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Only one methylene unit difference in the long alkyl group of
isobutenyl ether compounds is amplified by blending,
resulting in the diversification of 2D structures, although each
component formed individual 2D patterns, regardless of alkyl
10 chain lengths. The 2D structures were revealed by using
scanning tunneling microscopy at solid/liquid interface.

Fabrication of nano-sized patterns and objects has been attempted
by applying both bottom-up and top-down approaches.' Particular
to the single-nanoscale patterns, self-assembly, which is a

15 spontaneous organization of molecules, plays definitive role as
bottom-up strategy,” and can be used for the creation of various
2D patterns potentially applicable to nanoelectronics, molecular
devices and lithographic techniques.’ Integration of molecular
building blocks in the physisorbed and chemisorbed monolayers

20 has been characterized by using scanning tunneling microscopy
(STM).*

To tune the 2D structures on a surface, directional
intermolecular interaction sites such as hydrogen bonds and metal
coordination have been conventionally introduced into the

»s molecular building blocks. * In addition, relatively-weak van der
Waals interaction of alkyl tails also allowed to provide various
types of 2D patterns.® Among the alkyl chain effects, alternative
change in the physical and chemical properties is well-known as
odd-even effect, which has been discussed in terms of the steric

s repulsion of terminal methyl groups.®® Although there are a lot of
reports on the odd-even effect,’” to our knowledge, there is no
previously-reported example that shows 2D structural modulation
after blending of inert component against the alkyl chain length
effect.

35 Controlled molecular organization and the following
transformation of the nano-patterns on a surface will enable to
achieve post-tunable properties and functions via the external
stimuli, such as thermal treatment, metallation, blending the other
component, and so on. Indeed, most of biological organizations
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40 are fundamentally based on the hybrid-assembled proteins
exploiting the stimuli-responsive conformational and skeletal
changes to accomplish the functional metamorphosis.®
Mimicking such intelligent and elegant biological system, much
attention has been paid for the fabrication of multi-component 2D

45 structures because of inherent possibility of diversified nano-

patterns as well as post-tunable properties and functions.’

In this contribution, we prepare the four kinds of isobutenyl
ether compounds with alkyl tails connected by ester (OC,) and
carbamoyl (CC,) linkages with n = 15 and 16 (Fig. 1). The 2D
structures are visualized by using STM at a highly oriented
pyrolytic graphite (HOPG)/1-phenyloctane interface. In addition,
effect of bicomponent blend on the 2D structures is examined ex
situ and in situ.
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Fig. 1 Chemical structures of isobutenyl ether compounds, in
which the alkyl chains are connected with ester (OC,) and
carbamoyl (CC,) groups (n =15 and 16).

STM observations were performed for OC, and CC, at
ss HOPG/1-phenyloctane interface. Fig. 2 shows the STM images of
OC5 and CCys. In each STM image, naphthalene and alkyl chain
units were recognized as bright dots and dark lines, respectively.
The OC,5 showed dumbbell shaped structures,'® whereas linear
structures were formed for CCys, and this was the case for n=16
0 (Fig. S2 in ESI). Although interdigitated alkyl chains were found
in both 2D structures of OC, and CC,, the different 2D structural
features can be derived from the existence and non-existence of
five-membered intramolecular hydrogen bonds in CC, and OC,,
respectively (ESI).!! This result indicates that the linkage of alkyl
6s chain unit to the isobutenyl ether core part affected the 2D
structure formation, although the number of carbon atoms in the
alkyl chain units has less influence on it within the range of
carbon numbers of 15 and 16.
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Fig. 2 STM images of OC;s (A) and CCy5 (B) physisorbed at
HOPG/1-phenyloctane interface. Molecular models and 2D
structural features are shown in Fig. S2. Tunneling conditions:
(A) OCys, I=22pA, V=-620mV; (B) CCys, I= 1.5 pA, V' =-
530 mV.

Since the 2D structural differences due to the alkyl chain
length were not found in each component, effect of blending on
the 2D pattern formation was determined. First, ex situ blending,
namely pre-blending before STM experiments was performed.
Figs. 3, S3 and S4 in ESI show the STM images of OC, and CC,
blends with various blend ratio. There was no concentration
dependence on the 2D structure within the present experimental
condition of 0.01-0.4 mM (see ESI). To our surprise, four types
of the 2D structures were observed dependent on the blend ratio.
In the case of OC;5 > CC;s, C3 symmetric star-like 2D patterns
composed of six dumbbell-shaped frameworks were found
throughout the HOPG surface (Fig. 3(A)). However, in the blends
of OC;5s < CCjs, lozenge-shaped patterns were formed (Fig.
3(B)). By contrast, twist-like morphology was found in the
monolayer with OC;¢ > CCy4 (Fig. 3(C)), whereas OC4 < CCyq
blend displayed only linear structure (Fig. 3(D)), which was
identical to the 2D structure of only CC,,. There are two-types of
twist-like structures with different periodicities, and they were
arranged alternately (Fig. S4(G) and (H)). At the specific blend

35 blend assemblies,

2 ratio, biphasic separation was transitionally found as shown in

Fig. S4(D) and (I). Thus, these 2D structures were completely
dependent on both alkyl chain length and blend ratio.'” To the
best of our knowledge, this is the first example that blending
amplifies the alkyl chain length effect, resulting in the formation

25 of various unprecedented 2D structures, which can be controlled

by the blend ratio. In addition, it is noteworthy that the 2D
patterns are tunable by only one CH, group difference in the alkyl
chains. Unfortunately, the locations of each component in the
blended 2D structure could not be identified because the

30 difference between the two components of OC, and CC,, is only

the linkage of alkyl chain units to the basic skeleton of isobutenyl
ether unit, and STM cannot detect and distinguish between two
species. Therefore, plausible molecular models are tentatively
depicted by using only CC, molecular framework (Fig. S2). In all
alkyl chains of the components were
interdigitated.

