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Chapter 6

Tip-induced isomerization of an azobenzene deriva-

tive on Au(111)

o

Figure 6.1: Azobenzene molecule: (a) nearly plat@nsform and (b) 3-dimensionalis- form.
In the structural models larger spheres represent carbamsatvhile smaller ones hydrogen atoms.

The nitrogen atoms (which form a double bond) are repredéntblue.

Understanding and controlling conformational changesrafle molecules adsorbed
on a surface is currently one of the most actively pursuedisgmecause it could help in
the development of molecular electronics. For example,cangérical modification of a
molecule could be used to perform the function of a nano-maeiclal device, or be related
to a change in the molecular conductance, thus realizinglaaular switch [15].

Recent experiments have shown that conformational chavig@a a porphyrin mole-
cule can be mechanically induced by the STM tip [20]. By applong the tip vertically,
a very high reliability of intramolecular manipulation dfeé Lander molecule was ob-

tained [133]. Moreover, it has been demonstrated that mtdecotation between stable
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states can be controlled by electronically exciting moleswith tunneling electrons [23].

Looking for molecules suitable for application in moleauédectronics, the current
research interest is focusing on molecular switches [13], JA molecular switch under-
goes a reversible transformation between at least twandistiable or metastable states,
usually geometrical or valence isomers, associated witerdnt physicochemical prop-
erties (for example absorption spectrum, dipole momeritactve index) based on a
change in molecular geometry and/or electronic distrdyufi34].

The azobenzene molecule represents a very interestingpoéxarinsuch a molecular
switch [134, 136] and its operating mechanism based tmargs-cis isomerization of a
double bond is conceptually related to the basic principlésion in the human eye [137].
The reversible switching of azobenzene can be induced hippbomerization [138]. The
thermally induceccis—trans isomerization is also possible in the ground state [139,
140].

The aim of the experiment described in this chapter is tostede this well-known
molecular switch into a solid state device setting. The mudkeused for this goal is com-
posed of an azobenzene core equipped with four lateral gr@&imilarly to the case of the
Lander molecule (see Chapter 4), the lateral groups acgasakich elevate the central
azobenzene core and decouple it electronically from thiaseirand therefore facilitate
the lateral manipulation with the STM tip. In this Chaptére tstudy of therans-cis
isomerization of an azobenzene derivative on Au(111) usiegSTM tip is reported.
A number of different manipulation techniques are emplolyedrder to investigate the

driving mechanism of the isomerization process.

6.1 A molecular switch: azobenzene molecule

The azobenzene molecule itselfs({@;N=NCsH5) is composed of two phenyl rings con-
nected by two nitrogen atoms (Fig. 6.1(a)). The nitrogematform a double bond which
is oriented 120with respect to the N-C bond.

In the electronic ground state, azobenzene adopts twaeliffeonformations [141,
142]: a nearly planatrans (Fig. 6.1(a)) and a non-planar, three-dimensiarisd form
(Fig. 6.1(b)). The total energy of theans- conformation is 0.6 eV lower than that of the
cis- form, and the two configurations are separated by a barfigbaut 1.6 eV (isomer-

ization fromtrans- to cis-) [139]. They undergo a reversible photoinduced isomé&dna
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Figure 6.2: Schematics of photo-isomerization: inversion and rotagiaths are shown. Relevant
conformation coordinates are the angldor the rotation mechanism (rotational axis is the N=N

bond), and the angle for the inversion (rotational axis perpendicular to thendray plane).

well understood in solution and in gas phase [143-149]. Thwgn energy needed to
switch fromtrans- to cis- isomer is 3.40 eV X;=365 nm), while in the opposite direction
itis 2.95 eV (\,=420 nm).

It is well established that the photo-isomerization ocanmsn excited state potential
energy surface, through a conical intersection with theigdostate potential energy sur-
face [143-149]. Two different pathways have been theakyiproposed for the photo-
isomerization (see Fig. 6.2): the so-called rotation meism [144], which is a twisting
around the N-N bond (change of anglg and an in-plane rotation of the C-N-N éngle),
known as inversion path [143]. The rotation pathway has lasenciated with a;5—S;
excitation (r— =), while the inversion with a §—S, excitation (—mx). In par-
ticular the 3— S, transition is dominated by a HOMO-LUMO excitation, while the
Sy—S; transition is essentially a HOMO-1-LUMO excitation.

Azobenzene has potential applications in a molecular desgt-up as the conductance

of the two isomers has been predicted to differ strongly [LB@wever, its application as
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a switch for electronic or mechanical molecular devicegiséts adsorption on surfaces.
In contrast to the cases of azobenzene in the gas phase atidrs@tudies of azobenzene
molecules adsorbed on surfaces are just recently emergththa isomerization mecha-
nism on surfaces is under discussion. In particular, thaé@ation process on a surface
(if it occurs) may be different from those in solution or gdspe, as for example here
the degrees of freedom of the molecule are reduced. Moraudven the molecules are
adsorbed on metal surfaces, new channels for dissipatihreaxcitations are present as
well as changes on the electronic structures of the two iseohge to the coupling with
the substrate may occur. Understanding the most importemaingeters for the isomer-
ization of azobenzene on a surface (for instance with reégpethe molecule-substrate
interaction) is therefore of great interest for its apgimain molecular electronics.

The adsorption of azobenzene on surfaces has been recentigdsby STM [151—
153]. Also the investigation by STM of the light induced isemzation of azobenzene
molecules embedded in r@dodecanethiol () self-assembled monolayer formed on
Au(111) have been reported [154]. However, a new perspedivo use the STM tip
instead of light to induce the isomerization of azobenzenthe molecular scale. Using
manipulation techniques, it has been shown that the azebenmnolecule can be moved
laterally on Au(111) with the STM tip [155]. Furthermore,time case of an azobenzene
derivative (Dimetacyanoazobenzene), the rotation areuxeC bond of a phenyl ring can
be controlled by STM [156]. Very recent experiments have atported the isomeriza-
tion of azobenzene [157] and of an azobenzene derivativap@dse Orange 3) [158, 159]
on Au(111) by STM. In both cases the mechanism is inducedjusimneling electrons,

as will be discussed in detail in Sec. 6.7.4.

6.2 The Au(111) surface

The Au(111) surface is used as substrate in this investigagcause of its inert character.
A strong molecule-substrate interaction could hinder i movements and thus the
isomerization process.

