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INVITED REVIEW

Observation of polymer chain structures in
two-dimensional films by atomic force microscopy

Jiro Kumaki

The visualization of polymer structures at the molecular level is one of the most important issues in polymer science; however,
even using scanning probe microscopy techniques such as atomic force microscopy (AFM), it is still challenging to observe soft
polymer materials at the molecular level. In this review, we show that using two-dimensional (2D) samples suitable for AFM
observation, especially Langmuir-Blodgett films, and by optimizing the scan conditions, it is possible to obtain molecular images
of various polymer structures by tapping-mode AFM. The molecular-level observations included isolated polymer chains and their
movements on substrates, 2D folded-chain crystals and their melting behavior, crystallization behavior of single isolated chains,

supramolecular multistranded stereocomplexes and chain packing in monolayers. The molecular-level information obtained by
this type of direct observation is expected to greatly improve our understanding of physical properties of polymers.
Polymer Journal (2016) 48, 3-14; doi:10.1038/pj.2015.67; published online 16 September 2015

INTRODUCTION

Visualization of polymer structures at the molecular level is one of the
most important issues in polymer science. The invention of scanning
probe microscopy (SPM), including scanning tunneling microscopy'
and atomic force microscopy (AFM),? has enabled us to observe
materials at the molecular or even atomic level. However, observation
of soft materials such as polymers at the molecular level is still a
difficult task. Because SPM visualizes materials by scanning surfaces,
the best resolution with SPM is attained by using flat samples—in
particular, molecularly flat samples. This is because a flat sample
allows us to minimize the feedback during scanning without the risk
of crashing the probe onto the sample surface. As a result, we can
reduce the force acting on the sample to avoid damage to the sample
in observations at high magnification. Hence, we might expect that the
most suitable sample for polymers is polymer Langmuir—Blodgett (LB)
films.>* Polymers with an appropriate hydrophilic group spread on a
water surface with each repeating unit absorbed on the water surface
as a monolayer. By compressing the monolayer on the water surface
with a moving barrier, it transforms from the isolated chains to an
amorphous film, and further to a crystalline film depending on the
nature of the polymer. The resulting single monolayer can be
deposited on a substrate for observation.

Using polymer LB films, we have successfully observed various
polymer structures at the molecular level by conventional tapping-
mode (intermittent contact-mode) AFM. There are several imaging
modes used in AFM. Tapping mode is the most popular, in which a
cantilever (a plate spring with a sharp probe tip attached at the end of
the plate) is forced to oscillate to gently tap a sample; the amplitude of
the oscillation of the cantilever is used as a feedback signal. The force

on the sample in tapping-mode AFM is significantly smaller compared
with that of contact-mode AFM, which directly scans the sample with
the cantilever. Thus, soft materials such as polymers can be observed
without significant damage. In this tapping mode, if a viscoelastic
interaction exists between the cantilever and the sample, a phase
retardation of the cantilever oscillation occurs from which a phase
image can be constructed. In reality, the phase image contains not only
the viscoelastic interaction but also other effects such as feedback
error; therefore, physical interpretation of the phase image is not
straightforward. However, the phase images usually exhibit a higher
contrast compared with the height images, and they are especially
useful in high-magnification observation. The resolution of tapping-
mode AFM is generally believed to be inferior to that of contact-mode
AFM, but we have found that a resolution close to or slightly better
than 1 nm can be attained by tapping-mode AFM on polymer two-
dimensional (2D) films.

Our observations include (1) an isolated chain®® and its movement
in humid air,”8 (2) a folded-chain crystal’ and its melting behavior,'?
(3) a single-chain crystal,'! (4) a multistranded helix of a
stereocomplex,'>!3  (5) chain packing in an LB film!* and
(6) molecular images of chains solubilized in miscible-blend
monolayers.!> These molecular images were obtained from 2D
samples but were found to closely resemble those expected in 3D
states; thus, they provide new molecular insights in understanding
polymer structures in both 2D and 3D states. In this review, we focus
on our attempts to conduct AFM observations of polymer structures
at the molecular level by tapping-mode AFM using polymer 2D films,
especially those prepared by the LB technique. Readers who are

Department of Polymer Science and Engineering, Graduate School of Science and Engineering, Yamagata University, Yamagata, Japan
Correspondence: Professor J Kumaki, Department of Polymer Science and Engineering, Graduate School of Science and Engineering, Yamagata University, 4-3-16, Jonan,

Yonezawa, Yamagata 992-8510, Japan.
E-mail: kumaki@yz.yamagata-u.ac.jp

Received 1 June 2015; revised 2 July 2015; accepted 2 July 2015; published online 16 September 2015


http://dx.doi.org/10.1038/pj.2015.67
mailto:kumaki@yz.yamagata-u.ac.jp
http://www.nature.com/pj

Observation of polymer chain structures by AFM
J Kumaki

~

interested in other current topics concerning AFM observation of
polymers are referred to recent reviews and books.!o-24

