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Abstract: The self-assembly of poly-
(ethylidene acetate) (st-PEA) into van
der Waals-stabilized liquid-crystalline
(LC) aggregates is reported. The LC
behavior of these materials is unex-
pected, and unusual for flexible sp’-
carbon backbone polymers. Although
the dense packing of polar ester func-
tionalities along the carbon backbone
of st-PEA could perhaps be expected
to lead directly to rigid-rod behavior,
molecular modeling reveals that indi-
vidual st-PEA chains are actually
highly flexible and should not reveal
rigid-rod induced LC behavior. None-
theless, st-PEA clearly reveals LC be-
havior, both in solution and in the melt
over a broad elevated temperature
range. A combined set of experimental
measurements, supported by MM/MD
studies, suggests that the observed LC
behavior is due to self-aggregation of
st-PEA into higher-order aggregates.
According to MM/MD modeling st-

Bas de Bruin*?!

PEA single helices adopt a flexible hel-
ical structure with a preferred trans-
gauche syn-syn-anti-anti ~orientation.
Unexpectedly, similar modeling experi-
ments suggest that three of these heli-
ces can self-assemble into triple-helical
aggregates. Higher-order assemblies
were not observed in the MM/MD sim-
ulations, suggesting that the triple helix
is the most stable aggregate configura-
tion. DLS data confirmed the aggrega-
tion of st~-PEA into higher-order struc-
tures, and suggest the formation of rod-
like particles. The dimensions derived
from these light-scattering experiments
correspond with s-PEA triple-helix
formation. Langmuir-Blodgett surface
pressure—area isotherms also point to
the formation of rod-like st-PEA ag-

Keywords: liquid crystals - poly-
mers - sp> backbone - supramolecu-
lar aggregates - triple helix

gregates with similar dimensions as st-
PEA triple helixes. Upon increasing
the st-PEA concentration, the viscosity
of the polymer solution increases
strongly, and at concentrations above
20wt% st-PEA forms an organogel.
STM on this gel reveals the formation
of helical aggregates on the graphite
surface—solution interface with shapes
and dimensions matching st-PEA triple
helices, in good agreement with the
structures proposed by molecular mod-
eling. X-ray diffraction, WAXS, SAXS
and solid state NMR spectroscopy
studies suggest that st-PEA triple heli-
ces are also present in the solid state,
up to temperatures well above the
melting point of st-PEA. Formation of
higher-order aggregates explains the
observed LC behavior of st-PEA, em-
phasizing the importance of the “terti-
ary structure” of synthetic polymers on
their material properties.
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Introduction

In nature, macromolecules (RNA, DNA and polypeptides,
such as proteins) have evolved towards serving certain pur-
poses, and their desired properties (e.g., rigidity or specific
recognition of other molecules) are mainly dictated by the
complex secondary and tertiary structures they adopt. An
important class of tertiary structures is formed by helical as-
semblies, which are ubiquitously found in nature and are re-
sponsible for the most important biological functions.'! The
most well-known example of a helical assembly is DNA,
which forms a double helix, and its structure is intricately
linked to its biological function. As such, the properties and
biological behavior of DNA are completely different from
that of RNA, which is a single-stranded DNA analogue and
does not form a long double helical tertiary structure on its
own. RNA or other synthetic oligonucleotides can form as-
semblies upon selectively binding with double-stranded
DNA target sequences, which results in the formation of a
triple helix.>*! Formation of these specific macromolecular
assemblies has been proposed as a suitable approach for se-
lective gene expression/repression and DNA repair (for a
review, see ref. [4]). Another example of a helical assembly
in biological systems is collagen, which possesses a great ten-
sile strength due to its assembly into triple-helix fibers, and
is as such perfectly designed to provide support and stability
to tissue.!

Although it is a common feature for biological macromo-
lecules to assemble into helical tertiary structures or bun-
dles, helical assembly of synthetic macromolecules is unusu-
al.l Recent advances in the field of supramolecular chemis-
try have led to the synthesis of a limited number of synthetic
macromolecules that form, under specific conditions, a
double helix structure (for examples, see reviews by
Nolte,*”! Furusho!!! and Yashima®). Formation of higher-
order assemblies from synthetic, high molecular-weight poly-
mers is, however, still extremely rare. Some reports dealing
with formation of triple-stranded metal-bound helicates
have been published in recent years (for examples, see a
review by Yashimal®), as well as reports describing the heli-
cal structure adapted by stereocomplex polymethylmetha-
crylate (PMMA), which adopts a triple-helix-like structure
through supramolecular assembly of two isotactic strands
and one syndiotactic strand (Figure 1)."!

Figure 1. Schematic representation of the triple-helix-like structure of
stereocomplex PMMA: a double helix formed by two strands of ir-
PMMA (yellow) surrounded by a single strand of stPMMA (blue). (Re-
produced from ref. [10] with permission from the American Chemical So-
ciety; copyright 2008.)
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Formally this structure should be considered as an inclu-
sion complex, in which a double helix formed by two strands
of isotactic PMMA is surrounded by a strand of syndiotactic
PMMA.!" Due to its specific triple-helix-like structure, ster-
eocomplex PMMA reveals very different properties than
atactic or syndiotactic PMMA and exhibits, among others,
enhanced thermal stability compared to the different struc-
tures of (proposed double helix) homo-assemblies formed
by either syndiotactic PMMA or isotactic PMMA. As a
result, stereocomplex PMMA has found its way into ad-
vanced applications, such as ultrathin films and thermoplas-
tic elastomers."'? This emphasizes that supramolecular as-
sembly of synthetic macromolecules into a more complex
helical aggregate drastically changes the polymer properties,
and can lead to the development of a completely new class
of materials with unique functions stemming from their “ter-
tiary structure”, in analogy with the above-described biomo-
lecules.

