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ABSTRACT: In supramolecular polymers, directional in-
teractions control the constituting units connectivity, but
dispersion forces may conspire to make complex organiza-
tions. Here we report on the long-range order and order—
disorder transition (ODT) of main-chain supramolecular
polymers based on poly(propylene oxide) (PPO) spacers
functionalized on both ends with thymine. Below the ODT
temperature (Topr), these compounds are semicrystalline
with a lamellar structure, showing nanophase separation
between crystallized thymine planes and amorphous PPO
layers. Above Topr, they are amorphous and homogeneous
even though their X-ray scattering spectrum reveals a peak.
This peak is due to correlation hole effect resulting from
contrast between end-functional groups and spacer. Macro-
scopically, the transition is accompanied by dramatic flow
and mechanical properties changes.

Block copolymers have attracted a great deal of interest in part
because long-range ordered mesophases (such as lamellar,
cylindrical, cubic or gyroid morphology) and order—disorder
transition (ODT) can be achieved by simple control of the
molecular parameters (degree of polymerization N and interac-
tion parameter y)." These two features are of great importance in
technological applications ranging from cutting-edge electronic
to bitumen additives.” The ability of a block copolymer to go
from elastomeric-like (in its ordered state) to liquid-like (in its
disordered state) properties by varying the temperature is
particularly interesting.” Since long-range ordered mesophases
and ODT are also observed for liquid-crystals* and supramolec-
ular liquid crystals,® the question of the existence and of the
manifestations of long-range order and ODT in supramolecular
polymers arises. Here we report on the long-range order lamellar
structure and ODT of a main-chain supramolecular polymer.
Main-chain supramolecular polymers are typically made of
telechelic molecules (A—spacer—A) linked together through non-
covalent bonds to form a polymer-like assembly (A—spacer—A),.°
The self-complementary binding stickers (A) are often hydrogen
bonding motifs such as nucleobases” or ureidopyrimidinone,®
while the spacer is generally an oligomer.” In these systems, micro-
phase segregation between the spacer and the stickers,'
as well as crystallization of the stickers into microdomains
can occur. Indeed, hydrogen bonding motifs are usually more
polar than the spacer and are prone to crystallization. These two
phenomena strongly impact the mechanical properties of the
material: crystalline domains of stickers function as physical cross-
links and induce elasticity-dominated rheological behavior;**
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clusters of stickers can also result in a network that allows the
formation of mechanically stable films.">

The microphase segregation phenomenon can manifest either
as a nonordered clustering of the stickers'' or as an ordered
microphase separation as observed for block copolymers.' In
fact, the telechelic molecule A—spacer—A can be seen as a tri-
block copolymer with the two outer blocks containing only one
monomer. Cylindrical morphology has been reported for tri-
block copolymers with outer blocks containing nucleobase func-
tionalities by Long'® or oligonucleotide by Matsushita.'® We
anticipate that if incompatibility between the spacer and the
sticker is strong, ordered mesophases should occur even for a
single hydrogen-bonding group at both chain ends. Binder and
his co-workers'® described the body-centered cubic (BCC) mor-
phology of polyisobutylene monofunctionalized with diamino-
triazine. The BCC structure was evidenced by regular peaks in
the small-angle X-ray scattering pattern that disappeared above
90 °C. However, mesophases were not observed for the main-
chain supramolecular golymer, polyisobutylene bifunctionalized
with diaminotriazine."

Different scenarios of disorder—order transition (DOT) from
an homogeneous melt to an organized mesophase can be envis-
aged for main-chain supramolecular polymers (Figure 1). In the
ordered state, various mesophases with segregated end-functional
groups can be obtained. Depending on the system, the stickers
atoms can present liquid-like correlations (Figure 1A,B) or long-
range order, crystallization (Figure 1C). When the DOT is driven
by the tendency of end-groups to crystallize, lamellar structure
should be favored. In the disordered state, the scattering pattern is
expected to display a low intensity peak (Figure 1D). The exis-
tence of such a peak does not imply local phase separation or
clustering, but results from correlation hole effect.

The supramolecular polymers used in this study consist of low
glass transition temperature (Tg) , low molecular weight (460 and
2200 g-mol '), and noncrystalline poly(propylene oxide) (PPO)
chains functionalized on both ends with thymine groups
(Chart 1A). They are denoted as Thy—PPO-X—Thy, where X
is the molecular weight (in g-mol ") of the PPO spacer. They
were synthesized via amidation of diamine telechelic PPO with
thymine-1-acetic acid (see Supporting Information). Thymine
stickers can associate with one another through two hydrogen
bonds (Chart 1B). Thymine dimerization is quite weak, as evi-
denced by its low thermodynamic association constant (KThy,Thy =
4.3 M, determined by "H NMR in CDCl;)."” Another weak
hydrogen bonding association can occur between two amide
groups linking the thymine stickers to the PPO spacers, or
between one amide group and one thymine motif. While the
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Figure 1. Possible scenarios for order—disorder transition in main-chain telechelic self-complementary supramolecular polymers and associated X-ray
spectra. Ordered mesophase in a lamellar (A) or BCC (B) morphology with liquid-like correlations of the stickers atoms inside the structure. Ordered
mesophase in a lamellar morphology with crystallinity of the stickers atoms inside the lamellar planes (C). Disordered state (D).