ISOLATED CHAINS

The conformation of isolated polymer chains is one of the most
fundamental physical factors contributing to our understanding of the
properties of polymers. However, even in 1996, almost 10 years after
the invention of AFM,? obtaining a clear AFM observation of a
synthetic polymer chain remained a challenge. Evidence of string-like
structures could be found in the literature, but no valid identification
of the structures was possible. To identify a polymer chain, it is
necessary at a minimum to evaluate the string length by visualizing the
chain ends and to estimate the molecular weight. Large biomolecules
such as DNA have been studied extensively by AFM.?>?6 The thickness
of a DNA strand is almost one order of magnitude larger compared
with that of conventional synthetic polymers composed of simple
carbon—carbon bonds; as a result, DNA can be observed even by
transmission electron microscopy (TEM) using a metal shadowing
technique; it has also been visualized extensively by AFM. However,
synthetic polymers cannot be visualized by TEM, and observation by
AFM has been challenging.

To observe an isolated chain by AFM, we must immobilize it on a
2D substrate. The LB technique is one of the best ways to do this; in
fact, immediately after the invention of SPM, poly(methyl methacry-
late) (PMMA) LB films were imaged, but unfortunately the process
did not reveal meaningful molecular information.?” To circumvent the
difficulties of observation, we used polystyrene-b-poly(methyl metha-
crylate) (PS-b-PMMA) block copolymer instead of a PMMA
homopolymer.>® PS contains no hydrophilic groups and therefore
does not spread on a water surface but collapses to form a particle
much thicker than a monolayer; by contrast, PMMA, which contains a
hydrophilic ester group, spreads as a monolayer. Therefore, the PS
particle can be used as a probe for observation of a PMMA chain that
emanates from it. Previously, we reported that PS monomolecular
particles, each of which contains a single PS molecule, can be obtained
by spreading an extremely dilute PS solution (~10"®gml~1!) in
benzene on a water surface.”®30 The concentration was 2-3 orders

of magnitude more dilute compared with the overlapping concentra-
tion of the polymer.

PS-b-PMMA  was spread under similar conditions to form
a PS single-block particle, a particle that contains a single PS block
chain, from which a PMMA block chain emanated. Figure 1 shows an
AFM height image of PS-b-PMMA on mica prepared in this way.
From a central PS aggregate, three PMMA chains emanated. This
AFM image was observed after exposure a deposited PS-b-PMMA
sample in humid air: 100% relative humidity (RH) for 1 h and 79.3%
RH for an additional 26 h. Immediately after being deposited on mica,
the PMMA chains formed a condensed monolayer around the PS
particles, preventing visualization of the conformations of the PMMA
chains. After exposure to the humid air, however, the conformation of
the PMMA chains markedly expanded such that the conformations of
individual chains were isolated and could be clearly observed. A thin
adsorbed water layer formed on the mica in humid air (~0.5 nm thick
at 79.3% RH?3!), which enabled movement and rearrangement of the
PMMA conformation on mica. The size of the PS single-block particle
could be estimated from the molecular weight of the PS block and the
measured thickness (2.5 nm) assuming an oblate ellipsoidal shape and
a density equal to that of bulk PS. As shown in the schematic
representation in Figure 1b, the central core contained three PS single-
block particles from which three strands (A, B and C) emanated. The
curvilinear lengths of the strands were ~30-60% of the fully stretched
PMMA block chain for this molecular weight. This is reasonable
because AFM ignores small loops and waviness less than the resolution
of AFM. From both the agreement between the number of the PS
particles and strands and the reasonable chain lengths obtained from
the molecular weight, the strands were identified as PMMA chains. In
this study, a block copolymer was used to identify and visualize the
polymer chains; however, such a restriction is no longer necessary.
Additionally, the LB technique that is used to deposit a polymer in a
well-controlled manner is not necessary because we now know that
simple spin casting of a polymer solution on a substrate is sufficient
for observation of isolated chains. Followed by the observation of
PMMA chains, various structures such as polymer brushes,3233
dendron polymers,>>* polyelectrolytes®® and star polymers®® were

Figure 1 (a) Atomic force microscopy (AFM) height image of polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) deposited on mica from a water surface,
and then exposed to 100% relative humidity (RH) for 1 h and 79.3% RH for an additional 26 h. The number average molecular weight (M,) was 1.55x 10°
for PS and 3.92x10° for PMMA, respectively. (b) Schematic representation of chain conformation. Reproduced with permission from Kumaki et al.®

Copyright (1996) American Chemical Society.
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observed. Direct observations of isolated polymer chains are, at
present, one of the essential components of polymer research.

MOVEMENT OF ISOLATED CHAINS

In addition to the static structures discussed above, the dynamic
movements of isolated chains in various environments were studied.
Gallyamov and co-workers?>37 observed conformational switching of
a linear polymer and polymer brushes upon environmental changes
between humid air and organic vapors. Sheiko and co-workers®®
successfully observed the movements of individual polymer brush
molecules in a droplet spreading on a substrate.