The great advantage of solid/liquid interface system is that
post-blending is available on a HOPG surface, and therefore
dynamic 2D structural changes can be followed by STM in situ.

40 First, dumbbell-shaped 2D pattern formation in OC;s was

confirmed as shown in Fig. S7(A), and a small amount of CC;5 in
1-phenyloctane was added to already-existing drop of the OCys
on the HOPG, resulting in the formation of star-like structures
(Fig. 4(A)). The interaction was too fast to capture the 2D

ss structural change from dumbbell-shaped to star-like structures.

On adding the excess amount of CCys to the OC,5 > CC;5 blend,
gradual structural change from star-like to lozenge-shaped
morphology was visualized as shown in Fig. 4(B)—~(D). Finally,
almost whole area for STM imaging was occupied by the

so lozenge-shaped structure. The 2D pattern changed from the

periphery of star-like structure, implying that the molecular
components of OC;5 > CCys blend is gradually detached from the
HOPG surface due to the equilibrium shift, and that the new

Fig. 3 STM images of OC, and CC, blends with different ratio
(Total solute concentration is 0.2 mM). The blend ratio is shown
in the right corner of each STM image in the order of OC, : CC,,.
The 2D structural feature is indicated as star-like (St; A),
lozenge-shaped (Lo; B), twist-like (7w; C), and linear structure
(Li; D). Tunneling conditions: (A) I = 1.5 pA, V'=-200 mV; (B) /
=2.0pA, V=-300mV; (C) I =14 pA, V=-660 mV; (D) I=2.0
pA, V=-660 mV.

Fig. 4 In situ blending of OCys with CCys. In (A), the CCys
solution was added into the already-existing drop of OC;s on the
HOPG surface to be the blend ratio of OC;5 > CC;s. Then,
further addition of CC,s solution to be OC;5 < CC;s allowed to
follow the time-dependent 2D structural change by the STM (C—
F). The arrow in (B-D) indicates the same position during the
STM imaging. Tunneling conditions: (A) I = 1.5 pA, V' = -150
mV; (B-D) /=2.0 pA, V=-280 mV.
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molecular complex of OCs < CCys grows via surface-assisted
assembly on a HOPG support to form lozenge-shaped structure.
Further addition of OC,s allowed the formation of star-like
structure, again. Such STM observation of time-dependent
structural change was also available for OC4 and CCy blends
(see Fig. S8 in ESI). These results indicate that either OC, or
CC, can be the trigger to switch the 2D structure from original
shapes to different ones, and that post-tuning of 2D structure is
possible by adding the other components.

To check whether the intermolecular hydrogen bond between
-C=0 in OC, and -N-H in CC, exist or not, the blend solution in
chloroform was drop-cast on KBr plate, and FT-IR measurement
was performed. Unexpectedly, no peak shift of -N-H stretch
(3322 cm') was observed in comparison to each blend
component of OC, and CC,, (see Fig. S9 in ESI), suggesting that
intermolecular hydrogen bond is minor interaction in the present
2D blend assembly, although the FT-IR experiment was carried
out in bulk." On the basis of STM and FT-IR results, a plausible
mechanism can be proposed as follows: van der Waals interaction
between the alkyl chain units in OC, and CC, dominates the
formation of interdigitated sub-structure with the support of
HOPG. The arrangement of sub-structures is dependent on the
blend ratio to form densely-packed 2D nanoarchitectures.

In nature, it is well-known that only a molecular-level slight
change provides big differences in functions, morphologies, and
so on. One of the examples is that the handedness of snails
(clockwise and counter clockwise) is decided by only one genetic
difference.'* The other example is that productivity of microbial
biodegradable polyester of polyhydroxyalkanoates (PHA) is
improved in 50 times by a single mutation of PHA synthease
gene from Ser to Thr at 325 position, and additional mutation
from Glu to Lys at 481 position gives rise to 400-fold PHA
synthesis compared to the wild-type."> In our present study,
merely one CH, unit difference in the alkyl chains provided the
drastic change in the 2D structures, which can be controlled by
the blend ratio. Therefore, even one CH, group can maintain the
2D structural information, which is amplified and translated to
the individual 2D patterns by blending.

In conclusion, unprecedented 2D structures were individually
created at 1-phenyloctane/HOPG interface by the combinations
of relatively weak van der Waals interaction and bicomponent
blend of OC,, and CC, (n = 15 and 16). Each component of OC,,
and CC, respectively displayed dumbbell-shaped and linear
structures, irrespective of carbon numbers in the alkyl chain unit.
However, on blending the OC,, and CC,,, completely different 2D
structures compared to the original components were formed such
as C3 symmetric star-like (OC;5 > CC;s), lozenge-shaped (OCys
< CCys), twist-like (OC4 > CCjs), and linear structures (OC4 <
CCj). These structural formations were dependent on both alkyl
chain length (difference of only CH, unit!) and blend ratio. The
present results would contribute to develop the post-tunable
dynamic nano-patterns with unique orientations, and are
significant to understand how the chemical structure of molecular
building blocks including even one CH, unit difference affects
the final 2D nano-architectures assembled on a surface.
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The 2D structures of bicomponent blends in isobutenyl compounds were observed by
using scanning tunneling microscopy at solid/liquid interface. Amplification of alkyl

chain effect was found on the 2D structures.