Chart 1. (A) Thy—PPO-X—Thy and (B) Thy Self-
Association
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PPO chain is hydrophobic, thymine is polar. Besides, thymine
derivatives readily crystallize. Therefore, three different phenome-
na concur and compete in the bulk: hydrogen bonding, micro-
phase segregation between the PPO chains and the thymine
stickers, and crystallization of thymines into microdomains. The
bulk structure and properties of the Thy—PPO-X—Thy (X =
460, 2200) compounds were investigated by structural (polarized
optical microscopy, X-ray scattering), thermal (differential scan-
ning calorimetry (DSC)) and rheological characterizations.
X-ray scattering were performed at the SOLEIL Synchrotron
source in France with the beamline SWING enabling simulta-
neous small-angle and wide-angle X-ray scattering measurements.

Thy—PPO-X—Thy (X = 460, 2200) display on DSC (Sup-
porting Information) a glass transition step, an exotherm remi-
niscent of crystallization, and an endotherm reminiscent of melting.
After a heating cycle, Thy—PPO-2200—Thy crystallizes during
the cooling cycle at 10 °C/min, while Thy—PPO-460—Thy only
crystallizes during the next heating cycle (cold crystallization),
revealing that Thy—PPO-460—Thy crystallization is a slower
process than that of Thy—PPO-2200—Thy. Indeed, the T, of
Thy—PPO-460—Thy is much higher than that of Thy—PPO-
2200—Thy. So, at the same temperature Thy—PPO-2200—Thy
has a higher mobility than Thy—PPO-460—Thy. If the materials
are given time to anneal at temperatures below the melting
temperature (T}, = 67 °C for Thy—PPO-2200—Thy and T, =
109 °C for Thy—PPO-460—Thy) but above the crystallization
temperature, the extent of crystallization increases, as reflected by
the enthalpy of fusion (AHy) increase. In fact, AH; increases
dramatically for Thy—PPO-460—Thy (from 9 to 33 J/g), but
only slightly for Thy—PPO-2200—Thy (from 15 to 18 J/g) upon

Figure 2. Polarized optical microscopy of (A) Thy—PPO-460—Thy
and (B) Thy—PP0O-2200—Thy.

annealing. Polarized optical microscopy images of these materials
(Figure 2) show bright spherulite-like spots with a Maltese cross
extinction along the polarization axes of the crossed polarizer and
analyzer, characteristic of anisotropy.

X-ray diffraction (XRD) spectra at 30 °C of Thy—PPO-2200—
Thy (Figure 3A and 3C) and Thy—PPO-460—Thy (Supporting
Information) show a broad band between q = 0.6 A~" (corres-
ponding to d=10.5A) and g =2.4 A" (d=2.6 A) characteristic
of nearest neighbors correlation in amorphous phases. This broad
halo contains sharp peaks characteristic of crystallinity. These re-
sults indicate that Thy—PPO-X—Thy (X = 460, 2200) are semi-
crystalline. The sharp peaks corresponding to d spacing of 4.0, 4.8,
and 11.9 A are common to Thy—PPO-460—Thy and Thy—PPO-
2200—Thy. We attribute these peaks to the crystallization of
thymine end groups in microdomains.'® Thus, the crystallinity
concerns only the thymine moieties, while the rest of the PPO
chain remains amorphous. This picture is consistent with the fact
that diamine telechelic PPO is amorphous and thymine is crystal-
line, and with the fact that the value of the enthalpy of fusion AH;
of annealed Thy—PPO-460—Thy is much greater than that of
annealed Thy—PPO-2200—Thy (33 J/g compared to 18 J/g).
Indeed, the percentage of thymine moieties is much higher in
Thy—PPO-460—Thy than in Thy—PPO-2200—Thy.

In addition to the crystalline order, long-range ordering is
also found for Thy—PPO-X—Thy (X = 460, 2200). Thy—PPO-
2200—Thy reveals peaks corresponding to 60 A (g), 30 A (2q),
20 A (3q) and 15 A (4q), that are consistent with a lamellar order
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Figure 3. XRD of Thy—PPO-2200—Thy at 30 °C (A) and 110 °C (B);
enlargement of the small g range at 30 and 110 °C (C) and around the
ODT (Topr = 85 °C) (D).

of spacing d = 60 A. Annealed Thy—PPO-460—Thy (Supporting
Information) displays peaks corresponding to 27.7 A (g) and
13.3 A (2g) clearly defined, as well as 8.6 A (3q), 6.7 A (4q),5.3 A
(59), and 3.4 A (8q) less defined. The regular spacing is consis-
tent with a lamellar order of spacing d = 27.7 A. Without an-
nealing, the peaks corresponding to the lamellar order are shifted
to shorter distances, whereas the peaks corresponding to the
crystalline order remain at the same position. The lamellar d
spacing of Thy—PPO-460—Thy increases from 20.6 to 27.7 A
after annealing at 100 °C.

