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Polymer Langmuir monolayers have superior mechanical and
thermal stability in comparison with monolayers composed of small
molecules, and they have been extensively studied for decades for
use in possible applications such as optoelectronics and molecular
electronics devices.! Polymer monolayers are also ideal models for
the study of polymer chains in two dimensions, and their structure
and properties in their two-dimensional (2D) states have also been
the subject of intense study. However, our understanding of polymer
monolayers is still limited.” For example, it is not clear how 3D
polymer chains in a solution dramatically change their conforma-
tions in forming 2D chains on the water surface, how they aggregate
to form a 2D film, how the chains are packed in the resulting 2D
film (i.e., with or without interpenetration into other chains),® and
whether chain stacking exists in the films at the molecular level
(Figure 1A). Direct observation of the polymer chains at the
molecular level by microscopy should provide important informa-
tion concerning these questions. As most polymers have poor
stability toward the electron-beam damage inherent in transmission
electron microscopy (TEM),* atomic force microscopy (AFM) is
a more promising approach for these materials, although observation
of the molecular-level chain packing is still challenging because
of the limited resolution of the method.

Previously, we imaged isotactic poly(methyl methacrylate) (it-
PMMA) monolayers deposited on mica at different surface pressures
(7r). We visualized the aggregation of isolated polymer chains in a
dilute state to form an amorphous film and their subsequent
crystallization to form 2D folded-chain crystals composed of double-
stranded helices of it-PMMA chains.® High-resolution AFM
resolved the chain packing in the 2D folded-chain crystals along
with chain foldings and tie chains. However, the chain packing in
the amorphous film could not be resolved because of the disorder
and the thinner single chains of it-PMMA in the amorphous state
relative to the thicker double-stranded helix in the crystal (diameter
~1.2 nm). Recently, we also reported that rigid rodlike helical
polyisocyanide bearing L-alanine residues with long n-decyl chains
as the pendants (poly-1 in Figure 1B) spin-cast from a solution
onto highly oriented pyrolytic graphite (HOPG) self-assembled into
chiral 2D helix bundles upon exposure to an organic solvent vapor.
The chain packing (chain-to-chain distance ~2.1 nm) and the pitch
and handedness of the helical structures were observed by AFM.°
As polyisocyanides with an appropriate hydrophilic group are
known to spread on a water surface as a monolayer,” we expected
to be able to visualize the chain packing in these monolayers as a
result of the large diameter of the rigid rodlike polyisocyanide
molecules. In this study, we have confirmed that the polyisocyanides

i Japan Science and Technology Agency.
* Nagoya University.
% Present address: Department of Polymer Science and Engineering, Graduate
School of Science and Engineering, Yamagata University, 4-3-16 Jonan, Yonezawa,
Yamagata 992-8510, Japan.

5604 m J. AM. CHEM. SOC. 2010, 132, 5604-5606

spread on a water surface as stable monolayers and successfully
used high-resolution AFM to resolve for the first time the chain
packing in monolayers deposited on mica. The results show that
the long polymer chains, which are partially forced to adopt unusual
hairpin-like conformations, are packed in the 2D film without any
chain stacking. We have also shown that the persistence lengths of
the chains in 2D films depend on their 3D persistence lengths in
solution.

The polymers used were poly(phenyl isocyanide)s bearing
L-alanine or L-lactic acid residues with long n-decyl chains as the
pendant groups (poly-1 and poly-2, respectively; see Figure 1B).%
The number-average molecular weight (M,), its distribution (M,,/
M,), and the first Cotton effect intensity in the circular dichroism
(CD) spectrum in the main-chain absorption region near 360 nm
(Aeg), which reflects the excess of a one-handed helical conforma-
tion of the main chain, were 1.9 x 10°, 1.92, and —11.0 for poly-1
and 1.73 x 107, 2.17, and —3.21 for poly-2, respectively.®

Figure 1B shows surface pressure—area (7—A) isotherms for
poly-1 and poly-2 spread from benzene solutions. Both polymers
form stable, well-defined condensed monolayers on the water
surface, as indicated by the good agreement of the limiting area of
~0.28 nm?*repeating unit (ru) with the value of 0.233 nm?%ru
calculated for a poly-1 monolayer on the basis of its reported crystal
structure.’
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Figure 1. (A) Schematic representation of the molecular packing in a 2D
film. (B) 7—A isotherms of poly-1 (red) and poly-2 (blue) on water.