The formation of synthetic helical assemblies might well
play an important role in the development of new liquid-
crystalline polymers (LCPs). LCPs are of growing impor-
tance because of their potential applications, such as actua-
tors and in the field of organic photovoltaic materials. LCPs
generally contain segments constructed from sp’-hybridized
carbon atoms, in order to provide sufficient rigidity to the
macromolecular chains to allow the formation of a liquid-
crystalline phase. Rigidity could, in principle, also be in-
duced by the formation of helical assemblies that lock the
polymer chains in a specific, rigid conformation. This would
eliminate the need for sp*hybridization and potentially
allows the formation of LCPs from sp*-based polymers, such
as polyolefins, which has up to now only been achieved with
very limited success. Only few examples exist dealing with
LC properties of linear polyolefin-like carbon-chain materi-
als, and their LC phases are only observed under rather ex-
treme conditions.*™% The above-described helical PMMA
assemblies (including stereocomplex PMMA) do not give
rise to the formation of LC phases.

We have already demonstrated that syndiotactic carbene
polymers containing a fully sp*>-based backbone structure ex-
hibit both lyotropic and thermotropic liquid crystalline be-
havior with nematic stability over a broad temperature
range!'”?l (Figure 2; for an overview of the field of carbene
polymers, see refs. [16-18]). To our knowledge, this is the
first example of a stable fully sp>-based, main-chain liquid
crystalline polymer. We thus far assumed that the rigidity in
these polymers is induced by the presence of rather bulky
side groups at every single carbon atom of the polymer
backbone, thus preventing free rotation around the C—C
bonds in the backbone and locking the polymers in a rigid
helical conformation (i.e., rigid-rod behavior of the single
chains). Analogous atactic polymers made by radical poly-
merization of difunctionalized olefins are obtained as sticky
oils and exhibit thermotropic LC properties only under
shear, indicating that the stereoregularity of the carbene
polymers plays an important role."”! Hence, this new class of
stereoregular carbene polymers exhibits material properties
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Figure 2. Example of a liquid crystalline carbene polymer (syndiotactic
poly(ethylidene acetate); st-PEA) with a fully sp*>-based backbone as ob-
tained by Rh-mediated carbene polymerization using a diazoester as car-
bene monomer precursor.

very different from other existing polymers, such as poly-
(meth)acrylates, as a result of the densely packed and ster-
eoregularly-placed functionalities.

Observation of liquid-crystalline behavior of carbene pol-
ymers provides unique possibilities for the formation of
highly (macroscopically) aligned fibers and films of fully sp*-
based polymers, which have been inaccessible up to now
due to the absence of other stable sp>-based LCPs. These
aligned structures are expected to reveal novel material
properties, possibly opening up new application areas both
from a structural and functional point of view.

To fully exploit the potential of these sp>-based LCPs it is
necessary to study their 3D structure and their potential to
assemble into more complex supramolecular aggregates
(“tertiary structure”) in more detail. The highly syndiotactic
carbene polymers that can be obtained in a controlled way
by Rh-mediated carbene polymerization provide an excel-
lent starting point for such studies."” Recently, the structure
of such polymers containing alkyl side chains ranging from
C6 to C18 have been reported to form highly ordered hex-
agonal columnar phases whereas formation of supramolecu-
lar aggregates was not observed.”’! Surprisingly, shortening
the alkyl chain to C2 (i.e., poly(ethylidene)acetate, st-PEA;
Figure 2) leads to a completely different behavior. This poly-
mer forms a nematic LC phase, although its phase structure
is thus far poorly understood. Since the molecular weight of
st-PEA can easily be tuned by varying the reaction condi-
tions, we set out to study the above-mentioned polymer
properties of st-PEA in order to find an explanation for its
different behavior.

Here we present our combined experimental and compu-
tational efforts aiming at understanding the LC behavior of
st-PEA. The combined information from molecular mechan-
ics-based molecular dynamic studies (MM/MD), scanning
tunneling microscopy (STM), Langmuir-Blodgett surface
pressure—area isotherms, WAXS, SAXS and X-ray diffrac-
tion studies, DSC, polarized microscopy and solid state
NMR spectroscopy strongly suggests that st-PEA helices
self-assemble into higher-order van der Waals-stabilized
triple-helix aggregates, thus explaining the observed poly-
mer properties. Formation of nematic phases by polymer
self-assembly uncovers a thus far unexplored new area in
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Figure 3. The realm of main-chain sp*-carbon based polymers, showing
the well-known amorphous and semi-crystalline morphologies on the
right and the new liquid crystalline morphologies on the left.

the realm of sp>-carbon-based polymers and is expected to
broaden their application window tremendously (Figure 3).

Results and Discussion

Modeled structure of st-PEA : We first focused on molecular
modeling techniques to gain information about the flexibili-
ty/stiffness of st-PEA in order to understand the possible
rigid-rod behavior of this polymer in relation to its LC be-
havior. This led to rather surprising results. Finding the
(global) minimum energy structure of a short st-PEA
oligomer by straightforward molecular mechanics (MM) op-
timization is hampered by the rather rugged potential
energy surface of these molecules. We, therefore, also per-
formed a series of short classical molecular dynamics (MD)
simulations of st-PEA fragments in the gas phase at temper-
atures ranging from 5 to 300 K. The simulations employ a
DFT-calibrated version of the Amber force field and were
started from different molecular geometries, setup and opti-
mized with a molecule builder program. In particular, the
initial configurations sampled different carbon backbone di-
hedral angles and side-chain orientations as defined by their
H—C—C=0 dihedral angles (Figure 4). Both the MM optimi-

Figure 4. Detailed representation of the backbone conformation showing
the trans-gauche conformation and the syn-syn-anti-anti H—-C—C=0 tor-
sions (OEt moieties of the ester groups are omitted for clarity).

zations and the MD simulations show that the st-PEA chain
assumes a helical configuration to minimize the steric repul-
sion between the C(O)OEt side chains present at every
single backbone carbon atom (Figure 4 and Figure 5). This
behavior is somewhat related to the helical folding of st-
PMMA P! Of the structures found for a short st-PEA model
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Figure 5. Snapshot from a molecular dynamics simulation at 7=5K of a
st-PEA fragment composed of 128 CHC(O)OEt units, showing the for-
mation of a trans-gauche helix and the favorable arrangement of the C=
O fragments.

fragment of 128 backbone units, a trans-gauche helix (secon-
dary structure) is the most stable configurational state, in
which the backbone dihedral angles are alternating close to
—45° and 175° in the left-handed (M) helix or with the op-
posite signs in the right-handed (P) helix. As expected, st-
PEA has no preferred handedness. Interestingly, the side
chain orientations assume a syn-syn-anti-anti pattern at very
low temperatures. However, the rotational barrier is rather
small, and at room temperature, the side chain configura-
tions are more disordered (Figure 6).

