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Introduction

Introduction

Supramolecular chemistry (the chemistry of noncovalent bonds) is a powerful tool to
create new functional materials.' Indeed, since noncovalent interactions are reversible and
sensitive to their environment, supramolecular materials can display stimuli-responsive
characteristics, such as their size, rheology and viscoelasticity. Therefore, unlike high-
molecular-weight covalent polymers, their processing and recycling can be easily achieved.
Furthermore, incorporating noncovalent bonds into materials can impart original properties,
such as self-healing. As a matter of fact, self-healing and thermoreversible rubbers from

supramolecular assembly were developed in the Soft Matter and Chemistry Laboratory.

In these self-healing elastomers, hydrogen bonds between small molecules allow them
to self-assemble into three-dimensional networks reminiscent of reticulated polymers.” The
associations involved are weak but numerous. The unique properties of these materials may
be strongly influenced by its suspected nanostructuration, arising from a segregation between
the polar hydrogen bonding groups (the [stickers) and the apolar linkers between these
groups (the [Spacersl).** Indeed, phase segregation can facilitate hydrogen bonding by locally
increasing the sticker concentration.” Furthermore, nanodomains are associated with slow
diffusion processes, as in block copolymers,® and play a part in the healing after damage

. . . . 34
which implies a reconstruction of the nanostructure.™

"' Steed, J. W.; Atwood, J. L.; Supramolecular chemistry, 2" Edition;, Wiley: Chippenham, UK, 2009.

2 Cordier, P.; Tournhilhac, F.; Soulié-Ziakovic, C.; Leibler, L.; Self-healing and thermoreversible rubber
from supramolecular assembly; Nature 2008, 451, 977.

> Montarnal, D.; Mise en oeuvre de liaisons réversibles covalentes et non-covalentes pour de nouveaux
matériaux polymeéres recyclables et retransformables; PhD Thesis, Université Paris 6, 2011.

* Maes, F.; Montarnal, D.; Cantournet, S.; Tournilhac, F.; Corte, L.; Leibler, L.; Activation and deactivation of
self-healing in supramolecular rubbers; Soft Matter 2012, 8, 1681.

5 Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Suwanmala, P.; Rowan, S. J.; Utilization of a combination of
weak hydrogen-bonding interactions and phase segregation to yield highly thermosensitive

supramolecular polymers; J. Am. Chem. Soc. 2005, 127, 18202.

® Yokoyama, H.; Diffusion of block copolymers; Mater. Sci. Engineer.: R 2006, 53, 199.
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Besides, these self-healing rubbers were constructed so that crystallization of the
hydrogen bonding groups is inhibited (by cultivating disorder of the linkers). Indeed,

. . . . . 7.8
crystallization of the stickers in supramolecular polymers is a common phenomena.

To investigate the interplay between directional interactions such as hydrogen bonding
between the stickers, phase segregation between the spacers and the stickers and
crystallization of the stickers, we have chosen to study a model system. This model system
consist of noncrystalline poly(propylene oxide) (PPO) chains end-functionalized with
complementary stickers: thymine derivative (Thy) and diaminotriazine (DAT). This system
combines weak (Thy/Thy and DAT/DAT self-associations) and strong (Thy/DAT
complementary association) hydrogen bonding, aromaticity of the stickers, strong repulsion
between the polar stickers and the PPO spacers, and very different tendency towards
crystallization for Thy and DAT. Indeed, Thy derivatives are prone to crystallization,’
whereas DAT derivatives are known for their tendency to form glasses instead of

crystallizing.'*"!

In this thesis, we have focused on studying the structuration and rheological properties

of this system, in solution and in the bulk.

In chapter I, the concept of supramolecular polymers is explained, put into the context
of polymers and supramolecular chemistry, and the literature is reviewed by focusing on

relevant examples.

" Lillya, C. P.; Baker, R. J.; Hutte, S.; Winter, H. H.; Lin, Y. G.; Shi, I.; Dickinson, L. C.; Chien, J. C. W.;
Linear chain extension through associative termini; Macromolecules 1992, 25, 2076.

8 Wietor, J.-L.; van Beek, D. J. M.; Peters, G. W.; Mendes, E.; Sijbesma, R. P.; Effects of branching and
crystallization on rheology of polycaprolactone supramolecular polymers with ureidopyrimidinone end
groups; Macromolecules 2011, 44, 1211.

° Borowiak, T.; Dutkiewicz, G.; Spychaia, J.; Supramolecular motifs in 1-(2-cyanoethyl)thymine and 1-(3-
cyanopropyl)thymine; Acta Crystallo. C 2007, 63, 201.

' Wang, R.; Pellerin, C.; Lebel, O.; Role of hydrogen bonding in the formation of glasses by small
molecules: a triazine case study; J. Mater. Chem. 2009, 19, 2747.

' Plante, A.; Mauran, D.; Carvalho, S. P.; Pagé, J. Y. S. D.; Pellerin, C.; Lebel, O.; Tg and rheological
properties of triazine-based molecular glasses: incriminating evidence against hydrogen bonds; J. Phys.
Chem. B 2009, 113, 14884.
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In chapter II, the functionalization of telechelic diamino PPO with Thy and DAT is
described. DAT was grafted through an aromatic nucleophilic substitution, while Thy was
grafted through amidation, by heating or with a coupling agent. Homoditopic compounds
were synthesized in one step, while heteroditopic compounds were synthesized in four steps

through a protection / deprotection pathway.

In chapter III, the solution behavior of our compounds and of their mixture in three
solvents of different polarity (DMSO, chloroform and toluene) were studied using
spectroscopic and rheological characterizations. The solvent has a tremendous impact on the
Thy and DAT stickers association constants and on the supramolecular polymers
organization. We show that DMSO is a dissociative solvent of the Thy-DAT hydrogen
bonding association, while chloroform and toluene are non-dissociative solvents. Moreover,
DMSO is a poor solvent of the PPO chains and a good solvent of the Thy and DAT stickers,

while toluene is a poor solvent of the stickers and a good solvent of the PPO chains. The

. . : ot 25°C toluene _, % ¢ 25°C,chloroform
differences in structure and in association constants (K7, “par =~ 22* K7, “bar ) between

toluene and chloroform are suggested to be due to better solvation of the stickers by
chloroform and to aromatic interactions, on top of the hydrogen bonds, between the Thy and
DAT aromatic cycles in toluene. As a result, our supramolecular polymers seem to form
micelles with a PPO core and a Thy, DAT shell in DMSO; inverted micelles with a PPO shell
and a Thy, DAT core in toluene; and linear chains through hydrogen bonding between Thy
and DAT in chloroform.

In chapters IV and V, the bulk behavior of our compounds and of their mixtures were

studied using spectroscopic, structural and rheological characterizations.

In chapter IV, we describe the long-range order and order-disorder transition (ODT)
obtained for the main-chain supramolecular polymers based on PPO functionalized on both
ends with weakly self-complementary Thy. Below the ODT temperature (Topr), these
compounds exhibit a lamellar structure consisting of alternating 2D-crystallized Thy planes
and amorphous PPO layers. Above Topr, they are amorphous and homogeneous.
Macroscopically, the transition is accompanied by dramatic flow and mechanical properties

changes. In contrast, the main-chain supramolecular polymers based on PPO functionalized
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on both ends with DAT are disordered at all temperatures. Furthermore, we show that
optimization of the directional interactions in these systems by strong complementary
associations suppresses the mesoscopic order. Indeed, the microphase segregation observed
for the self-complementary systems based on Thy (lamellar order and 2D crystallization of
Thy) is inhibited by adding the telechelic supramolecular polymers based on PPO and DAT:
the strong complementary Thy-DAT interaction inhibits crystallization of thymine in
microdomains and lamellar structuration. As a result, the supramolecular polymer with only
weakly self-complementary stickers is a solid, whereas the supramolecular polymer with

strongly complementary stickers is a liquid.