We observed reptational movements of isotactic (it) PMMA chains
on a substrate in humid air.” Figure 2 shows movements of it-PMMA
chains on mica over 82.5 min in 71% RH and a further 54 min in 54%
RH. The AFM height image at 0 min and the trajectories of the center
of mass of the chains (black lines: 71% RH; white lines: 54% RH) are
shown in Figure 2a. The movements were accelerated at high
humidity. Chains labeled by underlined characters (e.g., g, j and h)
moved freely without being permanently fixed on the substrate. They
moved along their length as shown in Figure 2b. Chains labeled by
characters without underlines are fixed on the substrate over at least a
portion of the chain during observation. For example, as shown in
Figure 2b, n was fixed at the middle of the chain (arrow); the residual
chains moved laterally around this fixed point. These movements bear
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a striking resemblance to a real snake, which moves along its length if
we let it move freely; if we trap a part of the body, however, the rest of
the body moves laterally around the fixed point. The origin of the
reptational movement of it-PMMA can be explained as shown
schematically in Figure 2c. In humid air, the segments repeatedly
attach and detach with a help of an adsorbed water layer. If some
loops happen to form, they move along their length and, as a result,
the chain moves along its length. At the lower humidity of 34% RH
shown in Figure 2d, the translational movements were restricted, but
detailed movements inside a chain could be observed. A small loop
(indicated by an arrow) moved along the chain, in a similar manner to
the schematic representation in Figure 2c.

Such dynamic observations are useful, providing a wealth of
information that static observations do not, including chain move-
ments, the rigidity or flexibility of chains and adhesion of the chain to
the substrate at the molecular level.

POLYMER CRYSTALS

During the initial studies using contact-mode AFM, many high-
resolution images of polymer crystals were reported.’® However, at
present, these are believed to reflect periodic responses of the crystal
lattices and do not provide true molecular images of the polymers in
the crystals. Important non-periodic structures, such as those
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Figure 2 Movements of isotactic-poly(methyl methacrylate) (it-PMMA) (M,=1.76 x 10°) chains on mica under high humidity. (a) Atomic force microscopy
(AFM) height image of it-PMMA chains on mica. The trajectories of the center of mass of the chains from O to 82.5min at 71% relative humidity (RH)
(black line) and from 82.5 to 136.5min in 54% RH (white line) are shown. (b) Time lapse of the chain shapes for freely moving chains (g, h and j) and an
anchored chain (n). (c) Schematic representation of reptational chain movements on mica. (d) Time-lapse AFM height images of an it-PMMA chain at 34%
RH. Reproduced with permission from Kumaki et al.” Copyright (2006) American Chemical Society.
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Figure 3 (a) Atomic force microscopy (AFM) height image of a crystallized isotactic-poly(methyl methacrylate) (it-PMMA) (M,=1.76x10% monolayer
deposited on mica at 10mNm~1. Schematic representation of possible chain conformations are shown on the right. (b) High-magnification AFM phase
image of a crystallized it-PMMA monolayer on mica after being annealed at 50°C for 12 h. Schematic representation of a possible chain conformation is
shown on the right. (c) Molecular model of it-PMMA double-stranded helix, which is the basic unit of it-PMMA crystals. Reproduced with permission from

Kumaki et al.? Copyright (2005) American Chemical Society.

associated with chain folding, tie chains and defects, were difficult to
observe.

We have shown that true molecular images of crystals can be
visualized by tapping-mode AFM using a crystalline LB film. Figure 3a
shows an AFM height image of an it-PMMA monolayer, which was
spread on a water surface, compressed to crystallize at a surface
pressure of 10 mN m~! and deposited on mica.® Lamella crystals with
chain packing perpendicular to the long axis of the lamella were clearly
visualized. A 2D fast Fourier transform of the image indicated that the
chain-to-chain distance was ~ 1.29 nm. Kusanagi et al.%® studied the
structure of uniaxially stretched it-PMMA filaments by X-ray diffrac-
tion and reported the material to be a crystal composed of double-
stranded helices of it-PMMA chains (Figure 3c). The chain-to-chain
distance observed by AFM was in good agreement with their model
(1.22 nm), indicating that our results support the double-stranded
helix model. The average lamella width was much shorter compared
with the length of the double-stranded helix composed of the
it-PMMA, and the double-stranded helix was estimated to be folded
23 times on average in the lamella, if we assume that the double-
stranded helix is composed of two it-PMMA chains. The folding
number is halved if we assume that a double-stranded helix consists of
an intertwined single it-PMMA chain. On close inspection of
Figure 3a, a crystalline defect (1), regular chain folding (2) and tight
tie chains (3) were also recognizable; schematic representations of
possible chain packing are shown on the right. A vague structure
between two lamellae (4) cannot be identified in this image, but if we
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treat the data as a movie constructed of a sequence of time-lapse AFM
images, we are able to recognize it as a loose tie chain exhibiting
considerable movement (See Supplementary Figure S1 and
Supplementary Movie SI in the Supplementary Information. The
movie is very short, readers are recommended to view it in the
repeated replay mode in their viewer.). We note that the use of 2D
crystals allowed these important structures to be observed clearly for
the first time. Figure 3b shows an AFM phase image of the crystal after
being annealed at 50 °C for 12 h. The regular chain folding is more
clearly visible.

