Absorption spectra of the spriropyran (magenta), merocyanine (green),
absorption of the fluorophore (blue) and emission of the fluorophore
(red). As can be seen the emission spectrum of the fluorophore overlaps
perfectly with the absorption spectrum of the merocyanine. Thus switching
of the donor fluorescence can be realized by modulating the absorption
properties of the spiropyran.

To select the photochromic compound exhibiting the most
suited switching properties, we performed photoswitching experi-
ments with various spiropyrans (Fig. 1). The spiropyrans MB131
and MB216 were dissolved in ethanol at 10-5 M concentrations.
For both MB131 and MB216, the spiropyran forms show no
absorption in the visible range (Fig. 3). However, upon irradiation
at 280 or 337 nm with an average power of 66 or 200 mW,
respectively, the merocyanine form is quantitatively formed within
minutes as indicated by the broad absorption band in the visible
range and a reduced absorption band in the UV-range (Fig. 3).
After irradiation with visible light (100 mW, 532 nm) for a few
minutes the absorption band of the merocyanine form disappears
completely and the spiropyran form with strong absorption in
the UV is repopulated. This photoinduced switching between the
colorless spiropyran and the colored merocyanine form is highly
reversible and can be performed more than ten times without any
loss in activity.

The switching performance of MB231 (Fig. 1) was studied in
water at concentrations of 10-4–10-5 M. Already under daylight
conditions the merocyanine form of MB231 is partly formed as
indicated by the absorption band between 500 and 600 nm. After
60 s irradiation at 280 nm with 80 mW the absorption band in
the visible range increases and the absorption band between 250
and 300 nm decreases. After 40 min irradiation at 532 nm with
an average power of 25 mW the merocyanine’s absorption in the
visible range disappears and the UV absorption band appears
again (data not shown). Again, photoswitching between the two
states is highly reversible.

While MB131 and MB216 can be switched from the merocya-
nine to the spiropyran form very fast and with low excitation
power (data not shown), MB231 exhibits a very stable merocyanine
form, which has to be irradiated with higher laser powers and for
longer times to be efficiently switched back to the spiropyran form
in aqueous solvents. Due to the comparably stable merocyanine
form in aqueous solvents MB231 exists in both the spiropyran and
merocyanine form already under daylight conditions. However, all
three spiropyrans show a very low fluorescence quantum yield of
around 1%.

To use the reversible photoswitching of spiropyrans for
modulation of the fluorescence intensity of standard organic
fluorophores, MB131 and MB216 were covalently coupled to
different fluorophores from the ATTO-family. Importantly, the
absorption spectrum and the fluorescence quantum yield of the
fluorophore–spiropyran conjugates JA484 (MB131–ATTO594),
JA476 (MB131–ATTO590), JA481 (MB131–ATTO565), JA497
(MB216–ATTO590), and JA496 (MB216–ATTO565) remain al-
most unaffected indicating negligible direct electronic communi-
cation between the fluorophore and the spiropyran. To study the
influence of the excitation wavelength (see absorption spectrum of
the merocyanine form in Fig. 3b) fluorescence switching behavior
of the conjugates was investigated recording the fluorescence
intensity of the fluorophores upon excitation at 488, 514, and
568 nm before and after additional irradiation of the spiropyran
with UV light at 337 ± 37.5 nm with an average excitation power
of 200 mW (Fig. 4).

Fig. 4 shows the typical behavior of the fluorescence intensity
of a fluorophore–spiropyran conjugate upon additional excitation
with UV light. The fluorophore is excited and emits constant fluo-
rescence intensity. Upon additional irradiation with UV light the

216 | Photochem. Photobiol. Sci., 2010, 9, 213–220 This journal is © The Royal Society of Chemistry and Owner Societies 2010
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•  Special	
  spiropyran	
  derivates	
  with	
  a	
  flurophore	
  donor	
  are	
  synthesized	
  
•  Fluorescence	
  wavelength	
  matches	
  the	
  absorp5on	
  wavelength	
  of	
  the	
  merocyanine	
  
•  Radia5on-­‐less	
  Förster	
  resonance	
  energy	
  transfer	
  (FRET)	
  instead	
  of	
  emission	
  
•  	
  Successful	
  construc5on	
  of	
  an	
  op5cal	
  molecular	
  switch	
  

Seefeldt	
  et	
  al.,	
  Photochemical	
  &	
  Photobiological	
  Sciences	
  	
  2,	
  2010	
  



Logic	
  opera9ons	
  with	
  molecular	
  switches	
  

molecular switch is particularly attractive for digital processing
at the molecular level.