Another helical structure that we found is shown in
Figure 7. This structure has a smaller helical pitch and is
thus thicker and shorter than the trans-gauss helix, but is
also about 3kT (1.8 kcalmol™') per monomer higher in
energy. To our surprise, the simulations at 7=300K re-
vealed that both the trans-gauche chain and the more com-
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Figure 7. Snapshot from a molecular dynamics simulation at 7=5K of a
st-PEA fragment composed of 128 CHC(O)OEt units, showing the for-
mation of a more compact flexible helix with a more random conforma-
tion of the HC—C=O torsions (top).

pact chain are much more flexible than anticipated
(Figure 8). In fact, they are so flexible that they cannot be
regarded as rigid rods at all, and thus cannot be responsible
for the experimentally observed LC behavior (vide infra).
As the rigid-rod behavior of st-PEA cannot be understood

Figure 8. Snapshot from a molecular dynamics simulation at 7=300 K of
a syn-syn-anti-anti st-PEA fragment composed of 128 CHC(O)OEt units,
emphasizing its flexibility.
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Figure 6. Values for the H-C—C=O torsion angles (grey) and C—C torsion angles of the polymer backbone (black) of a left-handed helix as a function of
the position in the polymer fragment, showing the syn-syn-anti-anti conformation for the H—-C—C=O torsions and the trans-gauche conformation of the
backbone at 5 K (top left) and 300 K (top right and bottom left). The bottom-right picture shows the time profile of one H-C—C=0O torsion and one C—
C torsion at 300 K, revealing that rotation around the H-C—C=O torsion is possible.
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from regarding the isolated chain, we moved on to model
the behavior of small assemblies of st-PEA chains.

MD simulations of three of the 128-monomer st-PEA hel-
ical chains stacked in a parallel configuration show a very
remarkable behavior. The stacked helices spontaneously
self-assemble in a supramolecular way to form a rigid, rod-
like super helix (“tertiary structure”), provided that the
single helices have the same handedness (Figure 9).

80A

Figure 9. Snapshot from a molecular dynamics simulation at 7=300 K of
three right-handed sr-PEA fragments composed of 128 CHC(O)OEt
units revealing the formation of right-handed triple-helix assemblies for
the structured syn-syn-anti-anti single helices (top), and the more random
helices (bottom) showing the different dimensions. The chains are identi-
cal but are represented in different colors for clarity.

The resulting triple helix has the same handedness as the
single helices of which it is composed. When a mixture of
two M-helices and one P-helix (or the opposite) was al-
lowed to equilibrate, formation of a triple helix was not ob-
served. Also, attempts to obtain triple helices exhibiting the
opposite handedness of that of the single helices were un-
successful: upon applying a torsion potential the triple helix
can be rotated in the opposite direction, but the triple helix
immediately unfolded upon release of this potential, in
order to equilibrate to a triple helix with the same handed-
ness as the single helices.

The top panel in Figure 9 shows a snapshot from the 1 ns
simulation at 7=300K starting from three of the trans-
gauss M chains (Figure 4 and Figure 5), in which the triple
helix is formed with a pitch of 130 A and a top—top longitu-
dinal interchain distance of the three single helices of about
43 A. Starting from three single M-helices in the more com-
pact and energetically less favorable configuration
(Figure 7) leads to a shorter triple helix that has a pitch of
80 A and a top-top longitudinal interchain distance of ap-
proximately 25 A between the single helices (Figure 9,
bottom panel). The average potential energy difference be-
tween these stretched and more compact triple-helix assem-
blies at T=300K is with approximately 1 kcal
mol ™' monomer™' somewhat smaller than the difference be-
tween the single chains. Based on this (still significant)
energy difference we expect the stretched triple helix to be

Chem. Eur. J. 2013, 19, 11577 -11589

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

predominant in the melt and in solution with a rather inert
solvent, such as chloroform. We believe, however, that the
more compact helix conformation can play an important
role under certain experimental conditions, for example,
through interaction with a surface in STM experiments, as
we will discuss in the following section.

Noteworthy, these triple helices are held together solely
by interchain van der Waals interactions between the ethyl
fragments of the different single-helix chains. Since the C=0
fragments are “hidden” in the interior of the single helices,
contribution of dipole interactions to the stability of the
triple helix is only marginal (less than one third of the total
interactions). When four single helices are allowed to equili-
brate in the MD/MM simulations, a triple helix with a
“loose end” is observed, which is the onset for the formation
of a network of triple helices in which single helices inter-
connect two or more triple helices (Figure 10) leading to the
formation of physical crosslinks (Figure 11). Formation of

Figure 10. Schematic representation of the formation of physical cross-
links by interconnecting single helices. Front view, showing a triple helix
formed by the red, blue and white single helices whereas the shorter
green helix is not participating (top left), side view showing the chain
ends of the shorter white and green helices (bottom) and back view,
showing a triple helix formed by the red, blue and green single helices
whereas the shorter white helix is not participating (top right). The
single-helix chains are identical but represented in different colors for
clarity.

higher-order helices (e.g., quadruple helices) does not occur
according to these simulations, indicating that the triple-
helix structure is the most stable assembly. Formation of
synthetic sp>-based helical assemblies stabilized by van der
Waals interactions are rare, and it has only been observed
for formation of the (double-) helical assemblies of
PMMA! described in the introduction, as well as for poly-
(ethyleneimine) double helices and co-polymers thereof.*
Most literature examples of naturally occurring and bio-
inspired higher-order helical assemblies exhibit much stron-
ger interstrand interactions, such as hydrogen bonds or
metal-ligand interactions, between the macromolecules that
are responsible for the formation of the helical assemblies.
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Figure 11. Pictures of a solution of st-PEA at a concentration of 1 wt%
in CHCl; and of a stiff polymer gel at 20 wt% st-PEA in CHCl; (top).
This gel is likely the result of physical crosslinks formed by single helix
chains (depicted as black, red and purple ribbons) assembling into inter-
connected triple helices (bottom).