In chapter V, we study the glass transition of our compounds. We show that grafting
Thy and DAT stickers on telechelic PPO oligomers induces a glass transition temperature (7)
increase that plays an important role on the materials properties. Indeed, as a result the
materials based on the short PPO chains are solids at room temperature, whereas the materials
based on the long PPO chains are liquids at room temperature. This increase of 7, can be
ascribed either to the presence of hydrogen bonds and/or aromatic interactions (m-stacking)

slowing down the chain dynamics or to the stiffness of the Thy and DAT stickers.

Parts of this thesis (mostly in chapter IV) were published in reference 12 and 13.'%"

12 Cortese, J.; Soulié-Ziakovic, C; Cloitre, M.; Tencé-Girault, S.; Leibler, L.; Order-disorder transition in
supramolecular polymers; J. Am. Chem. Soc. 2011, 133, 19672.

B3 Cortese, J.; Soulié-Ziakovic, C; Tencé-Girault, S.: Leibler, L.; Suppression of mesoscopic order by
complementary interactions in supramolecular polymers; J. Am. Chem. Soc. 2012, 134, 3671.
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ATR
BHT
BOC
COSY
DAT
DEPT
DIEA
DMF
DMSO
DMSO-dg
DSC
FT-IR
GC-MS
HMQC
HOBt
MTBE
PEO
PPO
NMR
TBTU
TFA

THF
Thy
WLF

Acronyms and Abbreviations

attenuated total reflectance

butyl-hydroxy-toluene (2,6-di-fertio-butyl-4-methylphenol)
tertio-butyloxycarbonyl

correlation spectroscopy
2,6-diamino-1,3,5-triazine

distortionless enhancement by polarisation transfer
diisopropylethylamine

dimethylformamide

dimethylsulfoxyde

deuterated dimethylsulfoxyde

differential scanning calorimetry

Fourier transform infrared

gas chromatography coupled to mass spectrometry
heteronuclear multiple quantum coherence
hydroxybenzotriazole

methyl-fertio-butyl ether

poly(ethylene oxide)

poly(propylene oxide)

nuclear magnetic resonance
O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate
trifluoroacetic acid

glass transition temperature

tetrahydrofuran

thymine-1-acetic acid

Williams-Landel-Ferry
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la-c NH,-PPO-X-NH,

2a-c DAT-PPO-X-DAT

3a-c Thy-PPO-X-Thy

4a-c 50/50-M-X (50/50 mixture of 3a-c and 2a-c)
S5a 25/75-M-2200 (25/75 mixture of 3a and 2a)
6a 75/25-M-2200 (75/25 mixture of 3a and 2a)
7a-c NH,-PPO-X-BOC

8a-c Thy-PPO-X-BOC

9a-c Thy-PPO-X-NH,

10a-c Thy-PPO-X-DAT

with X the PPO chain molecular weight in g.mol'l, a: X=2200, b: X=460, ¢: X=250.

11a-b (NH»)3-PPO-X

12a-b DAT;-PPO-X

13a-b Thys;-PPO-X

14a-b 50/50-Mtri-X (50/50 mixture of 12a-b and 13a-b)

with X the PPO chain molecular weight in g.mol'l, a: X=3000, b: X=400.

15a-b NH,-PPO/PEO-X

16a-b DAT-PPO/PEO-X

17a-b Thy-PPO/PEO-X

18a-b 50/50-Mmono-X (50/50 mixture of 16a-b and 17a-b)

with X the PPO/PEO copolymerized [around 90% PPO and 10% PEO] chain molecular
weight in g.mol™, a: X = 2000, b: X = 600, and CHj the other end-group.

12
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Chapter I. From polymers and supramolecular chemistry to supramolecular polymers

Polymers are long chains of atoms linked togellyecovalent bonds. Entanglements
and viscoelasticity are a direct result of polynmlersgyth. These interesting properties, specific
to polymers, explain polymers success in many egptins, ranging from cosmetic to
automotive, through packaging, electronics, buddiand medicine. However, polymers
length can also hinder their processing and remgcliSupramolecular chemistry, the
chemistry of noncovalent bonds, is a convenient tooimake functional materials as it
introduces reversibility of the links between atoaml stimuli-responsiveness. To this end,
hydrogen bonds are particularly useful. The conoémupramolecular polymers is to build
polymers from small molecules and noncovalent timeal interactions, thus bringing
together the reversibility and stimuli-responsiv&n®f supramolecular chemistry with the
specific polymer properties. Moreover, original pedpes such as self-healing can also be
obtained. In this chapter, the main concepts ofimpets and supramolecular chemistry are
introduced, and the field of supramolecular polysner reviewed by focusing on relevant

examples.

14
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Chapter I. From polymers and supramolecular chemistry to supramolecular polymers

Chapter I. From polymers and supramolecular chemist  ry

to supramolecular polymers

1. Polymers

a. “Discovery” of polymers

(i) Polymers are macromolecules: many atoms covalently bonded

Polymers are chains of many molecular units, #jbic between hundreds and
hundred-thousands, linked together by covalent 8¢krdyure 1.1). Staudinger demonstrated,
by logical reasoning and experiments, their existeincthe early 1920'5.However, they

were not universally recognized until the 1930's.

HO-(-CHy-CH,-0-),-H

Figure I.1. Representation of a linear polymer: poly(ethylerel®) (PEO).

(i) Polymers are not noncovalent aggregates

Indeed, although very high molecular weights hagbrb measured by physical
methods, the leading organic chemists believedattitne that noncovalent aggregates of

low-molecular-weight compounds caused these apphigim molecular weights.

Definite, more convincing, evidence of polymerst&nce only came in the 1930’s,

when Carothers prepared synthetic polyniers.

! Staudinger, H.tJber polymerisation; Ber. Dtsch. Chem. Ge$92Q 53 1073.

2 Presentation Speech by Professor A. Fredga, menfbére Nobel Committee for Chemistry of the Royal
Swedish Academy of Sciences, Nobel Prize in Cheynl€853 H. StaudingerNobel Lectures, Chemistry 1942-
1962 Elsevier Publishing Company, Amsterdam, 1964.

3 Carothers, W. H.Studies on polymerization and ring formation. I. Anintroduction to the general theory
of condensation polymersJ. Am. Chem. So&929 51, 2548.
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b. Specifities of polymers: entanglements and viscoelasticity

() Long chains are entangled

If the polymer chains are long enough, they erlearnwghich means that their motion is
topologically restricted by other chaifhid® Indeed, a polymer chain cannot cross through
another chain. To visualize this effect, a commamage is that of a spaghetti dish, each

spaghetti representing one polymer chain.

Entanglements of polymer chains can occur in thié& .e. without solvent) or in
concentrated solutions (Figure 1.2c). In both cathe dynamic properties are strongly
influenced by the entanglements, because they ienposstraints on the chains motidng.
Since small molecules do not entangle, polymer snaftd concentrated polymer solutions
display dynamic properties very different than tbasmall molecules. Figure 1.3 illustrates
these differences: the onset of entanglements aggawvery distinct regimes of linear
polymers viscosity behavior in the melt (Figure }).8ad in solution (Figure 1.3bM. andC,
represent the onset of entanglement effeCtsthe overlap concentration (Figure 1.2). For
polymer melts7 OM for short chainsNl < M) and7 OM 34 for longer chainsN > M);
whereas for polymer solutiong,[]C for low concentrationsd < C*) andC OC * for higher

concentrations > Cy).

