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General Introduction

1. Molecular electronics

The two basic approaches to creating surface patterns and devices on substrates
in a controlled and repeatable manner are the “top-down” and “bottom-up” techniques.
The former may be seen as modern analogues of ancient methods such as lithography,
writing or stamping, but capable of creating features down to the sub-100 nm range.
That is mainly because of the optical diffraction limit. To overcome the limitation,
bottom-up technology has potential application to create the systems in the size range of
about 0.1-100 nm. The size of organic molecules including macromolecules is
appropriate to bottom-up technology. The atoms within the molecules are joined in
specific, controlled configurations. As a result, space and energy are organized very
differently in molecules compared to those in solid metals, semiconductors and
insulators. In particular, configuration and electronic properties of functional organic
molecules can be easily switched by external stimuli. Therefore, organic molecules

have a potential application to the electric circuit elements.

Figure 1 shows the relationship from the molecular design of functional
molecules to single molecular switching devices. We firstly design and synthesize the
switchable molecules on the theory of physical organic chemistry, secondly measure the
single molecular properties, thirdly apply to the basic molecular device, finally create
single molecular switching device with a combination of self-assembling properties of
organic molecules. The basic researches on all the steps are very important for the
molecular electronics. In this thesis, we especially studied the photo-switching
behaviors of molecular conductance and self-assembled structures of photochromic
diarylethenes.
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Figure 1. Relationship from molecular design to single molecular switching device.



General Introduction

Historically, the molecular electronics started by the proposal of a molecular
rectifier by Aviram and Ratner in 1974 (Figure 2a).” Binnig and Rohrer invented
scanning tunneling microscope (STM) in 1982, which became breakthrough for not
only surface analysis with a atomic resolution but also the investigation of single
molecular  conductance. In 1991, Ratner firstly demonstrated that
cupper-phthalocyanine on the Highly-oriented pyrolytic graphite (HOPG) have the
single molecular rectifier properties (Figure 2).” Nowadays single molecular

conductance is measured by various methods as depicted in the following session.
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Figure 2. (a) Single molecular rectifier 1 proposed by Aviram and Ratner, and
calculated I/V curve of the molecular rectifier 1;° (b) molecular structure of
Cu-phthalocyanine 2 behaving as rectifier on HOPG substrate, and observed I/} curve

of the rectifier 2.

2. Molecular conductance
2.1 Measuring method of molecular conductance

To determine the single molecular conductance, single molecule is required to
be bound between two electrodes. Reed and Tour applied the mechanical controllable
break junction (MCBJ) method to determine the single molecular conductance.® They
prepared the molecular junction by tearing off the thin gold wire coated by
1,4-benzenedithiol and then pushing back together (Figure 3a). This method is based
on the formation of self-assembled monolayer on gold surface.” Tao introduced the
statistical analysis and found that point conductance (Gy) and multi molecular
conductance are observed in one conductance histogram (Figure 3b).> This method is
optimal to determine the single molecular conductance because point conductance
guarantees the absolute value of molecular conductance. Weiss applied the STM
measurement in the constant current condition to the determination of relative
conductance (difference of decay constant, Af)from apparent height value (Figure
3¢).” Other methods are summarized in Figure 3.'%'
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Figure 3. Measuring methods of single molecular conductance: (a) mechanical
controllable break junction (MCBJ),’ (b) STM break junction,8 (c) STM apparent height
measurement,’ (d) Conductive AFM,'? (e) crossed wire junction11 and (f) single walled
carbon nanotube (SWNT) nanogapped electrode.'?
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2.2 Conduction mechanism

Current flows through the molecules in accordance with the optimal
conduction mechanism. When we focus on the direct current, the conduction
mechanism depends on the length and applied bias voltage. There are multi
mechanisms for the conduction. Here primary two mechanisms are introduced. One is
thermally independent tunneling mechanism and another is thermally dependent
hopping mechanism. Tunneling mechanism is based on the tunneling phenomena in
quantum mechanics; therefore, this conduction is limited to the short range conduction.
Conductance of the organic molecules (G) in the direct tunneling mechanism is
according to the following equation (1);

Tunneling G = Goexp(-pL) (1)
where Gj is contuct conductance (= 2e*/h, 12.9 kQ), B is decay constant (= 2(2me¢)1/ */h),
L is molecular length, e is elementary charge, / is Plank constant (4 = h/2m), m. is
electron effective mass, ¢ is tunneling barrier height (¢ is often approximated by the
energy difference between the Fermi level (E¥) and the closest frontier orbital (Exomo or
Erumo)). When the Fermi level is resonant to the density of state (DOS) of molecules,
conductance is further enhanced. Long range conduction is known as carrier hopping
mechanism following equation (2);
Hopping G o<(A4/L)exp(-E/ksT)  (2)

where A includes carrier density, L is the molecular length, E, is activation energy, kg is
Boltzmann constant, 7 is temperature. These two mechanisms are experimentally
distinguishable by measuring the temperature dependency on molecular conductance.
The tunneling conduction is more important for the molecular electronic devices

because the tunneling conduction is highly sensitive to the molecular structure.

Frisbie et al experimentally revealed the transition of these conduction
mechanisms by using surface synthesis of conjugated oligophenyleneimine (OPI) wire
on Au(111) surface (Figure 4a)."> The conduction mechanism transitioned from direct
tunneling to hopping near 4 nm (Figure 4b). Short wires of OPI 1-4 showed
temperature independent tunneling conduction, while long wires OPI 6-10 showed
thermal activated conduction (Figure 4c). The conduction mechanism also transitioned
from tunneling to field emission at 0.75 V (Figure 4d). The bias voltage dependency
of the conduction mechanism is theoretically revealed by Simmons model.'* In the low
bias region, electron cannot overcome the potential barrier, therefore current flows via
direct tunneling mechanism. While, when the potential of electron becomes higher than

the barrier by applying high bias voltage, field emission alternates to direct tunneling.
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Figure 4. (a) Molecular structures of molecular wires OPI n. (b) Length dependence of
molecular resistance (OPI 1-4: tunneling conduction, OPI 6-10: hopping conduction).
(c) Temperature dependence of molecular resistance (OPI 4: temperature independent
conduction, OPI 6,10: temperature dependent conduction). (d) Bias voltage dependence

on the conduction mechanism.

3. Photochromic molecules as a conductance photo-switching unit

Photochromism is generally known as the photoinduced change between two
isomers with different colors.”” In various photochromic molecules, diarylethene has
favorable properties; such as thermally stability of both open-ring isomer and
closed-ring isomer, and high fatigue-resistance.'® The conjugation backbones of two
isomers are reversibly switched by the photoirradiation of appropriate wavelength.

From the view point of the conjugation backbone, when bias voltage was applied to two
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isomers, these would show different tunneling conductances in the low bias region. In
addition, the open-ring isomer has lower HOMO level and higher LUMO level than
those of closed-ring isomers.'” This relationship of these frontier energy levels
associates us diarylethene also performs as a conductance switch in term of resonance
tunneling mechanism. Some reports on the switching behavior of conductance of
diarylethenes are summarized in Figure 5."%%® Besides diarylethenes, conductance
photoswitching behavior of other photochromic molecules, such as azobenzenes,”°

stylbene’! and dihydroazulene/vinylheptafulvene,* are reported.
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Figure 5. Summary of conductance switching of diarylethenes. '** Gelosed/ Gopen and
Leiosed/lopen denote the conductance ratio and current ratio between open- and closed-ring

isomers, respectively. Aciosed and Aqpen denote the apparent heights of these isomers.
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4. Self-assemblies at the liquid-solid interface
4.1 General

Supramolecular organization on the two-dimensional (2-D) surface is the
subject of intensive research because it potentially allows the formation of functional
surfaces, including the development of prototypes of future molecule-based electronic

. 3335
devices.

Intrinsic self-assembling nature of organic molecules is available to
organize the organic molecules on metal surface. In order to prepare the highly
ordered molecular ordering on the metal surface, vapor deposition and general coating
methods is sometimes inefficient because of yielding the disordered aggregates. The
simple drop casting the solution of organic molecules on the highly oriented pyrolytic
graphite (HOPG) produces highly ordered SAMs at the liquid-HOPG interface.*®
Solute molecules are stabilized on the graphite surface via van der Waals interaction.
An appropriate choice of the solvent species affords a perfect selectivity of adsorbate,
that is a less adsorptive solvent yields pure SAMs.?>’ The use of the solution enable to
prepare the defect free SAMs owing to the adsorption-desorption equilibrium of the
solute molecules. This self-healing property is one of advantage of the physisorbed
monolayers at the liquid-solid interface.”® Two-dimensional phase separation is also
interesting phenomena at the liquid-solid interface. When several species of molecules
are put on the substrate, they form different domains composed of almost pure
components. That is because molecules having similar structure tend to assemble to
maximize the intermolecular stabilization energy. That enables to apply to the

comparison of the molecular conductance by STM measurement.

4.2 Chlonological change of surface ordering at the liquid-solid interface

STM in particular turned out to be extremely useful to probe not only the
organization of molecules on a local scale, but also of molecular surface dynamics
involved in the self-assembly process and the resulting electronic properties of the
surface molecule. Ostwald ripening,” which is defined as the growth of the larger
domains at the expense of dissolving smaller domains, is considered as intrinsic
phenomenon observed in the 2-D structure at the interface. Rabe et al. reported the
2-D Ostwald ripening at the liquid-HOPG interface with 2-hexadecylanthraquinone
(Figure 6a)."" In addition, other studies on the real-time STM analysis are reported.
For example, Otsuki et al. reported dynamic rotation of double-decker porphyrins
(Figure 6b),"' De Feyter et al. reported conformational dynamics of six-legged
molecules,* Fichou et al. reported phase transition of the alkylated hexabenzocoronene

on the n-pentacontane template,*’ and Flynn et al. reported frustrated Ostwald ripening
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of 2-D chiral reorientation of racemic compounds (Figure 6¢).**

-Ostwald ripening of 2-D crystal- -Dynamic rotation of double-decker porphyrins- (c)
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Figure 6. Dynamics of the SAMs at the liquid-HOPG interface analyzed by STM: (a,c)
2-D Ostwald ripening;**** (b) dynamic rotation of porphyrin.*'
4.3 Controlling the surface ordering by external stimuli

One of the main challenges is the generation of controllable highly organized
supramolecular nanostructures by external stimuli.  Two-dimensional ordering
manners are known to be changed by solvent polarities* and chiralities,*® heating,*’

4849 co-adosorption molecules™!

concentration, and photoirradiation.>
Photoirradiation can change or switch the 2-D ordering at the liquid-solid interface.
Adsorption-desorption equilibrium helps to replace the surface molecules to large
amount of molecules in solution phase. Some investigations of the reversible
switching of surface ordering by using photochromic molecules are reported (Figure
7).>>*> When the 2-D orderings of azobenzenes were prepared on the metal surface in
the ultra high vacuum (UHV) condition, the ordering manner was not changed by the
photoirradiation or electric field. Instead, switching behavior of the cis-trans

isomerization could be traced by UHV-STM with single molecular resolution.”®*

10



(a) Azobenzene

Cis isomer

\

OCizHzs

o

w
—_—
O-CizHz40

-
Vis. or heat
HOOC

COOH

0-CizHz40

COOH

(c) Azobenzene cyclic tetramer

hv.

Figure 7. Phase transition of
liquid-solid interface:

tetramer;”” (d) diaryle:thene:.5 :

OCizHzs

(a,b) azobenzene derivatives;

General Introduction

(b) Azobenzene

0
20
nm

10

10.0 nm 0

UV light
—_—

-—
o T isible light or heat

(d) Diarylethene

x 3% .
5 ‘“’3
TR

> G
Trows

i

o)

zé-‘n

2-D ordering induced by photo-irradiation at the
3334 (¢) azobenzene cyclic

11



General Introduction

5. Scope of this thesis

In chapters 1 and 2, the relationship between molecular conductance and
molecular structure was investigated by using diarylethene-metal nanoparticles network.
From these studies, it is revealed that conductance was reversibly switched by the
photochromism of interlinked diarylethenes between gold nanoparticles. According to
the photoirradiation to the network, conductance of the circuit showed the percolation
type behavior.
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Figure 8. Graphical abstract of chapter 1, entitled “Conductance photoswitching of

diarylethene-gold nanoparticle network induced by photochromic reaction.”
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Figure 9. Graphical abstract of chapter 2, entitled “Percolation-type photoswitching

behavior in conductance of diarylethene—silver nanoparticle networks.”

In chapter 3, method for the comparing the molecular conductance by STM
was proposed. Two-dimensional phase separation of the template molecules enabled to
put the measuring molecules separately on the graphite surface. Operation of this
system was confirmed by the planer and twisted phenylpyridines as a reference. This
method enabled to statistically analyze the ratio of single molecule conductance with a

large number of molecules on the surface.

12
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Figure 10. Graphical abstract of chapter 3, entitled “Comparison of molecular
conductance between planar and twisted 4-phenylpyridines by means of
two-dimensional phase separation of tetraphenylporphyrin templates at a liquid—HOPG

interface”.

In chapter 4, two-dimensional phase transition behavior of porphyrin was
analyzed by STM. The alkoxy porphyrin showed phase transition from face-on to
edge-on ordering. The chronological change of the ordering was traced to show the
existence of several types of Ostwald ripening including two-step phase transition from
small edge-on to face-on furthermore to edge-on orderings. While, the

N-alkylcarbamoyl porphyrin showed persistent edge-on ordering and the ordering was

showed Moiré¢ pattern suggesting highly stacked structure. The edge-on orderings

have potential application to the charge and energy transfer.
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Figure 11. Graphical abstract of chapter 4, entitled “Chronological change from face-on
to edge-on ordering of zinc tetraphenylporphyrin at phenyloctane—highly oriented
pyrolytic graphite interface”.

In chapter 5, molecular ordering of photochromic diarylethene was controlled
by light. In-situ UV irradiation induced photochromic reaction not only in the solution

phase but also in the surface ordering. The photo-induced phase transition was

13
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proceeded with keeping the 2-D chirality due to the commensuration of alkyl side
chains to HOPG substrate. The transformed ordering by light was different from not

only the ordering prepared by open-ring isomer but also that by closed-ring isomer.

Figure 12. Graphical abstract of chapter 5, entitled “Preparation of Metastable 2-D
Ordering of Diarylethene by Light at the 1-Octanoic Acid-HOPG Interface”.

14
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Chapter 1

Conductance Photoswitching of Diarylethene-Gold Nanoparticle Network Induced by

Photochromic Reaction

Abstract

The relationship between molecular conductance and molecular structure is an
important issue in molecular electronics. Photochromic molecules can interconvert their
molecular structures by light, so that the molecular conductance should be
photocontrolled. According to this strategy the networks composed of photochromic
diarylethene dithiols and gold nanoparticles were prepared, and the photochemical
reactivity and photoswitching of the conductance were studied. The networks showed a
completely reversible photoswitching of the conductance according to the photochromic
reactions of the diarylethene units. The switching behavior is attributed to the change of
the m-conjugation length of the molecule. Because of the high switching ratio and good
reversibility this switching system opens up the possibility of sophisticated molecular

electric circuits.

This work has been presented in J. Phys. Chem. C 2008, 112, 17005-17010, essentially

in the same form.



Chapter 1

Introduction

The control of molecular conductance by controlling molecular structure is a
key issue in molecular electronics.! Several approaches are proposed for measurement
of the molecular conductance regulated by the molecular structure.” The relationship
between the structure and the conductance has started to be unveiled.> Among them, the
network prepared with organic molecules and gold nanoparticles is of increasing
interest because of the relatively easy preparation and the applicability to a small
number of molecules.” Besides, a reversible photoinduced molecular structural change,
which is called photochromism, provides photochemically interconvertible isomers.’
Therefore, photochromic molecules are promising candidates for the molecular-scale
digital photoswitching units. Photochromic molecules, which are incorporated in the
gold nanoparticle network, are considered to photoswitch the molecular-scale electric

circuits.

