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Abstract: Variations in molecular electronic structures related to conformational change are exceedingly
attractive because of their key role in the understanding and development of functional processes in
molecular electronics and biology. We observed, for the first time, the novel phase switching of a photoactive
isomeric molecule, N-(2-mercaptoethyl)-4-phenylazobenzamide (Azo molecule) at a single-molecule level,
which exhibits a distinctive change in the conductive characteristic under scanning tunneling microscope
(STM) measurement. In comparison with the results obtained by the measurement of photoactive
isomerization of the isolated Azo molecule, which was performed also for the first time, the observed
characteristics are attributed to the results of the trans and cis phase transformation of the Azo molecule,
under the condition of an external electric field and current flow. A specific point is that the potential landscape
of the system is controllable by the electric field and provides a conformational stability with asymmetric
bias dependence resulting in rectification.

Introduction molecule (Figure 1a) is a typical photoactive isomer and has
been widely studied because of its simple structure and
reversible cis-trans isomerization under photoillumination.
Irradiation with ultraviolet (UV) (~350 nm) and blue (vis)
(~440 nm) lights induces isomerization to metastable “cis” and
stable “trans” conformations, respectivélyThe absorption
characteristic is easily controllable by the addition of polar
groups on the Azo molecule. From these characteristics, the
Azo molecule is promising for not only photoswitching and
storage materiaf$ 23 but also for photoactive biomaterials that,
for example, control DNA hybridizatio#f

The understanding and control of molecular functions at a
single-molecule level is extremely important in nanoscale
science and technology from both fundamental and practical
points of view! 14 Recent intensive studies are leading to the
clarification of the characteristics of novel molecular electronic
properties, such as asymmetric charge transport through indi-
vidual molecules. On the other hand, for example, the Azo
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In consideration of these characteristics, it is of extreme
interest to examine the coupling of the photoactive isomeric
materials and its electronic characteristics. In particular, the
controllability of the photoactive isomeric material by electronic
processes is highly attractive for application to nanoscale
molecular devices. In this study, the effect of the external
excitation exerted by STM on the isolated Azo molecules
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Figure 1. Schematic structures of (a) trans and cis isomerizatids-(#-
mercaptoethyl)-4-phenylazobenzamide (Azo) emtbdecanethiol (§) used

in this study and (b) isolated Azo molecules embeddeutdodecanethiol
(Cyp) self-assembled monolayer (SAM) films formed on a Au(111) substrate.

embedded im-dodecanethiol (&) self-assembled monolayer
(SAM) films formed on Au(111) substrates (Figure 1b) was
investigated at a single-molecule level. Azo molecules were
modified with a polar amide group to have a dipole, and the
conformation-related novel transition in their electronic structure
was observed for the first time. Photoisomerization of isolated
Azo molecules is also presented for the first time.

Methods

Au(111) substrates were prepared by vapor deposition 6750
nm thick gold films onto freshly cleaved mica surfaces. During Au
deposition, the temperature of the mica substrates was kept €400
The deposition rate was 0.68.1 nm/s, and the vacuum pressure was
1.0 x 107°% Torr. Following the deposition, they were annealed at 400
°C for 1 h. With this Au(111) substrate, we made samples by two
methods: (1) exchange reaction and (2) coadsorption reaction methods,
Detailed procedures of the two methods are as follows. (1)JS&M
films were formed by dipping the Au(111) substrate into toluene
solution with 1 mM G, molecules for 1824 h. After being rinsed to
remove the physisorbed molecules, thg/@u system was immersed
in toluene solution containing 0-% uM Azo molecules for 0.52 h,
resulting in the formation of G SAM including isolated Azo molecules
(exchange reaction procedure). (2) Au(111) substrates were immerse
into a toluene solution with a 99:1 (v/v) mixture of 1 mMJ£and 1
mM Azo molecules for 1615 h at room temperature (coadsorption
reaction process). The samples were rinsed and heated ‘@ &t
3—6 hin a vaporized G molecule atmosphere to improve the quality
of films. After this procedure, they were rinsed with toluene again.
Molecular density was controllabfé.The difference in the structure
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Figure 2. Typical STM images of Azo-embedded £SAM film obtained
at (a)Vs = +1.0 V, Iy = 10 pA and (b)Vs = —1.0 V, Iy = 10 pA. (c)I-V
curve obtained over an Azo molecule. (d)V curve measured over an
Azo molecule which changed in brightness in (b). Histogram of the turn-
on voltage for the flip-flop motion is shown in the inset.