Such interactions, which repeatedly occur between specific
segments of the resulting macromolecular chain-array, also
explain the stability of these abundant assemblies. For the
collagen triple helix, for example, interstrand hydrogen
bonds are observed once per three amino acid units in the
backbone, and each hydrogen bond accounts for helix stabi-
lization by about 2 kcalmol . Some synthetic triple-
stranded helicates gain stability from abundant metal-ligand
interactions, and their shape is directed by both the ligand
structures and the coordination geometries of the metal cen-
ters.’l The st-PEA triple helix shown in Figure 9 does not
contain any of these stronger electrostatic interactions be-
tween the three st-PEA chains of which it is composed, but
is a rare example of a van der Waals-stabilized triple helix.
Stereocomplex PMMA is the only other example of such a
van der Waals-stabilized higher-order assembly we are
aware of, but this assembly is composed of two different pol-
ymers (st-PMMA and i#-PMMA) in a 2:1 ratio. The st-PEA
triple helix shown in Figure 9 seems to be the first van der
Waals-stabilized triple helix composed of three identical pol-
ymer chains.

Experimental proof for self-assembly of st-PEA : Several ex-
periments confirm that st-PEA self-assembles into higher-
order aggregates, and the combined information gathered
from scanning tunneling microscopy (STM), Langmuir—
Blodgett surface pressure—area isotherms, X-ray diffraction
studies and solid state NMR spectroscopy studies suggests
that st-PEA indeed self-assembles into van der Waals-stabi-
lized triple-helical aggregates under the experimental condi-
tions in solution, in the solid state, and in the melt, in which
st-PEA adopts a similar “tertiary structure” as found in the
MM/MD simulations.

11582 ——

www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Self-assembly of s--PEA in solution and st-PEA aggregate
detection on a graphite surface with STM: The aggregation
behavior of st-PEA in solution depends on its concentration.
Dynamic light scattering (DLS) experiments confirmed the
presence of rigid, rod-like particles with dimensions similar
to those of the MM/MD modeled st-PEA triple helix (M, =
120 kDa, PDI 2.9) at concentrations >1 wt % in chloroform
(see Figures S1 and S2 in the Supporting Information for
more details). The presence of such structures was not ob-
served at lower concentrations, indicating that st-PEA is
most likely present as single helices at these concentrations.
These results confirm that st--PEA chains self-assemble into
higher-order rod-like aggregates upon increasing the st-PEA
concentration, which was further confirmed by surface pres-
sure—area isotherms obtained from Langmuir-Blodgett (LB)
films (Figure S3 in the Supporting Information). The driving
force for this self-assembly process is most likely the pres-
ence of many favorable interstrand van der Waals interac-
tions, and the dimensions derived from these DLS and LB
experiments suggest that s--PEA indeed self-assembles into
triple-helix aggregates.

The viscosity increases upon increasing the st-PEA con-
centration and at concentrations above 20 wt % in CHCl; st-
PEA forms an organogel (Figure 11, top), similar to the ge-
lation behavior observed for syndiotactic PMMA poly-
mers.”!! The origin of the formation of this st-PEA gel is
likely the formation of physical crosslinks, in which a single-
helix chain interconnects several different triple-helices as
described above (Figures 10 and Figure 11, bottom).

This gel of st-PEA (20 wt % in CHCI;) was further investi-
gated with scanning tunneling microscopy (STM) on a
highly-oriented  pyrolytic  graphite (HOPG) surface
(Figure 12). This allowed us to directly observe aggregates
of st-PEA bundles. To prevent drying of the gel, 10% (v/v)
of 1-phenyloctane was added. STM at the gel/solid interface
revealed the presence of helix-like arrays of bright ovals.
The arrays are 35(4+3) A wide and the distance between
their centers is 47(4+5) A. Within an array the bright ovals

Figure 12. STM topography image of a monolayer of st-PEA aggregates
at the interface of HOPG and CHCly/1-phenyloctane (9:1 v/v); 35x
35 nm?, Vys=—0.280 V, I, =0.5 pA; structural features of the helix-like
arrays are indicated in red and a molecular model of part of a st-PEA
triple helix is superimposed.
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are 21(45) A apart. The use of the lowest possible tunneling
current in our STM setup (~0.5 pA) appeared to be essen-
tial for successful imaging. Already at this current it ap-
peared very difficult to keep the molecular layer stable,
whereas at only slightly higher currents (~1 pA) the adsor-
bed arrays were swept away apparently by a physical inter-
action with the STM tip. This interaction is believed to be
the main reason for the far from ideal resolution of the
STM image. Since low tunneling currents are directly relat-
ed to large sample-tip distances, it can be assumed that the
observed arrays are several nanometers thick. However, de-
spite the somewhat low resolution, the STM images reveal a
characteristic pattern of s--PEA bundles, which are clearly
much thicker than a s-PEA single helix. The dimensions of
these bundles correspond well with the st-PEA triple-helix
structure found with MM/MD simulations. Both the diame-
ter of the triple-helix arrays and the interchain top—top dis-
tance between the interconnected single helices in these
arrays (observed as bright ovals in the STM image) match
perfectly to the model depicted in the bottom part of
Figure 9. Hence, it seems that st-PEA binds to the graphite
surface in its more compact triple-helix conformation
(Figure 9, bottom and Figure 12).

The driving force for st-PEA to adopt this conformation
might well stem from the presence of 1-phenyloctane in the
solvent mixture, the hydrophobicity of which forces st--PEA
to be more compact. It might also be that in this more com-
pact conformation the triple helices simply have a more fa-
vorable interaction with the underlying graphite surface,
thus providing the driving force for st-PEA to adopt this
conformation. Note that the STM image represents only a
local snapshot of a highly ordered monolayer of st-PEA
triple helices physisorbed on the graphite surface, and that
the physical crosslinks between them in solution, as pro-
posed in Figure 11, are not observed here.

The STM image indicates that the helices are highly
aligned at the microscopic level, which is confirmed by the
formation of a lyotropic nematic phase at concentrations
above 20 wt % in CHCI, (Figure 13, left)."

