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Molecular self-aligning of amphiphilic molecules into bundles with a constant width-df37nm was observed
under tapping-mode atomic force microscopy (TM-AFM). The requisite amphiphile, a poly(oxypropylene)-trimellitic
amido acid sodium salt, is constituted of a symmetric amido acid structure with potential noncovalent forces of ionic
charges, hydrogen bonds;—sr aromatic stacking, and hydrophobic interactions for intermolecular interaction. The
amphiphiles are able to self-align into orderly hierarchical assemblies after simply being dissolved in water and dried
under spin-coated evaporation. Under the TM-AFM tapping process, the bundles increased their length from an initial
20 to 600 nm. A sequential TM-AFM scanning and interval heating process was designed to probe the morphological
transformations from the molecular bundles to lengthy strips (nearly micrometer scale) and to columns-@@vith 5
nm spacing between the parallel strips). The formation of hierarchical arrays via molecular stretching, aligning, and
connecting to each other was simultaneously observed and accelerated under the TM-AFM vibration energy. The
molecular self-alignment caused by vibrations is envisioned to be a potential methodology for manipulating molecules
into assembled templates, sensors, and optoelectronic devices.

Introduction and may potentially be utilized in optié8,electronics,’ and
Recently, advances in nanotechnology have developed abiosensoré?Theformationofmolecularassembliesisgenerally

number of techniques to detect and manipulate organic moleculesdriven by weak noncovalenF bonding forces. The intermqlecular
into assembled nanostructufeShe molecular manipulations ~ nteraction commonly requires the molecules to have different
using scanning tunneling microscopy (STM) and atomic force kinds but complementary forces for the geometrlc_ arrar_lgement.
microscopy (AFM) enables the observation, measurement, and_ Here, we wish to report a new way of manipulating the
manipulation of individual atoms or molecul@€urrently, STM formation of nanoscale molecular bundles and their further
may be used to extract or displace atoms from the surface, theMorphological transformations into hierarchical arrays through
self-assembly monolayer, or the LangmuBlodgett film 34 molecular stretchl?lg, aligning, and aggregating under TM-AFM
Nanoscale fabrication techniques, including microcontact print- Sc@nning energd*! The self-aligning molecule is amphiphilic
ing® and dip-pen nanolithograpiycould produce patterned N nature and composed of distinctly different functionalities
surfaces or guide molecular assemblies. However, only recentlyincluding amides, sodium carboxylates, and a middle poly-
has the AFM technique been used to manipulate molecular (OXyPropylene) (POP) block. We prepared the requisite am-
rearrangemef® and monitor crystal growthbut few reports  Phiphile by a one-step reaction of POP-diamine (2000 g/mol
have described the oscillating tisample interaction molecular weight) and trimellitic anhydride at a 1:2 molar ratio
energylo1l according to the previously reported procedudféspon exposure
Molecular self-assembly is an important “bottom-up” method 10 the TM-AFM energy, the amphiphiles were found to have the
for fabricating highly ordered structures on the nanometer scale, 2Pility to self-assemble and transform into highly ordered
The examples of nanostructure architectures are numerous Molecular arrays. The energy level of intermolecular noncovalent
including colloids2 nanotubed? nanorods4 nanowirests and bonding interaction appears to be synchronized with the TM-

so forth. These self-assemblies may possess unique propertie§FM tapping process.

* Corresponding author. Fax:-886-2-3366-5237; E-mail: jianglin@ Results and Discussion
ntu.edu.tw. . . .
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Figure 1. Chemical structure of the amphiphile and its noncovalent bonding (top) and schematic diagram (bottom) of a molecular bundle
formed on PES film, through molecular stretching and intermolecular end-to-end alignment.
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Figure 2. TM-AFM (phase images) showing the morphological changes of the molecular bundles under continuous TM-AFM tapping; (A)

(25 times) vs (B) (30 times); the difference in the bundle strips lining up in length (X1 into X2 and Y1 into Y2). The difference can be further

seen in (C,D), where the middle square zone represents concentrated scanning 60 times more than the outer square, and in (E), the graph

summarizing the bundle height and length increases (from the circle area in D) during TM-AFM scanning.