Gold is a fcc metal with a lattice constant of ai#8 A. The Au(111) is the close-
packed face of the Au crystal, with a nearest neighbor distarfig/v/2 = 2.88 A and a
step height of 4/3 = 2.36 A. An atomically resolved STM image of the Au(111) surface
is shown in Fig. 6.3(a).
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Figure 6.3: (a) Atomically resolved STM image of Au(111). The positiooisthe atoms are
indicated in the image. STM parameters: U = 0.1V, | = 2 nA; Imdgnensions = (2424) A2.
(b) Schematic of the unit cell of the reconstructed Au(1lirffaxe. White circles indicate the
atoms in the second atomic layer, black circles corresporaddams with fcc stacking, gray ones

to hcp stacking, while shadow atoms represent the atomeitrahsition regions.

The Au(111) surface exhibits a long-range surface recoctstm with a (22x+/3)
rectangular unit cell [160]. In the topmost-layer 23 Au sgd atoms along the 10]
direction sit on 22 bulk lattice sites. This contractiondedo an alternation of regions
with top-layer atoms in fcc bulk sites and hcp sites (see €ig(b)). At the domain
boundary between hcp and fcc stacking the atoms are squeazdéam their position
and form two ridges per unit cell. These ridges run paralkel at domains boundaries
(about every 250 A) bend biz120° giving rise to a zig-zag pattern (so-called herringbone

reconstruction).

6.3 TBA molecule

The 3,35,5-tetratert-butyl-azobenzene (TBA) is an azobenzene molecule cayiipiar
lateraltert-butyl groups (Fig. 6.4). TBA was synthesized by S. Hechtlsin. Peters at
the Max-Planck-Institut fir Kohlenforschung in Mihlheim@er Ruhr. There are several
distinct advantages of the particular substitution pattesed: (i) it does not significantly
alter the electronics of the azobenzene chromophore t @des not impart steric hin-
drance upon the isomerization process, (iii) it increabesseparation between surface
and the azobenzenesystem thereby leading to an increased surface mobilidypan
tentially a lower electronic coupling, and (iv) its set otifisymmetrically placed labels

facilitates conformational analysis.
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Figure 6.4: 3,3,5,8-tetratert-butyl-azobenzene (TBA): chemical structure (left) andhespe
model (right). The molecule is composed of an azobenzenenach is equipped with spacer

tert-butyl- groups.

After the synthesis, S. Hecht and M. V. Peters have provembgration spectroscopy
that the molecules exhibit in solution the photochemical drermal isomerization be-
havior typical for azobenzene derivatives. Photo-isoraion in bothtrans—cis and
cis—transdirections was carried out in cyclohexane using appropgatitation wave-
lengths (Fig. 6.5(a) and (b)). Theans—cis photo-isomerization was executed repeat-
edly (Fig. 6.5(c)). In Fig. 6.5(d) the thermalb—transis shown. The isomerization was

carried out at elevated temperatures°(69.

6.4 Adsorption of TBA on Au(111)

TBA molecules were deposited by evaporation from a Knuds#iratabout 370 K. The
dosage was monitored via a quartz crystal microbalanceinBuhe deposition of the
molecules the sample was kept at room temperature.

An overview STM image of TBA molecules on Au(111) is shown ig.F6.6. The
Au(111) herringbone reconstruction can be seen in the imagwarallel pairs of ridges.
After adsorption at room temperature, the molecules aralma@s they cover step edges
and form islands, but a few are also found isolated on testadetice that the herringbone
reconstruction is slightly visible also underneath theeoed island at the center, indicat-
ing that the adsorbed molecules do not lift the reconswuactif the covered Au(111)
surface.

All observed molecules are in the same planar configuratiesigned to thérans

isomer (Fig. 6.4). This finding is actually very reasonabies, already after the syn-
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Figure 6.5: Photochemical and thermians-cis isomerization of TBA in cyclohexane at 2&.

In the spectra the time evolution of the absorption peakadtaristic of thetrans isomer (at
about 325 nm) upon radiation is clearly visible. (a) Phoemoltaltrans—cis isomerization of
TBA. 1000 W XBO light source equipped with interference filtg,ax v =313 nm (11% T, Full-
Width Half-Maximum (FWHM) = 10 nm). (b) Photochemicals—transisomerization with a
1000 W XBO light source equipped with cut-off filtafgey, 1= 377 Nnm and\sgy, 7= 398 nm. (c)
Photochemicatrans—cis isomerization after the 1st switching cycle (irradiatianditions as

in (a)). (d) Thermatis—transisomerization of TBA in cyclohexane at 5C.

thesis, 97% of the molecules are in tin@ns isomer, which is the energetically favored
state in the gas phase. Moreover, any heating process sesréae fraction of theans
isomers to the expense of this- molecules [139, 140]. The complete missings iso-
mers on the surface is therefore expected, because theutaslsabstance is heated up to
370 K for deposition. Notice that after preparation the si@gponly shortly exposed to

the ordinary laboratory light until it is inserted into th&8 (where the sample receives
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TBA on step
eddge
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TBAisland
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Figure 6.6: Overview STM image of TBA adsorption on Au(111). A large aettisland of
molecules and a disordered island (bottom left) of molexale visible. Two isolated molecules
(bottom right) are found at the elbows of the Au(111) recartdion. Notice that one isolated
molecule is not stable in the image since it rotates duriagsing. The step edges are covered by

molecules. STM parameters: U =1 V, 1=0.1nA, T =5 K; Image disiens = (396390) A2.

no light radiation), so that isomerization by light is uri
6.4.1 Isolated molecules

Single molecules appear as four lobes with an apparentgaérgight of 2.70.1 A ar-
ranged in a rhombic shape (Fig. 6.7(a)). The dimensionseo$ithes of the rhomboidal,
measured between intensity maxima are a =0.4 A and b =10.5:0.6 A, while the
angle between two sides is= 80°+3°. According to the dimensions of the molecule
in the gas phase (a=5.5A, b =9 A and- 85°), the lobes can be assigned to tee-
butyl groups in accordance to their large spatial extensidre central azobenzene part
is typically not visible. Only in a few cases a visible cohtifion at the molecular center
has been detected (Fig. 6.7(a)), due to a very sharp tip. Biogehin the STM images is
observed by varying the sample voltage in the range frghV to +2 V.
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Figure 6.7: (a) Isolated TBA molecule ((5050) A2). (b) Determination of the chirality of TBA
molecules on the surface. We found molecules of differeiraltity adsorbed on the surface as

shown by the structural models. STM parameters for all imate= 1V, 1 =0.1 nA, T =5 K.