To conclude, under Ty, Thy—PPO-X—Thy (X = 460, 2200)
are semicrystalline and exhibit two distinct orders: a crystalline
order and a lamellar order. The lamellar structure is constituted
of alternating two-dimensional (2D) crystallized thymine planes
and amorphous PPO layers (Figure 1.C). Additional hydrogen
bonding between the amide groups linking the thymine to the
PPO chain may further stabilize this organization. The annealing
allows the PPO chains to stretch more and thus increases the
lamellar spacing. Yet, the chains remain partially folded and stay
amorphous. Temperature-dependent XRD measurements of
Thy—PPO-X—Thy (X = 460, 2200) (Supporting Information)
show that the two orders, crystalline and lamellar, disappear
together on heating around the DSC melting temperature Ty,
The transition is reversible upon cooling. So, the DSC melting
endotherm and crystallization exotherm can be attributed to the
simultaneous (on the time scale of our temperature dependent
XRD experiments) destruction and formation, respectively, of
these two orders. So, it seems that, in analogy with block
copolymers consisting of amorphous and crystallizable blocks,
the crystallization is confined in the lamellar planes not because
the melt morphology was retained during crystallization but
because of crystallization-driven microphase segregation."

At higher temperature, above T,,, in addition to the nearest
neighbors correlation halo, a peak that scales with the chain
length is observed on the XRD spectra of Thy—PPO-2200—Thy
(Figure 3B and 3C) and Thy—PPO-460—Thy (Supporting In-
formation). This peak is clearly not a sign of a long-range
correlated nanostructure, since there are no higher order reflec-
tions. However, it could still be argued that it reflects a short-
range fluctuating nanoscale segregation. Yet, we interpret this
peak as resulting from the correlation hole effect:'**" it reflects
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Figure 4. Rheology of Thy—PPO-2200—Thy during a temperature
jump: (A) temperature jump from 70 to 60 °C and (B) transition
from viscous flow to elastic behavior after the temperature jump from
70 to 60 °C.

the typical distance between strong scattering polar stickers
separated by the PPO chain, hence the chain length scaling,
but it does not indicate mesoscopic segregation. Indeed, this
peak’s intensity is very low compared to the nearest neighbors
correlation halo and its width is very broad compared to the
lamellar order Bragg peak. It should be stressed here that the
visibility of the correlation hole peak depends on the contrast
between the spacer and the stickers, and that while with our
system this peak is clearly visible with a synchrotron radiation, it
was barely noticeable with a sealed tube X-ray generator radia-
tion. Plus, comparison with a simple model™® of the correlation
hole peaks in corresponding block copolymers seems to further
support this interpretation (Supporting Information).

Consequently, Thy—PPO-X—Thy (X = 460, 2200) are in a
disordered state above T,,,. The transition at T, is then an ODT
that takes place in just a few degrees as evidenced by the dramatic
evolution of the XRD spectra in the small q range during an
heating ramp at 10 °C per minute (Figure 3D). The slight shift in
temperature compared to the DSC T, is related to the setup and
thermoinertia resulting from the ramp.

This image of ODT is nicely confirmed by the rheological
study and supports an analogy with crystallizable block copoly-
mers.”' Indeed, the frequency sweep of Thy—PPO-2200—Thy
above 70 °C, in the molten disordered state, is characteristic
of a viscous fluid in the terminal flow regime (Supporting Infor-
mation). However, a transition from viscous flow to elastic be-
havior is observed in a few minutes after a temperature jump from
70 to 60 °C (Figure 4). At 60 °C, under Top = 67 °C, the stor-
age modulus G’ becomes higher than the loss modulus G”. The
transition is reversible upon heating. These results suggest that
crystalline planes of thymine act as physical cross-links, causing
rheological behavior typical of a viscoelastic solid.

In summary, we have demonstrated the existence of a long-
range order and of an order—disorder transition in a telechelic
supramolecular system. Under Topr, a lamellar structure with
alternating amorphous chains and 2D crystallized stickers plane
is formed. This organization is favorable as it allows microphase
segregation of the hydrophobic spacer and polar sticker, as well
as dimerization of the stickers by hydrogen bonding and 2D-
crystallization of the stickers. Because of this structuration, the
material behaves like a semicrystalline polymer: liquid over Topr
and viscoelastic solid below. Besides, we have underlined the
importance of taking into account the correlation hole effect to
interpret X-ray scattering spectra of the disordered state, to avoid
confusion between a cluster peak and an homogeneous state
correlation hole peak. Finally, whether the long-range order and
ODT can be observed in a main-chain supramolecular polymer
with no crystallization remains an open question. Development
of models taking into account dispersion forces as well as
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directional associations>* should pave the way to better control of
supramolecular polymers organization and properties.
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© Ssupporting Information. Synthesis procedure and char-
acterization ("H and "*C NMR, DSC, X-ray scattering, rheology)
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ization. This material is available free of charge via the Internet at
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