Figure 1.2. Cross-over between dilute and semi-dilute solutmfrsolymers:
(a) dilute, (b) onset of overlap, and (c) semi-@ijdrom ref 4.

* de Gennes, P.-GScaling concepts in polymer physiag8ornell University Pressthacg New York, 1979
® Doi, M.; Edwards, S.FThe theory of polymer dynamic©xford University Press: USA986

® Rubinstein, M.; Colby, RPolymer physicsOxford University Press: US/&2003

18
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Figure 1.3. Viscosity 7 (or specific viscosity}sy) of linear and flexible polymers as a function of:
(a) molar mas# reduced by their critical molar malgk [in the melt, for polyisobutyleneéM; = 14 000 g.mal
Y, polybutadieneNl, = 6700 g.mof), hydrogenated polybutadierd{= 8100 g.mol)] and
(b) concentratior€ [for poly(ethylene oxide)Nl,, = 5 x 16 g.mol%) in water at 25°C], from ref 6.

(i) Entanglements are responsible for viscoelasticity

Because of their entanglements, polymers are &stie materials, which means that
they combine both viscous (liquid-like) and elagsolid-like) characteristics under strain or
stress. Unlike metals that never deviate far from perfgasticity and unlike liquids of small
molecules exhibiting Newtonian flow, the respon$esatangled polymers to deformations
depends on the solicitation’s time scale (Figur.’l.Indeed, an entangled polymer melt
presents an elastic response to short time scatdsigh frequencies) deformations (Figure
l.4b) and a viscous response to long time scalesoforfrequencies) deformations (Figure
.4c) 2 At high frequencies, entanglements act as jungtimints or cross-links, resulting in a
temporary network structure which displays elastitid behavior. At low frequencies, the
slow relaxation of whole chains by reptaftérhas the time to take place, so the material

flows.

" Ferry, J. D.Viscoelastic properties of polymerd® Ed; John Wiley and Sons: UK98Q
8 Coussot, P.; Grossiord, J.-IComprendre la rhéologieDe la circulation du sang & la prise du bétdEDP

Sciences; Tassin, J.-F.; El Kissi, N.; Ernst, Berghes, B.,Chapter 2, De la macromolécule aux matiéres
plastiques2002
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—8 (a) C[\ (b) (©)
=ty e

Figure 1.4. A high-molecular-weight polymer (silly-putty balhehaves as:
(a) a glass on very short time scales (very highdenciesvor very low temperatureg),
(b) an elastic solid on short time scales (higbr lowT),
(c) a viscous liquid at long time scales (lewor highT); from ref 8.

This behavior dependence on the solicitation feegy is also illustrated in Figure 1.5,
which shows the storage modulus G’ and loss modBlusariations of a polymer melt as a
function of solicitation frequency. Indeed, undesciiating stress or strain, a viscoelastic
polymer concurrently dissipates some energy (reptesl by the viscous or loss modulus
G”) and stores / recovers some energy (represelyethe elastic or storage modulus G’).
Four zones can be distinguished: (i) terminal reg{tiquid flow) for aar < 1/zep (With Trep
the reptation time of the chain), (ii) plateau z¢neébery solid) for e, < alr < 1/7e (with
Ir the Rouse time of the chain amg the Rouse time of an entanglement strand), (iii)
transition zone from rubberlike to glasslike cotesigy for 1f. < aar < 1/ (with 1 the time

scale for monomer motion), (iv) glassy zone fap ¥ aar.”
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Figure 1.5. Master curve from oscillatory shear of a polybugaei sampleN,, = 1.3 x 16 g/mol™), from ref 4.
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The influence of entanglements on the polymergpgntges can also be underlined by
looking at their behavior as a function of tempemt(Figure 1.6). Indeed, polymers often
display time-temperature equivalericat very low temperatures, as at very high freqigsc
polymers are in a glassy state: microscopicallywitly very limited molecular motions and
macroscopically solid, fragile and elastic only feery small deformations. As the
temperature increases, polymers undergo a glassittom, followed by a melting transition
for semi-crystalline polymers (Figure 1.6b). At tpematures above this (these) transition(s),
polymers are in a rubbery state. The existencevadth of this rubbery state depend on the
polymers molecular weight. Indeed, the higher thelecular weight is, the more
entanglements there are, and the longer is thisenybplateau (Figure 1.6). Finally, at very

high temperatures, as at very low frequenciesafipelymers are in a liquid flow state.

. Rigid solid
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Figure 1.6. Storage moduluk of a high-molecular-weight (a) non-crystalline gbjl semi-crystalline polymer
as a function of temperature, from ref 9. (a) Foumes: glassy state, glass transition, rubbergalatand liquid
flow, with M the molar mass between entanglements. (b) Sixszghessy state (rigid solid), glass transition,
leathery solid, melting, rubbery plateau, and ligfliow.

So far, we have only considered linear polymers.Mave not considered networks of
polymers (which are basically just one giant molegulpermanently cross-linkece.g.
thermoset elastomers) or reversibly cross-linked.thermoplastic elastomers). Elastomers
display rubber elasticity, an elasticity primardy entropic origins, very specific of polymer

networks.

° Halary, J.L.; Lauprétre, F.; Monnerie, Mgcanique des matériaux polyméreBelin: Paris2008
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(iif) Polymer specificities yield advantages

These properties specific of polymers (entanglementiscoelasticity, rubber
elasticity), as well as their low cost, transpayeaad low density (lightness) compared to
metal, make polymers very important materials useanany applications, ranging from

cosmetic to automotive, through packaging, electsgrbuilding and medicine.
(iv) But also drawbacks

However, what makes them so useful is also thecsoaf their major drawbacks.
Indeed, very long molecules are generally veryidiff to destroy since there are so many
covalent bonds to break, which hampers recycliny. iRstance, thousands of years are
necessary for a plastic bag to be destroyed invtlie Moreover, polymers can be difficult to
process (very high temperatures are often necgsbapause of their high melt viscosities

directly arising from their high molecular weight.
(v) Glass transition: another polymer specificity ?

As we have seen above, polymers undergo a glassition at low temperatures
(Figure l.4a, Figure 1.5, Figure 1.6), which is sstimes taken as characteristic of
polymers'®** However, many small molecules also exhibit glaassition: glycerol, salol,
decalinem-toluidine, o-terphenylm-fluoroaniline, 2-biphenylmethanol, propylene caraien
and propylene glycof? hydroxypentamethyl flavan, glycerol sextol phteJand 2-phenyl-3-
p-tolylindanone’ and so on. Therefore, glass transition is actusdlya polymer specificity at
all. However, some features of polymer glass rdlana may be characteristic of polymers,
such as the absence of a relaxation dominant ili sméecule glass:*?

2 wiibbenhorst, M.; van Turnhout, J.; Folmer, B. J.Bjbesma, R. P.; Meijer, E. WGomplex dynamics of
hydrogen bonded self-assembling polymer$EEE Transact. Dielectrics. Electric. Insulati@®01, 8, 365.

1 yamauchi, K.; Lizotte, J. R.; Hercules, D. M.; ee, M. J.; Long, T. E.Combinations of microphase
separation and terminal multiple hydrogen bonding h novel macromoleculesl. Am. Chem. So2002 124
8599.