Two different shapes of isolated molecules, one the mimage of the other, have
been distinguished on Au(111). This observation is relai¢kde concept of chirality. The
term chirality was first indicated by Lord Kelvin (1893), whaid: “I call any geometrical
figure, or group of points, chiral, and say it has chiralitytéfimage in a plane mirror,
ideally realized, cannot be brought to coincide with itself

In the same way the molecules visible in Fig. 6.7(b), whigrairror images of each
other, cannot be brought to coincide with itself, and thenefshow chirality. Actually,
TBA molecules are not chiral in three dimensions, but maybeechiral upon adsorption
on a surface due to the reduced symmetry, as observed farkatioks of molecules [161,

162].

{ SRR

SEEA

Figure 6.8: MM optimization of the adsorption conformation of ttrans isomer, (a) top view

and (b) side view.
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Christian Joachim and collaborators (CEMES-CNRS, Towpbhave calculated with
MM (see Chapter 2) the conformation of ttrans- isomer on Au(111). The result of the
molecular structure optimization is shown in Fig. 6.8. Thenpar adsorption of the phenyl
rings is found to correspond to a physisorption structurer&lthe molecule remains quasi

planar and where thiert-butyl- groups avoid the mixing af orbitals with the metal.

As one can see in Fig. 6.9(a), isolated molecules on teri@eeslways positioned at
the elbows of the Au(111) herringbone reconstruction, Whict as nucleation centers.
They are oriented with their long molecular axis parallettie close-packed directions
of the substrate. The isolated molecules easily rotate rutndeinfluence of the tip at
normal tunneling conditions (I = 1 nA, U = 1 V) revealing a rathveak interaction with

the substrate.

i
b

Figure 6.9: Adsorption of isolated molecules. (a) Several isolatedemuales at elbows of her-

ringbone reconstruction (39@90) A2. STM parameters: U=1V, | =0.1nA; (b) Molecular
adsorption at step edges. In the image {45) A?) two molecules are found absorbed at a step
edge. The adsorption geometry is indicated by a model supesed on one molecule. STM
parameters: U=1.3V,1=0.04nA, T =5 K.

Molecules are also found adsorbed on step edges. The STMeimalgig. 6.9(b)
shows two molecules adsorbed on a step edge. The adsorptometyy, deduced from
their appearance, is indicated: two legs of the moleculeri¢he upper terrace and two

on the lower. The azobenzene part is parallel to the dinectidche step edge.
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Figure 6.10: Islands of TBA molecules. As the number of molecules in@eathe ordering of the
islands increases. (a) Island formed by three TBA molec{fE®<50) A2). (b) Two disordered
islands ((156150) A2. Notice how the island on the left follows the herringboneorestruction.

(c) Large, highly ordered island of about 400 TBA molecul@d(x410) A?). STM parameters
forallimages: U=1V,1=0.1nA.

6.4.2 Islands

When TBA molecules are adsorbed on the substrate kept atteyaperature, they diffuse
and form islands. It turns out that islands formed by less thlaout 40 molecules are
disordered, i.e. the molecules are not equally orientedevidrger islands show a high
order (and a well defined periodicity). In Fig. 6.10 three Sitvages are shown: in the
firstimage (a) three TBA molecules are imaged. Each moleqppears as four lobes and
is oriented with the long axis parallel to one of the Au(11tbse-packed directions. In
the second STM image (b) there are two disordered island8Af The one on the right
is grown at an elbow of the Au(111) reconstruction. This vérds always observed for
small islands and shows that nucleation starts to form aetk#es. The island in the left
part of the image follows the direction of the herringboneorestruction, indicating the
influence of the substrate on the growth mechanism. In tind tmage (c), a large island
is shown. It has a high degree of order which extends overaidvendred Angstroms.
The degree of order increases with the number of moleculéss dbservation can
be explained by considering that for small islands the ma&substrate interaction de-
termines the adsorption geometry while, as the number oéoutes increases, the inter-
molecular interaction prevails, leading to ordered istandhe position and orientation
of individual molecules inside ordered islands is shownim B.11. For discerning the

position of individual molecules, the corners of an islanel@sed as reference, as shown
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Figure 6.11: Part of a molecular island (= (3®0) A?) where it is possible to observe the long
range ordering of the molecules. (inset) Corner of an odiiland ((60<60) A%) which is used
to determine the molecular adsorption geometry is detexdhas indicated by the structural model

inserted in the image. STM parameters for both images: U =112\0.1 nA.

in the inset of Fig. 6.11. The molecules form parallel rows$jck run in an angle of
+(5°+2°) with respect to the close-packed directions of the sutestrBhe long axis of
the molecules is always parallel to one of the close-packedttbns of the substrate. In-
side a row, it is possible to observe that each molecule 8gad in such a way that one
of its legs points through the center part of the next mokectihis comes probably from
hydrogen bond like or van der Waals interactions betweemiblecules. The interaction
between rows is of van der Waals type, since in this case nmbgd-like bond can be
formed as only saturated hydrogen atomseot-butyl- groups are directly interacting.
The chirality of molecules within islands is not observeatjicating that the shift

between pairs of legs is slightly distorted when the molesutteract with each other.
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6.5 Tip-induced isomerization of TBA

Manipulation experiments were performed by positioning 8TM tip at a fixed height
above a molecule with the feedback loop switched off andyapgla voltage pulse |Jto
the sample for a timg,fise

In Fig. 6.12 an example of such a switching experiment in aacwdhr island is shown.
Subsequent voltage pulses (each 20 seconds long) with2l)/ have been applied with
the STM tip always at the same position above the island of TiB&e trans state
(Fig. 6.12(a)). After each pulse an STM image was recordedFid. 6.12(b)-(d) the
STM images after 9, 18, 27 of such equivalent pulses are shohacomplete sequence
is shown in the Appendix. As one can see, many molecules Heeged their appear-
ance, showing a larger height (40.3 A) thentrans- molecules (2.70.1 A). The bright
molecules are stable and to let them return to their inifiglesrance one has to apply a
further pulse. The number of bright molecules increasek thié¢ number of pulses, and
when a sufficient number of them is present in the island, tighblobes return to their
initial intensity and theérans form is exactly restored, as indicated in Fig. 6.12(b) and (
by circles. The reversibility of the experiment and its higproducibility (the switching
experiments has been reproduced several hundred timdajlexaolecular dissociation
or the presence of any contamination as cause for the olasehaage of the molecular
appearance and let one conclude that the observed chamgéseato the isomerization
of single molecules from thigans- form to thecis- form, and back to th&ans form.