Figure 2A shows tapping-mode AFM height and phase images
of a monolayer of poly-1 deposited on mica at a surface pressure
of 1 mN/m. Long polymer chains closely packed in a 2D film are
clearly visualized, and 2D fast Fourier transforms of the image show
specific spots corresponding to a chain-to-chain distance of 2.6 £
0.1 nm, which is in good agreement with that in the (100) plane of
the poly-1 crystal (2.645 nm).® The surface undulation of the chains
(~0.2 nm), while emphasized in the high-contrast image, is much
smaller than the thickness of the film [2.0 £ 0.1 nm, as measured
by AFM from the mica surface (data not shown)]; hence, the surface
of the monolayer is fairly flat, without any chain stacking. Figure
2B is a schematic representation of the chain packing in Figure
2A; some chains are highlighted in red for clarity. Long flexible
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Figure 2. AFM images of monolayers of poly-1 and poly-2. (A) AFM height (left) and phase (right) images of a monolayer of poly-1 deposited on mica
at 1 mN/m. (B) Schematic representation of the polymer chain packing of the phase image in (A). Some chains are highlighted in red for clarity. (C)
Magnified phase image of the area indicated by the yellow square in (A); the yellow and pink lines, respectively, indicate left- and right-handed antipodal
oblique pendant helical arrangements with respect to the main-chain axes. (D) AFM height (left) and phase (right) images of a monolayer of poly-2 deposited
on mica at 1| mN/m. The yellow curved line in the phase image indicates a possible conformation of a polymer chain.

polymer chains are packed into the 2D film without any stacking.
Such a nonstacking chain packing on substrates has often been
proposed without direct evidence, but we for the first time have
confirmed it experimentally by high-resolution AFM. Unexpectedly,
in some cases, chains are folded into hairpin-like conformation (see
a and d in Figure 2B). Also, as indicated by the blue dotted lines,
some bundled chains are folded like deformed rock strata. Around
these irregularly folded chains, relatively large voids are seen (c,
d, f), which cause large defects in the film. These highly forced
conformations may be formed during the spontaneous aggregation
of the chains spread on the water surface as a result of the condensed
nature of the monolayer. Even in a relatively regular area (e.g., e),
there are small defects due to the presence of chain ends. We
emphasize that the detailed molecular-level information shown here
is only available by direct observation of the molecules.

Figure 2C shows a magnified phase image of the area indicated
by the yellow square in the right panel of Figure 2A. Similar to
the observations of films of the same polymer spin-cast onto
HOPG,® the clearly observed periodic oblique stripes appear to
result from one-handed helical arrays of the pendant groups of
individual polymer chains, with predominantly left-handed (yellow
lines) and minor right-handed (pink) helices.® The observed helical
pitch (1.58 % 0.09 nm) of poly-1 is slightly larger than the value
of 1.30 = 0.04 nm reported for a spin-cast film on HOPG, indicating
that the helical structure might be slightly modified on the
hydrophilic mica substrate in comparison with the hydrophobic
HOPG substrate. On the other hand, the more flexible poly-2, which
has no intramolecular hydrogen bonds between the side groups and
at room temperature exists in a melted state (in contrast with the
solid state of poly-1), was difficult to observe at a similar high
resolution; however, it was possible to observe chain packing with
a chain-to-chain distance of 2.86 + 0.03 nm, as shown in Figure

2D. The small surface undulation (~0.24 nm) in comparison with
the thickness of the monolayer [0.95 # 0.08 nm,'® as measured by
AFM from the mica surface (data not shown)] indicates again that
there is no stacking of the chains. The yellow curved line indicates
a possible packing of a single chain. A comparison of panels C
and D of Figure 2, which were taken at the same magnification,
reveals a more condensed conformation for poly-2 than poly-1. The
apparent 2D persistence lengths of the chains were then estimated
from the AFM images to be 39 and 6 nm for poly-1 and poly-2,
respectively. These values are smaller than those determined for
the same polymers in tetrahydrofuran (THF) solutions using size-
exclusion chromatography (SEC) with a multiangle laser light-
scattering (MALS) detector but clearly reflect the ordering of the
persistence lengths in the solution (poly-1, 220 nm; poly-2, 30.8
nm®). The smaller value in the 2D films may be result from the
forced conformations of the polymer chains in the condensed
monolayers.'!

In conclusion, we have used AFM to successfully observe the
chain packing of long polymer chains in amorphous 2D films for
the first time. Our understanding of polymer monolayers will be
improved with the help of molecular-level information such as that
presented here.

Supporting Information Available: Experimental details, wider
views of AFM images, and additional discussion. This material is
available free of charge via the Internet at http://pubs.acs.org.
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