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ABSTRACT

The interaction between a single molecule and the STM tip during intramolecular manipulation is investigated in detail. We show that the
conformational change of complex organic molecules can be induced reversibly and very reliably by using exclusively attractive forces. By

studying the dependence of this process on the bias voltage and the tip position, the driving forces are characterized. Different regimes of
tip—molecule interactions are observed as a function of the distance.

Many large organic molecules have enough internal degreespreviously® Images were taken with a home-builow-

of freedom to present different stable conformations when temperature STM (LT-STM), running at 7 K, in constant-
adsorbed on a surfaéeA challenging task with regard to  current mode using a tunneling current of 0.1 nA and a bias
device miniaturization down to the molecular scale is to voltage of 1 V (with respect to the tip). The corresponding
control the conformations of a single molecule with pico- tip height of aboti7 A (determined from(2) curves) is the
meter-scale precision. A molecular switch was realized by starting point for vertical feeddz. Although a tungsten tip
rotating only one single leg of a tetra-@irt-butyl-phenyl is used, it is presumably covered with copper because of
porphyrin with the tip of the scanning tunneling microscope many controlled tip crashes performed to improve its quality.
(STM).2 Intramolecular mechanics have also been performed A detailed investigation of the molecutéip interaction

by switching a porphyrin macrocycle between a planar and during manipulation requires a molecule that can be reliably
anonplanar conformatiotVery recently, inelastic tunnelifg  switched between two stable conformations. A suitable
was used to trigger a biphenyl molecule between two candidate is the Reactive Lander (RL) molecule (Figure 1a)
adsorption sites on Si(108). adsorbed on Cu(110). This molectitmnsists of a polyaro-

In this work, we have explored the full range of interaction matic central board and four lateral 3,5¢dit-butyl-phenyl
between the tip apex of an STM and a molecule equipped groups, which are known to adopt two different well-
with legs causing one and the same conformational changejgentified conformations on a surfaééfter deposition onto
of this molecule. Our manipulation experiment is based on cy(110) at room temperature, annealing at 370 K and
the intramolecular bistability of the di-tert-butyl-phenyl sypsequent cooling to 7 K, all RL molecules are adsorbed
groups (legs) of a Lander molecule when adsorbed on agt step edges and act (equivalently to Single Lander
Cu(110) surface. By selecting tipmolecule geometries  moleculed'?) as templates for the formation of a double row
where exclusively attractive forces are active, we reversibly of copper atoms underneath théine RL central board is
switch the legs between two stable conformational states. jifted up by this nanostructure while the four molecular legs
The high reliability of this method allows us to characterize exceed it laterally (Figure 1b). This configuration prevents
in detail different regimes of tip apexmolecule interactions.  the molecule from translation or rotation and points to more

Experiments have been performed in an ultrahigh vacuumfreedom of rotation of the legs than in any common
chamber with a base pressure of fmbar. The molecules  aqsorption site on the surface, making repeated conforma-
are deposited onto the clean Cu(110) sample as describedional changes of the legs possible. For our manipulation

* Corresponding author. Phone:49 (0)30 8385 4575 (6039). Fax:49 experiment, the molecule has_ to be moved along the
(0)30 8385 1355. E-mail: leonhard.grill@physik.fu-berlin.de. nanostructure by at least one lattice constant of Cu(110) (2.55
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Figure 1. (a) Chemical structure and (c) STM image (3535
A% 1 =0.2 nA andU = 1 V) of a Reactive Lander (RL) molecule
adsorbed on a Cu(110) nanostructure (always oriented-#1(1
direction). (b) Adsorption geometry of RL molecules on the Cu
nanostructure (in the parallel legs conformation) with the rotation
angle¢ of one pair of molecular legs indicated. (d) Total energy
of the molecule-nanostructure copper surface system as a function
of the rotation angle of one pair of legs (the solid line is plotted
to guide the eye). The two minima correspond to the crossed legs
(¢ = —37°) and parallel legs¢ = +37°) conformations with an Figure 2. (a) Scheme of the manipulation process: One pair of
energy difference ofAE. The curve is obtained by rotating only ~ molecular legs rotates upon approaching the STM tipd)Series

one pair of legs (on the same side of the central board) and leavingof STM images (all 35x 35 A% | = 0.2 nA andU = 1 V),
the other pair in the initial position. switching one and the same RL molecule from the parallel legs to

the crossed legs conformation and back (white lines connect the
: R position of the four legs of the initial image (b) to emphasize the
A) towgrd th.e lower terrace in order tq minimize the leg conformational changes). {@) Schemes of the corresponding
interaction with the nearby mono-atomic Cu step edge. In conformations. The lateral tip position of the subsequent manipula-