spin-coated on a PES film, evaporated at ambient temperature amphiphiles have a strong tendency to self-aggregate through
and examined by TM-AFM at 20C. The phase image has an intermolecular interactions. These molecules tend to stretch out
orderly array of 713 nm in width and an initial bundle length  from random coils into rodlike shapes and aggregate into bundles
of 20—50 nm. This molecular self-alignment into such a bundle (Figure 1). The theoretical length of a fully stretched molecule
array was first reported by d8.It was noticed that the bundle  for a POP-2000 backbone was calculated to be 10.9 nm (or 109
strips occurred only on a hydrophobic PES surface but not on A), on the basis of a 33 oxypropylene unit backbone [-QCH
glass or on a mica substrate where the hydrophilic surface mayCH(CHs)-]s3with the proper bond lengths (1.54 A for and
interfere with the amphiphilic molecules. It appears that the 1.43 A for C-0) and bond angles (109.@nd 112, respec-
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Figure 3. TM-AFM of the enlarged area in Figure 2D (or 61 times tapping): (A) topographical image with the analyses of bundle height

(4.95-6.42 nm) and (B) phase image with the bundle width (047 nm) and spacing distance (5-€812 nm) between the neighboring
bundles (the measurements are from the same square area as in Figure 2D).

tively).2° The observed bundle width in the range I3 nm is lengthened (up to 600 nm) and connected from the scattered
consistent with the calculated molecular length when fully bundles in the outer area. This demonstrates that, during the
stretched and remains constant throughout the further transfor-scanning process, the bundles transformed into lengthy strips
mation into higher orders of hierarchical array. under the influence of the TM-AFM tapping energy.

During the TM-AFM examination, initially we found that the The formation of molecular bundles and their transformation

length of the bundle strips could be altered in the AFM tapping into higher orders of structure is explainable by the intermolecular
mode (TM-AFM). The normal mode of TM-AFM detectionmay  jnteractions of different noncovalent bonding forces in a

provide the vibration energy for molecular movement, that is, complementary manner. Shown in Figure 1 is the chemical
molecular strg'ﬁ:hlng and aligning into bundles. The added TM- sty cture ofthe amphiphile comprising a hydrophobic POP middle
AFM energy®*! seems to play a critical role in assisting the  pjock and two symmetrical end groups of phenyl amido acid
movement of the molecular blocks. Accordingly, we are able to gajts, which are capable of forming hydrogen bonds, aromatic
design a series of experiments to investigate the phenomenonof, _ - ctacks. and ionic bridges, as well as POP-backbone

simultaneous bundle detection and morphological shaping. pydrophobicinteractions. Through these intermolecular bonding
Experimentally, when_ we repetitively scanned the same area ofs ces in a symmetric manner, the energy drives the molecule
the AFM sample (3 min and 43 s for each scan to take one phase;is (o stretch and further align into bundles. The initially formed
image), the bundle strips were observed to have increased theit, ndjes may attract the surrounding molecules to align together
lengths. As exhibited in Figure 2A,B, the strips were observed 5 consequently grow in length on the flat PES surface. It was
to be increasing in length and connecting between the 25th andy s, oticed that the height of the molecular bundles could vary
30th scans. In order to further demonstrate the character Ofwidely in different bundles (usually in the range-2 nm). In

morph_ology change under the TM-AFM d(_etection, a Sa”_‘P'e an area of representative bundles, the height increased gradually
was dlrgctly compared by scanning on different aréas In a gom an average of 2.25 to 2.55 nm (Figure 2E, graphical
sequential manner. The sample was first scanned 60 times in arepresentation from the specified area of Figure 2D), while the

o :
imal'l arela (mein the centr?jl'sqilﬁre, FI?UI’E ZD)";E?:.then one strip length increased from 13 to 600 nm during the 60 repetitive
Imein alarger area surrounding the center squa \gure cans. Another measurement of bundle heightg5m) is