Diarylethenes undergo photochromic reactions between the hexatriene-type
open-ring isomer and cyclohexadiene-type closed-ring isomer by irradiation with UV
and visible light.® Photoisomerization of the diarylethene unit is known to bring about
switching of the m-conjugated system, which gives rise to the change of the magnetic
exchange interaction more than 150-fold.” The exchange interaction between spins can
be considered as an analogue of the electric current between electrodes because both the
exchange interaction® and the tunneling current’ show an exponential decrease on the
distance. Molecular conductance is expected to be switched by the photochromism of

diarylethene.

Although there are some reports on the conductance of the single molecules,
studies on the photoswitchable molecule are rare.'” Here we report on the conductance
photoswitching in the network composed of photochromic diarylethenes and gold
nanoparticles. The network showed completely reversible photoswitching of the
conductance according to the photochromic reactions of the diarylethene units. When
2-thienyl-type diarylethene was used the reversed switching behavior was observed.
The switching behavior is attributed to the change of the m-conjugation length of the

molecule.

Results and Discussion
Molecular Design and Synthesis.
We take an approach to use gold nanoparticles to bridge diarylethene molecules
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with two thiol units and make a conducting path between the interdigitated nanogapped
gold electrodes (Figure 1). Because the excited state of the organic molecule on noble
metal surface is known to be easily quenched by the surface plasmon resonance,' the
photoswitching unit should be placed distant from the surface. On the other hand,
considering that a conjugated molecule has much better conductance than a
nonconjugated molecule,'> the sulfur atom should be attached directly to the

n-conjugated system.

Figure 1. Schematic drawing of a diarylethene-gold nanoparticle network. The
diarylethene dithiols bridge the gold nanoparticles and make a network between
nanogapped interdigitated gold electrodes. Diarylethene molecules and gold

nanoparticles make a conducting path between the electrodes.

On the basis of above points, five diarylethene thiols 1a-5a have been designed
and synthesized (Figure 2). The parent compound of 2a,
1,2-bis-(2-methyl-benzothiophen-3-yl)hexafluorocyclopentene, has a cycloreversion
quantum yield of 0.35, which is 23 times larger than 1,2-bis(2,4-dimethyl-5-phenyl-3-
thienyl)hexafluorocyclopentene that is the parent compound of 1a."> The preliminary
study on 1a revealed that the cycloreversion reaction of Au-1a nanoparticle network is
strongly suppressed and that the switching is not completely reversible.'* Due to the
high cycloreversion quantum yield, 2a is expected to show efficient reversible switching

behavior. >

In diarylethene 3a thiophene rings are connected to the ethene moiety at the 2
position, while in 1a and 2a thiophene rings are connected at the 3 position. The
open-ring isomer 3a has a delocalized m conjugation, and oppositely in the closed-ring
isomer 3b the 7 conjugation is disconnected by the sp® carbon at the reactive center.'®

Therefore, when using diarylethene 3a the switching behavior is expected to be reversed
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in comparison with 1a and 2a. Diarylethenes 4a and 5a, having only one thiol group,
were also prepared as reference compounds. Synthesis of diarylethenes was performed
by the standard organic synthesis procedure using trimethylsilylethyl protecting group.'’

Switch OFF Switch ON
+ - = + .
¥ |- o @ = )
Fs
Fg F2
HS .f's\ ;‘S\ R
2a (R = SH)

Fa
Fg F2
Herasel
S S
HS 1b (R=SH) > R 2b (R = SH)
b R=H o 5b(R=H) ON

Figure 2. Photochromic reactions of diarylethene thiols as switching units of
conductance. The open-ring isomer (1a-5a) converts to the closedring isomer (1b-5b)
by irradiation with UV light and converts back by irradiation with visible light.

Compound 6 is a nonphotoreactive reference.

Photochemical Characterization.

Photochromism of diarylethenes on the gold nanoparticles was investigated
using discrete nanoparticles capped with diarylethenes 4a and 5a. Gold nanoparticles
were prepared according to the Brust’s method.'® IR measurement showed incorporation
of the diarylethenes in the nanoparticles.'” TEM measurement revealed formation of
nanoparticles with an average diameter of 3-6 nm.”® The absorption spectral changes of
Au-4a and Au-5a are shown in Figure 3. The absorption maxima of the closed-ring

isomers, obtained from the difference spectrum before and after UV irradiation, are
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located at 609 and 550 nm for Au-4b and Au-5b, respectively. A significant
bathochromic shift was observed in comparison with the absorption maxima of free
diarylethenes 4b and Sb, which are located at 577 and 533 nm, respectively. This
indicates that the electronic structure of the closed-ring isomer is perturbed by the gold
surface.'* The photoreactivity was suppressed by the presence of the gold surface.
Although the previously reported diarylethene-gold nanoparticles with pentamethylene
spacer showed only moderate quenching of the excited state,”’ diarylethene-gold
nanoparticles Au-4a and Au-5a showed much severe quenching. This is attributed to
the direct connection of the m-conjugated system to the gold surface. Fortunately, the
reaction took place in spite of the quenching. The moderate quantum yields of the
cyclization/cycloreversion reaction are responsible for the reversible photochromic

behavior of these systems.?

o o
o [ae]

Absorbance
=
e
Absorbance

300 400 500 800 700 80O 300 400 500 600 700 80C
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Figure 3. Absorption spectral changes of gold nanoparticles capped with diarylethenes:
(a) Au-4a and (b) Au-5a. Solid lines indicate the spectra before irradiation. Dotted lines
indicate the spectra in the photostationary state under irradiation with 313 nm light.

Ethyl acetate was used for solvent for Au-4a, and toluene was used for Au-5a.

Preparation of the Gold Nanoparticle Network.

Preparation of the gold nanoparticle network has been carried out for
diarylethene dithiols 1a-3a. The gold nanoparticles protected by tetraoctylammonium
bromide (TOAB) were first prepared, and then the dithiol was reacted with
TOAB-protected gold nanoparticles. In this method, formation of the nanoparticles
occurred before reaction with the dithiol, so that the size and shape of the nanoparticles
could be controlled and aggregation of the nanoparticles could be avoided.” The

absorption maximum of the closed-ring isomer in the gold nanoparticle network showed
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a significant bathochromic shift, suggesting interaction between the chromophore and

the gold surface.'*

The diarylethene-gold nanoparticle networks underwent photochromic
reactions except for the Au-3a nanoparticle network, which did not undergo the
cyclization reaction by irradiation with UV light (Figure S4, Supporting Information).
However, the gold nanoparticle network Au-3b, which is prepared from the separated
closed-ring isomer 3b in the dark, showed the cycloreversion reaction upon irradiation
with visible light. Perturbation by the gold surface is considered to suppress the

reaction.

The diarylethene-gold nanoparticle networks were characterized using TEM
and SEM (Figure 4). A TEM image of Au-2a nanoparticle network shows the existence
of the extended network. The average diameter of each particle was 5.0 = 1.1 nm. A
SEM image of the network on the interdigitated nanogapped gold electrode (5 um)
shows that the network bridges the electrodes. The aggregate of the gold nanoparticle
network was observed as a white sphere.** The EDX elemental analysis showed that the
content of carbon in the network was 28.6%, which is clearly larger than that in the
empty gap (10.5%). This indicates that the diarylethenes are incorporated in the network

between electrodes.

a) - b)

Counts

+ 3 L+
3 4 5 6 7 8 9
50 nm i
3 Diameter / nm
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Figure 4. TEM and SEM images of Au-2a nanoparticle network. (a) TEM image of
Au-2a nanoparticle network. (b) Histogram of the size of the nanoparticles in Au-2a
nanoparticle network. (c) SEM images of Au-2a nanoparticle network on an
interdigitated gold electrode. White part represents gold electrodes and gold

nanoparticle network. Red cross sign indicates the place where EDX was measured.

24



Chapter 1

Photoswitching of Conductance.

Conductance was measured along with the alternate irradiation with UV and
visible light (Figure 5). For Au-la and Au-2a, upon irradiation with UV light the
conductance increased significantly and then by irradiation with visible light the
conductance decreased. The photocycloreversion reaction of Au-la nanoparticle
network was very slow. Even after 56 h irradiation with visible light the conductance
decreased only 18%.'* On the contrary, the cycloreversion reaction of Au-2a completed
in 8 h and the system showed reversible photoswitching behavior. The maximum
ON/OFF ratio of the conductance was 25-fold for Au-2a. Because 2a has high quantum

yields of both cyclization and cycloreversion reactions, complete reversibility has been
achieved.

a) 10 b) 400
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Figure 5. Changes of the I-V curves of diarylethene-gold nanoparticle networks: (a)

Au-6, (b) Au-1a, (c) Au-2a, and (d) Au-3b. Measurement was carried out at different

stages of photoreaction. For the open-ring isomer nanoparticle networks Au-la and

Au-2a initially UV light was irradiated and then visible light was irradiated. For the

closed-ring isomer nanoparticle network Au-3b only visible irradiation was performed.
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To confirm the origin of the switching is the photochromism of the diarylethene
unit, 2-thienyl-type diarylethene 3, which has an opposite direction of switching of the
n-conjugated system, was investigated. Diarylethene 3 is considered to show the
opposite behavior to 3-thienyl-type diarylethene 1 and 2. For Au-3b nanoparticle
network, upon irradiation with visible (470 nm < A) light, the conductance increased.
The maximum ON/OFF ratio was 3.8-fold. The nonphotoreactive reference Au-6
nanoparticle network did not show any change upon photoirradiation. Because
nonphotoreactive molecule 6 did not show any photoinduced conductance change and
2-thienyl-type diarylethene 3 showed the opposite behavior, the switching behavior is
not a trivial effect of the organic molecule and gold nanoparticles but the switching of

the diarylethene plays an essential role in the control of the conductance.

Conclusions

We demonstrated the conductance photoswitching of the diarylethene-gold
nanoparticle network on the basis of the topology photoswitching of the m conjugation
in diarylethene molecules. The system reported here can be extended into a more
integrated system, such as an information processing system when the precise control of
the network structure is possible because a gold nanoparticle can be used as a branching

unit of a network.

Experimental Section
1. Materials.

'H NMR spectra were recorded on a Bruker AVANCE 400 instrument. Mass
spectra were obtained on a JEOL JMS-GCmatell. All reactions were monitored by
thinlayer chromatography carried out on 0.2 mm E. Merck silica gel plates (60F-254).
Column chromatography was performed on silica gel (Kanto, 63-210 mesh). Ultrapure
water (>18 MQ- cm) was obtained by a Millipore SimpliLab. Syntheses of 1a, 4a, and 6
have already been reported.14 Syntheses of 2a, 5a, and 3a were performed according to
Scheme 1.
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Scheme 1. Synthesis route of diarylethenes 2a, 3a and Sa.
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1,2-Bis(2-methyl-6-(2-trimethylsilylethylthio)benzothiophen-3-yl)hexafluorocyclop
ent-ene (8) and 1-(2-Methyl-6-(2-trimethylsilylethylthio)benzothiophen-3-yl)-2-
(2-methylbenzothiophen-3-yl)hexafluorocyclopentene (9).

To a solution of 1,2-bis(2-methyl-6-iodo-benzothiophen-3-yl)hexafluoro-
cyclopentene (1* (630 mg, 0.87 mmol) in dry THF (100 mL) was added 1.6 M
n-butyllithium (1.2 mL, 1.9 mmol) at -78 °C under Ar atmosphere, and the reaction
mixture was stirred for 30 min. Benzenethiosulfonic acid S-(2-trimethylsilylethyl) ester
(1.51 g, 5.50 mmol) was added at -78 °C, and the reaction mixture was allowed to warm
up to room temperature. After addition of water, the mixture was extracted by diethyl
ether. The organic layer was washed with brine, dried with MgSQO,, and concentrated.
Purification by column chromatography (silica, hexane: CHCl; = 4:1) gave compound 8
as a colorless oil (250 mg, 39%). Compound 9 was also obtained as a colorless oil (100
mg, 23%). 8: "H NMR (400 MHz, CDCls, TMS) & 0.04 (s, 18H), 0.86-0.96 (m, 4H),
2.18 (s, 4H), 2.45 (s, 2H), 2.97-3.01 (m, 4H), 7.11-7.62 (m, 6H); HRMS (m/z) [M]"
caled for Cs3HagFeS4Siy 732.1299, found 732.1273. 9: 'H NMR (400 MHz, CDCls,
TMS) 6 0.04 (s, 9H), 0.83-0.96 (m, 2H), 2.18 (s, 1.9H), 2.20 (s, 1.9H), 2.46 (s, 1.1H),
2.48 (s, 1.1H), 2.88-3.01 (m, 2H), 7.11-7.71 (m, 7H); HRMS (m/z) [M]" caled for
CasHa6F6S3S1 600.0870, found 600.0874.

1,2-Bis(2-methyl-6-mercaptobenzothiophen-3-yl)hexafluorocyclopentene (2a).

To a solution of compound 8 (20 mg, 27 umol) in dry THF (3 mL) was added
1.0 M tetrabutylammonium fluoride THF solution (0.4 mL, 400 pmol) at N, atmosphere,
and the mixture was stirred for 10 min at room temperature. After addition of 0.1 M

aqueous HCI (7 mL), the mixture was stirred for 10 min. After extraction by diethyl
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ether, the organic layer was washed with brine, dried with MgSO,, and concentrated.
Purification with HPLC (column Kanto Chemical Mightysil Si60 250-3.0 mm,
hexane:EtOAc = 99.5:0.5) gave compound 2a as a white solid (9 mg, 63%): 'H NMR
(400 MHz, CDCls, TMS) 6 2.16 (s, 3.8H), 2.44 (s, 2.2H), 3.49 (s, 0.8H), 3.56 (s, 1.2H),
7.08-7.50 (m, 6H); HRMS (m/z) [M]" caled for Co3H 4F4S4 531.9882, found 531.9872.

1-(2-Methyl-6-mercaptobenzothiophen-3-yl)-2-(2-methylbenzothiophen-3-yl)hexafl
uorocyclopentene (5a).

To a solution of compound 9 (10 mg, 17 umol) in dry THF (3 mL) was added
1.0 M tetrabutylammonium fluoride THF solution (0.3 mL, 300 umol) at N, atmosphere,
and the mixture was stirred for 10 min at room temperature. After addition of 0.1 M
aqueous HCI (4 mL), the mixture was stirred for 10 min. After extraction by diethyl
ether, the organic layer was washed with brine, dried with MgSO,, and concentrated.
Purification with column chromatography (silica, hexane:CHCI; = 5:2) gave compound
6 as a white solid (7 mg, 84%): "H NMR (400 MHz, CDCl5, TMS) 6 2.17 (s, 1.9H),
2.20 (s, 1.9H), 2.46 (s, 1.1H), 2.47 (s, 1.1H), 3.46 (s, 0.4H), 3.55(s, 0.6H), 7.15-7.71 (m,
7H); HRMS (m/z) [M]" calcd for C,3H4F6S3 500.0162, found 500.0156.

1,2-Bis(3,4-dimethyl-5-(4-mercaptophenyl)-2-thienyl)hexafluorocyclopentene (3a).
To a solution of 4-(2-trimethylsilylethyl) thiobromobenzene 10*° (270 mg, 0.93
mmol) in dry THF (7 mL) was added 1.6 M n-butyllithium (0.63 mL, 1 mmol) at -78 °C
under N, atmosphere, and the mixture was stirred for 15 min. Tributyl borate (350 uL,
1.1 mmol) was added, and the mixture was allowed to warm up to room temperature.
The reaction was quenched by adding water. Then, after addition of
1,2-bis(5-10do-3,4-dimethyl-2-thienyl)hexafluorocyclopentene 1116 (150 mg, 0.24
mmol), Pd(PPhs)s (25 mg, 21 pmol), and aqueous Na,CO; (20 wt %, 5 mL), the
reaction mixture was refluxed for 24 h. The reaction mixture was extracted by diethyl
ether, and the organic layer was washed with brine, dried with MgSQ,, and concentrated.
Purification by column chromatography (silica, hexane:CHCl; = 10:1 to 4:1) followed
by GPC (CHCl3) gave compound 12a (142 mg, 74%) as a yellow oil: '"H NMR (400
MHz, CDCl;, TMS) ¢ 0.06 (s, 18H), 0.94-0.98 (m, 4H), 1.73 (s, 6H), 2.13 (s, 6H),
2.98-3.02 (m, 4H), 7.31-7.37 (m, 8H); HRMS (m/z) [M]" caled for CsoHuFsS4Sis
812.1925, found 812.1927. Closed-ring isomer 12b was separated by HPLC (column,
Kanto Chemical Mightysil Si60 250-4.6 mm; eluent, hexane: CH,Cl, = 90:10) from the
UV-irradiated solution of 12a. Deprotection of compound 12b was performed in the

dark according to the procedure described above to give dithiol 3b. Immediately after
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deprotection the Au-3b nanoparticle network was prepared in the dark by the procedure

described above.