12 Dalle-Ferrier, C.:Transition vitreuse et hétérogénéités dynamiquessides liquides moléculaires et les
polymeres PhD ThesisUniversité Paris-Sud 12009.
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2. Supramolecular chemistry

a. The chemistry of noncovalent bonds

(i) Several types of noncovalent bonds

Supramolecular chemistry can be defined as thenistiy beyond the molecules, the
chemistry of the noncovalent bonds between molsctifé® In particular, it focuses on
hydrogen bonding, metal-ligand coordination, arom@t-n stacking), Van der Waals, ionic,
and hydrophobic interactions. These noncovalergragtions have lower energies than

covalent bonds (Table I.1).

Type of force Strength (kJ/mol)
Van der Waals 1-5
Tdonor-acceptor 7-20
hydrogen bonding 10-20
hydrophobic / hydrophilic interaction 12-15
ion-pairing 12-20
coordination bond 40-120
covalent bond 150-1000

Table 1.1. Strength of different types of intra- and internwlkar forces, from ref 36.

(i) Molecular recognition: self- and complementary association

Supramolecular chemistry is at work in molecukacagnition, when two (or more)
molecular moieties specifically interact with ongother through noncovalent bonds. If the
two molecular moieties are identical, the assammtis said to be self-complementary.
Otherwise, the association is said to be compleangrir host-guest if one of the molecular

moieties (the host) is much larger than the ottier guest).

3 The term “supramolecular chemistry” was coinedlegn-Marie Lehn in 1978.
14 Lehn, J.-M.:Supramolecular chemistry - Concepts and perspeaiWCH: Weinheim, Germanyi,995

1% Steed, J. W.; Atwood, J. LSupramolecular chemistry2™ Edition; Wiley: Chippenham, UK2009
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(iif) Responsible for the self-assembly of molecules

Supramolecular chemistry’s noncovalent interacticas induce the self-assembly of
molecules into larger object&}’®To visualize this effect, a common image is tHz avall
where the bricks represent the molecules and th#amiepresents the interactions holding
the assembly together. Many systems fit that deson: from micelles of surfactants
(Figure 1.7a) to hydrogen-bonded cyclic structu(egure 1.7b)° through supramolecular

liquid crystals.

Bilayer

Monolayer
3

(b)

Figure 1.7. (a) Ordered surfactant structures in aqueous saolkiydrophilic head group, lipophilic tail), from
ref 15. (b) Rosette motif in the solid-state stauetof melamin@yanuric acid, from ref 15.

Very interesting features can arise from the asfembly of molecules. One example
is the emergence of liquid crystallinity from twommesogenic components interacting with
one anothef® Moreover, self-assemblies can display functidieslithat make them useful for

applications such as catalysisr therapeutic delivers

6 Lawrence, D. S.; Jiang, T.; Levett, Mself-assembling supramolecular complexe€Chem. Rev1995 95
2229.

7 Whitesides, G. M.; Grzybowski, BSelf-assembly at all scalesScience2002, 295 2418.
18 Menger, F. M.Supramolecular chemistry and self-assemblyPNAS2002, 99, 4818.

9 Siibesma, R. P.; Meijer, E. WSelf-Assembly of well-defined structures by hydrogebonding; Curr. Opin.
Colloid Interface Sci1999 4, 24.

% Brienne, M.-J.; Gabard, J.; Lehn, J.-M.; Stibar, Macroscopic expression of molecular recognition.
Supramolecular liquid crystalline phases induced by association of complementary heterocyclic
components J. Chem. Soc., Chem. Commi889 24, 1868.

2 Branco, M. C.; Schneider, J. Belf-assembling materials for therapeutic deliveryActa Biomater2009 5,
817.
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(iv) Paramount in biological systems

Noncovalent interactions, molecular recognitiod aelf-assembly are responsible for
the organization of many biological systeth€ften, more than one type of noncovalent
interactions play a paramount role. A very well Wmoexample is DNA, where hydrogen
bonding between the base pairs (thymine, adenimige, cytosine) as well asrt stacking
and hydrophobic interactions give DNA its famous llethelix structure (Figure 1.8¢}.The
recognition between an enzyme and its substraterales on intermolecular interactions: an
enzyme forms a complex with its substrate becafigeeometric and interactions matching
(Figure 1.8a-b, first described by Emil Fischerli&94)* Other examples are lipid bilayers,
and folding of proteins into helices d¥-sheet stabilized by noncovalent interactions,

especially hydrogen bonds.

Therefore, studying noncovalent interactions aficavbetter understanding of many

biological phenomena, such as the link betweertttre and function of proteins.

+ Lock-and-key
"“‘k:““ﬁ
(b) @
+ =

Q- Induced fit

Figure 1.8. (a) Rigid lock and key and (b) induced fit model®nzyme-substrate binding, from ref 15. (c) The
DNA double helix, from ref 15. Dotted lines represhydrogen bonded base-pair interactions.

(v) Stimuli-responsiveness

A key feature of self-assemblies, which makes themy useful in applications, is
their stimuli-responsiveness. Indeed, because of semsitivity to various stimuli, such as
photo-irradiation, temperature, pH, redox potenaalded competitor or voltage, noncovalent

interactions can impart stimuli-responsivenessetbassembled materials.

22 Grzybowski, B. A.; Wilmer, C. E.; Kim, J.; BrownK, P.; Bishop, K. J. M.Self-assembly: from crystals to
cells Soft Matter2009 5, 1110.

2 Fischer, E.Ber. Deutsch. Chem. Ge&894 27, 2985.
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b. Hydrogen bonding
() A directional and reversible interaction

As we have seen above, hydrogen bonds are particuhportant in biology. Perhaps
because biologic systems are a major source ofratgm in designing supramolecular
assembly, hydrogen bonds are also widely usedrithstic supramolecular systeffsThree
characteristics of hydrogen bonds explain theicess: their directionality (Figure 1.9), their
reversibility with temperature, and their strengiypically one-tenth of a covalent bond but

ten times a Van der Waals interaction (Table$°1).

A
b) A o)
D—H---A —H [ -H
A
(a) (b) (©
A
H A H
o7 e
A D—H-----A
\, - N\
H A H.
A
(d) (e) U

Figure 1.9. Various types of hydrogen bonding geometries:it@gdlr, (b) bent, (c) donating bifurcated, (d)
accepting bifurcated, (e) trifurcated, (f) threatees bifurcated, from ref 15.

(i) A wide range of strengths and lifetimes

Moreover, the strength of hydrogen bonding inteoas |AG| between a host and a
guest can range between 2 and 60 kJ/mol, whiclesepts association constakitbetween 2

and 18° L/mol (equation 1, with R the molar gas constart @ the temperature).

K= exp(—%) (1)

24 Zimmerman, S.; Corbin, PHeteroaromatic modules for self-assembly using muftle hydrogen bonds
Structure and Bonding00Q 96, 63.

% Jeffrey, G. A.;An introduction to hydrogen bondingOxford University Press: Oxford997.
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The association constamt of a host-guest complex reflects its thermodynamic
stability in a given solvent at a given temperaturke interaction is stronger if there are
several hydrogen bonds in parallel. Sartorius asfth&ider developed an empirical method to
estimate the strength of a hydrogen-bonded &frétual measurements of the association
constant can be performed by any experimental tgaknthat yields the concentration of
complex as a function of changing host or guestcentiation (NMR spectroscopy?®
spectrophotometry, fluorescence, calorimétri?and so onj?