In this study, we found that a resolution close to 1 nm could be
attained by tapping-mode AFM using regular 2D films deposited on
the substrates. Similarly, using regular monolayers prepared by spin
casting polymer solutions on a substrate followed by annealing under a
solvent vapor to prepare a well-ordered monolayer on the substrate,
we successfully observed molecular images of various helical polymers
with a helical pitch and helical handedness for poly(phenyl acetylene)s,
poly(phenyl isocyanide)s and an artificial double-stranded helix built
up through interstrand amidinium-carboxylate salt bridges.'*41=4

Recently, Mullin and Hobbs*® succeeded in observing a molecular
image of a polyethylene crystal by torsional tapping-mode AFM using
a T-shaped cantilever with an ultrasharp carbon whisker tip. They
successfully resolved the minimum chain-to-chain packing down to
0.368 nm. Further improvements in the AFM technique will no doubt
enable us to study polymer crystals in more detail.



MELTING BEHAVIOR OF POLYMER CRYSTALS

The it-PMMA folded-chain crystal visible in Figure 3 is a true 2D
crystal with a thickness equal to that of a single crystalline plane.
Therefore, this is an ideal material to study the physical properties of
the 2D state, and we attempted to study the melting behavior of the
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Figure 4 (a) Atomic force microscopy (AFM) phase images of two-

dimensional (2D) folded-chain crystals of isotactic-poly(methyl methacrylate)
(176k) (it-PMMA(176 k)) observed in situ at 30°C, 80°C and 100°C by
high-temperature AFM. (b) Crystalline area of 2D folded-chain crystals of it-
PMMA(175k) and it-PMMA(12k) as a function of temperature. Melting
temperatures of bulk crystals measured by differential scanning calorimetry
are also shown by arrows. Reproduced with permission from Takanashi
et al.10 Copyright (2013) American Chemical Society.
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crystals. Figure 4a shows AFM phase images of an it-PMMA crystal
with an M, of 1.76x10° (it-PMMA(176k)) observed in situ at the
temperatures indicated in the images, using a high-temperature AFM
with a heated stage.!® With rising temperature, the lamellae gradually
melted and at 100 °C most of them had melted. We note that the
chain packing was clearly visible even after a significant degree of
melting at 100 °C. Figure 4b shows the temperature dependence of the
crystalline area. The crystalline area is the area ratio occupied by
lamellae in AFM images; thus, it is an index of the 2D crystalline ratio.
As the temperature rose, the area remained constant or slightly
increased, possibly as a result of annealing of the crystals, and then
rapidly decreased. From the inflection point, the 2D melting tem-
perature (T,,) of the it-PMMA(176 k) was determined to be 80°C,
which is 54°C lower compared with the bulk T, (134°C) of the
it-PMMA(176 k); hence, a significant T;,, depression was detected for
the 2D crystal. In Figure 4b, the results for it-PMMA with a lower M,
of 1.2 x 10* (it-PMMA(12 k)) is also shown. It melted at an even lower
temperature, and its Ty, was determined to be 45°C. Because the
molecular weight dependence of the bulk Ty, for this molecular weight
regime was small (bulk T.,(12k): 131°C), an even larger Ty,
depression (86 °C) was observed for the it-PMMA(12k). The widths
of the 2D lamella of both polymers were not significantly different, as
a result, the folding number of the chain for both polymers was
detectably different (1.8 for it-PMMA(12 k), 23 for it-PMMA(176 k));
this may explain the significant molecular weight dependence of the
2D T,,. We confirmed that the melting was reversible; that is, once a
crystal melted with increasing temperature, subsequent cooling
resulted in full recovery of the crystal. This result confirms that the
2D T, values determined here were not caused by an irreversible
destruction of the 2D crystal by the scanning tip of the tapping-mode
AFM, but are true thermodynamic transitions. At present, only a
limited number of reports are available on the Ty, depression of
ultrathin polymer films, and those investigations used spin-cast films
with inhomogeneous and poorly defined crystals, and the range of the
film thickness was limited (thicker than 15nm).*>*° Our results
provide clear evidence of Ty, depression with a well-defined crystal
down to the thickness of a single crystalline plane.