As shown in Figure 1a, an Azo molecule modified with a polar amide
group has a dipole in the direction of the long molecular axis in the
trans form and tilted from the axis in the cis form. Therefore, the electric
field applied between the substrate and the STM tip is expected to
jnfluence the molecular conformation, as predicted in a recent work

y Troisi and Ratnet® Under the assumption of the molecular dipole
strength and the tipsubstrate distance of~3 D and ~2 nm,
respectively, the molecular dipole electric field interaction energy at
room temperature for the trans form becomes about3.@ ksT for
the applied voltages of 0:5L.5 V.

Results

between the samples prepared by the two methods is that Azo molecules
are inserted only at the boundary and pit sites in the case of the exchange Figure 2a shows a typical STM image of an Azo molecule-
reaction method (see the Supporting Information). In the case of the embedded & film at the sample bias voltage 6f1.0 V. Bright
coadsorption reaction method, Azo molecules were inserted into the protrusions are Azo molecules, and they are embedded in an
C;, domains in addition to the boundary and pit sites. area of densely packed;£ at phase boundaries of the,C

All STM images were obtained in Natmosphere at room temper-  gomains and in etch pits. On the other hand, Figure 2b shows
ature using a Pt/Ir tip. The measurements and preparations were .\ gTM image of the same area with a sample biashd V.
performed under dark conditions to avoid the effect of illumination on As shown in Figure 2, parts a and b, the Azo molecules

Azo molecule isomerization. - -
surrounded by densely packegb@olecules exhibit negligible

(25) Campbell, D. J.; Herr, B. R.; Hulteen, J. C.; Van Duyne, R. P.; Mirkin, C.

A. J. Am. Chem. S0d.996 118 10211-10219. (26) Troisi, A.; Ratner, M. AJ. Am. Chem. So2002 124 14528-14529.
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Figure 3. A series of STM images representing the-dians change in 1.0
an isolated Azo molecule controlled by alternating UV (450 nm) and vis Time (s)
(325 nm) photoillumination (15 15 nm,Vs = +1.0 V, It = 10 pA). (C)
) ; |

change of brightness; however, those adsorbed in etch pits or :'l'i‘“ WUMWUMMWMM‘
at phase boundaries became darker at negative sample bias ,M‘m | | . | A
voltage (an example is marked by a red circle). This result AL Ol L A YW L sL P hi
suggests a conformational change of the loosely packed +5V
molecules instead of a homogeneous charge transfer without +0.1V
any conformational changés?’ 0.1V

Figure 2c shows$—V curves obtained over an unchanged Azo 0.5V
molecule. It shows a symmetric characteristic for positive and -LOV
negative voltages. On the other hand, a typicaV curve 1.5V
measured over an Azo molecule which changed in brightness L 1 L 1 1 1 1
is shown in Figure 2d. In contrast to the symmetric characteristic 0.00 0.05 0.10 0_'15 020 025 030
of I-V curves in Figure 2c, a drastic change was observed. Time (s)

Namely, tunneling current was almost flat betweehO V and Figure 4. Flipt-l‘tlor)hmption i?]alyzedl.bé theltneww deverlloped jtefw'fsk_i’ o
+0.5 V, and rap|d.5W|tch|ng in the tunneling current between Ti?u—ri?iog?—rgiﬁo_1?+%?g,li1_\cl)(,) ;gdi\llvzs\; ::gﬁovineir;lw(gf o be
two I-V curves (high- and low-current states indicated by red () change in the tunneling current due to the stepwise change in the applied
and blue envelope curves) was observed in the high-positive bias voltage, observed for an Azo molecule, the detail of which is shown
voltage region. in (c).