Preparation of Diarylethene Dithiol-Gold Nanoparticle Networks.

To a solution of tetrachloroaurate(Ill) hydrate in ultrapure water (30 mM, 1.0
mL, 30 umol) was added tetraoctylammonium bromide (35 mg, 64 umol) in toluene (10
mL). Ultrapure water (3 mL) was added to the reaction mixture, and the solution was
vigorously stirred. Then NaBH4 (12 mg, 320 umol) in ultrapure water (3 mL) was added,
and the solution was stirred for 3 h to give TOAB-protected gold nanoparticles. One
drop (50 pL) of the solution of dithiol 2a (prepared from 10 mg of the protected dithiol)
in toluene (0.25 mL) was mixed with one drop (50 pL) of a toluene solution of
TOAB-protected gold nanoparticles, prepared from the above procedure, on a
interdigitated 5 um-gapped Au electrode (NTT-AT). The electrode was washed with

ethanol and dried in vacuum.

Preparation of Diarylethene Monothiol-Gold Nanoparticles.

To a solution of tetrachloroaurate(IIl) hydrate in ultrapure water (30 mM, 1.0
mL, 30 pmol) was added tetraoctylammonium bromide (110 mg, 200 umol) in toluene
(10 mL). Compound 5a (20 mg, 40 umol) and ultrapure water (10 mL) was added to the
solution. After vigorous stirring, NaBH,4 (23 mg, 610 umol) in ultrapure water (2 mL)
was added to the reaction mixture and again the solution was stirred for 3 h. The organic
layer was separated and concentrated. The residue was washed by methanol to give

Au-5a nanoparticles. The sample was kept in toluene solution.

2. TEM and SEM Measurements.

TEM measurement was performed on a Hitachi H-7500 instrument. The
measurement was performed at 100 kV. TEM samples were prepared by placing a drop
of toluene solution on carbon-coated copper grid. SEM measurement was performed on
a Shimadzu SS-550 instrument. The measurement was performed at 15 kV. SEM
samples were prepared by gold coating using a Sanyu SC-701 quick coater.
Photochemical Measurement. Absorption spectra were measured on a HITACHI
U-3500 spectrophotometer. IR spectra were measured on a Perkin-Elmer Spectrum One
instrument by ATR method. Photoirradiation was carried out using a USHIO 500 W
super high pressure mercury lamp or a Hamamatsu 200W mercury-xenon lamp with a

combination optical filter and monochromator (Ritsu MC-10N).
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3. Conductance Measurement.

Conductance measurement was performed by a remote source meter (Keithley
model 6430) equipped with a preamplifier and an interdigitated gold electrode. The
electrode and preamplifier were covered with stainless wire net. The cyclization
reaction was performed using UV light (290 nm < A < 400 nm, 85 mW/cm?). The
cycloreversion reaction was performed using visible light (560 nm < 1) for Au-1, Au-4,
and 6 and visible light (470 nm < 1) for Au-2, Au-3, and Au-5.
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Chapter 2

Percolation-type Photoswitching Behavior in Conductance

of Diarylethene—Silver Nanoparticle Networks

Abstract

A silver nanoparticle network interlinked by photochromic diarylethene dithiophenols
was fabricated and its photoreactive and conductive properties were investigated. The
network showed reversible changes in absorption spectra and conductance by

photoirradiation. The results indicate the percolationtype behavior.

This work has been presented in Chem. Lett. 2008, 37, 634-635, essentially in the same
form.



Chapter 2

Introduction

Research on ‘“molecular electronics” is dramatically being advanced using
traditional and new methods such as STM' and nanogapped electrodes.” Network
structures composed of stimuli-responsive molecules and metal nanoparticles attract
increasing attention.” Diarylethene derivatives can be regarded as a single molecular
photoswitch because m-conjugation length of both isomers is interconverted by UV and
visible light.* Feringa et al. reported the three orders of magnitude conductance change
of single diarylethene molecule.” We have reported the conductance photoswitching of a
network composed of diarylethene dithiophenols and gold nanoparticles.® Among many
metal nanoparticles, silver nanoparticles have unique optical properties such as
enhancement of local electromagnetic field, resulting in enhanced Raman scattering’

and photoemission. ®

Herein, we report on the reversible conductance photoswitching of a
diarylethene—silver nanoparticle network induced by photochromism of diarylethenes.

The percolation-type behavior will be discussed.

Switch OFF Switch ON
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2b (R = SH)
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Figure 1. Molecular structure of compounds 1 and 2. Schematic illustration of silver

nanoparticle network Ag-2.
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Results and discussion
UV-vis. spectroscopy

As photochromic linkers, benzothiophene diarylethene thiophenols 1 and 2
were synthesized (Figure 1).” This type of diarylethene has high cycloreversion
quantum yield (Pco = 0:35).'° Photochromic absorption spectral changes were observed
for ligands 1a and 2a in toluene solution (Figure 2)."' The colorless solution turned red
under irradiation with 313 nm light, indicating the formation of the closed-ring isomers
1b and 2b. The absorption maxima of the closed-ring isomers are located at 532 and
541 nm for 1b and 2b, respectively. These colored solutions went back to colorless

under irradiation with 578 nm light.
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Figure 2. Absorption spectral changes of a) 1 and b) 2 in toluene solution: before
photoirradiation (dotted line); after irradiation with 313 nm (solid line); after following
irradiation with 578 nm (dashed line). Inset: difference absorption spectra between

those measured before and after UV irradiation.

Ag nanoparticles capped with monothiol 1a (Ag—1a) were prepared according
to the procedure of Kim which is a modification of Brust’s method."> The silver
nanoparticles were soluble in organic solvents. The prepared Ag—1a was observed by a
transmission electron microscope (TEM), and the average diameter was determined to
be 9.1 + 3.4 nm (Figure 3)."" IR spectroscopy also supported that 1a is attached to Ag
nanoparticles because the spectrum of Ag—la is similar to that of 1a."' In order to study
the photochromic properties of Ag—la, absorption spectra were measured in toluene
solution. As shown in Figure 4,"" surface plasmon band appeared around 480 nm. When
this solution was irradiated with 313 nm light, a new band originating from the
closed-ring isomer appeared. When this solution was irradiated with 578 nm light, the

new band disappeared. Absorption maximum of the closed-ring isomer is located at 582
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nm, which is shifted to longer wavelength by 50 nm in comparison with the maximum
of 1b.

Preparation of the interlinked Ag—2a network was performed according to a
previously reported method.® The Ag nanoparticles protected by tetraoctylammonium
bromide (TOAB) were firstly prepared, and then the dithiol was mixed to make the
network. From the TEM images, the diameter of TOAB-protected silver nanoparticles
was determined to be 8.5 + 2.0 nm (Figure 4)."" The absorption spectra of Ag—2a were
measured in KBr matrix (Figure 5). The network has broadened absorption from the
visible to near-infrared region instead of the clear plasmon absorption at 480 nm that is

observed for Ag—1a.
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Figure 3. a) TEM image of Ag-l1a nanoparticles. b) Histogram of the size of the
Ag-1a nanopartilces.
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Figure 4. a) TEM image of TOAB-protected Ag nanoparticles for making Ag-2a
nanoparticle network. b) Histogram of the size of the TOAB-protected Ag
nanoparticles.
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Figure 5. (a) Absorption spectral change of Ag-1 in toluene solution. Before
photoirradiation (dotted line); after irradiation with 313 nm (solid line); after following
irradiation with 578 nm (dashed line). Inset: difference absorption spectrum of Ag-1
between those measured before and after UV irradiation. (b) Absorption spectra of
Ag-2: dashed line, before irradiation; solid line, after UV irradiation; dotted line, after
visible light irradiation. Inset: difference absorption spectra between those measured

before and after UV irradiation.

When the network is irradiated with 313 nm light, not only an absorption band
originating from the closed-ring isomer (absorption maximum: 590 nm) but also a broad
band spread in the near-infrared region (>650 nm) were observed. Changes of both
bands were confirmed to be reversible by irradiation with UV and following with
visible light. This reversible absorption change in the near-infrared region may suggest
that the intensity of plasmon coupling is switched by photochromic reaction of
interlinked diarylethenes.'” This phenomenon was not discerned in the case of Au

nanoparticle networks.

Conductance measurement of diarylethene-silver nanoparticle networks

Ag-2a was prepared on an interdigitated gold electrode (NTT-AT, 5 um gap) in
order to investigate the conductance change by photoirradiation. The fabricated network
was stable against applied voltage from 0 to 4 V. Upon irradiation with UV light, an
increase of conductance was observed. After UV irradiation for 60 min, the conductance
became around 18 times larger than the initial value as shown in Figure 6. The increased
conductance returned to the initial value after irradiation with visible (> 560 nm) light
for 450 min. This switching behavior can be explained by the photochromic reaction

between “OFFstate” (open-ring isomer) and “ON-state” (closed-ring isomer).
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Figure 6. Conductance photoswitching behavior of Ag—2a network on the interdigitated

electrode: a) upon irradiation with UV light; b) upon irradiation with visible light.

Percolation behavior of diarylethene-silver nanoparticle networks

In order to investigate the mechanism of conductance photoswitching, the time
profiles of the conductance and the absorbance were measured at different stages of the
photochromic reaction. Figure 7a shows the time profile of the increase of the
absorbance at 590 nm of Ag-2 network. The absorbance at 590 nm has a linear
relationship with the population of the closed-ring isomer. The plot shows that the
reaction rate is larger at the beginning and gets smaller as the reaction proceeds. This is
a normal photochemical reaction. On the other hand, the time profile of the conductance
showed a different behavior (Figure 7b). The reaction rate is smaller at the beginning
and gets larger as the reaction proceeds. The difference of the two time profiles suggests
that the increase of the conductance does not directly reflect the content of the

1.'"* The network is not

closed-ring isomer but can be explained by the percolation mode
completely connected by the closed-ring isomer at the initial stage of the photochromic
reaction, but as the reaction proceeds the closed-ring isomers make the conducting path

between the interdigitated electrodes.
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Figure 7. Time profiles of the photoinduced change of Ag-2 network. a) Plot of
difference absorbance at 590 nm. b) Plot of current value measured at applied voltage of
4V.

Conclusions
In conclusion, we have demonstrated 18-fold reversible change in conductance
of a diarylethene—Ag nanoparticle network by photoirradiation. The time profiles of

absorbance and conductance indicate the percolation-type behavior.

Experimental Method
1. Materials
Preparation of Ag-1a nanoparticles:

To a solution of AgNOj in ultrapure water (18.2 MQecm) (32.6 mM, 1.02 mL,
0.033 mmol) was added tetraoctylammonium bromide (103 mg, 0.188 mmol) in toluene
(10 mL). Then 1a (20 mg, 0.040 mmol) was added to the mixture. After vigorous
stirring, NaBH, (16 mg, 0.423 mmol) in ultrapure water (2.0 mL) was added to the
reaction mixture and the solution was stirred for 3h. The organic layer was separated
and concentrated. The residue was washed by methanol to give Ag-1a nanoparticles.

The sample was kept in toluene solution.

Preparation of TOAB-protected silver nanoparticles:

To a solution of AgNOj; in ultrapure water (18.2 MQecm) (32.6 mM, 5.0 mL,
0.163 mmol) was added tetraoctylammonium bromide (92 mg, 0.168 mmol) in toluene
(10 mL) and ultrapure water (3.0 mL). The reaction mixture was stirred vigorously
and NaBHy4 (33 mg, 0.873 mmol) in ultrapure water (3.0 mL) was added to the reaction

mixture. After stirring for 3 h, the organic layer was separated. The sample was kept
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in toluene solution.

Preparation of Ag-2a nanoparticle network

Trimethylsilylethyl-protected 2a (10mg, 0.014 mmol) was deprotected by
tetrabutylammonium fluoride and was dissolved in toluene (0.15 mL) and TOAB
capped silver nanoparticles toluene solution (0.50 mL) was added to the solution. For
the conductance measurement, one drop of the mixture was dripped on a interdigitated 5
um-gapped gold electrode, and the electrode was washed with methanol and dried in
vacuum. For the spectroscopic measurement, the mixture was concentrated and
washed with methanol. The residue was mixed with KBr powder and pressed to form

a transparent pellet of Ag-2a network.

2. Conductance measurement

Conductance measurement was performed by a remote sourcemeter (Keithley
Model 6430) equipped with preamplifier and interdigitated gold electrode (NTT-AT, 5
um-gap). The electrode and preamplifier were covered with stainless wire net. The
wavelength of UV light was used from 290 nm to 380 nm and the one of visible light

was over 560 nm.
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Comparison of molecular conductance between planar and twisted 4-phenylpyridines by
means of two-dimensional phase separation of tetraphenylporphyrin templates at a
liquid—-HOPG interface

Abstract

Tetraphenylporphyrin (TPP) rhodium chlorides coordinated by planar and twisted
4-phenylpyridine derivatives were synthesized. An STM image was taken by a 2-D
phase separation technique and the conductance was evaluated. Difference in apparent

height between these phenylpyridines reflects the conductance ratio of ligands.

This work has been presented in Chem. Commun. 2011, 47, 8427-8429, essentially in

the same form.
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Introduction

The investigation of single molecular conductance is a key issue in the
molecular electronics field and is developing rapidly using several measurement
techniques.' Although most experiments on the conductance of a single molecule
exhibit considerable variations, the reliability of the measurements has recently been
significantly increased owing to the statistical treatment by the methods of mechanically

controllable break junction® and scanning tunneling microscopy break junction.*”

Among several methods for the measurement of the molecular conductance,
apparent height measurement by STM has the merit of applicability to many samples.™®
The method often utilizes the plating of target molecules into the self-assembled
monolayers (SAMs) of alkanethiols on an Au substrate in order to prevent the
intermolecular interaction among target molecules. However, this usual method
precludes the statistical treatment because only few spots of target molecules are
observable from one STM image. Use of a molecular template is one candidate to avoid
the intermolecular interaction and STM observation of the SAM of samples on the
templates makes the statistical analysis possible. Herein, we report on the comparison of
molecular conductance between planar and twisted 4-phenylpyridine derivatives by
using porphyrin templates, and show that a two-dimensional (2-D) phase separation

technique is effective to discriminate these phenylpyridines on the substrate.

Results and Discussion

Pyridine-coordinated tetraphenylporphyrin (TPP) Rh(III) chloride having long
alkyl chains forms 2-D lamellar structures at a liquid—HOPG interface, where a strongly
bound axial ligand of pyridine is placed perpendicular on the TPP.” Therefore, TPP
rhodium chloride can be used as a molecular template for the compounds carrying
pyridyl groups. 4-Phenylpyridine derivatives 1 and 2 having the same molecular lengths
and the different torsion angles were selected to investigate the differences in the
apparent height in STM images because they are expected to have different molecular

conductances due to the different torsion angles (Figure 1).*

Syntheses of 4-phenylpyridine-coordinated TPP rhodium chlorides (Co-Rh-1,
Co-Rh-2, C3;-Rh-1, C3;-Rh-2, and C3p-Rh-1) were carried out according to the general
organic synthesis procedure described in experimental section. Subscript numbers 0, 22,
and 30 show the length of alkyl side chains. Free base TPPs Ci6-2H, C2;-2H, and
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C30-2H were also synthesized. X-Ray crystallographic analysis of Cy-Rh-1 and
Co-Rh-2 revealed that the dihedral angles between the phenyl ring and the pyridyl ring
of 1 and 2 are 27° and 68°, respectively. The ORTEP drawings are shown in Figure 2.