SINGLE-CHAIN CRYSTALS

Crystallization is an important process in polymer physics; however,
the crystallization mechanism, especially at the molecular level, is still
not well understood. If we could observe the crystallization behavior of
a single isolated chain at the molecular level, we might gain new
insights in our understanding of the crystallization mechanism.
Figure 5d shows our approach to observe crystallization of a single
isolated chain using a mixed monolayer.!! A small amount of high-
molecular-weight it-PMMA chains are solubilized in an it-PMMA
oligomer monolayer, the molecular weight of which is too small to
allow it to crystallize. Then, if the mixed monolayer is compressed to a
surface pressure higher compared with the crystalline transition, the
high-molecular-weight it-PMMA is expected to crystallize, whereas the
matrix monolayer stays amorphous. Figures 5a and b shows AFM
images of a mixed monolayer, it-PMMA(758 k)/it-PMMA(590) =
1/200 (wtwt~1), deposited below (Figure 5a, I mN m~!) and beyond
(Figure 5b, 18 mN m~!) the crystallization transition. At I mN m ™1,
amorphous string-like it-PMMA(758 k) chains solubilized in an it-
PMMA(590) monolayer are observed. The contrast comes from the
different glass transition temperatures (Ty), as explained later; it-
PMMA(758k) (40°C) was observed as being higher compared with
the oligomer monolayer, which is liquid at room temperature. After
compression at 18 mN m~1, the amorphous chain is converted to

o)

Polymer Journal



Observation of polymer chain structures by AFM
J Kumaki

oo

it-PMMA 758k/590=1/200
b Heightf18 mN/m

a Height, 1 mN/m

it-PMMA polymer
crystallizable

it-PMMA oligomer
noncrystallizable

Single chain crystal

Figure 5 (a and b) Atomic force microscopy (AFM) height images of a mixed monolayer of isotactic-poly(methyl methacrylate)(758k) (it-PMMA(758 k))/it-
PMMA(590) = 1/200 (wtwt~!) deposited at (@) 1mNm~! and (b) 18 mN m~1, respectively. (c) Magnified AFM phase image corresponding to the square in
(b). (d) Schematic representation of crystallization upon compression of a single isolated it-PMMA chain solubilized in its oligomer monolayer. Reproduced
with permission from Anzai et al.}! Copyright (2015) American Chemical Society.

crystallites. A specific chain in Figure 5b converted to three small
crystallites (1, 2 and 3) linked by an amorphous chain, as schema-
tically shown in Figure 5d (right). In the magnified AFM image (c) of
the crystallite 1 in Figure 5b, the crystallite is apparently an it-PMMA
folded-chain crystal consisting of a double-stranded chain similar to
those shown in Figures 3 and 4. Because this crystal formed from a
single chain, the it-PMMA was assumed to intertwine to form a
double-stranded helix at both ends (1, 3) and the middle (2) of the
chain, which then immediately folded to form folded-chain crystals. In
our method, we cannot directly observe the crystallization process in
real time, but the crystallized monolayer is expected to contain crystals
at various crystallization stages. If we carefully analyze them, we may
be able to deduce how they crystallized. Figure 6 shows various single-
chain crystals of it-PMMA(758 k). Single-chain crystals crystallized at
one end (upper), at both ends (middle) and at both ends, as well as in
the three points at the middle of the chain in a manner resembling a
necklace (lower). In the table, 43 single-chain crystals are categorized
by the number and position of the crystallites formed. Close
inspection indicates that all single-chain crystals crystallized at least
at one end (first line), then the other end crystallized (second line) and
after both ends had crystallized, the middle of the chain crystallized
(third to fifth lines). These results indicate that the chain end is more
susceptible to crystallization compared with the middle of the chain in
this system. We also studied single-chain crystals from various
molecular weight it-PMMAs from 1.76 X 10° to 1.40 x 107, and found
that although the molecular weight varied by almost a factor of 10, the
size of the small crystallites formed in the single-chain crystals were
almost the same and were estimated to be composed of a 1.14 X 10°—
2.41x10° molecular weight chain. The small crystallites may not be
crystalline nuclei themselves, but may reflect them. Therefore, we
presume that the size of the crystal nuclei is independent of the
molecular weight of the polymers. The structure of single-chain
crystals observed here, especially those small crystallites linked by an
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amorphous chain similar to a necklace, bears a close resemblance to a
simulation of a single-chain crystal by Langevin dynamics by
Muthukmar and co-workers.>!

MULTISTRANDED HELICAL STRUCTURE OF PMMA
STEREOCOMPLEX
Stereoregular PMMAs, it- and syndiotactic (st) PMMAs, form a
crystalline stereocomplex with a stoichiometry of it/st =1/2 in
solutions and solids (for a review see Spévacek and Schneider®?).
For example, both it- and st-PMMA dissolve in acetonitrile to form a
clear solution, and if one mixes the two clear solutions, each of which
contains it- or st-PMMA, a crystalline precipitate immediately forms
that consists of the PMMA stereocomplex. Schomaker and Challa®?
proposed a double-stranded helical structure for the stereocomplex as
shown in Figure 7a, left based on X-ray diffraction of a uniaxially
stretched strand. A 9/1 (9 monomers per turn) it-PMMA helix with a
helical pitch of 1.84 nm is loosely wound with a 18/1 (18 monomers
per turn) st-PMMA helix with the same helical pitch. Thus, the
PMMA stereocomplex is a unique multistranded helical structure
composed of complementary it- and st-PMMA helices; such a
structure has attracted the attention of researchers. However, the
limited number of X-ray diffraction peaks obtained from the stereo-
complex prevented definite identification of the structure for long
time. Because a resolution close to or slightly better than 1 nm can be
attained by AFM using LB films, we tried to observe directly a
molecular image of the stereocomplex. Fortunately, the mixed
monolayer of it- and st-PMMAs spread on a water surface was known
to form a stereocomplex upon compression based on the surface
pressure—area isotherms and infrared measurement of the resultant LB
films.>