However, the properties of a hydrogen bonded posst system not only depend on
thermodynamic parameters (association condfanbut also depend on dynamic parameters,
represented by the lifetime of the associati@nd the rates of associatiknand dissociation
k;. Most of the time, the lifetime of the associationreases with the equilibrium constant,
but it is not always the cad® Besides, the lifetime of hydrogen bonding intdmact also has
a wide range. For instance, the preexchange ligstiof ureidopyrimidinones (UPy) dimers at
298K measured by dynamic NMR spectroscopy wereddonbe 80 ms in water-saturated-

chloroform, 170 ms in chloroform and 1700 ms imésie!®?

(iif) A solvent dependant interaction

Hydrogen bonding can occur in solution and in thék. In solution, hydrogen
bonding association constants (and lifetimes asstilhited above) are higher in apolar and
aprotic solvents. Indeed, in protic and polar sotseand in water in particular, host-guest

hydrogen bonding competes with solute-solvent hyencbonds.

% gartorius, J.; Schneider, H.-A; general scheme based on empirical increments fahe prediction of
hydrogen-bond associations of nucleobases and oh#lyetic host-guest complexesChem. Eur. J.1996 2,
1446-1452.

%" Fielding, L.;Determination of association constants (Ka) from dation NMR data; Tetrahedror200Q 56,
6151.

% Cohen, Y.; Avram, L.; Frish, L.Diffusion NMR spectroscopy in supramolecular and cmbinatorial
chemistry: an old parameter-new insights Angew. Chem. Int. EQ005 44, 520.

2 Arnaud, A.; Bouteiller, L.jsothermal titration calorimetry of supramolecular polymers; Langmuir2004
20, 6858-6863.

% Turnbull, W. B.; Daranas, A. HOn the value of c: can low affinity systems be stied by isothermal
titration calorimetry? ; J. Am. Chem. So2003 125 14859.
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However, a strategy to facilitate host-guest hgdrobonding in aqueous solutions is
to create hydrophobic microenvironments where th&-goest hydrogen bonding can take
place (an example of this in Figure I.E®)Another strategy, inspired by biologic systems, is
to use hydrogen bonding in conjunction with oth@ncovalent interactions such as
stacking, ionic or solvophobic interactions. Morenv exclusively hydrogen-bonded

supramolecular assemblies in moderately polar solsgch as tetrahydrofuran are possile.
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Figure 1.10. Incorporation and binding process of thymine anehaite derivatives inside micelles to shield the
hydrogen bonds from water, from ref 31.

3 Nowick, J. S.; Chen, J. S.; Noronha, Bglecular recognition in micelles: the roles of hydogen bonding
and hydrophobicity in adenine-thymine base-pairingn SDS micellesJ. Am. Chem. So&993 115 7636.

32 0uhib, F.; Raynal, M.; Jouvelet, B.; Isare, B.uBsller, L.; Hydrogen bonded supramolecular polymers in
moderately polar solvents Chem. Commur2011, 47, 10683.
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3. Supramolecular polymers

a. Polymers and supramolecular chemistry

Supramolecular chemistry plays an important pathée properties of some polymers.
For instance, the many hydrogen bonds in polyararderesponsible for their high cohesion
energy which results in good mechanical propedias resistance to solvents. Moreover, the
unusual strength of poly(1,4-phenylene terephthalejr(Kevlar) is due to multiple hydrogen
bonds andr-stacking. Furthermore, supramolecular chemistngscovalent interactions can
induce the self-assembly of polymeric moleculestiking example is the self-assembly of
block copolymers into ordered mesophases (Figurg).$f* Another is thermoplastic

elastomers (more details in part e).

PrTTILL.
PPN
. A2 &
PGP

Figure 1.11. (a) Morphologies (cubic, cylindrical, gyroid andnrlallar) obtained by self-assembly of diblock
copolymers, from ref 33. (b) Morphologies obtaitgdself-assembly of triblock copolymers, from réf 3

Going one step further, one can use supramoleahlamistry to make polymers,
“supramolecular polymers”. By using supramolecualaemistry to make polymers, we are in
a sense going back to the image of polymers be3taedinger: noncovalent aggregates of

low-molecular-weight compounds, with the directilityaof the interactions in extra.

¥ Bates, F. S.; Fredrickson, G. WBlpck copolymers-designer soft materiatsPhys. Today 999 52, 32.

% park, C.; Yoon, J.; Thomas, E. LEnabling nanotechnology with self assembled blockopolymer
patterns; Polymer2003 44, 6725.
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b. Using supramolecular chemistry to make polymers

() Building a polymer from small molecules and directional

interactions

Based on the principle of supramolecular chemisine can build what is called a
supramolecular polyme¥ which is basically a polymer where some covalemds have
been replaced by directional and noncovalent bofidsensure the formation of chains, and
not three-dimensional arrays, the noncovalent acteyns must be directional and the
functionality equal to two. Therefore, metal-ion mdination®®®” n-stacking®® hydrogen

bonds® or a combination of these interactiéhsan be used.

% Reviews: (a) Zimmerman, N.; Moore, J.; Zimmerm@nPolymer chemistry comes full circle Chem.

Ind. 1998 15, 604.

(b) Ciferri, A.; Supramolecular polymersMarcel Dekker: New York2000

(c) Brunsveld, L.; Folmer, B. J. B.; Meijer, E..V&ijbesma, R. PSupramolecular polymers
Chem. Rev2001, 101, 4071.

(c) Ciferri, A.; Supramolecular polymerizations Macromol. Rapid Commu2002 23 511.

(d) Bosnian, A.; Brunsveld, L.; Folmer, B.J.B.ji®isma, R.P.; Meijer, E.WSupramolecular
polymers: from scientific curiosity to technologicéreality ; Macromol. Symp2003 201, 143.

(e) Lehn, J.-M.;Dynamers: dynamic molecular and supramolecular polgners; Prog.
Polym. Sci2005 30, 814.

() Rieth, S.; Baddeley, C.; Badjic, J. DProspects in controlling morphology, dynamics
and responsiveness of supramolecular polymerSoft Matter2007, 3, 137.

(g) Serpe, M. J.; Craig, S. LBhysical organic chemistry of supramolecular polymes;
Langmuir2007, 23 1626.

(h) de Greef, T. F. A.; Meijer, E. WM aterials science: supramolecular polymersNature
2008 453 171.

(i) Fox, J. D.; Rowan, S. J.Supramolecular polymerizations and main-chain
supramolecular polymers Macromolecule®009 42, 6823.

(j) de Greef, T. F. A;; Smulders, M. M. J.; WalfiM.; Schenning, A. P. H. J.; Sijbesma, R. P.;
Meijer, E. W.;Supramolecular polymerization, Chem. Rev2009 109 5687.

% Friese, V. A.; Kurth, D. G.From coordination complexes to coordination polymes through self-
assembly Curr. Opin. Colloid Interface ScR009 14, 81.

37 Whittell, G. R.; Hager, M. D.; Schubert, U. S.; Mers, |.;Functional soft materials from metallopolymers
and metallosupramolecular polymers Nat. Mater.2011, 10, 176.

% Fernandez, G.; Pérez, E.; Sénchez, L.; Martin S§lf-organization of electroactive materials: a hedto-
tail donor-acceptor supramolecular polymer, Angew. Chem. Int. EQ008 47, 1094.

% Reviews: (a) Farnik, D.; Kluger, C.; Kunz, M. Machl, D.; Petraru, L.; Binder, W. HSynthesis and

self-assembly of hydrogen-bonded supramolecular paners; Macromol. Symp2004 217, 246.

(b) Armstrong, G.; Buggy, MHydrogen-bonded supramolecular polymers: A literatue
review; J. Mater. Sci2005 40, 547.