1 2

R
(I
’%{ ér‘ TRl = RS
A < R [ )

Co-Rh-1 (R = H) Co-Rh2 (R = H) C16-2H (R = O-n-CygHa33, M = 2H)
C22-Rh 1 (R O-n- C22H45) C22-Rh-2 (R = O-n-022H45) C22-2H (R = O-n—szH45, M= 2H)
C30-Rh-1 (R = O-n-C3gHg1) C30-2H (R = O-n-C3gHg1, M = 2H)

Figure 1. Molecular structures of synthesized 4-phenylpyridines, TPPs, and TPP

rhodium chlorides.

STM images for a solution of C;;-Rh-1 and for a 1:1 mixed solution of
C2:-Rh-1 and C3-Rh-2 were obtained at the 1-octanoic acid-HOPG interface in the
constant current mode.® As shown in Figure 3a and b, both samples formed SAMs of
characteristic lamellar structures, where TPPs are aligned side by side in the bright
stripes. The stripes are separated by the alkyl chains from the neighboring TPP arrays.’
In the dark areas the alkyl chains are interdigitated, although detailed structure of these
chains was not observed in these images. The lattice parameters of the unit cell a X b
and o were 3.9+ 0.2 nm x 1.8 £ 0.2 nm and 71° for C;-Rh-1 and 4.2 £ 0.2 nm X 2.3 +
0.2 nm and 82° for a mixture of Cz;-Rh-1 and C;-Rh-2. These values are similar to
that of characteristic lamellar structures of C;,-2H at the phenyloctane—-HOPG interface
(4.1 £0.2 nm x 1.9 £ 0.2 nm and 84°; also reported in ref. 10 as 4.2 nm x 2.1 nm and
84°).

Contrast of the TPP core shows the apparent height of the core above the alkyl

side chains. Section analysis of Figure 3a is shown in Figure 3c. Statistical analyses of
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apparent height for these STM images based on the section analysis are shown in Figure
3d and e. Both statistical distributions of apparent heights were fitted by a single
Gaussian function. By mixing Cz,-Rh-2 into C2;-Rh-1, an apparent height distribution
got lowered and broadened from 3.9 + 0.5 A to 3.6 £ 0.9 A. In terms of apparent height,
absolute values of the height are generally varied with measurement conditions even in
the same setup. Therefore, the decrease of apparent height by mixing C,;-Rh-2 does not
give the relationship of apparent height between C;;-Rh-1 and C;;-Rh-2. However, the
result of broadening of the distribution suggests that Cj;;-Rh-2 shows the different
apparent height from C;;-Rh-1. Since topographic heights are the same for Cz;-Rh-1
and C;;-Rh-2 at the 1-octanoic acid-HOPG interface, this difference in apparent height

shows the difference in a tunneling decay constant of axial ligands of 1 and 2.

Table 1. Crystallographic parameters for Table 2. Crystallographic parameters for
Co-Rh-1 Co-Rh-2

formula Cé 1 H49C 1N50 2Rh formula C5 9H4 7N50C1Rh
formula weight 1022.4326 formula weight 980.3959
crystal system Monoclinic crystal system Monoclinic
space group Cc space group Cc

alA 17.5590(8) alA 17.7891(12)
b/ A 15.5831(7) b/ A 13.8346(11)
cl A 18.4654(8) c/ A 20.6811(19)
/e 105.247(1) p/e 111.2830(10)
volume / A3 4874.7(4) volume / A3 4742.6(6)

VA 4 VA 4

R; 0.0373 R; 0.0477

WR, 0.0847 WR, 0.1343

Figure 2. ORTEP drawings of the X-ray crystallographic structures of (a) Cyp-Rh-1
and (b) Co-Rh-2. Solvents are omitted from the figures for clarity.
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To clear up this difference, apparent height distributions for these two ligands
need to be distinctly separated. We focused our attention on the coadsorption
phenomena at a liquid—solid interface'' and the coadsorption behavior of two free base
TPPs, C16-2H and C,-2H, was examined. Figure 4a shows an STM image for a mixed
solution of C;6-2H and Cy-2H. Two domains were observed and each domain has
different lattice parameters. Lattice parameters of the right domain were 3.4 + 0.2 nm x
1.8 £ 0.2 nm and 89°, whereas those of the left one were 4.0 £ 0.2 nm x 1.6 £ 0.2 nm

0.8
80
C,,-Rh-1
0.0 22
60 — (d) 3.9+05A
P (N=385)
S40
O
(@)
20 —
nm
80 —

C,,-Rh-1 + Cp,-Rh-2

0.8 60— (e) 36+09A

2 (N=338)
S40 -
00 O
(@)
20 —
‘...
N F o (b)] T T T T
tog 8 4 S T8

6
Apparent height / A

Figure 3. STM images at the 1-octanoic acid-HOPG interface in the constant current
mode: (a) Ca-Rh-1 (3.0 x 10° M) (50 x 50 nm?, Lt = 30 pA, Viias= 1.0 V); (b)al:1
mixed solution of Cy-Rh-1 (1.5 x 10 M) and Cp-Rh-2 (1.5 x 10 M) (60 x 60 nm?,
Le=30 pA, Vpias = -1.0 V). (c) Section analysis for the image (a). Histograms of
apparent height of TPP cores: (d) for the image (a); (e) for the image (b).
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By means of the 2-D phase separation method, the apparent height of 1 and 2
was measured. Figure 5a shows an STM image of a mixed solution of Czp-Rh-1 and
C2-Rh-2. Two domains having different lattice parameters of the unit cell were
observed in one STM image. A domain on the bottom-left corner had a lattice spacing
corresponding to that of C3o-2H and another one on the upper-right corner had a similar
spacing of Cy;-2H lattice. These domains correspond to the domains of Czp-Rh-1 and
Cy;2-Rh-2. Histograms of apparent height were separately created for each domain as
shown in Figure 5b and c. Apparent heights were obtained as 4.3 + 0.7 A for C3p-Rh-1
and 2.9 = 0.6 A for C5-Rh-2. Since geometrical molecular heights of C3p-Rh-1 and
Cy2-Rh-2 are the same, the difference in apparent height should originate from the
conductance ratio of two ligands 1 and 2. Summation of these histograms gave a broad
distribution (Figure 5d), which is in good agreement with the distribution of an apparent
height of 1:1 mixture of C»;-Rh-1 and C,,-Rh-2 that has already been shown in Figure
3e.

4 A-

(b)
0 u[\ JLVI A )\ A wit ”I\ r’lm
ﬂ\w%”l‘ﬂdwwww\wwww

C,,-2H zone

C16-2H zone

-4~ I I I I
0 10 20 30 40 nm

Figure 4. An STM image at the 1-phenyloctane-HOPG interface in the constant current
mode: (a) a 3 : 1 mixed solution of Cy-2H (1.2x10° M) and Cz,-2H (4.0x107 M) (50%
50 nm?, Le=30 pA, Viias=-1.0 V). (b) Section analyses of C,-2H (red line) and Cys-2H
(green line) domains. White parallelograms in the STM images show the unit cells.

and 88°. These two parameters are similar to those of C;6-2H and C;;-2H. This result
shows that the 2-D phase separation of C6-2H and C;;-2H occurred at the solid—liquid
interface. Section analysis of each domain shows that there is no significant difference
in the apparent height, suggesting that the length of alkyl side chain does not influence
the apparent height (Figure 4b).
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C,,-Rh-1
20 M 43+07A
* N (N=122)

°7 (b)

25

C,,-Rh-2

015 - Cyo-Rh-1 + Cy,Rh-2

I [ —
1 2 3 4 5 6 7 8
Apparent height / A

Figure 5. (a) An STM image of a 10 : 1 mixed solution of C3-Rh-2 (1.5x10"° M) and
C3-Rh-1 (1.5x107 M) (75%x75 nm?, Le=30 PA, Vbias = -1.0 V) at the 1-octanoic
acid—HOPG interface in the constant current mode. Histograms of apparent height in the
domain of (b) Csp-Rh-1, (c) C2-Rh-2, and (d) both C3p-Rh-1 and C;;-Rh-2. The

contribution in counts from each domain was normalized to 1 : 1 in histogram (d).

According to the two-layer tunnel junction model proposed by Weiss et al.,” the
total conductance (Giota) between an STM tip and a substrate is described by product of
the gap conductance (Ggp = 4 exp(—ad)) and molecular conductance (Gmo = B
exp(—px)), where 4 and B are contact conductances, o and f are decay constants of the
gap and the molecule, d is the gap distance and x is the molecular length. G 1s
constant everywhere, therefore, the conductance ratio (Gmoii/Gmor) 1S given by the
following eqn (1):
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G
Omon _ Zww2 _ 4 oo~y (1)

Gm012 Ggap 1 1

This equation means that the ratio of 4,/4;, decay constant of the gap (a), and difference
in gap distance (d)—d,) give the conductance ratio. The measurement condition is
identical because STM measurement was carried out for structurally similar
phenylpyridines Czp-Rh-1 and C;;-Rh-2 and both molecules were observed in the same
STM image. Therefore, contact-dependent terms A; and A, are assumed to be equal.
Additionally, because x; and x; are the same, the term (d,—d») is equal to the difference
in apparent height Ahsry (Figure 6). Then, eqn (1) is transformed to the following

simple form:

%z expladhsng) ()

This eqn (2) means that decay constant a of the gap and experimentally obtained Aigstv
give the conductance ratio between Cjzp-Rh-1 and Cy-Rh-2. Since the STM

measurement was conducted at the 1-octanoic acid—-HOPG interface, o value of vacuum

mol2

cannot be applied. We adopted the decay constant of a methylene unit (8 = 1.2 A™)
reported by the measurement of a series of alkanethiols as a substitute for 1-octanoic
acid.’ By introducing the measurement result Ahstvy = 1.4 A, the conductance ratio
between C3p-Rh-1 and C2,-Rh-2 is finally obtained to be Gmoi1/Gmoiz = 5.4. Since these
phenylpyridines 1 and 2 are supported by cognate templates, this conductance ratio
originated from the twisting effect of the ligands. This result was compared to the cos”¢
law proposed by Venkataraman et al., in which molecular conductance of
4,4'-diaminobiphenyl is proportional to the cos’¢, where is a dihedral angle.* Dihedral
angles of 1 (27°) and 2 (68°) obtained from X-ray crystallographic analysis give
conductance ratio cos’¢i/cos’d, = 5.7, which is in excellent agreement with
experimentally obtained Guo11/Gmorz = 5.4. This agreement warrants that our method is

applicable to the comparison of molecular conductance.
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Figure 6. Schematic drawing of the two-layer tunnel junction model for the STM

measurement of a mixed solution of C3¢-Rh-1 and C»;-Rh-2.

Conclusion

In conclusion, we have succeeded in developing the 2-D phase separation
technique of TPP templates having different lengths of side chain at a solution—-HOPG
interface. This technique was applied to the determination of the ratio of molecular
conductance between planar and twisted phenylpyridines by comparing apparent height
in the STM image. This technique will be the useful method for the determination of

molecular conductance.

Experimental section

1. Syntheses of the materials.

General. '"H NMR spectra were recorded on a JEOL JMN-A500 instrument. Mass
spectra were obtained by Bruker autoflex III MALDI-TOF mass spectrometer and
Thermo Scientific Exactive mass spectrometer. All reactions were monitored by
thin-layer chromatography carried out on 0.2 mm Merck silica gel plates (60F-254).

Column chromatography was performed on silica gel (Nakarai, 70-230 mesh).
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Scheme 1. General procedure for the syntheses of phenylpyridine-coordinated TPP

rhodium chlorides.
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4-(2,6-Dimethylphenyl)-3-methylpyridine (2).
Tetrakis(triphenylphosphine)Palladium(0) (58 mg, 50 umol),

2,6-dimethylphenylboronic acid (150 mg, 1.00 mmol), 4-bromo-3-methylpyridine'?
(172 mg, 1.00 mmol), and 20 wt% K,COs aqueous solution (4 mL) were mixed in THF
(10 mL). The mixture was refluxed overnight. After cooled to room temperature, the
mixture was extracted by diethyl ether. The organic layer was washed with brine,
dried with Na;SOs4, and concentrated in vacuo after filtration. Purification by column
chromatography (silica, chloroform) and GPC (chloroform) gave
4-(2,6-dimethylphenyl)-3-methylpyridine as a colorless oil (103 mg, 523 pmol, 52%).
ESI HRMS (m/z) [M+H]" caled for C14H¢N: 198.1277; found: 198.1277. 'H NMR
(CDCl3, 500 MHz, TMS) 6 1.94 (s, 6H), 1.98 (s, 3H), 6.99 (d, J =5 Hz, 1H), 7.12-7.13
(m, 2H), 7.19-7.21 (m, 1H), 8.50 (d, J=5 Hz, 1H), 8.55 (s, 1H).
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21,23-Dihidro-5,10,15,20-tetrakis(4-hexadecyloxyphenyl)porphyrin (Ci6-2H)."
MALDI TOF-HRMS (m/z) [M+H]  caled for CjosH;ssN4Oy: 1576.2356; found:
1576.2367. 'H NMR (CDCls, 500 MHz, TMS) & 1.94 (s, 6H), 1.98 (s, 3H), 6.99 (d, J
=5 Hz, 1H), 7.12-7.13 (m, 2H), 7.19-7.21 (m, 1H), 8.50 (d, J = 5 Hz, 1H), 8.55 (s,
1H).

21,23-Dihidro-5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin (C-2H)."
MALDI TOF-HRMS (m/z) [MJrH]+ caled for Ci3Hp07N4O4: 1912.6112; found:
1912.6080. 'H NMR (CD,Cl,, 500 MHz, TMS) & —2.81 (s, 2H), 0.87 (s, 12H),
1.25-1.64 (m, 152H), 1.98 (quint, J = 8 Hz, 8H), 4.26 (t, J =7 Hz, 8H), 7.29 (d, J =9
Hz, 8H), 8.11 (d, /=9 Hz, 8H), 8.89 (s, 8H).

21,23-Dihidro-5,10,15,20-tetrakis(4-triacontyloxyphenyl)porphyrin (C30-2H)."”
MALDI TOF-HRMS (m/z) [M]" caled for C;64H270N404: 2360.1042; found: 2360.1066.
'H NMR (CDCls, 500 MHz, TMS) & —2.75 (s, 2H), 0.87 (t, J = 7 Hz, 12H), 1.20-1.41
(m, 208H), 1.48 (quint, J =7 Hz, 8H), 1.63 (quint, J =7 Hz, 8H), 1.98 (quint, J =7 Hz,
8H), 4.35 (t,J =7 Hz, 8H), 7.26 (d, /=9 Hz, 8H), 8.10 (d, /=9 Hz, 8H), 8.86 (s, 8H).

1-Coordinated 5,10,15,20-tetrakisphenylporphyrin rhodium chloride (Cyp-Rh-1).
Tetracarbonyl-di-p-chlororhodium(I) (32.1 mg, 82.6 pmol) and
5,10,15,20-tetraphenylporphyrin (50.0 mg, 81.3 umol) were dissolved in toluene. The
mixture was refluxed overnight. The solvent was evaporated, and the residue was
purified by column chromatography (chloroform). Red powder of TPP rhodium
chloride (Cy-Rh) was obtained (33.9 mg, 45.1 umol). A part of Cp-Rh (7.7 mg, 10.25
umol) was added to a solution of 4-phenylpyridine (1.7 mg, 11.0 umol) in CHCl; (2
mL). The mixture was stirred for 1 h at 70 °C, and the solvent was evaporated in
vacuo. Purification by column chromatography (silica, chloroform), GPC
(chloroform) and HPLC (dichloromethane) gave Cy-Rh-1 (2.3 mg, 2.54 umol, 25%) as
red powder. ESI-HRMS (m/z) [M+Na]+ calcd for CssH37NsCIRhNa: 928.1685; found:
928.1693. '"H NMR (CDCls, 500 MHz, TMS) & 1.01 (d, J = 6 Hz, 2H), 5.28 (d, J= 6 Hz,
2H), 6.53 (d, J = 8 Hz, 2H), 6.97 (t, J = 8 Hz, 2H), 7.05-7.06 (m, 1H), 7.69—7.77 (m,
12H), 8.12 (d, J = 8 Hz, 4H), 8.33—8.35 (m, 4H), 8.90 (s, 8H).