STM images the molecule appears as four bright lobes, tion is marked in the STM images by a white dot and the achieved
corresponding to the lateral molecular legs (Figure 1c). The conformational changes are indicated in the schemes by arrows.
legs positioned on the same side of the central molecular The differences between the STM images are plotted in images h

: L ) and i (black areas indicate no difference) for b and c and c and d,
wire always rotate together, resulting in the so-called parallel respectively. (j) Quantum yield (events per electron) vs lateral tip

legs (PL) and crossed legs (CL) conformations, where both gistanced, (from the intensity maximum of the nearest leg) along
pairs are oriented in the same or opposite directions, the [1-10] direction (constant tip height and bias voltage). The
respectively. As confirmed by calculations of the confor- error is determined from the deviation from the average time.
mational energy? the two observed conformations are
energetically stable (Figure 1d). is nondestructive for the tip and the molecule, because only
The principle of the manipulation is shown in Figure 2a. attractive forces are used. The resulting high reliability leads
At constant bias voltage and while maintaining the lateral to a very high rate of successful events of more than 99%
tip position fixed, the STM tip is approached vertically and thus enables us to repeat the same conformational change
toward the molecule until one pair of legs rotates, changing on the same single molecule many100) times (see the
the molecular conformation. A successful manipulation Supporting Information). Notice that in a repulsive mode (as
shows up as an abrupt increase in the tunneling current duringfor the molecular switct), pushing on a leg holds the risk
the tip approach. Imaging the molecule afterward confirms of damaging the STM tip and/or the molecule because
the successful manipulation as presented in Figurei2b  repulsive forces become very large at small distances. The
where one molecule is manipulated from the parallel to the tip height, at which the manipulation process occurs during
crossed legs conformation and back. As can be seen in thehe approach, turns out to be characteristic for the confor-
STM images and the subtraction plots{y only one pair mational change. By analyzing many equivalent manipulation
of legs rotates (while the entire molecule remains fixed) and processes (of the conformational change PL to CL in Figure
the process is completely reversible as the initial conforma- 2b and c) a threshold value afz of 0.8 + 0.2 A is
tion is precisely restored in image d. This manipulation mode determined, below which (i.e., at larger tip heights) no
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Figure 3. (a) Quantum yield (events per electron) of the manipula-
tion (from crossed to parallel legs) vs the bias voltage at a fixed
tip height Az= 3 A). (b) Experimental setup for the determination
of the quantum yield as a function of the lateral tip position with
respect to the RL molecule, i.e., the azimuthal arglBosition A

(6 = 0°) refers to the tip in front of the molecular leg; B and C
correspond to tip positions sideway® & 90°) and above,
respectively. The results are plotted in diagram c for two opposite
conformational changes (crossed legs to parallel legs and vice
versa). Bias voltage (1 V), tip height (about 4.7 A for CL to PL

The fact that the tip has to be approached in front of the
molecule (atd, > 2 A in Figure 2j) points to a directional
force driving the manipulation. This observation is confirmed
by Figure 3b and c, where the STM tip was positioned at
various angle® off the [1—10] direction, always at the same
height and lateral distance from the molecular leg to be
manipulated, leaving the tunneling current constant. While
at large® no conformational change can be induced, the
guantum vyield rises by several orders of magnitude when
going belowfd = 35° (Figure 3c), revealing a maximum in
the quantum vyield of the process when the tip apex is
positioned in front of the molecule (position A). Note that
the quantum yield is smaller (the current is larger as the tip
must be closer to the surface) for conformational changes
from crossed to parallel legs than for the opposite direction
(PL to CL) because of the higher barrier for this conforma-
tional change (see Figure 1d) and therefore in need of larger
forces.

Because the driving force of the manipulation is directional
and depends on both the tip height and bias voltage, the
process is likely driven by the electric field in the junction.