(c) Bouteiller, L.; Assembly via hydrogen bonds of low molar mass compads into
supramolecular polymers Adv Polym Sci2007, 207, 79.

(d) Binder, W. H.; Zirbs, R.Supramolecular polymers and networks with hydrogen
bonds in the main- and side-chaipAdv. Polym. Sck007, 207, 1.

(e) Shimizu, L. S.;Perspectives on main-chain hydrogen bonded supranmegular
polymers, Polym. Int.2007, 56, 444.
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(il) First advantage: reversibility and responsiveness

The first advantage of this approach to polymerthe reversibility of the noncovalent
bonds, in contrast to the permanent nature of eowdonds. This reversibility of the links
means that it is possible to go from an assemblgnoéll molecules, which are easier to

process, recycle, and solubilize, to the supranude@olymer, and vice versa.

The formation and breaking of the noncovalentratdons depend on conditions such
as temperature, pH, redox potential or added cdtopefor instance, if hydrogen bonds are
used, the supramolecular polymer is formed at lewperature and dissociates as the
hydrogen bonds break at higher temperatures. Morgohgsociation of hydrogen-bonded
supramolecular polymer can be obtained by addibbrmonofunctional chain stoppers.
Furthermore, depolymerization of hydrogen-bondedrauplecular polymer can also be
photoinduced by photochemical formation of end-éaBesides, in solution, the degree of
polymerization of a supramolecular polymer depemwas the concentration. Therefore,
supramolecular polymers are stimulus-responsiva Mariety of stimuli, tunable and adaptive

to the environment.
(iif) Second advantage: unusual properties such as self-healing

The second advantage of supramolecular polymeifsaisincorporating noncovalent
and dynamic bonds into materials can impart origpraperties, such as elastomer self-
healing. Indeed, self-healing thermoreversible raebbdeom supramolecular assembly were
developed in our group (Figure 1.1%*444*When cut in two, a piece of this elastomer can

%0 Gonzalez-Rodriguez, D.; Schenning, A. P. H. Hydrogen-bonded supramolecular pi-functional
materials; Chem. Mater2011, 23 310.

“1 Folmer, B. J. B.; Cavini, EPhoto-induced depolymerization of reversible supramlecular polymers
Chem. Commuri998 1847.

“2 Cordier, P.; Tournhilhac, F.; Soulié-Ziakovic, Ceibler, L.; Self-healing and thermoreversible rubber
from supramolecular assembly Nature2008 451, 977.

*3 Montarnal, D.; Cordier, P.; Soulié-Ziakovic, C.pdnhilhac, F.; Leibler, L.Synthesis of self-healing
supramolecular rubbers from fatty acid derivatives, diethylene triamine, and urea

J. Polym. Sci., Part A: Polym. CheBQ08 46, 7925.

“ Montarnal, D.; Tournhilhac, F.; Hidalgo, M.; Cotitr, J.-L.; Leibler, L.;Versatile one-pot synthesis of
supramolecular plastics and self-healing rubbersl. Am. Chem. So2009 131, 7966.
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be repaired by simple contact between the brokefaces and recovers its mechanical

properties (Figure 1.13). The dynamic of the hydrodgmnds between the self-associating

stickers seems to play an important part in thguaiproperties of these rubbers. Indeed, non-
freshly cut surfaces cannot rep&iiThe self-healing ability can be activated by daenafjthe

surface and is related to the presence of manysfreleers at broken surfaces.
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Figure 1.12. Synthesis pathway to a self-healing and thermoséverrubber from supramolecular assembly,
from ref 42. A mixture of fatty diacid and triadsl condensed first with diethylene triamine anchtheacted
with urea giving a mixture of oligomers equippedhadiomplementary hydrogen bonding groups.
The hydrogen bond acceptors are shown in red, danareen.

Figure 1.13. Self-healing of the supramolecular elastomer fref@.Photos by Arkema

(iv) Third (potential) advantage: self-assembly instead of covalent

polymerization

Another advantage of supramolecular polymers ig gyathesis using self-assembly
as a facile alternative to covalent polymerisafid®f course this is only truly an advantage if
the building block are easily synthesized. Morepeemplex architectures, not easily attained

by covalent chemistry, can be obtaifé&®

% Montarnal, D.;Mise en ceuvre de liaisons réversibles covalente@t-covalentes pour de nouveaux
matériaux polymeres recyclables et retransformablébD ThesisUniversité Paris 62011

6 Maes, F.; Montarnal, D.; Cantournet, S.; Tourrilifa; Corte, L.; Leibler, L. Activation and deactivation of
self-healing in supramolecular rubbers Soft Matter2012 8, 1681.

“” Ruokolainen, J.; Mékinen, R.; Torkkeli, M.; Mékel&; Serimaa, R.; ten Brinke, G.: Ikkala, Gwitching
supramolecular polymeric materials with multiple length scales Sciencel998 280 557.
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(v) Are supramolecular polymers robust ?

Intrinsically, the question of the robustnessugiramolecular polymers arises. Indeed,
supramolecular polymers are held by noncovalentdbowhich are much weaker and have
much lower lifetimes than covalent bonds. Thignigaict what gives supramolecular polymers
their advantages. Indeed, if the noncovalent b@rdsoo strong or too long lived, then the
supramolecular polymers cannot be reversible araptac. However, if the noncovalent
bonds are too weak or if their lifetime is too dhtnen the supramolecular polymer runs the

risk of not being robust enoudhAs we can see, it is a question of compromise.

A consensus joined by several authors statesafsiciation constanté above 18

mol/L are required to obtain a significant degrépaymerization®>°

unless supramolecular
polymerization is enforced by the anisotropy of thedium (which imposes end-to-end
association§" as for liquid crystal$® In terms of hydrogen bonding motifs, the rule haen

translated as the need for at least four hydrogemnl® per connectiolt.Indeed, high degrees

of polymerization are not readily achieved with lagsociation constants.

However, the rule K above 10 mol/L or else” must be taken with a grain of salt
since, in ref 42 the association constdgisivolved are much lower and still very interesting
properties are obtained. Indeed, the associatiomsvaak but numerou$. Moreover, the
properties of this material may be strongly influethdoy its suspected nanostructuration,
arising from a segregation between the stickerfafpand the spacers (apolaty® Indeed,
phase segregation can facilitate hydrogen bondatguse the sticker concentration is locally
increased®® Furthermore, as we will see later on crystallzmatof the stickers can also

complement hydrogen bonds in supramolecular polgmer

“8 |kkala, O.; ten Brinke, G.Functional materials based on self-assembly of patyeric supramolecules
Science2002 295 2407.

“9 Rybtchinski, B.;Adaptive supramolecular nanomaterials based on strg noncovalent interactions ACS
Nano,2011 5, 679.

* This value is based on calculations for isodesaframolecular polymerization.

*l Matsuyama, A.; Kato, T.Interplay of phase separations and aggregations imsolutions of rodlike
polymers; J. Phys. Soc. Jaji998 67, 204.
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c. Building blocks of supramolecular polymers

We have defined supramolecular polymers as polymérere some covalent bonds
have been replaced by directional and noncovaleond$ Therefore, to build a
supramolecular polymer a convenient path is totgsd€kers onto spacers. The stickers
associate reversibly and directionallia noncovalent interactions such as hydrogen bonds,

while the spacers connect the stickers and affarblility.
(i) Stickers

The stickers are functional groups that can reblgrend directionally associate with
themselves or with another functional group througbmplementary noncovalent
interactions. The stickers can be self-complemgntaotifs (ureidopyrimidone [UPY}
ureidotriazine [UDAT]>® quadruply hydrogen bonded cytosine modflénidazolidone®
perylene derivative¥ and so on), complementary motifs (nucleobaSedigonucleotides/
1,3,5-triazine based moieti#sguanosine butyl urea [UG] and 2,7-diamido-1,8-nhpfidine
[DAN],>® cyanuric acid and Hamilton wedge recepfosnd so on) or host-guest motifs

(tetraurea calixarene capsules andichlorobenzené® B-cyclodextrin and ferrocerfé, a-

2 Beijer, F. H.; Sijpbesma, R. P.; Kooijman, H.; Spek L.; Meijer, E. W.; Strong dimerization of
ureidopyrimidones via quadruple hydrogen bonding J. Am. Chem. So&998 12Q 6761.