The presence of crosslinks does not allow us to further in-
crease the wt% of st-PEA once a stiff gel is formed. As
such the viscosity drop characteristic for LC solutions could
not be observed. The maximum concentration depends on

Figure 13. a) Representative polarizing optical micrograph of the texture
of st-PEA with M, =120 kDa in solution (CHCl;, 25°C) showing the for-
mation of a nematic phase. Crossed polarizers, magnification 20 x. X-ray
diffraction pattern of a st-PEA solution (M,,=24 kDa) in CHCl; at 25°C
at a concentration of: b) 30 wt % or less (isotropic phase), and c) 35 wt %
(randomly-oriented nematic phase; right).
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the molecular weight (M,,) of the st-PEA polymers (25 wt %
for M,=120 kDa, 35 wt% for M, =24 kDa and 40 wt % for
M, =8kDa). These physical crosslinks also hamper forma-
tion of highly macroscopically aligned films or fibers from
these concentrated LC solutions, since they prevent the heli-
ces from flowing. The lack of macroscopic alignment in the
nematic phase was confirmed by X-ray diffraction (XRD),
which shows formation of long-range ordered structures
with a random orientation (Figure 13, right). Some degree
of alignment could be achieved by applying shear, but the
samples go back to their non-aligned conformation upon re-
leasing the shear pressure.

st-PEA aggregates in the solid state and melt: Experimental
proof for the existence of st-PEA aggregates in the solid
state was obtained by SAXS studies of st-PEA at different
temperatures (Figure 14). Regardless of the temperature,

80 - ——PEA25°C
PEA 65 °C
‘ ——PEA115°C
01| PEA 155 °C
3 PEA 215 °C
s
Z 409
2l |
c |
[ il
2 1 \
20 1|
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Figure 14. SAXS data of st-PEA with M,,=120 kDa at various tempera-
tures.

the pattern shows two characteristic peaks at values for 26
of 0.60° and 9.36°. The peak at 0.60° corresponds to a perio-
dicity of 145 A, which roughly matches with the pitch of the
triple helix as determined by MM/MD modeling of st-PEA
(Figure 9, top). This peak seems to reveal a Porod-type be-
havior, with the intensity being proportional to 1/g, and is as
such representative of worm-like structures, in agreement
with the rigid rod-like character of the st-PEA triple helix.
It should be noted that this peak is very close to the beam
stop and that more extensive measurements are required to
confirm this. The small angle intensity as such is considera-
bly higher than we normally observe in polymeric samples
indicating that indeed long-range, ordered structures are
being formed. The peak at 9.36° matches a lattice distance
of 9.5 A, which corresponds to the cross-sectional distance
of the single helices in the triple-helix structure (10 A),
which is in agreement with the data reported by Tokita and
Shikinaka.”” s-PEA in its solid state was obtained by pre-
cipitation from concentrated st-PEA solutions in CHCl,
upon addition of MeOH, and as such the observation of
these helical aggregates in the solid state further confirms
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the above-described self-assembly behavior of st-PEA
chains in solution.

Upon heating the sample above the melting transition as
observed by differential scanning calorimetry (DSC, T, =
105°C for M,=120 kDa; vide infra) the peak at 0.60° does
not disappear, suggesting that st-PEA is still present in its
triple-helix form above the 7,,. Remarkably, the SAXS peak
at 9.36° sharpens substantially upon heating the sample
(Figure 14), indicating that the st-PEA chains (within the
triple-helix bundle) form a more ordered structure upon
heating above T,. In order to find an explanation for this
effect, we studied the phase behavior of st-PEA in more
detail.

The behavior of solid st-PEA samples upon heating and
cooling was studied by differential scanning calorimetry
(DSC). Three st-PEA samples of different M, were studied
and all show a melting and crystallization transition, with
temperatures increasing according to their M, (Figure 15
and Table 1).
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Figure 15. DSC curves (endo up) of st-PEA samples with different molec-
ular weights; second cooling curve (top; cooling at 2°Cmin~') and third
heating curve (bottom; heating at 2°Cmin~' after cooling with
2°Cmin~"). Red lines: 8 kDa; black lines: 24 kDa; blue lines: 120 kDa.

The values for the melting and crystallization tempera-
tures, T,, and T,, respectively, are further influenced by the
crystallization procedure with which the polymers are ob-
tained. Rapid precipitation from concentrated CHCl; or
CH, (], solutions by addition of MeOH yields lower values
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Table 1. Phase-transitions temperatures of st-PEA polymers as deter-
mined by DSC.

M, [kDa] T [°C 7. [°C] AH, [Tg™']
120 108 86 21
12000105] 150 110 24
24 89, 130 96, 76 25
8 59 56 12

[a] st-PEA sample obtained by precipitation from a concentrated CHCl;
solution by addition of MeOH. [b] s+-PEA sample obtained by slow evap-
oration of CHCl,.

than slow crystallization by slow evaporation of CHCI,,I""!
which allows the formation of a more ordered and thus
more favorable polymer packing (less crosslinks). This is
emphasized by the observation of two melting and crystalli-
zation peaks in the st-PEA sample with a M,, of 24 kDa.
This polymer sample was obtained by precipitation from
concentrated CH,Cl, solutions upon addition of MeOH. Ap-
parently, the M,, of these polymers and their M,, distribution
allow the chains to form two different crystal packings.

Part of the polymers precipitate in a physically cross-
linked manner (vide infra), giving rise to lower values of T},
and T.. These values are in line with those obtained for the
other two s+-PEA samples of different M,, that are crystal-
lized upon addition of MeOH. A second fraction of the pol-
ymer sample crystallizes in a more ordered fashion, most
likely forming less physical crosslinks, therefore giving rise
to higher values for 7}, and T.. Similar effects of crystalliza-
tion are observed for the other st-PEA samples, although
only upon changing the sample preparation and thus never
in one sample as is the case for st-PEA with a M,, of
24 kDa. Surprisingly, the two different crystal packings in
this polymer sample are still observed in the second and
even third heating and cooling cycle, although the sample
has been heated to temperatures well above the T, in the
first heating and cooling cycle. This indicates that the triple
helices cannot move freely above the T, and thus cannot
change their crystal packing or cross-linking behavior.