The reversibility of the switching process is shown in Fid3® A detail of a molec-
ular island of TBA molecules where one molecule has beenchedt to thecis- form,
is shown. As one can see, the isomerization process has ext efi the neighboring
trans molecules, which remain unchanged. After the applicatiba voltage pulse, the
transisomer is exactly the same aftetrans—cis—transisomerization step.

Notice that also an other conformational change of the nubdazould show reversibil-
ity. However, the only possible conformational change efIBA molecule, which would
lead to an enhanced apparent height in the STM image, is tortaf one phenyl ring
around the N-C bond. It has been shown for the phenyl "legs" of TBPP mok=c[20]
that it is possible, using repulsive chemical forces betwtee STM tip and molecule, to

rotate a leg of the molecule from an orientation perpendictd the surface to that of a
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Figure 6.12: (a) A molecular island of 3,%,5-tetra-tert-butyl-azobenzene molecules with about
400 molecules. Subsequent voltage pulses (20 secondswveittth), = 2 V and the tip 6 A above
the surface are applied at the position indicated by thesand after each pulse an STM image is
recorded. The complete experiment is shown in the ApperldxSTM image after nine pulses:
it can be seen that after the pulses 43 molecules in the iblavelbeen isomerized to thes-form
and appear brighter. (c) STM image after 18 pulses. (d) SThgemafter 27 pulses. Note that
during the pulses in (b) and (c) tlies—transisomerization occurs as well: bright lobes return
to their initial intensity (an example is indicated by theskdad circles in the images c-d). Notice
that in principle this process happens also at step (b),Hmuntimber of isomerized molecules
which return before the end of the pulse, can not be detetmi8&M parameters for all images:

U=1V,1=0.1nA, T=5K. For all the images the dimensions ar@X3360) AZ.
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Figure 6.13: (a) STM image showing a detail (335 A%) of a molecular island where one
molecule has been previously switched to tie conformation (bright lobe), while the other
molecules are in thérans form, as indicated by the structural models. (b) After spp a
voltage pulse B =1.5V for tyse= 5 s at tip height =5 A above the bright lobe, the molecule is

switched back to therans conformation and th&rans form is exactly restored .

flat adsorption geometry. The "leg" of TBPP is composed ofenghring withtert-butyl
groups as in the TBA. Thus, if the bright lobe observed for BATwould arise from a
rotation of a phenyl ring, it is expected to be restorable bstpng with the STM tip.

An example of a manipulation experiment with TBA using cheahforces is shown
in Fig. 6.14. The STM images before and after the manipulaie shown in the inserts,
where acis- isomer appears brighter than the other molecules. Afteingadisabled the
feedback loop, the tip (which has been positioned directalivecis- isomer) is moved
from its initial position vertically towards the surfacep(height z is linearly decreased
with time) and retracted again. During this motion, the eatrsignal was recorded. As
characterized for 1(z) curves withs&molecules [21] different regimes are observable in
the curve in Fig. 6.14: between 6.6 A and about 4 A, the tungeturrent shows the
typical behavior as the tip approaches the molecule (ig€l()) has a linear dependence
on the tip height z). At about 4 A the tip has reached the varVdaals contact with
the molecule. Van der Waals contact (also called mechaomatiact) occurs at a tip
molecule distance where the van der Waals and the repulsiced are balanced [21].
Afterwards, the tip push the molecule vertically until thHeagrical contact is reached.

Electrical contact occurs after mechanical contact, wherotbitals of molecule and tip
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Figure 6.14: Manipulation experiment where chemical forces are usegtshing acis- isomer
with the STM tip. (left) STM images before (top) and after thanipulation (bottom). Theis-
isomer remained unchanged after the manipulation. (rightyent measured during the manipu-
lation versus tip height plotted in a logarithmic scale. iDgrthe approaching of the tip towards
the molecule, the logarithm of the tunneling current degdmaarly on the tip height. When the
tip is in electronic contact with the molecule the curvesdakange in slope. The plot shows both
curves of the tunneling current recorded during approachimd retracting of the tip. Parameters

during the manipulations: the tip height is decreased froht62.4 A, U=0.05 V.

mix.

Notice that in the curve in Fig. 6.14 the current signals fothithe toward and back-
ward tip movement have been recorded (the curve for the backdirection is the one
with slightly lower current value). Unlike the case of a ntéijp contact [163], no charac-
teristic signature of irreversibility is visible in the a@s. Instead the curves are equivalent

showing that the process is reversible.

The STM image taken after the manipulation is completelyivedent to the previ-
ous one, demonstrating that it is not possible to switch tb&eaule to its initialtrans
conformation by using chemical forces. This result supptiré interpretation of an iso-

merization process, because it points against a simpleaontaf one phenyl ring.

The switching of isolated molecules on terraces is very baause, under the effect
of a voltage pulse, the molecule can move or rotate therdimiegftly competing with

the isomerization process. This effect is avoided in istaimdwhich the molecules are
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Figure 6.15: (a) STM image of drans isomer, before the manipulation. Notice that the molecule
is attached at a defect, which stabilizes the molecule. nffalgke of acis- isomer, switched after
having applied a voltage pulse in which U was varied from 0 1.8 V within 60 s. (c) Line
scans ovetrans andcis- isomers. The line over the molecules in the insets indic#te path
where the line scans are performed. STM parameters: U =1\).110A; Image dimensions

=(35x 35) A2,

stabilized by each other or in isolated molecule attachetkfects. Such an example is
shown in Fig. 6.15, where a voltage pulse in which U was vaftiech -0.2 V to 1.8 V
within 60 s was applied. The surface defect is indicated éniilage for clarity. Also in
this case of isolated molecules ttis- isomer is not planar (Fig. 6.15(b)), as indicated by

the line scans over the molecule before and after the maatipalin Fig. 6.15(c).

6.6 Model for the cis-isomer

In an STM image altis- isomers in the molecular islands have the same appearasace.
can be clearly seenin Fig. 6.13(a), the form shows a bright central intensity maximum,
while three lateral lobes in a triangular shape can be redolVhe STM images show that

thecis- conformation is completely different from the plarieans conformation.