2-Coordinated 5,10,15,20-tetrakisphenylporphyrin rhodium chloride (Co-Rh-2).
Yield: 19%, red powder. ESI-HRMS (m/z) [MJrNa]+ calcd for CsgHs3NsCIRhNa:
970.2154; found: 970.2184. 'H NMR (CDCl3, 500 MHz, TMS) & 0.43 (s, 3H), 0.76 (s,
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1H), 0.82 (s, 6H), 0.86 (d, J = 6 Hz, 1H), 4.72 (d, J = 6 Hz, 1H), 6.61 (d, J = 8 Hz, 2H),
6.81 (t, J= 8 Hz, 1H), 7.68-7.70 (m, 4H), 7.75-7.77 (m, 8H), 8.03 (d, J = 8 Hz, 4H),
8.37-8.38 (m, 4H), 8.89 (s, 8H).

1-Coordinated 5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin rhodium
chloride (C»;-Rh-1).

Yield: 21%, red powder. MALDI TOF-MS (m/z) [M—C;HoN]" caled for
C13:H204N404CIRh: 2047.462; found: 2047.521.  'H NMR (CDCl3, 500 MHz, TMS) &
0.84 (d, J = 6 Hz, 2H), 0.88 (t, J =7 Hz, 12H), 0.98 (d, J = 6 Hz, 2H), 1.25-1.48 (m,
144H), 1.62 (quint, 7 Hz, 8H), 1.98 (quint, 7 Hz, 8H), 4.24 (t, /=7 Hz, 8H), 5.24 (d, J
=6 Hz, 2H), 6.51 (d, J = 8 Hz, 2H), 6.96 (t, J = 8 Hz, 2H), 7.05 (t, /= 8 Hz, 1H), 7.22
(dd, J; = 8 Hz, J, = 2 Hz, 4H), 7.28—7.29 (m, 4H), 8.02 (dd, J; = 8 Hz, J, = 2 Hz, 4H),
8.22 (dd, J; = 8 Hz, J, =2 Hz, 4H), 8.92 (s, 8H).

2-Coordinated 5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin rhodium
chloride (C»,-Rh-2).

Yield: 29%, red powder. MALDI TOF-MS (m/z) [M—CsHsN]™ caled for
C13:H204N404CIRh: 2047.462; found: 2047.532. 'H NMR (CDCl3, 500 MHz, TMS) &
0.40 (s, 3H), 0.73 (s, 1H), 0.80 (s, 6H), 0.84 (d, J = 6 Hz, 1H), 0.88 (t, /=7 Hz, 12H),
1.25-1.48 (m, 144H), 1.62 (quint, /=7 Hz, 8H), 1.98 (quint, J =7 Hz, 8H), 4.24 (t, J =
7 Hz, 8H), 4.68 (d, J = 6 Hz, 1H), 6.59 (d, J = 8 Hz, 2H), 6.79 (t, J = 8 Hz, 1H), 7.21
(dd, J; = 8 Hz, J,= 2 Hz, 4H), 7.28 (dd, J, = 8 Hz, J,= 2 Hz, 4H), 7.92 (dd, J; = 8 Hz,
Jo=2 Hz, 4H), 8.25 (dd, J, = 8 Hz, J, = 2 Hz, 4H), 8.92 (s, 8H).

1-Coordinated  5,10,15,20-tetrakis(4-triacontyloxyphenyl)porphyrin  rhodium
chloride (C3p-Rh-1).

Yield: 33%, red powder. MALDI TOF-MS (m/z) [M—C;HoN+H]" calcd for
C164Ha60N4O4CIRh: 2496.971; found: 2496.729. 'H NMR (CDCl3, 500 MHz, TMS) &
0.86 (t, 12H), 0.98 (d, /=7 Hz, 2H), 1.25—1.48 (m, 208H), 1.62 (quint, J =7 Hz, 8H),
1.98 (quint, /=7 Hz, 8H), 4.24 (t, /=7 Hz, 8H), 5.24 (d, /=7 Hz, 2H), 6.51 (d, /=8
Hz, 2H), 6.96 (t, /= 8 Hz, 2H), 7.05 (t, /= 8 Hz, 1H), 7.22—7.29 (m, 8H), 8.02 (dd, J, =
8 Hz, J, =2 Hz, 4H), 8.02 (dd, J, = 8 Hz, J,=2 Hz, 4H), 8.86 (s, 8H).
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Figure 7. NMR charts of the synthesized compounds.
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2. STM Measurements.

All STM experiments were performed at room temperature and ambient conditions.
The STM images were acquired with a Digital Instrument Multimode Nanoscope Illa
and obtained at liquid-solid interface. All STM images were acquired in the constant
current mode. The STM tips were electrochemically etched in a CaCl,/HCI aqueous
solution from Pt/Ir (80/20, diameter 0.25 mm) wire. Highly oriented pyrolytic graphite
purchased from the Veeco Metrology Group was used as a substrate. The calibration
of the piezoelectric position was verified by atomic resolution imaging of graphite (x-
and y-directions) and by the height of single steps on the graphite surface (z-direction).
Concentrations of the solution used for STM measurements were checked by absorption

spectroscopy (Absseret = 0.03 to 2.0, light path 4 mm).

3. X-ray Crystallography.

Co-Rh-1 and Cy-Rh-2 were recrystallized from acetone and methanol, respectively,
to give red needles in both cases. X-ray crystallographic analysis was performed using
a Bruker APEX II diffractometer (55 kV, 35 mA) with Mo Ka radiation. The data
were collected as a series of w-scan frames. Data reduction was performed using
SAINT software and the cell constants were calculated by the global refinement.
Absorption correction was performed numerically based on the measured crystal shape.
The structure was solved by direct methods using SHELXS and refined by full
least-squares on F* using SHELXL.'® The positions of all hydrogen atoms were
calculated geometrically and refined by the riding model. CCDC 814313 and 814314
contain the supplementary crystallographic data for Cp-Rh-1 and Cy-Rh-2, respectively.
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4. STM image of Cy6-2H, C2;-2H, and C;o-2H
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Figure 8. STM images at the liquid—HOPG interface in the constant current mode: (a)
Ci6-2H (1-phenyloctane, 25 x 25 nmz, Lt = 30 pA, Viias = —1.0 V); (b) Cx-2H
(1-phenyloctane, 25 x 25 nmz, Iset = 30 pA, Thias = +1.0 V); (c) C3p-2H
(1,2,4-trichlorobenzene, 40 x 40 nmz, Lset = 30 pA, Vijas=—1.0 V).

5. Relationship between carbon atom number of side chain and lattice parameter
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Figure 9. Relationship between the carbon atom number (C,) of side chain and the
lattice parameter a for TPPs Ci6-2H, Ci-2H, C3p-2H, C3-Rh-1, C3-Rh-2, and
C30-Rh-1. Linear fitting of the plot gives the slope of 0.11 nm per carbon atom.
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6. Lattice parameters of unit cell for TPPs

Table 3. Obtained lattice parameters of unit cell.

Chapter 3

compound solvent a/nm  b/nm o/°
Cis-2H

(Figure 8a) phenyloctane 3.1 2.0 83
Cx-2H

(Figure 8b) phenyloctane 4.1 1.9 84
Cs0-2H 1,2.4-trichlorobenzene 4.9 1.7 86

(Figure 8c)

Ci16-2H+C5-2H henvloctane smaller 34 1.8 89
(Figure 4a) pheny larger 4.0 1.6 88
C2-Rh-1 ocatanoic acid 3.9 1.8 71
(Figure 3a)

C2-RB-1+C5-Rh-2 ocatanoic acid 4.2 2.3 82
(Figure 3b)

C30-Rh-1+C2-Rh-2 ocatanoic acid smaller 39 1.7 85
(Figure 5a) larger 4.7 1.7 83
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Chronological Change from Face-On to Edge-On Ordering of Zinc
Tetraphenylporphyrin at Phenyloctane—Highly Oriented Pyrolytic Graphite Interface

Abstract

Self-assembled structure of alkoxy- and N-alkylcarbamoyl- substituted zinc
tetraphenylporphyrin at liquid—-HOPG interface was observed by using scanning
tunneling microscopy. The alkoxy porphyrin showed phase transition from face-on to
edge-on ordering. The phase transition requires the close packed structure of alkoxy
porphyrin. The chronological change of the ordering was traced to show the existence
of several types of Ostwald ripening including two-step phase transition from small
edge-on to face-on furthermore to edge-on orderings. On the other hand, the
N-alkylcarbamoyl porphyrin showed persistent edge-on ordering and the ordering was
analyzed by Moiré¢ pattern. Although the edge-on ordering is observed only in the
non-polar solvent, the orderings have potential application to the charge and energy

transfer.

This work has been presented in Chem. Asian J. 2012, 7, 394-399, essentially in the

same form.
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Introduction

The investigation of the molecular behaviors with molecular resolution is
important for the bottom-up fabrication of molecular electronic device. Molecular
imaging of the 2-dimensional (2-D) structure formed at a solid surface or a liquid-solid
interface provides information on the molecular alignment and the molecular dynamics
with distinguishing individual molecule." Among various imaging methods, scanning
tunneling microscopy (STM) at liquid—-HOPG interface, which visualize self-assembled
monolayer (SAM) of solute molecule at the interface, has been being used widely
because of its very high resolution.” At the liquid-solid interface, adsorbed molecules
on the surface are in equilibrium with the molecules in solution and the formation of the
2-D ordering is a very good model of crystallization. By real-time STM observation at
the liquid-solid interface, dynamic behaviors of individual molecules can be accessed:
Otsuki et al. reported dynamic rotation of double-decker porphyrins,” De Feyter et al.
reported conformational dynamics of six-legged molecules,* Fichou et al. reported
phase transition of the alkylated hexabenzocoronene on the n-pentacontane template,’
and Flynn et al. reported frustrated Ostwald ripening of 2-D chiral reorientation of
racemic compounds.’ Ostwald ripening, which is defined as the growth of the larger
domains at the expense of dissolving smaller domains, is considered as intrinsic
phenomenon observed in the 2-D structure at the interface and the detailed study with

molecular resolution is possible by using STM.’

In terms of molecular electronics, porphyrin molecules have potential
application to the molecular wire and photovoltaic cell because of their high
conductance in molecular wire® and high carrier mobility in 1-D aggregates.’
Alkyl-substituted tetraphenylporphyrin (TPP) is known to form physisorbed 2-D
structure at liquid—-HOPG interface and the supramolecular architectures of TPP have
been analyzed by STM.'®  The type of adsorption is classified into face-on (porphyrin
is parallel to the interface) and edge-on (porphyrin is perpendicular to the interface)
manners. Since metal porphyrins in face-on manner can have the axial ligand on the
metal surface, they are applicable to the conductance measurement by STM.'
Although edge-on ordering is often associated with columnar stacking and has the
potential application to electron and exciton transport,' there are only a few reports on

3

the edge-on orderings.”” Up to now, best strategies for the construction of edge-on

orderings of simple TPPs are to use the n-n stacking of metalloporphyrin and hydrogen

b

bond between the side chains.””® In some cases, phase transition from the face-on to

the edge-on ordering was observed.”*® By taking advantage of STM method, in
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principle, the phase transition can be traced with distinguishing individual molecule.

Herein, we report on the chronological change of the ordering of
alkoxy-substituted zinc TPPs at 1-phenyloctane—-HOPG interface by using STM.
Real-time observation of such transition helps us to understand the mechanism of the
transition.'* Formation of the densely stacked edge-on ordering of
alkylcarbamoyl-substituted zinc TPPs on the HOPG is also reported.

Results and Discussion
Synthesis

Docosyloxy-substituted TPP (C,,0-2H) and the corresponding zinc complex
(C220-Zn) and N-hexadecylcarbamoyl-substituted TPP (Cj6A-2H) and the
corresponding zinc complex (Ci6A-Zn) were synthesized (Scheme 1). For the
synthesis of C»,0-2H, Williamson method was applied and for the synthesis of
Ci16A-2H, DCC coupling was used. The detail of the synthetic procedure is described
in Supporting Information. Long alkyl chains assist the molecules to form the SAMs
due to the van der Waals interaction between alkyl chains and HOPG substrate.'® The
characterization of the synthesized compounds was carried out by 'H NMR

spectroscopy and mass spectrometry.

Scheme 1. Synthesis of porphyrins.

K,COs
C22HasBr
DMF/CHCl;
60%
Zn(AcO), 2H>0 C220-2H (R = n-Cy5Hy5, M = 2H)
CHCl3 C2,0-Zn (R = n-CooHys, M = Zn
54% 22 ( 22Has, )
RHNOC
DCC, HOB, =
C1gH33NH; @ =5CONHR
NEts, CHCl; RHNOCHZ -
10% CONHR
Zn(AcO),- 2H,0 C16A-2H (R = n-C4gH33, M = 2H)
CHC|3 C1GA-Zn (R = n_C16H33, M= Zn)

67%
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STM Measurement of Alkoxy Porphyrin

2-D self-assembled structures of C;,0-2H and C;0-Zn were analyzed by
STM at the liquid-HOPG interface. As shown in Figure la, C;,0-2H formed 2-D
ordering at the 1-phenyloctane—-HOPG interface. Docosyloxy chains are interdigitated
in dark stripes, and central TPP cores are located in a face-on manner to HOPG
substrate. The lattice parameters of the unit cell a x b and a were 4.1 £ 0.2 nm x 1.9 +
0.2 nm and 84°."> 1In the case of zinc complex C5,0-Zn, although a face-on structure
was observed in the beginning, the structure started to show a chronological change.
Just after dropping a solution of C;,0-Zn onto a HOPG substrate, face-on ordering was
observed as shown in Figure 1c. The lattice parameters were determined to be 2.9 +
0.2 nm x 2.3 £ 0.2 nm and 72°. This lattice is smaller than that observed for C,,0-2H,
indicating Cy;-Zn are close packed in this lattice. The reduction of the lattice size
would derive from the dissolution of alkyl chains into solution. As time goes by, the
face-on ordering transformed to the edge-on herringbone ordering (5.2 nm %X 0.61 nm
and 82°) as shown in Figure 1d. When C»0-Zn was mixed with the excess of
pyridine in situ, which binds to Zn (K = 2.4 x 10° M), only face-on ordering was
observed (Figure 1b).'"® Each TPPs had a bright spot derived from pyridine ligand at
the center of the TPP ring. Axial coordinated pyridine would inhibit the phase transition

to the edge-on ordering.'**

Details of the edge-on structure were analyzed by high resolution STM image
shown in Figure le. Each C,,0-Zn is represented by edge-on TPP core and dark and
bright side chains in the herringbone structures. Intracolumnar TPP distance was 0.61
nm, which enable us to estimate the tilt angle normal to the porphyrin plane to be 33° by
assuming 7-mt stacking distance of 0.34 nm (Figure 1g). By analyzing HOPG
orientation with increased current and decreased bias voltage (Iset = 50 pA, Viias = —10
mV), the dark chains are found to be aligned along <1-210> direction. Difference of
the contrast was due to the orientation of HOPG substrate underneath adsorbed
molecules.'” Top view of the molecular model is shown in Figure 1f. These bright and
dark chains are not symmetric to TPP ring with angles of 140° and 123°, but they are
symmetric to 1-D columnar direction with angle of 41 £ 1°. The leftmost column of
four in Figure le is in inverse direction from other columns. The contrast of side
chains in the leftmost column is enhanced, that is, bright chains are brighter and dark
chains are darker than those in right columns. The contrast must be derived from the
difference in geometric height of side chains. Moreover the left phenyl ring of TPP in
the leftmost column was brightest of all the TPP cores (Figure 1e). This result
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Q) Side view (columnar aspect)  h) P =\/
0.61nm eost
- R
33’ HOPG YT AL AA AA
.y 110nm AT TATAY AR
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~. # Side view (columnar face)
28°] Eefedefefodofefefedededod
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Figure 1. (a) STM image of C»0-2H (35 x 35 nm?, Iy = 30 pA, Vpies = +1.0 V); (b)
C2,0-Zn (1 x 10° M, 7 pL) containing 2 pL of pyridine (35 x 35 nm?, I = 30 pA,
Viias = —1.0 'V, molar ratio of [C3,0-Zn-pyridine] / [C220-Zn] in solution is calculated
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to be 8.5 x 10%); (¢) C5,0-Zn 100 min after dropping a solution onto the surface (40 x
40 nm?, Lt = 30 pA, Viies = —1.0 V, 1 x 10”° M); (d) 250 min after dropping (50 x 50
nmz, Let = 30 pA, Vpias=—1.0 V, 1 X 10° M); (e) C2,0-Zn with molecular models (20 x
20 nm?, L = 30 pA, Viias = —1.0 V). (f) Top view, (g) side view and (h) schematic
illustration of C;,0-Zn in the herringbone structure. Four docosyloxy chains are
omitted from the side view for clarity. White parallelograms in the images show the
unit cells and white double-headed arrows show the <1-210> direction of HOPG.
STM image were taken at the 1-phenyloctane—-HOPG interface in the constant current

mode.