The high-current staté—V curve shows a characteristic The brightness of the STM image of Azo molecules changes
similar to that obtained for the unchanged Azo molecule shown with photoillumination. Some molecules changed less due to
in Figure 2c. The low-current statie-V curve has a shape tight packing, as was pointed out in the previous macroscopic
similar to that obtained for negative voltage. The flip-flop motion work2! and the optimal voltage for the measurement depends
rarely appears at negative bias voltage, but the observed caseen the packing condition. However, loosely packed Azo
are also between the two states. The inverse decay lengthgnolecules showed cis and trans structures, as expected, under
obtained byl —Z measurement for the Azo molecules with the UV and vis photoillumination, respectively. The observed
high- and low-current structures in a sample were 8.3.6 change in the STM image of the isolated Azo molecules between
nmt and 5.2+ 1.3 nnt?, respectively. The difference is trans and cis structures is similar to the change in the image
attributed to the change in the characteristic electronic structureobserved at positive and negative bias voltages (Figure 2),
of the molecule. These results indicate that Azo molecules namely, in the high- and low-current states.
loosely surrounded by molecules change their conformation In consideration of the experimental results, the structures
between two distinct (high and low current) states duliry observed during the STM measurement, i.e., the high- and low-
measurement. current states, are attributed to the trans and cis conformational

The high- and low-current states might be attributed to the Structures of an Azo molecule. This is the first observation of
trans and cis conformations, respectively. To examine the the confprmaﬂonal change'of a photoactive isomer through an
structures, photoisomerization of the isolated Azo molecules was®/€ctronic process at the single-molecule level. _
investigated by illuminating the samples with ultraviolet (UV) To examine the effect of the external excitation in more detail,
(325 nm) and visual (vis) (440 nm) light using a-Hed laser we analyzed the bias voltage dependence of the flip-flop process
during STM measurements. Figure 3 shows an example of auSing a newly developed stepwiseV measurement technique.
series of STM images representing the structural change inNamely. the applied voltage was changed stepwise-hS,
isolated Azo molecules induced by alternating UV and vis _+-0:70-5,=0.1,+0.1,40.5,+1.0, and+1.5 V, as shown in
photoillumination. Optically stimulated conformational change F19ure 4a, and the change in the corresponding current was
of Azo-SAM has been confirmed macroscopically in pioneer measured. Figure 4b shows the change in the tunneling current,
works16-22 This is the first direct observation of photoactive due to the stepwise change in the applied bias voltage, observed

isomerization of the isolated azobenzene molecules controlled O @1 Azo molecule, the detail of which is shown in Figure
by photoillumination. 4c. Switching between two definite structures at each bias

voltage is clearly shown. By the exponential fitting of the
histogram of the residence time of the flip-flop motion, the
lifetimes of the Azo molecule in the two states were acquired

(27) McCreery, R.; Dieringer, J.; Solak, A. O.; Snyder, B.; Nowak, A. M.;
McGovern, W. R.; DuVall, SJ. Am. Chem. So2003 125 10748-10758.
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Since the low-current state is stable in the low bias voltage
region, there exists a barrier height for the flip-flop motion which
is sufficiently high compared to the thermal energy at room
temperature. To explain the fact, inelastic tunneling may be a
possible mechanisA¥-3° The stretching vibration modes of
benzene-N and N=N in the Azo molecule are 1140 crh(0.14