96 Chapter 6. Tip-induced isomerization of an azobenzerieadi®e on Au(111)

Figure 6.16: Proposed model of theis- isomer in a side view. One phenyl ring remains on the
surface, while the second one is out of plane. Similarly ®dhs phase theis- isomer is not

planar.

A model proposed for the conformation of tbis- isomer adsorbed on Au(111) is
shown in Fig. 6.16. In the model one phenyl moiety remainshensurface in a similar
geometry as in th#ans conformation, while the azo (N=N) part of the molecule tige
with the second phenyl ring are oriented upwards.

In the STM images (see Fig. 6.13) the three lateral lobesaygroximately the same
intensity are assigned to the three legs of the moleculeatekd in the model in Fig. 6.16
with 1,2,3, while assigning the central intensity maximuntite leg 4 pointing upwards.

It turns out that theis- isomer is not planar, in agreement with the molecular cenfo
mation in the gas phase [145] and as observed by STM [157zlmbenzene molecules
on Au(111).
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6.7 Study of the isomerization mechanism

In order to understand the isomerization mechanism of TBdetailed study of the pro-
cess has been performed by varying the relevant STM paresnefe it has been de-
scribed in Section 2.5, by tuning the STM parameters duringaaipulation one can in-
vestigate different interaction between tip and adsoraateell as select different driving
mechanisms to induce a process. For example, by changingliage applied between
tip and sample, one controls the energy of the tunnelingreles and by modifying the
tip-surface distance one changes the number of electrsesgt@a into the system as well

as the electric field in the STM junction.

6.7.1 Dependence of the isomerization process on the samptdtage and on the tip

height

It turns out that it is possible to induce the switching psscenly by applying a voltage
above a certain minimum value (threshold voltagg).Ults values has been determined
at normal scanning conditions to bg,& (1.6+0.1) V for thetrans—cis switching and
Uy = (1.2+0.1) V for thecis—transprocess. Moreover, it has been found that switching

is possible with both positive and negative voltage paksit

In order to understand the underlying mechanism of the &itcprocess, it is im-
portant to study the threshold voltage for different tiptace distances and tunneling
currents. Different behaviors as a function of the tip-scefdistances are expected to be
found for different mechanisms (see Section 2.5). Also #ygetidence of the threshold
voltage on the tip height for both polarities and both isamsion processes has been

investigated in detail (see Fig. 6.17 and Fig. 6.18).

The experimental points have been measured by fixing theetghband applying a
voltage pulse for a fixed timgse = 30 sec. Starting from U = 0, the voltage is increased
by 0.1 V steps until a switched molecule is observed in adh@mea of 8&80 A? from
the tip position. Each sequence was repeated 10 times. Tdrebars have been obtained
from the statistical analysis of the 10 measurements.

In order to determine the tip height, 1(z) curves have besht@corded by approach-
ing the tip on the bare gold surface until a characterisatgalu in the log I(z) curves is ob-

served, which corresponds to the formation of a point camtzatomic dimensions [164].
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Figure 6.17: Plot of the threshold voltage versus tip height for tr@ns—cis isomerization for
positive (electric field points towards the STM tip) and rtegapolarities. The experimental points
have been measured by fixing the tip at a specific height (ezf¢o the bare Au(111) surface and
calibrated by recording 1(z) curves) and applying a voltpgkse for a fixed time t = 30 s. Starting
from V =0, the voltage is increased by increments of 0.1 VIunswitching event is observed
in a lateral area of 8080 A? from the tip position. Each sequence was repeated 10 times. T

tunneling current is (£1) nA at a tip height of 3.7 A and (526) pA at 6.7 A tip height.

Before each manipulation sequence, the height of the theisame (i.e. constant tunnel-
ing parameters). After disabling the feedback loop, théstimoved from this position to
the desired height for a switching experiment. The tip hieaglfibrated in this way refers

to the bare gold surface.

As one can see in the plots in Fig. 6.17 and Fig. 6.18, the hibtdssoltage for the

isomerization clearly increases (at large tip heights)watracting the tip for both iso-
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merization processefrins—cis andcis—trans). This rules out a process induced by
electron resonant tunneling, which is characterized by aeight independent threshold
voltage. Surprisingly, the isomerization process occiss at very large tip distances

where pragmatically no tunneling current is flowing.

Notice that at tip heights of about 14 A the tunneling curiisrin the order of magni-
tude of 10'® A. Notably, even in the extreme case when the tip is 36 A abosstirface,
TBA molecules have been switched frdnans to cis- by applying a voltage pulse of
6.8 V.

cis—trans
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Figure 6.18: Plot of the threshold voltage versus tip height for tie—trans isomerization for
positive (electric field points towards the STM tip) and rtegepolarities. The experimental points
have been measured by fixing the tip at a specific height (ezfdo the bare Au(111) surface and
calibrated by recording 1(z) curves) and applying a voltpgkse for a fixed time t = 30 s. Starting
from V =0, the voltage is increased by increments of 0.1 VIunswitching event is observed
in a lateral area of 8080A? from the tip position. Each sequence was repeated 10 times. T

tunneling current is (1) nA at a tip height of 3.7 A and (676) pA at 6.7 A tip height.
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6.7.2 Lateral distribution of the switching process

Typically, the application of a single voltage pulse caubeswitching of several molecu-
les in a radius up to 500 A around the position of the tip. Psses induced by tunneling
of electrons from the STM tip into molecules are very loaadinear the position of the
STMtip, as described in Section 2.5.2. Therefore, to eryla observed extended range
of switching with an electronic process, a propagation efdtectronic excitations must

be considered.

It has been suggested that the photo-isomerization otli@si molecules adsorbed
on Ag/Ge(111)-(/3x+/3) [165] is assisted by the creation of excitons (stronglyelated

electron-hole pairs) which in turn migrate to neighboringl@cules within an island.

However, we observed that it is possible to isomerize TBAeuoles inside an island
when the tip is positioned above the bare surface nearbgldned. This finding excludes
the possibility that switching happens through the migrabf excited excitons, because

they cannot be created on the bare metal.

It is important to note that during the application of a vgigulse on top of ais-
isomer, thecis—trans switching of the molecule directly underneath the tip isah

induced. Interestingly this is not the case for ttems—cisisomerization.