suggests that all the TPP cores were leaned to the right as shown in Figure 1g. This is
the reason why the difference in the contrast of side chains between upward and
downward columns was observed. TPP core part had the width of 1.10 nm which is
shorter than the nearest O-O distance (1.26 nm) in a TPP determined by X-ray
crystallographic analysis,'® indicating that the tilt angle parallel to the TPP plane is 28°
as shown in Figure 1g. Figure lh shows the schematic illustration of wide-scale
herringbone ordering. Upward and downward 1-D columns which marked as + and —
are randomly blended in the domain. When the orderings with + and — directions have
the same structure, the tilt angle parallel to the TPP will be opposite depending on the
direction, but the ordering in Figure 1e shows that all the TPP rings were monotonously

leaned to one direction. It means that each column strongly interacts with ambilateral

Structure of the 2-D ordering was investigated for the samples with different
concentrations (Figure 2). Lower concentration solution yielded faulty ordering and
higher concentration solution yielded a multilayer which was composed of face-on
orderings stacked each other with various directions. In both cases, lattice parameters
were similar to C;;0-2H in Figure la rather than C;,0-Zn in Figure 1c (Table 1).
These orderings are considered to be the polymorph of that observed in Figure Ic. No
phase transition occurred from these orderings. This result indicates that there is an
optimal concentration to have close packed structure' and formation of the close
packed face-on ordering would play a key role for the phase transition from face-on to

edge-on ordering.
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Figure 2. STM images of C»0-Zn at the 1-phenyloctane—HOPG interface: (a) low
concentration solution (80 x 80 nmz, Lt = 30 pA, Vpias=—1.0 V, 1 X 10° M); (b) high
concentration solution (80 x 80 nmz, Lt =30 pA, Vipias=—1.0V, 5 X 10 M).

Observation of Phase Transition

To analyze the phase transition process from the face-on to the edge-on
ordering, chronological change of the wide-scale STM image of C,0-Zn was traced
(Figure 3). At 120 minutes after dropping a solution onto the substrate, domains of the
edge-on, the face-on, and the complicated orderings were observed. White, red, and
blue lines in Figure 3a show some of the domain boundaries. The dashed lines in
Figure 3b-e indicate the corresponding areas of the initial domains and the change of the
ordering in these areas was traced. The position of the domain boundary was
calibrated by the edge-structure of the HOPG substrate indicated by the black arrow at

the bottom left corner.

At first, we focus on the close packed face-on ordering surrounded by blue line
in Figure 3a. The domain changed to edge-on ordering after 18 minutes (see Figures
3aand 3c). Interestingly, the configuration of the edge-on ordering was completely the
same as the one of upper edge-on ordering in Figure 3b. This phase transition is
interpreted as 2-D Ostwald ripening at the domain boundary, that is, larger domains
grow at the expense of dissolving smaller islands.*’ This result shows that 2-D
Ostwald ripening to edge-on ordering occurs even if the initial ordering was face-on

ordering.
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Secondly, we focus on another domain surrounded by red line. This red
domain was initially edge-on ordering with different direction from the neighboring
edge-on domains (Figure 3a). After 9 minutes, the domain changed to the face-on
ordering at the upper part (indicated by A) and to the edge-on ordering at the lower part
(see Figure 3b). This phenomenon means the reversal phase transition from edge-on
ordering to face-on ordering occurred. The initial edge-on ordering was surrounded by
the larger edge-on and face-on orderings. This is also considered as 2-D Ostwald
ripening controlled by the neighboring structure. As time goes by, the new face-on
ordering faded out and merged to the edge-on ordering. This result shows the edge-on
ordering had higher stability than the face-on ordering. The observed face-on ordering

is an intermediate state and this phenomenon is a two-step Ostwald ripening.

Thirdly, we focus on the overall structure and domain boundaries. By simply
comparing Figure 3a with 3e, many fragmented domains are found to be merged into
the widespread one-directional edge-on orderings, although the face-on ordering at the
upper-right corner was unchanged. Close examination reveals that there are two kinds
of domain boundaries in the final large one-directional edge-on ordering: one is across
the 1-D columnar direction indicated as B by black double headed arrow and the other
along 1-D columnar direction indicated as C by white rectangle (Figure 3f).%°
Real-time observation revealed the movement of the boundaries. The position of the
boundary B is found to have moved to lower direction when Figures 3c-e are compared.
This result suggests that 2-D Ostwald ripening occurs also between the edge-on
orderings of same direction. Boundary C was firstly observed in Figure 3b, which
extended to lower direction in Figure 3c. This result suggests that boundary C

between two edge-on domains grows with keeping its structure.

Overall, real-time observation of the phase transition behavior revealed that
large one-directional edge-on orderings are formed by various phase transitions such as
from face-on to edge-on orderings, from edge-on to edge-on orderings with and without
changing the direction accompanied by elongation and shift of the boundaries.
Especially, two-step phase transition behavior from small edge-on to face-on
furthermore to most stable edge-on orderings clearly shows that phase transitions of
both directions between face-on and edge-on orderings follow the Ostwald ripening

rule.
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Figure 3. Chronological change of STM images of C,0-Zn in the constant current
mode at the 1-phenyloctane—HOPG interface (200 x 200 nmz, Lt = 30 pA, Vpias =—1.0
V): (a) 120 min after dropping a solution onto the surface, (b) 129 min, (c) 138 min, (d)
146 min, (e) 155 min. (f) Expanded image of the boundary orderings among edge-on

orderings (55 x 55 nm?). Blue bars show the boundary orderings C and red bars show
the edge-on orderings.
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STM Measurement of N-Alkylcarbamoyl Porphyrin

For the construction of persistent edge-on orderings, intermolecular interaction
needs to be enhanced. Zinc TPP having four N-alkylcarbamoyl groups (Ci6A-Zn) is
expected to have much higher intermolecular stacking assisted by hydrogen bonding®'
and was synthesized (Scheme 1). STM images of CjsA-Zn were observed several
different conditions. When the cast film from chloroform solution is immersed in
phenyloctane, a strongly stacked edge-on ordering was reproducibly produced as shown
in Figure 4a. The lattice parameters were 4.8 £ 0.2 nm x 0.37 £0.01 nm and 88°.

By close examination, Figure 4a clearly shows the periodic Moiré pattern
marked by white arrows which evidences that the ordering interferences with the HOPG
underneath.”  Since the TPP and side chains are along the direction of <1-210> and
columnar direction along to <1-100>, Moiré¢ distance (Tmoirc = 2.48 nm) provides the
precise intermolecular distance (73,0 = 0.364 nm) with very high accuracy according to

the following equation 1.

T, :( Thore * Toire j (1)

TMoiré * THOPG

The intermolecular distance enables us to estimate the tilt angle normal to the
porphyrin plane to be 69° by assuming ©-n stacking distance of 0.34 nm (Figure 4b).
Unlike edge-on ordering of C»,0-Zn, no special boundary was found in this edge-on
ordering. After an addition of pyridine in situ, columnar structure of Ci6A-Zn was
persistent over several hours (Figure 4¢), but when the pyridine was mixed ex situ into
the self-assembled aggregates, only face-on orderings were observed (Figure 4d).
These results show the columnar C;6A-Zn had the strong intermolecular stacking and
strong adsorption onto HOPG substrate. Because it is easy to destruct the amide
hydrogen bonding by polar solvent, an STM image was observed at the 1-octanoic
acid-HOPG interface (Figure 4e). Ci6A-Zn formed face-on orderings with lattice
parameters of 3.4 nm x 1.8 nm and 81°. This ordering is similar to the reported
structure of amide TPPs at the 1-heptanol-HOPG interface.’

ordering has a columnar stacking that is applicable to electron and exciton transport.

The observed edge-on
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b)

Figure 4. STM images of Cj6A-Zn at the 1-phenyloctane-HOPG interface in the
constant current mode with molecular models. (a) Cast film (50 x 50 nm?, I = 20 pA,
Viias = —1.0 V):  white double-headed arrows show the <1-210> direction of HOPG.
(b) Molecular models: side view of Ci6A-Zn on HOPG. Four hexadecyloxy chains
are omitted for clarity. (c) Solution containing aggregates: pyridine (10 pL) was added
in situ (23 x 8 nmz, Liet = 20 pA, Viias = —1.3 V). (d) Solution containing aggregates
with 10 pL of pyridine. Pyridine was added ex situ (50 x 50 nmz, Let = 20 pA, Viias =
—1.2 V). (e) Image taken at the 1-octanoic acid—HOPG interface (30 x 30 nm?, I = 30
PA, Viias =—1.0 V).

Conclusions
We investigated the self-assembled structure of alkoxy- and

N-alkylcarbamoyl-substituted zinc tetraphenylporphyrin at the solid—liquid interface by
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using STM. The alkoxy porphyrin showed phase transition from face-on to edge-on
orderings. The phase transition requires the close packed structure of alkoxy
porphyrin. Chronological change revealed several types of Ostwald ripening including
two-step phase transition from small edge-on to face-on furthermore to large edge-on
orderings. By changing the side chain to N-alkylcarbamoyl groups, persistent edge-on
orderings were constructed. The edge-on structure had the Moiré patterns by the
interference with HOPG underneath. Although the edge-on ordering is observed only
in the non-polar solvent, the orderings have potential application to the charge and

energy transfer.

Table 1. Lattice parameters of the unit cell for TPPs at the 1-phenyloctane—-HOPG

interface.
Molecular Area

C/mol _ lattice parameter 5

sample L ordering /nm
a/nm b/nm o/°

C»nO0-2H 1x10° face-on 4.1 19 84 7.7
C»0-Zn 5x10* face-on 3.9 19 84 7.4
C»0-Zn 1x10° face-on 29 23 72 6.3
C»0-Zn 1x10° edge-on 52 0.61 82 3.1
C»nO-Zn™ 1x10° face-on 42 22 8l 9.6
C»n0-Zn 1x10° face-on 3.9 19 83 7.4
Ci6A-Zn 1x10° edge-on 4.8 0.37 88 1.8
Ci6A-Zn™ 1x10° face-on 3.2 2.0 79 6.3
CiA-Zn™ 1x10° face-on 3.4 1.8 8l 6.0

[a] with pyridine. [b] measured at the 1-octanoic acid—-HOPG interface.
columns. During the phase transition from face-on to edge-on monolayer, 2-D density

became doubled as summarized in Table 1.

Experimental Section
1. General.

All STM experiments were performed at room temperature and ambient
conditions. The STM images were acquired with a Digital Instrument Multimode
Nanoscope IIla and obtained at liquid-solid interface. All STM images were acquired
in the constant current mode. The STM tips were electrochemically etched in a
CaCly/HCI aqueous solution from Pt/Ir (80/20, diameter 0.25 mm) wire. Highly
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oriented pyrolytic graphite purchased from the Veeco Metrology Group was used as a
substrate. Concentrations of the solution used for STM measurements were checked
by absorption spectroscopy. Solutions of C,,0-2H and C»,0-Zn in 1-phenyloctane
and a solution of C;6A-Zn in 1-octanoic acid for the STM measurements were prepared
by mixing into the solvent with heating. Cast film of C16A-Zn was prepared by drop
casting from chloroform solution onto HOPG, and 1-phenyloctane was added to obtain
a clear STM image after the evaporation of chloroform. The aggregate of Ci6A-Zn in
1-phenyloctane was prepared by rapid injection of concentrated chloroform solution (10
uL) into 1-phenyloctane (3 mL) and shaking. Formation of the aggregate was confirmed
by absorption spectroscopy as shown in Supporting Information. The synthesis and

characterization of the compounds are described below.

2. Syntheses of the materials

'H NMR spectra were recorded on a JEOL JMN-A500 and a JEOL JMN-A400
instrument. Mass spectra were obtained by Bruker autoflex III MALDI-TOF mass
spectrometer and Thermo Scientific Exactive mass spectrometer. All reactions were
monitored by thin-layer chromatography carried out on 0.2 mm Merck silica gel plates
(60F-254). Column chromatography was performed on silica gel (Nakarai, 70-230

mesh).

21,23-Dihidro-5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin (C»,0-2H)."”

1-Bromodocosane (696 mg, 1.79 mmol), K2CO3 (611 mg, 4.42 mmol) were
added to a solution of 5,10,15,20-tetra(4-hydroxyphenyl)porphyrin (114.3 mg, 168
umol) in dry DMF (20 mL). The solution was refluxed overnight. The DMF was
evaporated in vacuo and chloroform was added to the crude. After refluxing overnight,
the mixture was cooled to RT, filtrated and concentrated in vacuo. Purification by
column chromatography (chloroform) gave C,,0-2H (193 mg, 101 umol, 60%) as a
purple powder. MALDI TOF-HRMS (m/z) [MJrH]+ calcd for Ci32H»07N4Oy4:
1912.6112; found: 1912.6080. 'H NMR (CD,Cl,, 500 MHz, TMS) & —2.81 (s, 2H),
0.87 (s, 12H), 1.25-1.64 (m, 152H), 1.98 (quint, J = 8 Hz, 8H), 4.26 (t, J =7 Hz, 8H),
7.29 (d, J=9 Hz, 8H), 8.11 (d, /=9 Hz, 8H), 8.89 (s, 8H).

Zinc 5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin (C,,0-Zn).
To a solution of C5,0-2H (59 mg, 30.8 umol) in chloroform (20 mL) was
added a solution of zinc acetate dihydrate (67.7 mg, 308 pmol) in methanol (2 mL).

The mixture was refluxed for 1 h. After cooled to room temperature, the solvent was
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removed under reduced pressure. After washed by methanol, the crude was purified
by column chromatography (silica, chloroform) to yield zinc
5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin (32.6 mg, 16.5 umol, 54%) as a
purple powder. ESI TOF-HRMS (m/z) [M]+ caled for Ci32Hp04N4O4Zn: 1973.5174;
found: 1973.5203. 'H NMR (CDCls, 400 MHz, TMS) & 0.87 (t, J = 7 Hz, 12H),
1.25-1.52 (m, 144H), 1.63 (quint, J =7 Hz, 8H), 1.99 (quint, J =7 Hz, 8H), 4.26 (t, J =
7 Hz, 8H), 7.27 (d, J=9 Hz, 8H), 8.11 (d, J =9 Hz, 8H), 8.97 (s, 8H).

21,23-Dihidro-5,10,15,20-tetrakis(4-(N-hexadecylcarbamoyl)phenyl)porphyrin(Cie
A-2H).