In the optical network illustrated in Fig. 2, a monochromatic

optical signal (yellow arrows) travels from the visible light source
to the detector passing through a quartz cell. The wavelength of
this signal is 563 nm and corresponds to the absorption maximum
of the purple-state ME (a in Fig. 1 Lower). The cell contains a
solution (MeCN, 10!4 M) of the molecular switch. The irradi-
ation of this solution with an UV light input (red arrow) induces
the interconversion of SP into ME. The isomerization of ME
back to SP occurs thermally with a first-order rate constant of
(41 " 1)!10!4 s!1, if the input stimulation is turned off (32).
When the molecular switch is in the ‘‘nonabsorbing’’ state SP,
the intensity of the optical output reaching the detector is 100%.
However, it fades to 3% when the molecular switch is in the
‘‘absorbing’’ state ME. Thus, the optical output (O) switches
between low and high values as the optical input (I) is turned on
and off (lower left table in Fig. 2). It is worth noting the analogy
between this all-optical switch and conventional field-effect
transistors (43). In a basic complementary metal oxide semi-
conductor (CMOS) field effect transistor inverter, for example,
a voltage output switches between low and high values as a
voltage input is turned on and off. Of course, the switch in Fig.
2 processes optical signals, whereas a CMOS inverter elaborates
electrical signals.

The optical network illustrated in Fig. 3 incorporates an
additional switching element. In this instance, the traveling
optical signal (yellow arrows) has to pass through two quartz cells
before reaching the detector. Both cells contain a solution
(MeCN, 10!4 M) of the molecular switch and are addressed by
independent optical inputs. When the molecular switches in both
cells are in the nonabsorbing state SP, the intensity of the optical
output reaching the detector is 100%. However, it fades to 3–4%
when the molecular switch in one of the two cells is in the
absorbing state ME. The output intensity drops to 0% when both
switching elements are in the absorbing state ME. Thus, the
optical output (O) is high only when both optical inputs (I1 and
I2) are turned off (in Fig. 3 Lower Left).

Following a similar approach, all-optical networks with n input
terminals can be realized introducing n independent switching
elements between the visible light source and the detector. The

Fig. 1. UV light, visible light, and H# induce the interconversion between the
three states SP, ME, and MEH. Absorption spectra of SP (in MeCN, 10!4 M,
25°C) recorded after (a in Lower) and before (b in Lower) irradiation at 254 nm
for 5 min.

Fig. 2. An optical signal (yellow arrows) travels from a light source to a
detector after passing through a quartz cell containing a solution of SP (MeCN,
10!4 M). The intensity of the optical output (O) switches between low and high
values as the optical input (I) is turned on and off. This signal transduction
behavior is equivalent to a NOT operation.

Fig. 3. An optical signal (yellow arrows) travels from a light source to a
detector after passing through two quartz cells containing a solution of SP
(MeCN, 10!4 M). The intensity of the optical output (O) switches between low
and high values as the two optical inputs (I1 and I2) are turned on and off. This
signal transduction behavior is equivalent to a two-input NOR operation.

4942 ! www.pnas.org"cgi"doi"10.1073"pnas.062631199 Raymo and Giordani

•  The	
  purple	
  merocyanine	
  exhibits	
  strong	
  
absorp5on	
  at	
  563	
  nm	
  and	
  can	
  completely	
  
block	
  an	
  incoming	
  signal	
  

•  The	
  colorless	
  spiropyran	
  allows	
  the	
  beam	
  
to	
  pass	
  through	
  

•  Building	
  logic	
  opera5ons	
  possible	
  
•  Amrac5ve	
  founda5on	
  for	
  digital	
  processing	
  

at	
  the	
  molecular	
  level	
  

Raymo	
  et	
  al.,	
  PNAS	
  99,	
  2002	
  



Simple	
  logic	
  opera9ons	
  
molecular switch is particularly attractive for digital processing
at the molecular level.

In the optical network illustrated in Fig. 2, a monochromatic

optical signal (yellow arrows) travels from the visible light source
to the detector passing through a quartz cell. The wavelength of
this signal is 563 nm and corresponds to the absorption maximum
of the purple-state ME (a in Fig. 1 Lower). The cell contains a
solution (MeCN, 10!4 M) of the molecular switch. The irradi-
ation of this solution with an UV light input (red arrow) induces
the interconversion of SP into ME. The isomerization of ME
back to SP occurs thermally with a first-order rate constant of
(41 " 1)!10!4 s!1, if the input stimulation is turned off (32).
When the molecular switch is in the ‘‘nonabsorbing’’ state SP,
the intensity of the optical output reaching the detector is 100%.
However, it fades to 3% when the molecular switch is in the
‘‘absorbing’’ state ME. Thus, the optical output (O) switches
between low and high values as the optical input (I) is turned on
and off (lower left table in Fig. 2). It is worth noting the analogy
between this all-optical switch and conventional field-effect
transistors (43). In a basic complementary metal oxide semi-
conductor (CMOS) field effect transistor inverter, for example,
a voltage output switches between low and high values as a
voltage input is turned on and off. Of course, the switch in Fig.
2 processes optical signals, whereas a CMOS inverter elaborates
electrical signals.

