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Two-dimensional structures of noncyclic isobutenyl com-
pounds containing ester moieties were investigated by scanning
tunneling microscopy. Folded alignment of the molecule was
transformed into open extended-structure after a simple thermal
reaction of tandem Claisen rearrangement. The drastic change in
the two-dimensional structures was caused by the intramolecular
hydrogen bonds.

Biological molecules, such as DNA, proteins, and enzymes,
display elegant and complex structures via spontaneous self-
assembly through noncovalent interactions.1 In self-assembly
systems, hydrogen bonding is a highly influential factor for
determining molecular architecture and molecular arrange-
ments.2 For instance, both intra- and intermolecular hydrogen
bonds play crucial roles for the formation of ¡-helix and ¢-sheet
(¢-turn) structures, resulting in the skeletal as well as functional
positioning of amino acid sequences.3

Even in two-dimensional (2D) molecular arrays at solid
surfaces, hydrogen bonds have acted as key interaction for the di-
rectional supramolecular arrangements of photonically and elec-
tronically activemolecules.4 Intermolecular hydrogen bonds have
been a major topic for the stable orientation of functional mol-
ecules, while the 2D control by intramolecular hydrogen bonds
have rarely been reported despite the fact that protein structure is
dependent on both intra- and intermolecular interactions.5

In this contribution, we achieve the fabrication of “folded”
and “extended” structures by tuning the intramolecular hydrogen
bonds via the tandem Claisen rearrangement (TCR). These
morphological appearances are similar to the chain-folded and
extended-chain crystals of polymeric materials.6 The TCR is a
simple thermal reaction, which transform the ether function into
hydroxy group in the isobutenyl compounds.7 Indeed folded and
unfolded structures on a surface have been achieved by chemi-
cally synthesizing appropriate compounds,5a but our present
study is the first report on the formation of those structures using
a sole compound, which can be transformed by the TCR. We
prepared the isobutenyl diester compounds containing ether
moieties and long alkyl chains (Scheme 1: O-1). Then, iso-
butenyl compounds possessing hydroxy groups are generated by
TCR (Scheme 1: O-2). The 2D structures of both compounds are
studied by scanning tunneling microscopy (STM) at a highly
oriented pyrolytic graphite (HOPG)/1-phenyloctane interface.
Furthermore, molecular arrangements of ester compounds are
compared with those of amide compounds (Scheme 1: N-1 and
N-2)8 to examine the effect of intramolecular hydrogen bonds on
the 2D structures.

Figure 1a shows the large-scale STM image of O-1
physisorbed on HOPG surface. Some domain structures with
different directionalities were observed, and the linear 2D
structure was spontaneously formed at the HOPG/1-phenyl-
octane interface. The STM image shows the periodic bright and
dark regions which correspond to the naphthalene and alkyl
chain units, respectively. Figure 1b shows the high-resolution
STM image of Figure 1a. In the bright area, pairs of oval dots
were observed with an intervals of 1.7 « 0.1 nm. These oval dots
were seen in different image contrasts (see Supporting Informa-
tion),9 suggesting the unstable adsorption of naphthalene units

Scheme 1. Chemical structures of O-1, O-2, N-1, and N-2.

Figure 1. STM images of O-1 physisorbed at a HOPG/1-
phenyloctane interface. (a) Large-scale image. I = 1.4 pA, V =
¹749mV. (b) High-resolution image. I = 4.0 pA, V = ¹471mV,
L1 = 2.4 « 0.1 nm. A set of arrows indicates the underlying
HOPG lattice direction. Tentative molecular models are super-
imposed in STM image.
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possibly due to the oblique orientation against the HOPG
surface. In the dark spaces, parallel straight lines were visible at
an ange of 79 « 2° against the bright line axis. The dark troughs
have the width of L1 = 2.4 « 0.1 nm which is almost identical to
the length of octadecyl chains. From the STM image, a tentative
model of the 2D arrangement is superimposed in Figure 1b. O-1
exhibited folded structure alternately, where naphthalene units
aligned in a head-to-head fashion and octadecyl chains were
interdigitated. The unit cell parameters are summarized in
Table 1.

The 2D structure of O-2, which was prepared through a
TCR from O-1, was completely different from those of O-1.
Figure 2a shows the large-scale STM image of O-2 observed at
HOPG/1-phenyloctane interface. Well-ordered linear alignment
of O-2 was formed over 100 nm © 100 nm. Figure 2b shows the
high-resolution STM image of Figure 2a. The bright and dark
regions were observed repeatedly. The bright areas were
composed of both large and small oval dots, indicating that
one of the naphthalene units has flat-on orientation (large dots)
whereas that the other one is slightly tilting against the HOPG
surface (small dots). Two types of dark troughs with different
width were observed: L1 = 1.5 « 0.1 nm and L2 = 2.3 « 0.1 nm.
The width of L2 region is corresponding to the length of
octadecyl chain. However, the width of L1 region was shorter
than that of L2. This result suggests that the interdigitated
octadecyl chains at L1 and L2 regions aligned with different
angles against the columnar axis of the bright regions (naph-
thalene units). From the STM image, a tentative molecular
model of O-2 is superimposed in Figure 2b, and the unit cell
parameters are summarized in Table 1. The naphthalene units of
O-2 directed opposite ways, and the molecules displayed open
extended-structure. Therefore, it can be concluded that TCR
enables the transformation of “folded” structures O-1 into
“extended” ones O-2.