Above the T, st-PEA forms a thermotropic nematic
phase regardless of the molecular weight (Figure 16). This
behavior above the T}, can only be explained by the above-
described stability of the (triple helix) aggregate bundles of
st-PEA, because the individual st--PEA chains are much too
flexible to form a stable nematic phase (vide supra). These
results indicate that the melting transition as observed by
DSC can be interpreted as a crystalline-to-nematic transition

Figure 16. Representative polarizing optical micrographs of the textures
of st-PEA with M,=120kDa at 240°C (left), M,=8kDa at 124°C
(middle) and M, =8 kDa at 260°C under shear (right) showing the for-
mation of a nematic phase. Crossed polarizers, magnification 10x.
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(K-N). Below the T, the triple helices apparently form a
crystal packing, whereas above the T,, they seem to exist as
weakly interacting (albeit still physically crosslinked) rigid-
rod bundle-like triple-helical aggregates of st-PEA. The
melting of these triple-helix crystals is reflected by the tem-
perature profile of the WAXS pattern of st-PEA, which
shows a broadening of the peaks at higher values of 26
(from 20° <26 <40°) upon heating (Figure 17). This is clear-

at T=

20(°)

15 22 29 36 43

Figure 17. Temperature profile of the WAXS data of st-PEA with M,,=
120 kDa.

ly indicative for loss of order in the sample, and is thus in
agreement with melting of crystals. Upon cooling, the crystal
packing is restored. A nematic-to-isotropic transition™ is
observed at about 300 °C, which can be interpreted to be as-
sociated with formation of “free” (non-aggregated) st-PEA
chains in the solid state by dissociation of the triple-helical
aggregates. However, this phase transition coincides with
the onset of polymer decomposition.

Attempts to obtain highly (macroscopically) aligned sam-
ples by melt processing of st-PEA in its nematic phase were
hampered by the presence of physical crosslinks between
the st-PEA aggregates, which prevented the material from
flowing. Apparently, the interchain van der Waals interac-
tions are strong enough to prevent the individual (single
helix) st-PEA chains to slide along the axis of the triple
helix, hampering the aggregates to move independently. The
presence of these physical crosslinks above the T, was con-
firmed by rheology measurements (Figure S4 in the Sup-
porting Information).

BC CP-MAS NMR spectroscopy provided further evi-
dence for the solid-state structure of st-PEA at different
temperatures. Analysis of the carbonyl region of the *C CP-
MAS NMR spectrum of st-PEA both at 50°C and at 170°C
reveals the presence of several spinning side bands, indicat-
ed with an asterisk in the spectra (Figure 18). Herzfeld and
Berger analysis®! of the spinning side band intensities of st-
PEA at 50°C gives chemical shift tensor values typical for a
carbonyl ester group®! of a powder sample, which is in
agreement with the observed solid crystalline phase for st-
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Figure 18. C CP-MAS NMR spectra (carbonyl region) of st-PEA at
50°C (top: solid phase) and 175°C (bottom: nematic phase). Spinning
sidebands are marked with an asterisk.

PEA. At 170°C st-PEA forms a nematic liquid crystalline
(LC) phase. The chemical shift anisotropy values have
changed significantly: its asymmetry parameter has changed
from 0.34 to 1.0, whereas the anisotropy J,, has been re-
duced from 90 to 34 ppm. This can be due to the motion of
the carbonyl group and the polymer chains themselves as
well as the orientation of the chains in the rotor. In general,
when spinning at the magic angle, there is no preferred ori-
entation of the director of a nematic liquid crystal.””) Hence,
the observed change in anisotropy can only be due to re-
stricted motion of the carbonyl groups in the nematic phase.
Upon cooling, the original sideband pattern reappears, indi-
cating that the director of the nematic phase does not have
a preferred orientation indeed. The change in anisotropy
upon heating is linked to the dissociation of the crystalline
phase formed by the aggregated st-PEA bundles, leading to
the formation of what appears to be weakly interacting
triple helices in the melt. An isotropic rotation over any
axis, be it the H-C—C=0 axis or the helix axis, would lead
to an anisotropy parameter equal to zero, representative of
cylindrical symmetry. This is clearly not the case and a re-
stricted rotation of the ester group about the H-C—C=0
axis is a likely scenario. For a restricted rotation between
two orientations about this axis that would give an asymme-
try parameter of 1, the angle between the two (equally)
populated sites should be 134° (or 226°). However, the ani-
sotropy parameter d,,; would only be reduced to 54 ppm, in-
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stead of the observed 34 ppm. Liberation of the ester
moiety, however, could reduce this anisotropy further.

As reported previously, splitting of the peaks is observed
at low temperature (50°C) as a result of the alternating syn-
syn-anti-anti configuration of the H-C—C=0 torsions (vide
supra).l'’™ Upon heating, this splitting pattern disappears
and the peaks merge into a single one (Figure 18 and
Figure 19). This process is reversible, and the peaks split up

60 50 40 30 20 10
ppm
Figure 19. *C CP-MAS NMR spectrum of st-PEA (aliphatic region) at
50°C (blue) and 175°C (red). Spinning sidebands are marked with an as-
terisk.

again upon cooling. This means that the chains undergo
rapid reorientations and the signal is representative for the
average conformation. Most likely, this reorientation corre-
sponds to rapid syn—anti conversions of the H-C—C=0 tor-
sions upon heating, which is in agreement with the energies
of st-PEA polymers in a syn-syn-anti-anti and more random
conformation that are in a similar range (vide supra). This
rotation is possibly due to the melting of the crystal packing
of the st-PEA (triple helix) aggregates, thus providing more
space and rotational freedom for the individual st-PEA
chains in the molten aggregates. These rotations are also ob-
served in the MD/MM simulations (vide supra). The
BC NMR spectrum of st-PEA in solution does not show the
above-described splitting, even at concentrations above
5Swt%, indicating that aggregation and formation of the
triple helices themselves does not prevent the single helices
from having (rotational) mobility in solution. Restricted
motion of the H-C—C=O torsion angles in the triple helix is
apparently a crystal-packing effect. Remarkable is the
downfield shift (Ad~2 ppm) observed for the methine signal
of the backbone-carbon atom (0~45ppm) upon heating,
whereas all other signals retain their original shift
(Figure 19). This shift of the backbone-carbon signal is in
agreement with the above-described rotational freedom of
the single helices upon heating. As a result of the rapid
changes in the H-C—C=O torsions, the chemical environ-
ment around the backbone carbon atoms apparently
changes slightly, resulting in a downfield shift.