The optical network illustrated in Fig. 3 incorporates an
additional switching element. In this instance, the traveling
optical signal (yellow arrows) has to pass through two quartz cells
before reaching the detector. Both cells contain a solution
(MeCN, 10!4 M) of the molecular switch and are addressed by
independent optical inputs. When the molecular switches in both
cells are in the nonabsorbing state SP, the intensity of the optical
output reaching the detector is 100%. However, it fades to 3–4%
when the molecular switch in one of the two cells is in the
absorbing state ME. The output intensity drops to 0% when both
switching elements are in the absorbing state ME. Thus, the
optical output (O) is high only when both optical inputs (I1 and
I2) are turned off (in Fig. 3 Lower Left).

Following a similar approach, all-optical networks with n input
terminals can be realized introducing n independent switching
elements between the visible light source and the detector. The

Fig. 1. UV light, visible light, and H# induce the interconversion between the
three states SP, ME, and MEH. Absorption spectra of SP (in MeCN, 10!4 M,
25°C) recorded after (a in Lower) and before (b in Lower) irradiation at 254 nm
for 5 min.

Fig. 2. An optical signal (yellow arrows) travels from a light source to a
detector after passing through a quartz cell containing a solution of SP (MeCN,
10!4 M). The intensity of the optical output (O) switches between low and high
values as the optical input (I) is turned on and off. This signal transduction
behavior is equivalent to a NOT operation.

Fig. 3. An optical signal (yellow arrows) travels from a light source to a
detector after passing through two quartz cells containing a solution of SP
(MeCN, 10!4 M). The intensity of the optical output (O) switches between low
and high values as the two optical inputs (I1 and I2) are turned on and off. This
signal transduction behavior is equivalent to a two-input NOR operation.

4942 ! www.pnas.org"cgi"doi"10.1073"pnas.062631199 Raymo and Giordani

molecular switch is particularly attractive for digital processing
at the molecular level.

In the optical network illustrated in Fig. 2, a monochromatic

optical signal (yellow arrows) travels from the visible light source
to the detector passing through a quartz cell. The wavelength of
this signal is 563 nm and corresponds to the absorption maximum
of the purple-state ME (a in Fig. 1 Lower). The cell contains a
solution (MeCN, 10!4 M) of the molecular switch. The irradi-
ation of this solution with an UV light input (red arrow) induces
the interconversion of SP into ME. The isomerization of ME
back to SP occurs thermally with a first-order rate constant of
(41 " 1)!10!4 s!1, if the input stimulation is turned off (32).
When the molecular switch is in the ‘‘nonabsorbing’’ state SP,
the intensity of the optical output reaching the detector is 100%.
However, it fades to 3% when the molecular switch is in the
‘‘absorbing’’ state ME. Thus, the optical output (O) switches
between low and high values as the optical input (I) is turned on
and off (lower left table in Fig. 2). It is worth noting the analogy
between this all-optical switch and conventional field-effect
transistors (43). In a basic complementary metal oxide semi-
conductor (CMOS) field effect transistor inverter, for example,
a voltage output switches between low and high values as a
voltage input is turned on and off. Of course, the switch in Fig.
2 processes optical signals, whereas a CMOS inverter elaborates
electrical signals.

The optical network illustrated in Fig. 3 incorporates an
additional switching element. In this instance, the traveling
optical signal (yellow arrows) has to pass through two quartz cells
before reaching the detector. Both cells contain a solution
(MeCN, 10!4 M) of the molecular switch and are addressed by
independent optical inputs. When the molecular switches in both
cells are in the nonabsorbing state SP, the intensity of the optical
output reaching the detector is 100%. However, it fades to 3–4%
when the molecular switch in one of the two cells is in the
absorbing state ME. The output intensity drops to 0% when both
switching elements are in the absorbing state ME. Thus, the
optical output (O) is high only when both optical inputs (I1 and
I2) are turned off (in Fig. 3 Lower Left).

Following a similar approach, all-optical networks with n input
terminals can be realized introducing n independent switching
elements between the visible light source and the detector. The

Fig. 1. UV light, visible light, and H# induce the interconversion between the
three states SP, ME, and MEH. Absorption spectra of SP (in MeCN, 10!4 M,
25°C) recorded after (a in Lower) and before (b in Lower) irradiation at 254 nm
for 5 min.

Fig. 2. An optical signal (yellow arrows) travels from a light source to a
detector after passing through a quartz cell containing a solution of SP (MeCN,
10!4 M). The intensity of the optical output (O) switches between low and high
values as the optical input (I) is turned on and off. This signal transduction
behavior is equivalent to a NOT operation.

Fig. 3. An optical signal (yellow arrows) travels from a light source to a
detector after passing through two quartz cells containing a solution of SP
(MeCN, 10!4 M). The intensity of the optical output (O) switches between low
and high values as the two optical inputs (I1 and I2) are turned on and off. This
signal transduction behavior is equivalent to a two-input NOR operation.
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