6.7.3 Switching by electric field in the STM junction

All the observations presented in Section 6.7.1 and in &e@i7.2 let one conclude that
the isomerization of TBA molecules on Au(111) is driven bg tiectric field in the STM
junction. In fact, this mechanisni) (does not involve tunneling of electrons and is there-
fore operable at very large tip to sample distandesexkhibits a linear dependence of the
threshold voltage on the tip height (which is in a first appmmation expected in the case
of an electrostatic driving force)jii() is operable at both polarities anw)(has a large
lateral extension, i.e. is not limited to the molecule direanderneath the tip but enables
also to isomerize molecules in an extended area. This ladih§rreflects the weaker
dependence of the electric field on the tip-sample distaos®ared to electronically in-
duced processes: while the first one depends on V/d, the ¢aigeexhibits an exponential
behavior on the distance. On the other hand, it is well kndva, twhile only the small

tip apex contributes to the tunneling process, the end ot tip has a much larger
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curvature with radii of typically several tens of nanomster

An electric field induced isomerization was never experitalynobserved so far, but
it has been recently proposed by Peter Saalfrank and codldye (University of Pots-
dam) that it is possible to induce the isomerization of amabae and of TBA in the
gas phase by an electric field [166]. To estimate these effeey considered in the
calculations an homogeneous electric field. Neglectingadingr field components, inho-
mogeneities, and high-order polarizabilities, they haafewated with DFT method the

effective molecular potential as in Eq. 2.25.

In the presence of an electric field, the potential energfasarrelated to a reaction
path can be deformed, thus leading to an effective lowerfripeisomerization barrier.
This effect, based on the (de-)stabilization of certaingnolar configurations, depends on
the presence and orientation of an intrinsic dipole momauttalso on the polarizability

of the molecule, as already explained in Section 2.5.3.

In Fig. 6.19 the calculations of the energy shifts for the tsamer of TBA, as well as
the energy barrier changes are shown. Taking into accoahtrtthe STM experiments
thetrans isomer lies flat on the surface, in the calculations the NxN and the phenyl
rings of thetrans isomer are assumed to be perpendicular to the electric fiédo
different models are considered for thes- isomer. In the model A the intrinsic and
induced dipole moments of thas- isomer are considered aligned to the electric field
(i.e. in the STM experiment, they are perpendicular to théase). In the model B the
intrinsic dipole moment is considered perpendicular tcetleetric field, while the induced
dipole moment has a component parallel to the electric flaktinsic dipole moments are
characteristic in intensity and orientation of the two igrgs) as well as the polarizabilities.
In the calculations of Peter Saalfrank [166] the intringpode moment parallel to the field
is 1;=0 for thetrans isomer,,.=3.6 Db for thecis- isomer (model A) and..=0 Db for
model B. The calculated values of the polarizabilities ia dlirection of the electric filed
of the two isomers (zz- element of the diagonalyzed polaiia tensor) are (in atomic
unit) 231.4 a.u. for thérans form, 352.5 a.u. for theis- isomer in model A and 300.1
a.u. in model B. One can note that for model A there is an asymymethe absolute
voltages needed to switch the molecule by changing the digimecelectric field. This

means that the orientation of the molecular intrinsic ddpmloment with respect to the
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Figure 6.19: Image modified from Ref. [166]: Calculations of the energyriea change (solid

lines) and the energy shifts (dashed lines) fordfse andtrans isomers. In the calculation two
different model are considered. In model A, the permaneriecutar dipole (thick arrow) and
the induced dipole moment (thinner arrow) are aligned whih ¢lectric field. In model B, the
intrinsic dipole moment is perpendicular to the electritdfiel he energies are given in eV, while

the strength of the electric fields in atomic units. Note thétl E,/ea, corresponds to 0.5 V/A.

electric field leads to variation of the field needed for tr@msrization by changing the

sign of the electric field. In contrast, for the model B thetegsis symmetric.

By performing a linear regression of the data in figures 614d .18 in the large
tip height regime, it has been found that the threshold geltzaries with the distance,
for the trans—cis isomerization, as 0.1 V/A (V>0) and 0.7 V/A (V<0), while fane
cis—transas 0.3 V/A (V>0) and 0.2 V/A (V<0). Small tip heights are notluded
in the analysis because in this region there is a change e siehich could be related
to electronic effects that come into play at small tip hesgliie. large currents), as will
be discussed in the next section. By approximating the slopéhe curves, ¥ vs. tip
height, with the values of the electric field for switching ABnolecules, one finds that
these value are smaller than that calculated in the gas fbras®del A (more similar to

experiments), which is about 1.5 V/A.

The difference between the calculated and the experimgmeiermined threshold
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electric field is probably due to the assumption of the thebag the molecule is in the
gas phase. This simplifies the calculations, but on the dthed does not account for
the influence of the metallic surface on the intrinsic andiget! dipole moments of the
molecule. As a result, the potential energy of the two is@eeran intermediate molec-
ular configuration change and the reaction path can be maddiidditionally, the exact
variation of these parameters along the reaction path wasciaded in the model. The
different slopes for positive and negative voltages in thgecoftrans—cis isomeriza-
tion as compared to th@s—transprocess (Fig. 6.17 and 6.18) are not explained by the
calculations, where it results that either a differencepfmsitive and negative sample bias
is observed for both processes (model A) or not (model B).diffierent slopes are prob-
ably due to the delicate balance between the intrinsic dipwment of the molecule and
its polarizability for the different adsorption geomesri@nd reaction paths on the surface.
In particular, it turns out that for theis—transisomerization the polarization is mostly
influencing the process (quadratic term), while intifa@s— cis case the intrinsic dipole
moment is important. As a result, the sign of the electridfades not play a role in the
first case (similar slopes), but becomes important in theranhe (the two slopes differ).
Notice that from the STM studies presented here it is notiples® determine whether

the isomerization happens via rotation or inversion meisinaifil 43, 144].

6.7.4 cis—trans isomerization for small tip heights

0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20
Time (s)

Figure 6.20: Manipulation experiment fotis—transisomerization (T =5 K). A voltage pulse

2 s long with U, = +1.6 V and the tip at about 6 A above the surface has beeneap{h) STM

image before the manipulation. The circle indicates thetiposof the tip during the pulse. (b)

Manipulation signal. The tunneling current has a sharp étape time at about 0.2 s when the

molecule switches from thas- to trans- form. (c) STM image after the manipulation.
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At small tip heights, where tunneling of electrons couldypdarole, thecis—trans
switching has been analyzed in detail by studying the mdafijon signal. It was not
possible to study th'ans—cis process in the same way, because as already mentioned
the molecule below the tip is not likely to switch.