The increased rotational freedom of the single helices in
the triple-helix structures observed upon heating is most
likely also responsible for the sharpening of the peak at
9.36° in the SAXS pattern (Figure 14). Apparently, the
single-helix chains in the triple helix adopt a slightly disor-
dered conformation in the crystalline phase in order to
allow formation of a tight crystal packing. This disorder is
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mainly present in the ethyl groups of the side chains,"”! and
is likely governed by steric interactions with neighboring
triple helices. Upon heating, the side groups of the single
helices gain rotational freedom around the HC—C=O bond,
thus providing the space to adopt a more defined structure
of the triple helix, thus resulting in a sharpening of the peak
in the SAXS pattern.

Comparison of the NMR signals (at 50°C) before and
after heating the sample to 175°C reveals a sharpening of
the peaks after cooling, which is most pronounced in the
carbonyl signal (Figure 20). This indicates that the crystal

190 185 180 175 170 165 160 155
ppm

T T T T T T

60 50 40 30 20 10

Figure 20. *C CP-MAS NMR spectra of st-PEA at 50°C before (red) and
after (blue) heating to 175°C. Spinning sidebands are marked with an as-
terisk.

packing in the solid state is enhanced and the sample has
undergone recrystallization during the heating and cooling
process. The increased crystallinity of the sample is further
emphasized by the decreased intensity of the signal that rep-
resents the amorphous fraction of the backbone carbon,
which is observed as a broad signal at 6 =47.8 ppm. Howev-
er, as stated above, the presence of physical crosslinks in the
sample prevents the helices from moving and as such pre-
vents the sample from complete recrystallization.

The above-described results strongly suggest that the for-
mation of st-PEA triple helices (“tertiary structure”) is at
the basis of the observed liquid crystalline properties of pol-
ycarbenes. The helical (“secondary”) structure of the single
helices allows too much flexibility. The crosslinks present
between several triple helices account for the high modulus
of these polymers above the T, which is generally consid-
ered as beneficial. Unfortunately, the presence of these
crosslinks in both the lyotropic and thermotropic nematic
phase also hampers flow of the polymers, which is necessary
to obtain highly macroscopically aligned structures. Howev-
er, the results presented here are expected to contribute to

Chem. Eur. J. 2013, 19, 11577 -11589


www.chemeurj.org

Self-Assembled “Polycarbenes”

the development of suitable processes that allow exploita-
tion of these sp’-based main-chain liquid-crystalline poly-
mers to their full potential.

Conclusion

We have demonstrated through a combination of experi-
mental measurements and computational MM/MD model-
ing that poly(ethylidene acetate) (st-PEA) self-assembles
into higher-order aggregates, which explains the thus far
poorly understood LC behavior of this polymer. The com-
bined information from molecular mechanics-based molecu-
lar dynamic studies (MM/MD), scanning tunneling micro-
scopy (STM), Langmuir-Blodgett surface pressure-area iso-
therms, WAXS, SAXS and X-ray diffraction studies, DSC,
polarized microscopy and solid state NMR spectroscopy
strongly suggests that st-PEA helices self-assemble into van
der Waals-stabilized triple-helix aggregates revealing rigid-
rod behavior.

Molecular modeling reveals that st-PEA strands, having a
fully sp*-based backbone structure, adopt a helical (“secon-
dary”) structure due to steric repulsion between their ethyl
side groups. Surprisingly, these helices are rather flexible
and as such the “secondary structure” of these polymers
cannot be held responsible for the observed liquid-crystal-
line behavior. However, this flexibility also allows the as-
sembly of three of these single st-PEA helices into a triple-
helical supramolecular (“tertiary”) structure, which is stabi-
lized solely by interchain van der Waals interactions. This
behavior is rather unique for synthetic polymers. Assembly
into these triple-helix structures allows st-PEA to reveal
rigid, rod-like behavior, and the “tertiary structure” of st-
PEA dictates its liquid-crystallinity. Formation of higher-
order st-PEA aggregates is confirmed experimentally. Self-
assembly of st-PEA occurs readily in solution at concentra-
tions higher than 1wt% as indicated by detection of rod-
like particles with dynamic light scattering (DLS) experi-
ments. Self-assembly of st-PEA chains into higher-order
rod-like aggregates upon increasing the st-PEA concentra-
tion was further confirmed by surface pressure—area iso-
therms obtained from Langmuir-Blodgett (LB) films. The
dimensions derived from these DLS and LB experiments
suggest that st-PEA self-assembles into triple-helix aggre-
gates similar to the MM/MD modeled structures.

At concentrations above 20 wt % the s-PEA triple helices
form a polymer gel due to physical crosslink formation
(single-helix chains interconnecting several different triple
helices). The st-PEA aggregate bundles could be directly ob-
served in this polymer gel by scanning tunneling microscopy.
The dimensions of these bundles correspond well with the
st-PEA triple-helix structure found with MM/MD simula-
tions. This st-PEA gel reveals lyoptropic liquid-crystalline
behavior, which is not observed at lower st-PEA concentra-
tions, thereby emphasizing that the material properties of s¢-
PEA are significantly influenced by formation of these as-
semblies.
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st-PEA assemblies are also present in the solid state,
which appears to be composed of a crystalline packing of
triple-helix aggregates. Upon heating, melting of these rod-
like crystals is observed, whereas the individual (triple
helix) rod-like bundles stay intact. Above the melting tem-
perature, these rod-like aggregate bundles give rise to the
formation of a thermotropic nematic phase, which is stable
up to 300°C. At even higher temperatures a nematic-to-iso-
tropic transition is observed, indicating that the aggregates
start to disassemble into individual flexible st-PEA chains.
These results emphasize the strong influence of st-PEA self-
assembly on the polymer properties.