It is known that electric-field-induced forces come into play
when working with an STM? Electric-field-induced diffu-

sion requires permanently charged atoms or moletules
while interaction between the electric field and a dipole
occurs when a local dipole moment is induced in the
adsorbate, as proved recently for the first time for molectiles.

and 6.3 A for PL to CL), and lateral distance (4 A) of the STM tip  The studied molecules exhibit no permanent dipole moment.
are kept constant. Each series in diagrams a and c is obtained folWe thus interpret our experimental results by the electric
one and the same molecule. The reason for the difference of thefield that induces a dipole moment in the molecular legs.

maximum quantum yield between diagrams a and c is that the two
series are taken with two different molecules, thus exhibiting

different potential barrier heights due to the local atomic environ-

ment. The solid lines are drawn to guide the eye.

The conformational change is achieved by the electrostatic
force acting on them in the presence of the electric field in
the STM junction.

To confirm this interpretation, the threshold voltage was

conformational change can be induced. Note that the potentialdetermined as a function of the tip height (Figure 4). Each
barrier height and thus the required threshold tip height can data point corresponds to one single manipulation process,

change from one molecule to the other because of the localVhere (at a giverz) the bias voltage is raised slowlAU/
atomic At ~ 5 mV/s) until the conformational change occurs. Notice

vironment at the step edge. It is therefore important to study tEat the Sr?me resultis Ob:lainﬁd f(?]r tlhe'in\r/]er's?] meas?rem.ent,
the dependence of the process on the manipulation param—t atis, when measuring the threshold tip height as a function

eters always for one and the same molecule within one seriesof the bias voltage. For a PL to CL ghange, the result in
Figure 4a shows that the conformational change can be

Quantum yields (the number of events per tunneling g,ccessfully induced over a tip height range of 3 A. The
electron) have been determined from the current and thepecessary bias voltage changes in this range and reveals an
waiting time needed for a successful manipulation event. approximately linear relationship between the-tipolecule
The dependence of the quantum yield on the lateral distance gistance and the applied voltageAt is below 3.7 A (for
do, between tip and leg in the {110] direction (defined in  hoth polarities). This dependence demonstrates the dipole
Figure 2a) shows a maximum at aduA (Figure 2j). This  electric field interaction character. Ideally, the relationship
value is therefore used in all manipulation series. The petweenU andz should be linear, with a deviation at small
dependence of the quantum yield on the bias voltage istip heights.
plotted in Figure 3a for one and the same conformational  Npotice that abovez = 3.8 A no bias voltage has to be
change of a single molecule (while the tip height is fixed). applied for a successful PL to CL conformation change. The
While no conformational change can be induced at small rotation of the legs is induced simply by positioning the tip
voltages up to 50 mV, quantum yields up to more than'd0 gt a sufficiently small tip height between the leg and the tip
events/electron are achieved at voltages above. A thresholcapex. The potential barrier between the two leg orientations
voltage of 110+ 30 mV is visible, showing that the drops upon the tip approach ands, goes to zero (Figure
manipulation process depends not only on the tip apex 4b), similar to the manipulation of single Co atoms on
molecule distance, but also on the bias voltage. Cu(111)%4
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Parallel Legs — Crossed Legs an important difference in the shape of a potential barrier