Figures 7b and ¢ show high-resolution AFM phase images of the
PMMA stereocomplex prepared by the LB technique.!? Many spring-
like structures are discernable, each of which is a stereocomplex
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Figure 6 (Upper) Atomic force microscopy (AFM) height images of various
single-chain crystals of isotactic-poly(methyl methacrylate)(758k) (it-PMMA
(758k)). (Lower) Forty-three single-chain crystals were classified by the
number and the position of small crystallites in the chain. Reproduced with
permission from Anzai et al.!! Copyright (2015) American Chemical Society.

molecule. As shown in the magnified image (Figure 7c), mixtures of
right-handed (A and B) and left-handed (C) helices are present. From
the AFM image, the width of the stereocomplex (2.4 nm) is close to
that expected from the double-stranded helix model, but the helical
pitch of the outer st-PMMA helix (0.92 nm) is only half that of the
model (1.84 nm), indicating that the model should be reconsidered. If
an st-PMMA is wound around an it-PMMA helix with a half-pitch, as
shown in the AFM image, the it-PMMA helix should also wind with a
double density to maintain the experimental stoichiometry (it/st=1/2).
Thus, the previous model needs to be totally reconstructed. In
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Figure 7a, right, we propose a new triple-stranded helix model that
agrees with both the AFM image and the stoichiometry. The outer
st-PMMA winds with a half-pitch of 0.92nm, a configuration that
resembles the structure of the st-PMMA helix in the crystalline
inclusion complex of st-PMMA/solvent molecules.” Pure st-PMMA
is difficult to crystallize, but it does cocrystallize with a small amount
of specific solvent molecules, such as cyclohexanone and benzene,
included in the cavity of the generated st-PMMA helices. The
st-PMMA helix can be analyzed as a 74/4 (=18.5/1) helix with a
helical pitch of 0.885 nm, very close to the st-PMMA helix used in the
triple-stranded stereocomplex model. For the inner it-PMMA helix
with double density, it is probably reasonable to select a thermo-
dynamically stable helical structure of it-PMMA, namely, the double-
stranded helix structure that forms in its crystal. The helical structure
of the it-PMMA double-stranded helix in the triple-stranded helix (9/1
helix with a helical pitch of 1.84 nm) was slightly modified from the
it-PMMA homocrystal (10/1 helix with a helical pitch of 2.1 nm;
Kusanagi et al.*%) to fit the X-ray diffraction and the stoichiometry.
The exact helical structures of it- and st-PMMA in the triple-stranded
helix need to be optimized based on experimental data, such as X-ray
diffraction of a stretched strand. Recently, Yarovsky and co-workers®®
optimized the triple-stranded helix model using a molecular dynamics
simulation to fit X-ray powder diffraction data of a stereocomplex.
Their optimized model suggests that a 9/1 it-PMMA double-stranded
helix with 1.8 nm helical pitch was surrounded with a 20/1 st-PMMA
single helix with an average helical pitch of 0.9 nm.

We note that AFM is a powerful new tool that can provide key
information to understand the stereocomplex structure, which was too
complicated to be analyzed using the conventional X-ray diffraction
for over half a century.

MECHANISM OF PMMA STEREOCOMPLEX FORMATION
The PMMA stereocomplex is a rare complementary multistranded
helix composed of synthetic polymers and is thus an ideal model to
study how a multistranded helix forms. In this context, multistranded
helical structures were investigated in detail by AFM as a function of
the molecular weight of the component it- and st-PMMAs.!* To avoid
uncertainty arising from the molecular weight distribution of the
component polymers, we used uniform polymers obtained by fractio-
nation of a specific molecular weight component from a polymer.>”
Figure 8a shows an AFM phase image of a stereocomplex composed of
it-PMMA 22 mers (it22) and st-PMMA 44 mers (st44) with the
stoichiometric composition of it/st=1/2. A stereocomplex formed
with a uniform length (lines) that was arranged in parallel to form
lamellae that formed further stacked and regular aggregations. Note
that there was no irregular large aggregation resulting from inter-
molecular connections, indicating that the stereocomplex was formed
as a thermodynamically stable supramolecule with a definite size
corresponding to the molecular weight of the component polymers.
A detailed AFM study of the stereocomplexes as a function of the
molecular weight of the component it- and st-PMMAs showed that
(1) the size of the stereocomplex depends precisely on the molecular
weights of the component PMMAs, (2) the it- or st-PMMA with the
longer molecular length determines the total length of the stereo-
complex and molecules of the shorter component associate until they
fill up or cover the longer component and (3) the observed lengths of
the stereocomplexes support the supramolecular triple-stranded heli-
cal structure composed of a double-stranded helix of two intertwined
it-PMMA chains included in a single helix of st-PMMA. The
stereocomplex shown in Figure 8a was therefore concluded to be
composed of an it-PMMA double-stranded helix with two it22
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molecules and a st-PMMA single-stranded helix with two st44
molecules, as shown in the schematic representation.