To a solution of 21,23-dihidro-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
(100 mg, 126 pmol) and triethylamine (1.0 mL) in chloroform (30 mL) was added
I-hexadecylamine (243 mg, 1.01 mmol) N,N'-dicyclohexylcarbodiimide (DCC) (208
mg, 1.01 mmol), 1,2,3-benzotriazole-1-ol (HOBt) (137 mg, 1.01 mmol). The mixture
was stirred for 48h at room temperature. After a filtration, the resulting solution was
evaporated under reduced pressure. The crude was purified by column
chromatography (silica, chloroform mixed with 3% triethylamine) to yield
21,23-dihidro-5,10,15,20-tetrakis(4-(N-hexadecylcarbamoyl)phenyl)porphyrin (22.0 mg,
13.1 pmol, 10%) as a purple powder. MALDI TOF-HRMS (m/z) [M+H]" calcd for
C112H163N504: 1684.2792; found: 1684.2776. 'H NMR (CDCls, 500 MHz, TMS) &
—2.83 (s, 2H), 0.87 (t, J=7 Hz, 12H), 1.25-1.53 (m, 106H), 1.76 (quint, J = 7 Hz, 8H),
3.64 (q,J =7 Hz, 8H), 6.42 (t, J = 6 Hz, 4H), 8.16 (d, J = 8 Hz, 8H), 8.28 (d, J = 8 Hz,
8H), 8.82 (s, 8H).

Zinc 5,10,15,20-tetraksi(4-(N-hexadecylcarbamoyl)phenyl)porphyrin (C;cA-Zn).

To a solution of 5,10,15,20-tetrakis(4-(N-hexadecylcarbamoyl)phenyl)
porphyrin (10.0 mg, 5.94 umol) in chloroform (20 mL) was added a solution of zinc
acetate dihydrate (13.0 mg, 59.4 umol) in methanol (1 mL). The mixture was refluxed
for 1h. After cooled to room temperature, the solvent was removed under reduced
pressure. The crude was reprecipitated with methanol to yield zinc
5,10,15,20-tetrakis(4-(N-hexadecylcarbamoyl)phenyl)porphyrin (7.0 mg, 4.01 pmol,
67%) as a purple powder. MALDI TOF-MS (m/z) [M]+ calcd for Ci12H 0NgOsZn:
1745.1849; found: 1745.1838. 'H NMR (CDCls, 500 MHz, TMS) & 0.87 (t, J =7 Hz,
12H), 1.25-1.51 (m, 106H), 1.73 (quint, J =7 Hz, 8H), 3.58 (q, J =7 Hz, 8H), 6.41 (t,J
=6 Hz, 4H), 8.09 (d, /=8 Hz, 8H), 8.27 (d, /= 8 Hz, 8H), 8.91 (s, 8H).
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3. Benesi-Hildebrand plot for C;,0-Zn with pyridine
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0.0 == T T T 0 _ll T T T T T T
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Figure 5. (a) Absorption spectral changes of C5,0-Zn (4.2 x 10 M) with an addition
of pyridine in toluene, (b) Benesi-Hildebrand plot. The slope gives the binding
constant between C»,0-Zn and pyridine (K = 2.4 x 10° M'l).

4. Preparation of C;,A-Zn aggregates in phenyloctane

Ci16A-Zn cannot dissolve into 1-phenyloctane. Aggregates of Ci6A-Zn were
prepared by rapid injection of chloroform solution of Ci6A-Zn into phenyloctane.
Formation of the aggregates was confirmed by absorption spectrum as shown in Figure
6. Soret band showed blue shift from 426 nm in chloroform to 403 nm in
I-phenyloctane. This blue shift indicates the formation of H-type aggregates. With an
addition of pyridine (10 pL), soret band was divided into two peaks at 403 nm and 441
nm. Peak at 441 nm is longer than monomer absorption band of CjsA-Zn, which

indicates the formation of complex with pyridine.

0.6 80x10°
[0} 0.5 (a) C16A-Zn o) (b) — C,¢A-Zn aggregate
Q in chloroform 8 60 — After an addition of pyridine (10 pL)
% 0.4 _g in 1-phenyloctane
g 0.3 5 40
D D
9 0.2 o]
< <C 20
0.1
0.0 T T T T T 0 T T T T T
300 400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 6. Absorption spectra of C16A-Zn: (a) in chloroform; (b) in 1-phenyloctane.
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5. STM images of C16A-Zn aggregates at the 1-phenyloctane-HOPG interface.

Figure 7. An STM image of CicA-Zn aggregates at the 1-phenyloctane—-HOPG
interface (60 x 60 nm?, Iyt = 30 pA, Viiss = —1.0 V).

6. Calculation of the angular intervals among columnar herringbone structures

In general, when one-dimensional (1-D) columnar direction and <1-210>
direction of HOPG are tilted by certain angle of 6, the periodic angular interval becomes
60° which is derived from Cs symmetry of HOPG. When the columnar structure has a
chiral isomer, the columnar direction and <1-210> direction are tilted by angle of +6.
Therefore, the angles between the columnar directions become 60n° and 60n° + 26 as
shown in Figure S4a. Even when the achiral molecule is used, adsorption-induced
two-dimensional (2-D) chirality needs to be taken into consideration. In our case,
when 6= 17° is assumed, the calculated angles are 34°, 60° and 94°, which is in good
agreement with the observed angles of 33°, 58°, and 94°. 2-D chirality of the column

was revealed by analyzing the consecutive angular intervals.
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@ e b)

120°-20

Figure 8. (a) General angular intervals among 1-D columnar direction tilted by certain
angle of 6 to <1-210> direction of HOPG. Purple and yellow double-headed arrows
show the columnar directions. Both arrows are in chiral relationship. (b) An angular
interval between columnar direction of the herringbone structure and <1-210> direction
of HOPG.

7. Analysis of Moiré patterns

Moiré pattern was observed for Cj6A-Zn in Figure 4. Moiré pattern was
derived by the interference of two periodic waves which have close pitches. Given
two pitches 77 and T3, the pattern is represented as 4; = cos(2n x/77) and A, = cos(2w
x/T7). The sum becomes

Ay + Ay = cos(27-5) + cos(27-5) = 2 cos(mr(—= — ) cos(m(—=+ 1)) (S1)
T ) L T L T

where T and T, are the pitches of the original waves. Therefore, the pitch of the new

wave is following:

R | DU IO ZL(L+LJ S2)
Tami 2|11 T Tame 2\ T,
that is,
T, T T, T
T,.1=2—2_ and T. =2 12 S3
suml |TI—T2| sum2 T]+T2 ( )
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Since the Moiré pattern is observed as longer pitch than the original pitches, second
equation of Tymp can be ignored. The observed interval between peaks is a half of the
pitch. Therefore, the Moiré distance Tyire can be expressed as follows:
ThopG * Timol
Tvoie =177 (84
T HOPG ™ T, m01|
where Tyopg and Ty, are the pitches of the HOPG and adsorbed molecules.

Intermolecular distance Ty, 1S thus calculated to be

T T, .
Tmol — (THOPG—i— TM01re j (SS)
Moiré — * HOPG

Although this equation means that Moiré patterns give two possible intermolecular

distances, they are easily distiguished by experimental data.

In the case of Ci6A-Zn, Moiré patterns were along the <1-100> direction of
HOPG underneath. By substitution of pitch of HOPG (7hopg = 0.426 nm) and Moiré
distance (Tmoire = 2.48 nm) to above equation, Ty, 1s calculated to be 0.364 nm and
0.514 nm. STM image in Figure 4a shows the approximate intermolecular distance of
0.36 nm. Therefore, intermolecular distance of Cy¢A-Zn was determined to be 0.364

nm.
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Preparation of Metastable 2-D Ordering of Diarylethene by Light at the 1-Octanoic
Acid-HOPG Interface

Abstract

Photoinduced change of the molecular ordering of photochromic diarylethenes
possessing hydrogen bonding was studied by STM at octanoic acid-HOPG interface.
Upon UV irradiation, new ordering was observed which is different not only from the
ordering of the open-ring isomer but also from the ordering prepared from pure
closed-ring isomer. The observed photoinduced ordering change is supposed to be not
the result of adsorption-desorption process, but to originate from the photochromic

reaction at the interface.
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Introduction

Supramolecular organization on the two-dimensional (2-D) surface is the
subject of intensive research because it potentially allows the formation of functional
surfaces, including the development of prototypes of future molecule-based electronic
devices.! One of the main challenges is the realization of stimuli-controllable highly
organized supramolecular nanostructures. Hecht, Grill et al. and Crommie et al. reported
the observation of isomerization of individual azobenzene molecules on surface by
scanning tunneling spectroscopy (STM) in ultrahigh vacuum condition.” Meanwhile,
STM observation of self-assembled monolayer (SAM) at the liquid-solid interface is
also a powerful technique to visualize individual molecules.’ By real-time STM analysis
dynamic behaviors of individual molecules, such as Ostwald ripening and phase
transition, can be accessed. Two-dimensional orderings are reported to change by
solvent polarities’ and chiralities,® heating,” concentration,® co-adsorption of
molecules,” and photoirradiation.'” However, all the reported ordering changes at the
liquid-solid interface are originating from the replacement of ordering by
adsorption-desorption equilibrium between the molecules at interface and the molecules

in the solution phase.

To realize the stimuli-controllable 2-D ordering, the molecule should stay in the
ordering even after the transformation. However, in general, molecular structural change
makes the initial packing unstable. For example, the reported photoinduced 2-D
ordering change of SAMs of azobenzene'' and diarylethene'” at the liquid-solid
interface were explained by replacement of the initial ordering with the photogenerated
molecules. Here, we intended to construct photo-controllable stable 2-D ordering made
of photochromic diarylethene. For stabilization, a hydrogen-bonding amide group was
introduced nearby the photochromic core in addition to the long alkyl chain. Amide
group has been widely used for the self-assembled structure'® and also is currently
attracting interest because of its cooperative behavior.'* We report here 2-D structural
ordering change to the metastable phase which is only observed upon photoirradiation.
The ordering observed upon photoirradiation is different from either the ordering of the

initial open-ring isomer or the ordering of isolated closed-ring isomer.

Results and Discussion
Molecular design and Synthesis

For the observation of photochromic reaction on the graphite surface, high
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quantum yield for the cyclization reaction is required. Therefore, for the backbone,
1,2-bis(2-methyl-5-phenyl)hexafluorocyclopentene was chosen because of high
cyclization quantum yield (®oc = 0.55)."° N-hexadecylcarbamoyl chain was attached to
each end of 1 in order to stabilize the diarylethenes on the graphite surface (Scheme 1).

Diarylethene 1 was synthesized via Suzuki coupling reaction (Scheme 2).

Scheme 1. Photochromism of diarylethene 1.

UV-vis. spectroscopy

The open-ring isomer 1o and the closed-ring isomer 1¢ were separated by the
HPLC. Photochromic properties were investigated by UV-vis. spectroscopy. In ethyl
acetate and in octanoic acid, 1 showed reversible photochromism upon irradiation with
UV (365 nm) and visible light (A > 460 nm). After the separation of 1¢ by HPLC in the
dark condition, absorption spectra were measured in ethyl acetate and 1-octanoic acid
(Figure 1). Then, visible light (A > 460 nm) was irradiated to these solutions to
isomerize from 1c¢ to 1o. After recording the spectra of 1o, UV light of 365 nm was

irradiated again to these solutions (Figure 1). The conversion to 1¢ was evaluated by

0.4 1.0

In ethyl acetate In 1-octanoic acid
(a) —1c 0.8 (b) —1c
g 037 - — PSS o - — PSS
§02 — 1o §0.6— — 1oo
s Conversion 96% 5 0.4 Conversion 95%
(/2] %) . z =
Q Q
< 0.1 < 9o
_ N\
00—+ T T ] ] 1 0.0 [ T T T T
300 400 500 600 700 800 400 500 600 700
Wavelength / nm Wavelength / nm

Figure 1. Absorption spectra of 1 (a) in ethyl acetate and (b) in 1-octanoic acid. Red and
blue lines show the spectra of 1¢ and 1o, respectively. Dashed black lines show the

spectra of photostationary state upon UV (365 nm) irradiation.

83



Chapter 5

comparing the absorbance in the visible region after reaching photostationary state
(PSS) to that of initial 1¢ solution. Both two solutions had high conversion of 96% in
ethyl acetate and 95% in 1-octanoic acid at the PSS (365 nm).

STM measurement of 10 and 1c

SAMs of 1 was analyzed by STM at the 1-octanoic acid-HOPG interface in the
constant current mode. 1o formed SAM of characteristic stripe structure (ordering a,
Figure 2a). Molecular model is also shown in Figure 2a. Two bright yellow lines are
derived from the columnar aggregates of the dimer of 1lo. Neighboring two 1o
molecules lie in the up-side-down configuration. They are stabilized by the
interdigitation of hexadecyl chains and hydrogen bonding of amide groups. One of
N-hexadecylcarbamoyl chains is not adsorbed on the graphite surface but dissolved in
octanoic acid solution or adsorbed on the neighboring diarylethene. Figure 2b shows the
STM image of 1¢ at the 1-octanoic acid-HOPG interface, which is different from that of
1o (ordering ). Each 1c stacked to form columnar structure and two hexadecyl chains
crossovered with the angle of 43°. The average domain size of ordering f is relatively
larger (> 4 x 10* nm?) than that of ordering o (4 x 10° nm?). The ordering of 1¢ is more
stabilized than that of 1o.

Figure 2. STM images of (a) 1o (ordering o) (20 x 20 nmz, Lt = 60 pA, Vhias=-1.0V, a
= 5.8 nm, b = 0.90 nm, o = 86°, S, = 2.6 nm*/molecule), (b) 1c (ordering B) (30 x 30
nm’, I = 30 pA, Viis = -1.0 V, @ = 5.1 nm, b = 0.53 nm, o = 75°, Sp = 2.6
nm?*/molecule) at the 1-octanoic acid-HOPG interface with molecular models. One of

alkyl chains, which is dissolved into solution phase, was omitted from Figure 2a.

84



Chapter 5

In the case that the mixture of 1o and l¢ was used, when the 1e¢ ratio (f.),
namely fi. = [1¢]/([10]+[1c]), was smaller than 0.42, the observed ordering is only o
and when 1c¢ ratio was larger than 0.42 the observed ordering is only [ (Figure 3). This

means that ordering 3 is more preferentially formed than ordering o to some extent.

Steep change at the turning point suggests cooperative behavior.

(b) £, =0.48

-
—f— /}
b defect

02 04 06 08 10

Molar fraction of 1¢

Figure 3. STM images of the mixture of 1o and 1c¢ at the 1-octanoic acid—-HOPG
interface in the constant current mode (200 x 200 nmz, Lset = 30 pA, Viias = —1.0 V): the
molar fractions of the 1c¢ in the solution (fi.) were (a) fic = 0.50; (b) fic = 0.48; (¢) fic =
0.44; (d) fic = 0.40; (e) fic = 0.24. (f) Occupancy of the ordering a and  and defect on

the surface against the fi..
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STM measurements upon photoirradiation

At first of photochemical studies, visible light (A > 460 nm) was irradiated to
ordering 3 made of pure 1¢ at the 1-octanoic acid-HOPG interface and the change of
STM image was traced. The surface ordering changed from 3 to a clearly by 5 min
irradiation. Growth of ordering o was observed over the time (Figure 4). This behavior
is very similar to that observed in the experiment with diarylethene having pyrene

moiety.'? Adsorption-desorption equilibrium can explain this behavior.