%3 Hirschberg, J. H. K. K.; Ramzi, A.; Sijbesma, R; Reijer, E. W.;Ureidotriazine-based supramolecular
copolymers Macromolecule2003 36, 1429.

> Lafitte, V. G. H.; Aliev, A. E.; Horton, P. N.; Hsthouse, M. B.; Golding, K. B. P.; Hailes, H. Quadruply
hydrogen bonded cytosine modules for supramoleculapplication; J. Am. Chem. So2006 128 6544.

* Arnaud, A.; Belleney, J.; Boué, F.; Bouteiller,; ICarrot, G.; Wintgens, V.Aqueous supramolecular
polymer formed from an amphiphilic perylene derivatve; Angew. Chem. Int. EQR004 43 1718.

%% Sivakova, S.; Rowan, S. Nucleobases as supramolecular motif€hem. Soc. Re\2005 34, 9.

" Xu, J.; Fogleman, E. A.; Craig, S. LStructure and properties of DNA-based reversible plymers;
Macromolecule2004 37, 1863.

8 (a) Gamez, P.; Reedijk, J1,3,5-Triazine-based synthons in supramolecular cheistry; Eur. J. Inorg.
Chem.2006 1, 29. (b) Mooibroek, T. J.; Gamez, Fhe s-triazine ring, a remarkable unit to generate
supramolecular interactions Inorg. Chimica Act£2007, 360 381.

* park, T.; Todd, E. M.; Nakashima, S.; ZimmermanCS A quadruply hydrogen bonded heterocomplex
displaying high-fidelity recognition; J. Am. Chem So2005 127, 18133.

0 Burd, C.;Weck, M.Self-sorting in polymers Macromolecule€005 38 7225.

®1 Castellano, R. K.; Clark, R.; Craig, S. L.; NudkolC.; Julius Rebek, Emergent mechanical properties of
self-assembled polymeric capsule®NAS200Q 97, 12418.
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cyclodextrin and p-t-butoxyaminocinnamoylamino grolp, crown ethers and secondary
ammonium ion§? crown ethers and paraquéts?,6-bis(benzimidazolyl)-4-oxypyridine
ligand and transition metal ions fFeCd™*, zr?*, Cd**],°® and so on).

(i) Spacers

Oligomers (low-molecular-weight polymers), whethegid or flexible, as well as

alkyl chains’®%

or fatty acids from vegetable &fi;* are widely used to link the stickers.
Oligomers of polyolefins  {polybutadiene [PB], polyisobutylene [PIBf/*%®"
poly(ethylene/butylene) [PE-PBJf}, polyethers {poly(ethylene oxide) and poly(propge
oxide) [PEO-PPO] block copolymet®° poly(tetrahydrofuran) [pTHEf*%813,
polyester®® {poly(butyl acrylate) [PBAJ"* poly(butyl methacrylate) [PBMAJ
polycaprolactone [PCE}**%%  polycarbonated® polydimethylsiloxane [PDMS®
poly(ether ketone) [PEKT polystyrene [PSJ® polynorbornene®’ and so on, have been used

to build supramolecular polymers.

%2 yan, Q.; Yuan, J.; Cai, Z.; Xin, Y.; Kang, Y.; YiiY.; Voltage-responsive vesicles based on orthogonal
assembly of two homopolymersl. Am. Chem. So201Q 132 9268.

8 Miyauchi, M.; Takashima, Y.; Yamaguchi, H.; Harada; Chiral supramolecular polymers formed by
host-guest interactionsJ. Am. Chem. So2005 127, 2984.

& cCantrill, S. J.; Youn, G. J.; Stoddart, J. F.; Nafihs, D. J.;Supramolecular daisy chains J. Org. Chem.
2001, 66, 6857.

% Yamaguchi, N.; Nagvekar, D. S.; Gibson, H. \8elf-organization of a heteroditopic molecule to fiear
polymolecular arrays in solution; Angew. Chem. Int. EA998 37, 2361.

 Beck, J. B.; Ineman, J. M.; Rowan, S. Mletal/ligand-induced formation of metallo-supramolecular
polymers; Macromolecule2005 38 5060.

" Binder, W. H.; Kunz, M. J.; Kluger, C.; Hayn, GSaf, R.; Synthesis and analysis of telechelic
polyisobutylenes for hydrogen-bonded supramoleculapseudo-block copolymers Macromolecule2004
27, 1749.

® park, T.; Zimmerman, S. CEormation of a miscible supramolecular polymer bled through self-
assembly mediated by a quadruply hydrogen-bonded kerocomplex J. Am. Chem. So2006 128 11582.

% Abed, S.; Boileau, S.; Bouteiller, L.; Lacoudre,; Nupramolecular association of acid terminated
polydimethylsiloxanes. 1. Synthesis and characte@tion; Polym. Bull.1997, 39 317.

" Kunz, M. J.; Hayn, G.; Saf, R.; Binder, W. Hiydrogen-bonded supramolecular poly(ether ketone)sl.
Polym. Sci. A: Polym. Cher2004 42 661.
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d. Assembling the building blocks to construct supramolecular

polymers

We have seen that supramolecular polymers are médgickers that associate
reversibly and directionallyia noncovalent interactions, and spacers, that canhectickers
and afford mobility. Theses building blocks canassembled in different way3® If the
stickers are introduced on both ends of an olig@mrgracer, a main-chain supramolecular
polymer is formed. If the stickers are introducedtbe side chain of polymers, a side-chain
supramolecular polymer is formed. If the linkectls#irs form the supramolecular backbone,

while the spacers act as side-chains, nanotubderaned.
(i) Main-chain supramolecular polymers

Main-chain supramolecular polymers are made etctedlic molecules linked together
by their chain-ends through noncovalent bonds tonf@a polymer-like assembly. Three
constructions of main-chain supramolecular polynses possible, depending if the stickers
are self-complementary (C with C) or hetero-comm@etary (A with B): self-assembly of an
homotelechelic unit (C-spacer{C)(Figure 1.14a), complementary assembly of two
homotelechelic units (A-spacer-A=B-spacefr-Byigure 1.14b), or complementary assembly

of an heterotelechelic unit (A-spacers;Bfrigure 1.15).

sticker
spacer
n M n/2 )—‘\M’(*‘nlz.—"'u_.
reversible association reversible association
complementarlty b) complementarlty

Figure 1.14. Main-chain symmetric (or homoditopic) supramolecyalymer:
(a) self-complementary and (b) complementary.
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To obtain a high degree of polymerization (DP)Ywibmotelechelic blends (A-spacer-
A=B-spacer-B), the A and B stickers stoichiometry needs to lefodly controlled to 1 to 1,
because the excess of one sticker has a chain estagffect that limits DP' With
heterotelechelic unit (A-spacer-B, Figure l.15)pictiometry is always 1 to 1, so high

dimerization constants are no longer needed. Horysyathetic pathways are more tedious.

sticker
spacer

n .-Mv(

reversible association

\
o——~~—(
7/ n-1
complementarity

Figure 1.15. Main-chain asymmetric (or heteroditopic) supramolacpolymer.