From the result (2) above, the size of an it-PMMA double-stranded
helix inside the stereocomplex can be evaluated, if we use a st-PMMA
helix sufficiently shorter than the it-PMMA helix. As schematically
shown in Figure 8c, we examined the stereocomplex formed from a
mixture of it22, it-PMMA 43 mer (it43) and st-PMMA 44 mer (st44).
The length of the st44 helix (2.2 nm) is appropriately shorter than that
of it22 (4.5nm) and it43 (8.8 nm); therefore, we could evaluate the
length of the it-PMMA double-stranded helix from the length of the
resultant stereocomplex. As shown in Figure 8¢, the it-PMMA double-
stranded helix can be formed by selecting the same molecular weight
as it22/it/22 and it43/it43 or mixing the different molecular weights as
two it22 and one it43. Figure 8b shows that the length distribution of
the resultant stereocomplex prepared from an it22 and it43 equimolar
mixture on a polymer-molar basis with st44 was bimodal. Each peak
was in good agreement with the distribution of a mixture of it22/st44
and it43/st44, respectively, and the number of stereocomplexes in each
peak was identical, corresponding exactly to the mixing ratio of it22
and it43. If the it-PMMA double-stranded helix had formed from a
mixture of different molecular weights, it22 and it44, the length
distribution of the resultant stereocomplex would have differed from
the mixing ratio of it22 and it43. Therefore, the result indicated that
the it-PMMA double-stranded helix formed by selecting the same
molecular weights, which we term molecular sorting (Figure 8c, right-
top and -bottom), and no heterogeneous mixture formed from
different molecular weights (Figure 8¢, right-middle).

As mentioned above, the it- or st-PMMA with the longer length
determined the total length of the resultant stereocomplex. It is of
interest to ask why it-PMMA forms a double-stranded helix selecting
the same molecular weight. We believe that this behavior originated
from the molecular structures of the stereocomplex. The triple-
stranded helix model is an inclusion complex of an it-PMMA
double-stranded helix in a single-stranded st-PMMA helix, and not
a simple triple-stranded helix in which three helices are intertwined. In
the inclusion complex between the it-PMMA double helix and the
st-PMMA helix, the longer component may determine the total
length, on the other hand, in an intertwined helix of it-PMMA,
chains may select the molecular weight of the other component. The
triple-stranded helix model of the stereocomplex rationally explains
the molecular weight dependence of the stereocomplex.

Selective associations, recognizing the structure and molecular
weight of the pairing molecules, that is, molecular sorting, have so
far been limited to systems containing strong intermolecular mono-
mer—monomer interactions, such as helicates with metal-coordinate
bonds®®>° and peptide nucleic acids (PNAs) with hydrogen bonds.®°
The present PMMA stereocomplex system is believed to form by van
der Waals forces without specific monomer—monomer interactions,
thus indicating that molecular weight recognition between comple-
mentary helices can be achieved without specific monomer—monomer
interactions. This finding suggests that the multiple-stranded helical
structure itself may have the ability to recognize molecular weight
through a topological interaction.

CHAIN PACKING IN A POLYMER MONOLAYER

Although polymer Langmuir monolayers have been extensively
studied as highly functional ultrathin films, the most fundamental
issue in understanding a 2D film, the polymer chain packing in the
film, is still not well understood. de Gennes®' first indicated that
because a 2D ideal chain can be built up to 2D bulk density without
interpenetrating into other chains, the polymer chains in a 2D state
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Figure 9 (a) Schematic representation of possible chain packing in two-
dimensional (2D) states. (b) Atomic force microscopy (AFM) phase image
of a monolayer of polyisocyanide deposited on mica at 1mNm~1.
(c) Schematic representation of the polymer chain packing in (a). Some
chains are highlighted for clarity. (d) Chemical structure of the
polyisocyanide used. Reproduced with permission from Kumaki et all4
Copyright (2010) American Chemical Society.
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Society.

may exist as perfectly segregated chains (Figure 9a, right). However,
there are contradictory results that support either segregated chain
packing®>®* or interpenetrating chain packing.!®*7 Direct observa-
tion of polymer chain packing by AFM is expected to be the most
direct way to understand this, but the limited resolution means that
direct observation of the chain packing in the monolayer of a
conventional polymer is still difficult.