Figure 4. STM images of 1¢ after visible light irradiation for 5 min at the 1-octanoic
acid-HOPG interface (It = 30 pA, Viias = -1.0 V): (a) just after photoirradiation (50 x
50 nm?); (b) 9 min 47 sec (200 x 200 nm?); (c) 20 min 58 sec (200 x 200 nm?); (d) 28
min 53 sec (200 x 200 nm?).
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Secondly, UV light of 365 nm was irradiated to the ordering o made from the
solution of pure 10 at the octanoic acid-HOPG interface. Figure 5a and b show the STM
image after UV irradiation for 15 min. Interestingly, the new ordering was observed.
The ordering manner was different not only from ordering a but also from ordering 3
(ordering y). Dimer structure of ordering o was transformed to the columnar structure.
Because the shorter irradiation time (1 min) did not generate the ordering y (vide infra),
the new ordering is suggested to originate from the photogenerated closed-ring isomer.
Since mixed solution of the open- and closed-ring isomer 1o and 1c¢ only yield ordering
o and B, this behavior cannot be explained by adsorption-desorption equilibrium. By
comparing with the molecular model of ordering 3 made of 1¢ shown in Figure 2b,
ordering y was revealed to be different from the ordering 3 in that new ordering y does
not have crossover chains. Two types of alkyl parts, which are dark brown and yellow
parts, were observed. Higher resolution STM image of ordering v in Figure 5b revealed
that these side chains orient in the different directions with angular interval of 146°. By
analyzing the orientation of HOPG underneath, it is revealed that the yellow and brown
alkyl chains inclined +3° and +22° with respect to <11-20> direction of HOPG,

respectively (Figure 5b). The occupied area by one molecule in ordering y (S, = 3.2 nm?’

Figure 5. STM images of 1 (ordering y) after in-situ UV irradiation for 15 min at the
1-octanoic acid-HOPG interface. Before the irradiation, initial ordering was ordering a.:
(a) (40 x 40 nm?, L = 30 pA, Viias = -1.0 V); (b) with molecular models (17.6 x 17.6
nm’, I = 30 pA, Viies = -12 V, @ = 5.9 nm, b = 0.56 nm, o = 73°, S, = 3.2
nm?*/molecule). White double-headed arrows show the <11-20> direction of HOPG
substrate underneath.
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/molecule) became larger than that of ordering o (Sq = 2.6 nm*/molecule). To expand
the occupied size by photoirradiation, some molecules are required to desorb from the

surface to the solution phase.

The photoinduced phase transition was analyzed by changing the UV
irradiation time (Figure 6). UV irradiation for 1 min did not change the ordering and did
not desorb the SAMs, which suggests that ordering o has relatively high stability
against mixing with small fraction of 1¢. After 3 min irradiation, both orderings o and y
were observed in separate domains. The smallest angular interval between diarylethene
columns of ordering o and y was 7°. UV irradiation for 20 min yielded only the
ordering y. In the situation of 3 min irradiation, since orderings o and y were observed
on the same substrate, the content of the solution is the mixture of 10 and 1¢. However,
mixed solution did not yield the ordering y. This result suggests that the observed
orderings were different in the cases of (i) dropping a mixed solution of 1o and 1¢ onto
the HOPG surface and (ii) firstly dropping a solution of 10 and then isomerizing 1o to
1c by in-situ UV irradiation.

Chronological change of the surface ordering was measured after stopping UV
irradiation for a short-time (3 min). Figure 7a shows the STM image just after the
irradiation. Phase transition has already started to occur during the irradiation time of
3min. Although small fragmented domains of ordering y were observed, some domains
of ordering o were still observed as indicated by white line in Figure 7a. Continuous
recording of the STM images without further photoirradiation revealed that domain size
of ordering y grew up over the time. Figure 7b shows the STM image after UV
irradiation for 3 min and leaving for 26 min. Average domain size of ordering y became
2.5 times larger (Figure 7¢), and the fraction of surface occupancy of ordering y also
increased (Figure 7d). These results revealed that (i) first phase transition from ordering
a to small domains of ordering y quickly took place within 3 min irradiation, then (ii)
the small domains of ordering y gradually grew up by Ostwald ripening phenomena.* It
is noted that the quick formation of the small domain of the ordering y suggests the
quick surface reorientation from ordering a to ordering y. More importantly, ordering 3
was never observed throughout this experiment, though the closed-ring isomer 1le¢
should exist in the solution phase. This implies that the ordering y is not an unstable

transient structure, but a stable ordering.
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(a) Before U | (b) UV Amin

Figure 6. STM images of lo at the 1-octanoic acid—HOPG interface in the constant
current mode (80 x 80 nm?); (a) before irradiation (Jyy = 30 pA, Viiss = —0.6 V); (b)
after UV (365 nm) irradiation for 1 min (/s = 30 pA, Viias = —0.6 V); (c) for 3 min (/s
=30 pA, Viias = —0.6 V); (d) for 20 min (Zser = 30 pA, Vbias = —1.0 V). Pink solid and
dashed arrows show one of the columnar directions of ordering o, and red arrow shows

that of ordering y. The angular interval between these arrows was 7°.
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Figure 7. Chronological change of the STM images of 1 after UV irradiation for 3 min
at the 1-octanoic acid-HOPG interface (150 x 150 nmz, Lset = 30 pA, Viias = -1.0 V): (a)
just after irradiation; (b) leaving after 26 min. Ordering o was indicated by the white
line. White "x" shows the same position in Figures a and b. Black dashed square was
enlarged in Figure 8a. (c¢) Chronological change of the averaged domain sizes of
orderings a (blue) and vy (red). (d) Chronological change of the occupancy of orderings
o (blue), vy (red), defect (black) and mixed domain of a and y (gray).

Further analysis of Figure 3a revealed the evidence of phase transition on
surface. Figure 8a shows the enlarged image of Figure 7a in the region of mixed domain
of orderings o and y. Three columns of diarylethene shown by black arrows are crossing
the multiple domains of ordering o and y. If this phase transition were arising from
adsorption-desorption equilibrium, such unstable structure would never be observed.
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Phase transition from ordering o to y is supposed to occur without complete dissolution
of ordering a into the solution phase. This behavior is rationally explained by the
transition at the interface.

\
acw,” VYCEW <19.20>
7/aCCW

Figure 8. (a) An enlarged image of Figure 3a in the region marked by dashed black
square (70 x 70 nm?). Three mixed columns of orderings a and y were shown by black
arrows. Ordering a is surrounded by white lines. (b) Angular analysis of Figure 3a. Sky
blue, pink, blue and red arrows and bars show the columnar direction of orderings acw,
ocew, Yew, and ycew, respectively (see text). (c) Observed columnar direction of
orderings a and y. (d) Merged angular interval of ordering o (+ 4°) and y (= 10°) with
respect to <11-20> direction of HOPG .
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Two-dimensional chiral isomerization at the interface

The diarylethene columnar direction is analyzed for the ordering of Figure 7a
(Figure 8b). Sky blue and pink bars and arrows show the direction of diarylethene
columns in ordering o and blue and red bars and arrows show that in ordering y. The
observed columnar directions of ordering a and y (Figure 8c) were merged with respect
to <11-20> direction of HOPG (Figure 8d). The columnar directions of ordering o were
+4°and those of ordering y were +£10° (Figure 9). Columnar directions of clockwise
from the <11-20> direction (-4°, sky blue, acw; -10°, blue, ycw) and counterclockwise
(+4°, pink, occw; +10°, red, yocw) were supposed to have opposite 2-D chirality. If the
photoinduced ordering change proceeds with keeping the 2-D chirality, the angular
interval should be 6°. In Figure 8b, the colored arrows show the successively linked
columns of orderings a and y. These columns are derived from partially phase-transited
ordering. The combination of two successively linked columns were only from pink to

red (olcew to Yeew) or form sky blue to blue (ocw to ycw) and the angular interval was

aCCW +4°

<11-20>

ew’

Figure 9. STM images of (a) the ordering acw of 1o and (b) the ordering ycw.
Molecular models of (c) 1o in the ordering acw and (d) 1c in the ordering ycw. ()
Superposed image of ¢ and d.
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7°. These results suggest the photoinduced phase transition took place with keeping 2-D
chirality. This means the 2-D chirality of ordering y is determined by the chirality of
parent ordering a. This relationship was also observed in another experiment (Figure
6¢). When the transition occurs at the interface, the 2-D chirality should be kept, thus

the retention of chirality is another support to explain the transition at the interface.

Proposed molecular movement during photo-induced phase transition

The observed phase transition is summarized as follows (Figure 10). Firstly, 1o
forms a SAM on the HOPG substrate. Secondly, UV irradiation induces the
photochromic reaction from 1o to 1¢ on the HOPG surface. Then, molecules 1¢ are
lifted up from the substrate along with the molecular structural change. Thirdly,
molecules 1c¢ stack and align each other to make their columnar direction move away
from <11-20> direction by 7°. Ordering y should contain some amount of the open-ring
isomer 1o because UV irradiation also induces the reverse photochromic reaction, but
the phase transition should occur when the ratio of the closed-ring isomer 1o gets larger
than certain critical ratio. The ordering stabilized by hydrogen bonding is considered to
be stable even after isomerization and allows the transition at the interface. The phase

transition behavior is found to be strongly influenced by the presence of HOPG surface.
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Figure 10. Proposed molecular movement during phase transition from ordering o to y.
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Conclusion

In conclusion, we have investigated photoinduced change of the molecular
ordering of photochromic diarylethenes possessing hydrogen bonding by STM at
octanoic acid-HOPG interface. Upon in-situ UV irradiation, new ordering was observed
which is different not only from the ordering of the open-ring isomer but also from the
ordering prepared from pure closed-ring isomer. Judging from the fact that the
transformation proceeded with keeping the 2-D chirality and that some molecular
columns crossed multiple domains of two different phases, the photoinduced ordering
change is not the result of adsorption-desorption process, but is originating from the
photochromic reaction at the interface. Hydrogen bonding stabilized the ordering even

after isomerization and helped the transition at the interface.

Experimental details

1. Syntheses of the materials

General. '"H NMR spectra were recorded on a JEOL JMN-A500 instrument. Mass
spectra were obtained by Bruker autoflex III MALDI-TOF mass spectrometer and
Thermo Scientific Exactive mass spectrometer. All reactions were monitored by
thin-layer chromatography carried out on 0.2 mm Merck silica gel plates (60F-254).
Column chromatography was performed on silica gel (Nakarai, 70-230 mesh). Final
product was purified by the HPLC (Kanto chemical, Mightysil Si 60 250-4.6, 5 um).

Scheme 2. Synthesis of 1o.

COOH DCC, HOBt CONHC16H33
C1gHz3-NH>
—_—
dry CHCl3
I 92% I
2 3

CONHC1gH33

(1) n-BuLi
(2)B(OBu);

:

|
Pd(PPhg3)4

dry THF K,CO3 aq. / THF
16%
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N-hexadecyl-4-iodobenzamide (3)

To a solution of 4-iodobenzoic acid (2) (2.48 g, 10.0 mmol) in dry CHCI; (50
mL) was added 1-hexadecylamine (3.21 g, 15.0 mmol) N,N'-dicyclohexylcarbodiimide
(DCC) (4.12 g, 20 mmol) and 1,2,3-benzotriazole-1-ol (HOBt) (1.35 g, 10.0 mmol).
The mixture was stirred for 4 days at room temperature. After a filtration, the filtrate
was evaporated in vacuo. The crude was extracted by diethyl ether. The organic layer
was washed with brine for three times, dried with MgSOQy, filtrated and evaporated in
vacuo. The crude was purified by column chromatography (silica, MeOH:CHCI5=1:9)
to yield N-hexadecyl-4-iodobenzamide (3) (4.35 g, 9.23 mmol, 92%) as a white solid.
MALDI TOF-MS (m/z) [M+H]" caled for C,3H3INO: 472; found: 472. 'H NMR
(CDCl3, 500 MHz, TMS) 6 0.88 (t, J =7 Hz, 3H), 1.25-1.39 (m, 26H), 1.60 (quin, J =7
Hz, 2H), 3.43 (q, J =7 Hz, 2H), 6.05 (s, 1H), 7.48 (d, J =7 Hz, 2H), 7.78 (d, J = 7 Hz,
2H).

4,4'-(4,4'-(perfluorocyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))bis(/V-
hexadecylbenzamide) (10)

A solution of 3,3'-(perfluorocyclopent-1-ene-1,2-diyl)bis(5-iodo-2-methylthio

-phene) (4) (500 mg, 0.81 mmol) in dry THF (30 mL) was cooled down to -78°C in N,
atmosphere and n-BuLi (1.6 M, 1.1 mL, 1.8 mmol) was slowly added by a syringe
pomp. The mixture was stirred for 30 min and tributyl borate (556 mg, 2.42 mmol) was
added. After stirring for 1h, the mixture was allowed to room temperature and this
reaction was quenched by an addition of water. To a solution of the mixture was added
tetrakis(triphenylphosphine)paradium(0) (93 mg, 80 umol), 3 (1.01 g, 2.42 mmol), and
potassium carbonate aq. (20 wt%, 10 mL). The mixture was refluxed for 2h, cooled
down to room temperature and extracted by diethyl ether. The organic layer was
washed with brine, dried with MgSOQ,, filtered and concentrated in vacuo. The crude
was purified by column chromatography (silica, chloroform), GPC (chloroform) and
HPLC (EtOAc:Hexane = 1:9) to yield 1o (139 mg, 129 umol, 16%) as a white-blue
powder. Retention times of 10 and 1¢ were 22 min and 14 min, respectively.
ESI TOF-HRMS (m/z) [M+H]" caled for CgHgsFsN2O,S,H™: 1055.5951; found:
1055.5948. '"H NMR (CDCls, 500 MHz, TMS) & 0.88 (t, J = 7 Hz, 6H), 1.23-1.40 (m,
52H), 1.63 (quin, J =7 Hz, 4H), 3.46 (q, J = 7 Hz, 4H), 6.08 (t, J = 6 Hz, 2H), 7.34 (s,
2H), 7.59 (d, J=8 Hz, 4H), 7.77 (d, J = 8 Hz, 4H).
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10 (22 min)

Figure 11. HPLC charts of 1o before and after UV irradiation.

2. STM measurement

All STM experiments were performed at room temperature and ambient
conditions. The STM images were acquired with a Digital Instrument Multimode
Nanoscope Illa and obtained at liquid-solid interface. All STM images were acquired
in the constant current mode. The STM tips were electrochemically etched in a
CaCly/HCl aqueous solution from Pt/Ir (80/20, diameter 0.25 mm) wire. Highly
oriented pyrolytic graphite purchased from the Veeco Metrology Group was used as a
substrate. Solutions of 1o and 1c¢ in 1-octanoic acid for the STM measurements were
prepared by mixing into the solvent with heating. Concentrations of the solution used
for STM measurements (10-30 uM) were checked by absorption spectroscopy. A drop
of the solution (10 pL) was deposited onto freshly cleaved HOPG, and the tip was
immersed into the solution and the image scanned. Images were analyzed by using the

graphite substrate as a calibration grid.

3. Photochemical reaction

Absorption spectra were measured on a spectrophotometer (JASCO V-670).
Optical length of the quartz cell was 1 cm. Photoirradiation study for STM investigation
was performed using a Keyence UV-400 UV-LED equipped with an optical fiber for
UV irradiation and a USHIO 500 W super high-pressure mercury lamp with a thermal
cut filter and sharp cut filter (Y-48) for visible light. UV light (300 mW/cm?, A = 365
nm) and visible light (80 mW/cm?, A > 460 nm) were used for the photoreaction. The

photoirradiation time was automatically controlled.
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4. Lattice constants

Table 1. Lattice constants of the unit cell of the orderings o, B and y.

ordering a/nm b /nm o/° area / nm’molecule™
o 5.8 0.90 86 2.6
B 5.1 0.53 75 2.6
Y 5.9 0.56 73 3.2
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5. Chronological change of the SAMs of 10 after UV irradiation for 3 min.
Chronological change of the surface ordering after UV irradiation was

measured by leaving the sample without irradiation (Figure 12). White arrow shows the

disordered lines in ordering y, in which two brown lines are consecutive. The growing

of the disordered lines can be seen.

(@) 10UV 3 min 00:00"{(b) 10UV 3 min 08'24”

X !

X

(e)

Figure 12. Chronological change of the STM images after UV irradiation for 3 min at
the 1-octanoic aicd-HOPG interface. The initial SAM of ordering o was prepared from
a solution of pure 1o. (a) Just after UV irradiation, (b) 8min 24 sec, (c) 16 min 47 sec,
(d) 25 min 35 sec and (d) 33 min 58 sec. White “x” shows the same position. The white

arrow shows the disordered lines in ordering y.
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