(2)
40

20

0

0123 a 01334 013234 eV) and 1410 cm! (0.17 eV), respectivel§t which are
Life time (ms) comparable to the rising edge of the histogram of the turn-on
=== High state m= Low state voltage (0.15-0.2 V). The value of~0.2 eV (~7 kgT) is
sufficient to explain the stability of the low-current state for
(b) High current state (C) Low current state the measurement of the low negative bias voltage region. The
Lok ol con_siderable poir_1t is that _the low-current state, which was
’ ’ attributed to the cis phase, is apparently the ground state under
EO‘S - ? 1.OF the measurement condition not only for the negative bias voltage
= = 0.8F but also for the positive bias voltage. In previous work, the trans
E 0.6f E o6l form was thought to be the ground state even for the Azo
2 0.4F 2 04l molecular films'é The tightly packed Azo molecules in theC
- - film domains seem to retain the trans phase, as shown in Figure
02r 0.2 2. According to the recent theoretical study, for example, the
0.0k 1 M 1 0.0k . 1 . asymmetry of the system prepared to realize rectification is
04 08 12 16 04 08 12 16 reduced by the charge transport itself, which is considered to
Bias (V) Bias (V)

be a reason for the rarity of the molecular rectification proééss.
Figure 5. (a) Example of the bias-dependence of lifetime obtained for a  The essential point is that the measurement condition influences
sample. (b, c) Lifetimes of the Azo molecule in the two states acquired for e fndamental process itself, namely, changes in the functions
each voltage, obtained by the exponential fitting of the residence time of . ’ . .
the flip-flop motion in each of the two states. themselvgs.on .u.ndergomg the egsentlal operating p.rocedures.
] Although it is difficult to characterize the details at this stage,
for each set voltage. An example of the bias dependence ofihe ynderstanding of this effect is important not only for the

lifetime is shown in Figure 5a. The obtained lifetimes for the  fnqamental understanding of molecular characteristics but also
high- and low-current states ¢, andz ) of several samples  fo the development of functional materials.

are summarized in Figure 5, parts b and c. The obta.ir.1ed values In conclusion, we observed, for the first time, the novel phase
are scattered due to the effect of the packing condition of the switching of an photoactive isomeric molecul(2-mercap-

surrounding & molecules. Since the voltage range is limited ,e¢hy1).4-phenylazobenzamide (Azo molecule), which exhibits
because of the damage to the molecules at higher voltage, it is, gjstinctive change in the conductive characteristic under STM
difficult at this stage to obtain the precise voltage dependence ,oasurement. In comparison with the results obtained by the

of the Iifgtime. quevgr, the lifetimes O,f the two states clearly  meaqurement of photoactive isomerization of the isolated Azo
(.:ha.nge in oppos[te directions. There is the tendency t.hat themolecule, which was performed also for the first time, the
lifetime of the high-current state becomes longer with an qpsered characteristics are attributed to the resuits of the trans

increase in the applied positive voltage. The results strongly 54 ¢js phase switching of the Azo molecule, under the condition
indicate that the conformation of the Azo molecule is influenced ¢ o1 external electric field and current flow. A specific point

by the gxternal electric field and te.n.ds to be transformgd to that g that the potential landscape of the system is controllable by
of the high-current state as the positive sample voltage increasesy,e ejectric field and provides a conformational stability with

The change in the flip-flop rate between the two states, asymmetric bias dependence, resulting in rectification.
(th + ), remains in the order of 23 against the change of

the tunneling current from the order of 4t +0.5 V) to 10 Acknowledgment. This work was supported by a Grant-in-
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It is difficult to evaluate the absolute potential barrier height.
However, in consideration of the Boltzmann factor for a typical
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change in the ratio of the lifetimey = 4ty at 0.5 V andr. = JA0382330

Ty at 1.5 V, the change in the difference of the potential energy

is about +2 kgT (ks is the Boltzmann constant, arfdis the (28) g&fgeggs Tzéslgnﬁogé Kawai, M.; Persson, B. N. J.; Ueba, $tience
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