The presence of physical crosslinks after assembly of st-
PEA into its “tertiary structure” gives rise to a rather high
modulus for these polymers, which is retained above the LC
melting point. This makes st-PEA potentially interesting for
structural applications. The disadvantage of these crosslinks
is that the material exhibits very limited flow in both its lyo-
tropic and thermotropic nematic phase, which makes it
more difficult to process this material or to obtain macro-
scopically aligned st-PEA films and fibers. Further research
is necessary to improve the processing ability of these new
liquid-crystalline materials in order to exploit them to their
full potential.

The results described here emphasize the potential of the
formation of helical assemblies for obtaining novel materials
with unexpected properties dictated by their “tertiary struc-
ture”. This behavior bears some similarities with the effects
of the secondary and tertiary structure of biological macro-
molecules (e.g., proteins, DNA) on their material properties
and biochemical function.

Experimental Section

st-PEA samples of different molecular weight were obtained according to
known procedures.I'! Solvents were used without further purification.

Computational methods: The classical molecular dynamics simulations
were performed with our in-house software CM3D, using the amber gaff
force field. Atomic (RESP) charges were obtained by matching the elec-
trostatic potential around an optimized structure of a monomer unit
(CH;—CHC(0O)OC,Hs—CH;) to a reference potential obtained from a
Hartree-Fock/6-31G electronic structure calculation, following the amber
force field protocol. We adapted the HCCO torsion potentials of the
amber force field to match the free energy barrier for side-chain rotation
to a reference potential. This reference potential was obtained at the
density functional theory (PBE+VdW/TZVP) level of theory by per-
forming a series of constrained molecular dynamics simulations with the
CP2K program to obtain the free energy of rotation. A series of polymer
chains were built from the optimized monomer structure by applying
simple translation, rotation and inversion rules. By changing the angle of
rotation for each subsequent monomer in the chain, left- and right-
handed backbone chains were generated. Also, the initial side-chain ori-
entations were varied between all syn, all anti, as well as several alternat-
ing patterns. These structures were energy minimized and simulated for
1 ns in the NVT ensemble at temperatures of 5, 100, 300, 400, 500, and
600 K. A Nose-Hoover chain was used to maintain the temperature. To
find the most stable structures, we also performed annealing simulations,
in which the velocities were slowly scaled back to zero Kelvin during a
1 ns simulation. The position trajectories were stored for analysis.
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Dynamic light scattering: DLS measurements were performed on a Mal-
vern Zetasizer Nano ZS.

Polarizing optical microscopy (POM): A Leica DMLD polarizing optical
microscope equipped with a Linkam hot-stage or a Nikon Eclipse E600
polarizing optical microscope equipped with a Nikon DSLR:1 camera
was used. The thermotropic behavior was studied between untreated
glass slides by using heating and cooling rates of 10°Cmin . The lyotrop-
ic behavior was investigated by using solutions of st-PEA in CH,Cl, at
different wt % at 25°C.

X-ray diffraction: XRD data were recorded on a Bruker AXS D8 Dis-
cover X-ray diffractometer with a Hi-Star 2D detector by using Cug, ra-
diation filtered by cross-coupled Gobbel mirrors at 40 kV and 40 mA.

Differential scanning calorimetry: A DSC Q1000 of TA-Instruments in
the modulated mode was used. The heating and cooling rate were
2°Cmin~', the amplitude of temperature modulation was 0.5°C and the
period of modulation 60s. The 7T, and 7, values were determined from
the heat flow curves.

Rheology measurements: A Rheometric SR 5000 controlled stress rhe-
ometer using parallel plates with a diameter of 25 mm was employed. A
strain sweep was performed to confirm the linear viscoelastic region of
the samples, followed by a frequency sweep.

Simultaneous small-angle X-ray scattering (SAXS) and wide angle X-ray
scattering (WAXS): Measurements were performed at the Dutch-Belgian
beam-line (DUBBLE) at ESRF in Grenoble, France. The sample detec-
tor distance was about 2 m, whereas the X-ray wavelength was 1.24 A
(E=10keV). The scattering vector q is defined as g = (4m/1)sinf, where
sinf is half of the scattering angle. A Linkam hot stage was used for heat-

ing—cooling and was performed at a rate of 10°Cmin".

3C CP-MAS NMR spectroscopy: Spectra were recorded on a Chemag-
netics CMX 600 MHz NMR spectrometer. An HX double resonant
32mm pencil design Chemagnetics probe was used, tuned to
599.995 MHz for protons and 150.872 MHz for carbon. Cross polarization
was performed with a 2 ms contact time and rf-field strengths on proton
and carbon of 50 and 55 kHz, respectively, and a 5 kHz linear ramp on
carbon. Magic angle spinning at speeds of 5 kHz was used and proton de-
coupling with an optimized CM sequence/®! (8° phase excursion, 10.8 ps
pulse width) at an rf-field strength of 92 kHz was employed during ac-
quisition.

Scanning tunneling microscopy: STM was performed in the constant cur-
rent mode by using a home-built STM setup.? Tips were mechanically
cut from 0.5 mm diameter Ptyglr,, wire and freshly cleaved ZYB-grade
HOPG (NT-MDT) was used as substrate. All measurements were per-
formed at solid/liquid interfaces created by the application of a droplet
of the solution under investigation between the tip and the substrate. The
piezo element of the STM was calibrated in situ by lowering the bias
voltage to 100 mV and raising the tunneling current to 50 pA, which al-
lowed imaging of the HOPG surface underneath the molecules. Raw
STM data were processed only by the application of background flatten-
ing.

Pressure-area isotherms: Measurements were recorded by using a KSV
Minitrough (KSV Instruments, Ltd.) with a surface area of 243.06 cm 2,
equipped with a Lauda RM6 cooling system at a temperature of 25°C.
An aliquot (35 pL) of a solution of st-PEA in CHCI; at a concentration
of 1.02mgmL~"' was placed on a water surface and allowed to spread
evenly over 15 min. The pressure—area isotherm was collected at a

10 mmmin~%.
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