600 R . STM tip when the tip is approached: WhileEp (PL to CL) goes
.'.'....- to zero upon a sufficient tip approach (Figure 4b), the
4001 et e > potential barrier for the opposite change (CL to PL) is always
%‘ 200 . o _" * ] present antc, reaches a constant (finite) value at very small
T 0 3:':" . - tip heights (Figure 4d). It was not possible to determine a
g o *QE: CL to PL threshold voltage fohz larger than 4.4 A because
- . L) . . . .
S -200 S, 5| az0 no rotation of the legs can be induced as long as the tip is
-400 L '-.b very close. AAz= 4.5 A the current signal increases linearly
6004 @ . b (Figure 4e) because the bias voltage is raised from-6300
: . y . — mV and exhibits no jump until the tip is retracted (at time
a0 35 3.0 25 Legs Position ) A . i
' Az A ’ t;). However, an abrupt increase in the current signal is
Crossed Legs —» Parallel Legs observed |mmed|ately afterwa_rd (at timg This shows 'tha.t .
. the small distance between tip and molecular leg inhibits
15004 * STM tip ) ) i
o the conformational change by hindering the leg to rotate,
1000 oot et but as soon as the tip apex is out of this repulsive force range
S 5004 -."-'-.‘“. néw: the conformational change of the molecule occurs. Finally,
E Rl 5 at large tip-molecule distances (with &z below 2.2 or 2.5
% i DT o z A in Figure 4a and b, respectively) no successful manipula-
S -5001 * . g tion can be induced. This is likely due to the small horizontal
1000 '. & force component as the lateral tip position is kept constant.
°. An additional observation that points against inelastic
-15004 C . d ; ; ; ;
. : . . _ tunneling processes, which could induce the conformational
45 40 35 030 28 Legs Position changes together with a deformation of the potential land-
2 scape upon the tip approach, was made at high tunneling
| f voltages: We have checked if larger bias voltages can induce
i M&mﬂﬁ,@x_‘j‘a e the conformational change when the tip is not positioned in
8 tT1 \ . . front of the molecular leg. It turned out that no conforma-
< : tT \ : azl lgﬁgf”c tional change can be induced at all (at tip heights inAlze
2t $Chemm, range of—2 to +3 A and resulting currents up to 25 nA) if
e, 6 57 58 59 - attraction the tip is positioned sideways (position B in Figure 3b) or
© H ']‘ repulsion above the molecular leg (position C), even at voltages up to
21 i 3 V. Instead, the tip apex is modified or the molecule slightly
o4 \ changes its lateral position (retaining its conformation) or

———— even dissociates. This points against inelastic tunneling
0 10 20 30 40 50 60 .. .
Time (sec) effects as the driving process (although they also exhibit
spatial sensitivity on the lateral tip position), especially for
Figure 4. (a and c) Threshold voltages as a function of the vertical the case of a smaller potential barrier, that is, from PL to
tip feed Az of the manipulation process (for one and the same ) (rigyre 4a), where the manipulation is done at bias
molecule). Corresponding schematic potential energy curves are o
plotted in diagrams b (manipulation from PL to CL) and d (from Voltages between 0 and 0.6 V under the usual conditions
CL to PL). Dashed curve: tip-induced potential well. Solid line: (i.e., tip in front of the leg). The applied voltages up to 3 V
molecular legs without tip. Bold solid line: molecular legs in the (and large tunneling currents) should therefore be by far

presence of the STM tipAz > 0; meaning the tip is approaching gyfficient if the tip is not in front of the molecular leg (the
the surface), i.e., the sum of the tip-induced potential well and the | . f th tential barrier is aband d
double well potential of the molecule without a tip influendez( owering of the potential barrier is abandoned).

= 0). (e) Current signal during a conformational change from CL  In conclusion, we present the controlled and reversible
L(w)\/F;L ?thiz is‘éf Sfi C()thg t;ﬁsevn?g?g:diSrgh%?]gethrotr:\]eo'{n?Ogrtant intramolecular manipulation of the legs of a Reactive Lander
morﬁents c;f tip retra‘llzl:tingtj() and gsuccesgslful r\zlc’;lnipulat:omg)( mqlecule by v.ertlca.llly approgchlng th? tip nearby one leg.
visible as an abrupt current increase, marked by arrows. Lines are | NiS new manipulation mode is very reliable and nondestruc-
drawn to guide the eye. (f) Scheme of the three observed regimestive for a molecule because only attractive forces are active.
of interatomic forces (at different tip heights). All possible conformations of the molecule can be obtained
repeatedly with a very high rate of success. We show how

When inducing the opposite conformational change (from three different regimes of interatomic interactions can be
CL to PL), the threshold voltage does not go to zero but explored on a single molecule by varying the distance
decreases to minimum values #4200 mV. This behavior = between the tip and the molecule as shown schematically in
could be due to the asymmetry of the double potential well Figure 4f: At large tip heights, electrostatic forces on the
profile (Figure 1d). A schematic model of a double potential dipole moment induced in a molecular leg are invoked while
well (Figure 4b and d) shows that this asymmetry can causechemical forces are observed when approaching the tip (no
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bias voltage necessary). In addition to these attractive forces, (3) Qiu, X. H.; Nazin, G. V.; Ho, W.Phys. Re. Lett. 2004 93,
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