As explained in Chapter 2.5.2, the manipulation signal @mstimportant informa-
tion on the manipulation mechanism. During the applicabbthe voltage pulses the
tunneling current has been recorded as a function of timehignway, one directly de-
tects the time at which switching happens. An example of sueteasurement is shown
in Fig. 6.20. The images before and after the manipulatiershown in (a) and (c), while

the manipulation curve is reported in (b).

Events
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Figure 6.21: Distribution of the time needed to switch the molecule froans to cis- when
voltage pulses with kg = +1.6 V and tip height = 5 A are applied. The current was | = 1 fiAe
exponential fit in shown (Ruvitch = (72+10) s71).

By repeating such a measurement on many individual molecidea fixed tip height
and a fixed sample voltage, one determines the distribufitredime the molecules stay
in the cis- state before the switching. In Fig. 6.21 an example is sholmrthis case,
the distribution is obtained considering the number of rogles which have switched in
a time interval dt, where dt = 10 ms by applying,8 +1.6 V with the tip at 5 A above
the surface. The distribution of switching times followsexponential law, as shown in
Fig. 6.21. A fit of the curve gives the average value of the @ity rate Ryich for the

chosen tip height and voltage.



6.7. Study of the isomerization mechanism 105

U=+1.6V =-1.6V
: , , \ : , ,
10°} 5 10°¢ #
—~~ L —~
2 : 0
o o :
T 10" 1 @ 10"
S 10 : e
10°} e f
10" 10° 10° 107 10° 10°
Current (A) Current (A)

Figure 6.22: Switching rate as a function of current fop\+ £1.6 V. The solid lines are fits to the
data and correspond to power lawsyRp~I" with N = 1.0+:0.2forU =+1.6 Vand N =1.20.3
foru=-16V

The dependence of the switching rate on the tunneling cuh@s been obtained by

repeating the described measurements for different tighitei
The results for U=-1.6 V are shown in Fig. 6.22.

It has been already demonstrated [22] that for an electiodigced process the switch-
ing rate follows a power law of the typesRcn~I"" where N is the number of electrons
needed for this process. Notice that this is not expected foocess induced by the elec-
tric field. By performing a linear regression of the data ig.f6i.22 (log Ruih= A + N log |,
where A is a constant value) it came out that N(+1.6 V) =0® and N(1.6 V) = 1.14-0.3.
These values are in agreement with a one electron process.

The mechanisms, which could cause the isomerization ofeaz@me molecules by
means of tunneling of electrons from the tip of an STM, ineltmo diverse scenarios:

() Excitation of vibrational modes with tunneling electroAs shown by a schematic
in Fig. 6.23, the potential barrier is overcame by laddenbling of vibrational states ex-
cited by electrons which tunnel inelastically into the nooike. This mechanism has been
suggested to drive the isomerization of Disperse Orange [8cules on Au(111) [158,
159].

(i) On the other hand, the switching could be caused througtotimeation of a
negative (positive) ion resonance state by transferring tfnneling electron (or hole)

into an unoccupied (occupied) electronic state of the mide@s proposed in the case of
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Figure 6.23: Schematic of the isomeriza-

\ e h' tion mechanism through vibrational exci-

\ tations. Inelastic tunneling of electrons
] or holes excites vibrational modes and the

N 4 /
potential barrier betweetrans and cis-

stable conformations is overcame by lad-

der climbing.

bare azobenzene on Au(111) [157] and described theotgtjdél7]. This mechanism is
schematized in Fig. 6.24.

Interestingly, it has been recently shown by quantum cheahaialculations that the
formation of a molecular anionic state (transient statejumneling of electrons into a
molecular orbital of azobenzene, strongly lowers the bafor the isomerization com-
pared to the ground state [166] and in particular the ovencgrof the barrier becomes

spontaneous for theis—transisomerization.

EA Figure 6.24: Schematic of the electronic-
excitation mechanism via tunneling into
e . .
E o < electronic molecular orbitals. The trans-
. E.-eV

T . fer of a tunneling electron to molecular or-
L Homo  Surface _ _ _
. bitals (LUMO in the scheme) creating a

z charged molecular state, induces the iso-

merization process.

Since the energy needed for the switching, in the casesef-transisomerization of
TBA at small tip height (about 1.3 eV for positive voltagesiaiout 1.5 eV for negative
voltages), is likely too high to be related to the excitatidma vibrational mode, electrons
(holes) are probably tunneling in molecular states, fogvarcharged state which allows
the isomerization process. To better understand this nmésainaat low tip height, we have

performed scanning tunneling spectroscopy (STS) measmsmfor both isomers.
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Figure 6.25: dI/dV spectra of the molecule in theins and thecis - configurations (recorded at
the molecular center) for positive sample voltage. The\dkdrves have been recorded using a
lock-in amplifier with frequency 640 Hz and a voltage modolatof 20 mV. The peaks observed
at1.67 V and 1.35 V are attributed to the LUMO of the molecukeshift of the LUMO peak is

observed between the two isomers.

6.7.5 Scanning tunneling spectroscopy

dl/dV spectra have been recorded by positioning the tip alibe center of thérans
andcis- isomers respectively. As it has been explained in SectiBntBe di/dV signal
is proportional to the LDOS of the sample at the position eftip at a given energy in
the approximation that the tip has a constant density oéstathe quality of the tip for
spectroscopy studies has been analyzed by recording St8aspea the bare Au(111). In
this way one can exclude a strong influence of the tip electstructure on the measure-
ments using tips with featureless electronic structureékarconsidered energy range. On
the other hand, the sensibility of the measurements is eueaking the feature arising

from the surface state of Au(111), as it has been already sihm®ection 3.9.

The observed dl/dV spectra for sample voltages betweklV and +2 V fortrans
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andcis- isomers are shown in Fig. 6.25.

For positive energy values (corresponding to tunneling miblecular unoccupied
states), an intense feature is visible for botk andtrans isomers. Such peaks can be
assigned to the LUMO of the molecules, because no peakseserygrat lower (positive)
voltages. Their positions are (160.1) V for thetrans and (1.35-0.1) V for thecis-

configuration.