The formation of folded and extended structures was
explained in terms of alterations of molecular structures and
resultant intramolecular hydrogen bonds by TCR. Molecular
conformation and intramolecular hydrogen bonds of O-1 and
O-2 are shown in Figure 3. The O-1 has an electric repulsion
between isobutenyl ether and residual carbonyl oxygen atoms
(Figure 3a). Therefore, two naphthalene units form an angle, and
cannot take flat geometry, which was evidenced by the unstable
attachment of naphthalene units onto the HOPG surface
(Figure 1b). Then, the space between alkyl chains was separated
enough to interdigitate with each other.

Our previous studies8 further emphasize the importance of
intramolecular hydrogen bonds for the fabrication of consecutive
folded structure of O-1. Comparing the isobutenyl diester
compounds O-1 with isobutenyl diamide compound N-1 (NHR
instead of OR in Figure 3), the naphthalene units of O-1
located in head-to-head fashion, and the octadecyl chains were
interdigitated. As stated above, there is repulsive interactions
(isobutenyl ether and another carbonyl oxygen atoms), resulting
in the deformation of naphthalene units from the HOPG flat
surface. In contrast, wavy structures were formed by the
naphthalene units of N-1 and noninterdigitated alkyl chain
units with head-to-tail alignment (Figure 4a). Therefore, the 2D
structure seems as a parallel assembly of once folded objects. In
this case, there is the intramolecular hydrogen-bonding site at
the isobutenyl ether oxygen atom and the amide NH proton
(Figure 4c). As a result, naphthalene and alkyl chain units can be
fixed in the same plane. Despite the difference between the O-1
and N-1 is only oxygen atom and amide group, they exhibited
different 2D arrangements as continuous and once folded
structures, respectively. These results suggest that flatness of
the molecular conformation and accompanying locations of
alkyl chains determines the continuity of folded structures.

After the TCR of O-1, newly formed hydroxy and carbonyl
groups interact via intramolecular hydrogen bonds, resulting in
the flat-on orientation of naphthalene units (O-2). This is also the
case for N-2, which was synthesized by the TCR of N-1. At the
same time, intramolecular distance of naphthalene units are too
close to accommodate at the same side, but flip into opposite
direction (Figures 4b and 4d). Therefore, the O-2 and N-2 took
almost the same molecular conformation and open extended-
structures because the directions of two octadecyl chains were
decided by the hydrogen bonds.

In conclusion, noncyclic isobutenyl compounds containing
ester groups O-1 and O-2 were synthesized and STM observa-

Table 1. Unit cell parameters of O-1, O-2, N-1, and N-2

a/nm b/nm £/degree

O-1 1.7 « 0.1 4.3 « 0.1 86 « 1
O-2 1.0 « 0.1 6.7 « 0.1 88 « 2
N-1 3.5 « 0.1 5.4 « 0.1 80 « 1
N-2 1.0 « 0.1 6.3 « 0.3 80 « 3

Figure 2. STM images of O-2 physisorbed at a HOPG/1-
phenyloctane interface. (a) Large-scale STM image. I = 2.5 pA,
V = ¹1000mV. (b) High-resolution STM image. I = 2.5 pA,
V = ¹1000mV, L1 = 1.5 « 0.1 nm, L2 = 2.3 « 0.1 nm. A set
of arrows indicates the underlying HOPG lattice direction.
Tentative molecular models are superimposed in STM image.

Figure 3. Molecular conformations and intramolecular inter-
actions of O-1 (a) and O-2 (b).
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tions of these compounds were performed at solid/liquid
interface. The O-1 adopted linear arrangements, in which the
naphthalene and interdigitated alkyl chains exhibited folded
structure. The O-2 was synthesized from O-1 via TCR, and
showed straight array composed of extended molecules.

Only a single mutation of amino acid has influence on
the structures and functions of proteins.10 As with biological
systems, subtle chemical change of isobutenyl ether compounds
affected the formation of intramolecular hydrogen bond, and
provided a drastic differences in 2D structures, namely, the
“folded” structures O-1 could change to “extended” ones O-2 by
modifying the molecular structures and intramolecular hydrogen
bonds by TCR.
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Figure 4. STM images of N-1 (a) and N-2 (b) physisorbed at a
HOPG/1-phenyloctane interface and molecular conformations
and intramolecular interactions of N-1 (c) and N-2 (d). (a)
I = 10 pA, V = ¹616mV. (b) I = 3.9 pA, V = ¹499mV, L1 =
1.9 « 0.2 nm, L2 = 2.2 « 0.1 nm. A set of arrows indicates the
underlying HOPG lattice direction.
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