To overcome this difficulty, we used a rigid rod helical polymer that
contains a long side group in the repeating unit.** Figure 9a shows an
AFM phase image of a monolayer of poly(phenyl isocyanide) bearing
L-alanine residues with a long n-decyl chain as a pendant group
(Figure 9d) deposited on mica at a surface pressure of 1 mN m~ 114 As
a result of the long side chain, the chain-to-chain distance was
sufficiently large (2.6 nm) to visualize the chain packing by AFM. As
schematically shown in Figure 9b, the chain packing, including the
chain ends, are satisfactorily visualized: some chains are highlighted for
clarity. Note that the chains are packed into a 2D film without any
stacking and are strongly interpenetrated. Unexpectedly, in some areas
chains are folded into hairpin-like conformations and also some
bundles of chains are folded similar to deformed rock strata. These
highly forced conformations may be formed spontaneously when the
polymer solution is spread on the water surface because of the
condensed nature of the monolayer. Further systematic studies using
more flexible polymers will make the chain packing in monolayers
more clear.

ISOLATED CHAINS SOLUBILIZED IN A POLYMER MONOLAYER
Chain packing in miscible polymer blends cannot be visualized for 3D
samples, but in 2D systems, chains solubilized in miscible polymer
blend monolayer are expected to be observable. We found that a
PMMA/poly(n-nonyl acrylate) (PNA) blend monolayer
miscible,%® and if a small amount of PMMA was solubilized in a
PNA monolayer, the isolated PMMA chains solubilized in the PNA
monolayer were clearly visible by AFM with clear contrast.!®
Figure 10b shows an AFM height image of a PMMA/PNA (1/100
(wtwt~1)) monolayer deposited on mica at 1 mNm~!. Chain-like
structures that are ~0.3nm higher compared with the matrix
monolayer were clearly observed. The average number of the chain-
like structures in the AFM images (22 um~2) was in good agreement
with the number of PMMA chains in the monolayer expected from
the LB deposition conditions (21 pm ~2). The origin of the contrast is
assumed to be the different rigidities of the polymers because of their
different Ty (105°C (PMMA), —89°C (PNA)). If the polymers are
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tapped by a cantilever with the same force, the more rigid PMMA
chains should be detected as being physically higher compared with
the flexible PNA chains. Figure 10c shows a double-logarithmic plot of
the radius of gyration (Ry) of the PMMA chains solubilized in PNA
(13k) monolayers as a function of the molecular weight of the
PMMA. The parameter Ry scales with the molecular weight as R,
(PMMA)oxcMpppva ~ %93, The scaling of Ry(PMMA) was larger com-
pared with that of a 2D ideal chain (0.5) but smaller compared with
that of a 2D chain in a good solvent (0.75). The absolute value of
Rg(PMMA) was four to six times larger compared with that of the 2D
ideal chain (perfectly segregated chain), indicating that the PMMA
chain markedly expanded and interpenetrated into the PNA mono-
layer. We also evaluated the R, of PMMA(210k) solubilized in
monolayers of different molecular weight PNA from 7 to 550 k, and
found that the Ry(PMMA, 210k) was independent of the molecular
weights of the matrix PNA over a wide range. In a 3D homopolymer
system, a polymer chain solubilized in a lower molecular weight
matrix swells; however, a chain solubilized in a higher molecular
weight matrix should shrink. Therefore, the R, dependence of the
PMMA on the M,, of the PNA matrix is markedly different from the
case in 3D systems. One possible explanation is that the PMMA/PNA
monolayer is a strongly miscible system and that the R, of the PMMA
is not strongly affected by the M,, of the matrix, although the scaling of
Ry(PMMA) on M, (PNA) (0.63) was slightly smaller compared with
that in a good solvent (0.75). The other is that in the 2D system, a
polymer chain has a somewhat larger R, compared with the 2D ideal
chain (segregated chain) but is not truly solubilized with the matrix
polymer; as a result, the Rg is unaffected by the M,, of the PNA matrix.
At present, it is not clear how the PMMA/PNA monolayer mixes;
further systematic studies changing the interactions between compo-
nents with various blend systems should clarify the nature of
monolayers of 2D miscible-blend systems.

CONCLUDING REMARKS

In this review, we report that various polymer chain structures can be
observed using 2D films prepared by the LB technique; the observa-
tions include isolated chains, chains in amorphous and crystalline
states, miscible polymer blends and a supramolecular multistranded
helix. The LB technique is superior in preparing well-ordered 2D films
with homogeneous structures throughout a film, and produces
samples suitable for high-resolution imaging. However, observation
should be expanded to 3D samples. Further improvements of AFM
instrumentation and cantilevers will provide a more robust method



for observation of polymer structures at the molecular level. Recent
more sophisticated AFM instruments, such as non-contact frequency
modulation AFM,®° quartz turning fork cantilevers® and torsional
tapping-mode AFM,*8 are still applied to polymer observations to only
a limited degree, but are expected to improve our ability to observe
polymers at the molecular level in the future.
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