One should note that in general the energy of molecularaigiig known to be influ-
enced by several factors, like the adsorption geometry eftblecule, the presence of
lateral groups, and the superposition of the orbitals withrhetallic surface. We found
that there is a shift in energy of the LUMO for the two isomefraloout 0.3 eV which is
a fingerprint of the two isomers. Upon a further isomerizatiack to therans form,
the initial spectrum can be precisely restored. As an is@aon process modifies the

electronic structure of the molecule, a change in the loeakdy of states is expected.

Notice that the characteristic feature of the Au(111) sigfstate is visible in theans
isomer spectra, but not in thés- one. This is probably due to the fact that when the tip is
positioned above ais- isomer (which is three dimensional), its distance fromghdace
is larger than in the case of thans isomer and thus the intensity of the current signal

for the surface state is lower.

In the range of negative voltages, we did not observe cleakgpand only by com-
paring the spectra on the bare surface and on the moleculéswvd an indication of
a molecular orbital, which corresponds to the HOMO of the tsamers. In the upper
spectra of Fig. 6.26, the dl/dV signals fotrans isomer and for the bare gold substrate
are shown. As one can see, in the range between ab@@tV and—1.7 V, the spectra
are very similar, as they show the same features at the saengyepositions. In both
spectra the characteristic feature of the surface stateu@4) is visible. However, at
about—1.8 V for thetrans isomer an enhancement of the dl/dV signal on the molecules
with respect to the signal on the bare gold substrate is wedeSuch effect is probably
related to the existence at these energies of molecularehec states. A similar situa-
tion is observed in the bottom spectra of Fig. 6.26: at abdud V the signal for theis-

isomer becomes much more intense in comparison with thaec$ubstrate.

The spectroscopic results are in agreement with the irg&fon of thecis—trans
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Figure 6.26: dI/dV spectra of the molecule in thieans and thecis- configurations for negative

sample voltages (dashed line) and as a reference the spedtra gold substrate (solid lines). The

dl/dV curves have been recorded using a lock-in amplifieh vigkquency 620 Hz and a voltage

modulation of 16

mV.

isomerization at small tip heights by means of tunnelingref electron (hole) into molec-

ular states forming a negative (positive) charged resanatate. In fact, at the voltage

needed for the isomerization (about +1.3 V for positive agéts and about1.5 V for

negative voltages) the existence of a molecular electrstaites is measured (at about

+1.3 V for positive voltages and aboutl.4 V for negative voltages).
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Recently, the electronic states of TBA adsorbed on Ag(1ag¢hbeen studied by one-
photon and two-photon photoemission spectroscopy by edergt al. [168]. While the
value of the HOMO level of TBA adsorbed on Ag(111) correspotodthe value measured
in the present study, the authors found that the LUMO enex@yd6 meV lower than on
Au, finding iton Ag(111) at 1 eV above the Fermi energy. Thidiiiig has been explained
by considering the difference in work functions between Ad Ag. Assuming that the
electron affinity of TBA is not strongly modified by adsorption Au or Ag, one would
expect the LUMO state for TBA to lie closer to the Fermi leval Ag than for Au by a
value comparable to the Au-Ag-work function difference {@¥his indeed 990 mV).

Notice that the lower sensibility of the spectra at negata@ple voltages arises from
the fact that the dominant contribution to the tunnelingenr comes from the unoccu-
pied states near the Fermi energy of the negatively biagetiretle. In fact, the further an
occupied state is below the Fermi energy, the larger is tleetefe barrier for that state.
In particular one can show that each eV a state lies furthenbte Fermi energy, corre-
sponds approximately to one order of magnitude in the tumg@robability [169]. As a
consequence the investigation of occupied sample stategris delicate and sensitive to
the electronic structure of the tip’s empty states.

As a further comment, notice that for ttrans-isomer is very critical to obtain dI/dV
spectra, because during the recording of the spectra thecoek can switch. To over-
come this problem the spectra were recorded when the tigrected from the surface

with respect to normal scanning conditions, thus lowerirggdignal intensity.

6.8 Conclusion

In this chapter, the investigation of thieans-cis isomerization of TBA molecules on
Au(111) has been described. TBA molecules were speciatiyhggized for studying
the isomerization of azobenzene on a surface.

First, the study of the molecular adsorption was charazdriyielding the exact
molecular conformation upon adsorption: After deposittonAu(111), all the molecules
are in thetrans form, which corresponds to a planar adsorption geometoteblles are
either isolated at the elbow of the herringbone reconstmaif Au(111), or adsorb in
large highly ordered islands.

By applying voltage pulses with the STM tip thans-cisisomerization of TBA has
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been induced in a reversible way. The configuration ofdiseisomer on Au(111) has
been determined: As in the gas phase it corresponds to adhmsmsional conformation.

It turned out that the stabilization of the molecules innsla facilitates the isomeriza-
tion process allowing to exactly reproduce the switchingcpss several hundred times.
Due to this high reproducibility it was possible to study Hvatching mechanism in de-
tail. By tuning the STM parameters during a manipulatioffedent driving mechanisms
to induce a process were successfully selected. The tHdeabitage for inducing the iso-
merization has been determined and its dependence on theigipt has been measured.
We found that the threshold voltage is not a constant valuieinireases (linearly) when
retracting the tip. Furthermore, the isomerization prege®perable also at the zero cur-
rent limit. These results demonstrate that the switchingss is induced by the electric
field between the STM tip and the sample surface. As a rebelgwitching process is not
limited to the molecule directly under the tip apex, but &pto many molecules within
an island. This finding is of high interest for the preseneagsh of molecular switches in
general, since the realization of the switching of azobeezeolecules by electric field
was never observed experimentally so far, neither in swiutor on a surface. A theoreti-
cal model by Peter Saalfrank and collaborators, which éxpllie isomerization of TBA
molecule in the gas phase by electric fields, has been dstuss

Additionally, for small tip heights when the tunneling oketrons plays a role, the
cis—transisomerization was investigated by studying the signalrduthe manipula-
tion. The dependence of the switching rate on the tunnelimgent is characterized. It
shows the characteristic behavior of a one electron pro&ssctroscopy measurements
allowed to determine the energies of the molecular orb{td®MO and LUMO) and
thus to conclude that tunneling of an electron (hole) intdenalar orbitals drives the

cis—transswitching mechanism at small tip heights.