2C). As aresult, the middle square micrometer had been expose xemplified in Figure 3A (topographical image), and bundle

to the tapping energy 60 times more than the outer area. The_ . . - - .
difference in bundle strip lengths is significant. During the width (approximately 7 nm) is shown from the phase image in

» . ' AR Figure 3B. Furthermore, it is noticed that the bundles grow into
additional 60 times scanning process, the individual bundles hada pattern of parallel strips which maintain a spacing distance of

(20) Lin, J. J.; Cheng, 1. J.: Wang, R.; Lee, RMacromolecule001, 34, 5-7 nm, also shown in Figure 3_ phase !mages. The constant
8832-8834. spacing between the parallel strips implies the presence of a
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Figure 4. TM-AFM (phase images) showing the morphological differences between the sequential TM-AFM/heating{&parid direct
heating (step 3). The short bundle strips (A, scanned once) were transformed into long strips after 60 times tapping (B), and further into
parallel strips in columns after heating at 80D for 10 h (C), while (D) was formed by direct heating without TM-AFM tapping.

repulsive force between the molecular bundles. Since each singlamolecular bundle width is still maintained. However, in the direct
molecule consists of four COO Na' terminal functionalities, heating route (step 3, in Figure 4), the short bundles were
the same charge attraction that allows the formation of molecular transformed into round-shaped aggregates (Figure 4D) rather
bundles may in turn act as an expulsive force for distancing the than forming a column array. Perhaps the transformation of the
bundle strips. Hence, by manipulating the bundle formation and directional strips requires an appropriate energy level to form
strip repulsion, ordered arrays could be manufactured on a largethe bundle templates as the first step. Excess heating probably
scale. destroys the bundle formation. The result indicates that the
For comparison, the same amphiphiles but with only 2 equiv appropriate combination of TM-AFM scanning and controlled
of NaOH added (twe-COO Na' terminal functionalities) could ~ heating can be optimized for generating the molecular arrays.
only produce less orderly bundle strips (Supporting Information .
Figure S2). In another comparison, instead of the 2000 g/mol Conclusion
POP-2000 segment, the shorter POP-400 (400 g/mol Mw) analogs The structurally tailored amphiphilic molecules with a
(POP-400/4COONa) failed to form orderly bundles, but formed hydrophobic POP middle block and symmetrically tethered
irregu]ar arrays (Supporting Information Figure SB)_Apparent]y, aromatic amido acid functionalities could dictate the intermo-
the relatively hydrophilic POP-400 (averaging only & oxy- lecular interaction forces and consequently the molecular self-
propylene repeating units), unlike the hydrophobic POP-2000, alignment and transformations into different orderly arrays. For
could not provide sufficient bonding force for the intermolecular the molecular bundles with an averageIB nmwidth, the process
interactions. The proper balance between the POP hydrophobicof aligning into higher orders of structure such as lengthy strips
and ionic charge polar interaction in the amphiphile structure is and parallel columns is controllable by TM-AFM energy.
essential for the self-assemblies. Furthermore, the molecular transformations are substantially
The effect of TM-AFM tapping on the transformation of —accelerated by the combination of TM-AFM tapping energy and
molecular coils into stretched bundles is probably due to the consequential heating. The intermolecular self-alignment gener-
similar energy level between the tapping and the molecular ates orderly aggregates which are transformable under TM-AFM
noncovalent bonding. Hence, proper heating may also affect the€nergy and may be useful for fabricating novel nanoarrays.
molecular alignment. In Figure 4 (step 1 and 2), itis demonstrated
that the self-alignment is actually accelerated by applying heat s
energy. In asequential procedure of AFM tapping (60 times) and
heating (at 60C in an oven for 10 h), the sample demonstrated  Supporting Information Available: Synthesis, analysis, and
the formation of more orderly strips in the micrometer-scale interfacial tension for POP-2000/4COONa, and TM-AFM analyses of
regime. Further assemblies with-3 bundle strips in a large comparative POP-2000/2COONa and POP-400/4COONa. This material
column and approximately 6 columns occupying an area of 1 is available free of charge via the Internet at http://pubs.acs.org.
um?were observed. Within each column, the constart3 nm LAO63558E
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