Three main routes have been explored to obtairerdditopic supramolecular
polymers: oligomerization of the spacer from thiekgrs/?"*"*convergent coupling "> and
asymmetric end-functionalization post-oligomeriaati®’’ These strategies will be detailed

in Chapter Il.

L Berl, V.; Schmutz, M.; Krische, M. J.; Khoury, B.; Lehn, J.-M.;Supramolecular polymers generated
from heterocomplementary monomers linked through mitiple hydrogen-bonding arrays formation,
characterization, and properties Chem. Eur. J2002, 8, 1227.

2 (a) Ambade, A.; Yang, S.; Weck, MSupramolecular ABC triblock copolymers, Angew. Chem. Int. Ed.
2009 48 2894. (b) Yang, S. K.; Ambade, A. V.; Weck, Mypramolecular ABC triblock copolymers via
one-pot, orthogonal self-assemb|yd. Am. Chem. So201Q 132 1637.

3 Mansfeld, U.; Winter, A.; Hager, M. D.; HoogenbooR\; Gunther, W.; Schubert, U. ®rthogonal self-
assembly of stimuli-responsive supramolecular polyars using one-step prepared heterotelechelic
building blocks; Polym. Chem2012 4, 113.

™ Lin, 1.-H.; Cheng, C.-C.; Yen, Y.-C.; Chang, F.-Synthesis and assembly behavior of heteronucleobase
functionalized poly(e-caprolactone) Macromolecule201Q 43 1245.

S Scherman, O. A.; Ligthart, G. B. W. L.; Sijbesr®a,P.; Meijer, E. W.A selectivity-driven supramolecular
polymerization of an AB monomer, Angew. Chem. Int. EQ006 45, 2072.

% Shimizu, T.; lwaura, R.; Masuda, M.; Hanada, Tas¥, K.;Internucleobase-interaction-directed self-
assembly of nanofibers from homo- and heteroditopid,w-nucleobase bolaamphiphiles]. Am. Chem. Soc.
2001, 123 5947.

" Bertrand, A.; Lortie, F.; Bernard, JRoutes to hydrogen bonding chain-end functionalizecpolymers;
Macromol. Rapid Comn2012 33, 2062.

37



Chapter I. From polymers and supramolecular chemistry to supramolecular polymers

(i1) Side-chain supramolecular polymers

Side-chain  functionalized supramolecular polymersan form comb-like

supramolecular polymers (Figure 1.163).

")
7))

Figure 1.16. Schematic structure of a comb-shaped supramolepalgmer with
(a) a covalent or (b) a dynamic backbone, fron8gef

(i) Nanotubes supramolecular polymers

Nanotubes supramolecular polymers (Figure 1.16dy0 aform comb-like
supramolecular polymeré. However, unlike side-chain functionalized supragcalar
polymers, the backbone is not covalent but dynasimce it is formed of the linked stickers.
Bouteiller and his coworkers have extensively sddinanotubular supramolecular

polymer355’80’81’82

8 Weck, M.;Side-chain functionalized supramolecular polymersPolym. Int.2007, 56, 453.

“Bong, D. T.; Clark, T. D.; Granja, J. R.; GhadM, R.; Self-assembling organic nanotubesAngew. Chem.
Int. Ed.2001, 40, 988.

8 Lortie, F.; Boileau, S.; Bouteiller, L.; Chassanie C.; Demé, B.; Ducouret, G.; Jalabert, M.; Laig, F.;
Terech, P.Structural and rheological study of a bis-urea base reversible polymer in an apolar solvent
Langmuir2002 18 7218.

8 Simic, V.; Bouteiller, L.; Jalabert, MHKighly cooperative formation of bis-urea based summolecular
polymers; J. Am. Chem. So2003 125 13148.

8 pensec, S.; Nouvel, N.; Guilleman, A.; Creton, Boué, F.; Bouteiller, L.Self-assembly in solution of a
reversible comb-shaped supramolecular polymeMacromolecule201Q 43 2529.
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e. Properties of supramolecular polymers: examples from the

literature
Supramolecular polymers materials can be liquydtatline, viscoelastic, or gel-like.
(i) Supramolecular liquid crystalline polymers

The first supramolecular polymer described as sinchhe literature is a liquid
crystal®® Indeed, Lehn and his coworkers reported from 1980 liquid crystalline
supramolecular polymers made of telechelic spadarstionalized with uracyl and
complementary 2,6-diaminopyridine (DAP) stickersg(fe 1.17, Figure 1.18}>#*%° Liquid
crystallinity was obtained because the spacers ussd rigid (tartaric acff®* or a 9,10-
dialkoxyanthracenic derivati¥®. In fact, many main-chain supramolecular polymeased
on rigid rod spacers are liquid cryst3is’

g
herffn X j‘&ff“ﬁ;
b i U

TP2

"ﬁmﬂi} "y
"ty 5 e,
(TPz, TUgh Ao o V‘JE o

Figure 1.17. Self-assembly of the polymolecular supramolecsigcies (TR TU,), from the chiral components
TP, and TY via hydrogen bonding, from ref 84. T represents L, @mesetartaric acid; R is GHs.

8 Fouquey, C.; Lehn, J.-M.; Levelut, A.-MVlolecular recognition directed self-assembly of sumolecular
liquid crystalline polymers from complementary chiral components Adv. Mater.199Q 2, 254.

8 Gulik-Krzywicki, T.; Fouquey, C.; Lehn, J.-MElectron microscopic study of supramolecular liquid
crystalline polymers formed by molecular-recognitim-directed self-assembly from complementary chiral
components Proc. Natl. Acad. Sci. U.S.A993 90, 163.

8 Kotera, M.; Lehn, J.-M.; Vigneron, J.-BSelf-assembled supramolecular rigid rods). Chem. Soc1994 2,
197.

% Lee, C.; Griffin, A.;Hydrogen bonding as the origin of both liquid crysallinity and polymer formation in
some supramolecular materialsMacromolecul. Sym{.997, 117, 281.

87 (a) Sivakova, S.; Rowan, S. Fluorescent supramolecular liquid crystalline polyners from nucleobase-
terminated monomers Chem. Commun2003 19, 2428. (b) Sivakova, S.; Wu, J.; Campo, C. J.;hdatP. T. ;
Rowan, S. J.Liquid-crystalline supramolecular polymers formed through complementary nucleobase-
pair interactions; Chem. Eur. J2006 12, 446.
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Figure 1.18. Schematic representation of the columnar supetsneisuggested by the x-ray data for {LP
LU,),; each spot represents a PU or UP base pair; sptite same type belong to the same helical stoditiae

triple helix; the dimensions indicated are comgatilith an arrangement of the PTP and UTU companent
along the strands; the aliphatic chains stick dahe cylinder, more or less perpendicular to ¥is;afrom ref 84.

Despite having only one, two or three hydrogendsgmer connection, high degrees of
polymerization are obtainéd®’ Indeed, in supramolecular liquid crystalline pogns there
is a cooperativity between association and anisgtriapear association of rigid rods induces

anisotropy and reciprocally anistropy increasegitigree of polymerizatioff.

As a result of this cooperativity, non-mesogerompounds can form liquid crystals
when mixed with a complementary non-mesogenic cam@oFor instancepis(4-alkoxy)-
substituted  bis(phenylethynyl)benzene end-functived with thymine or N°-(4-
methoxybenzoyl)adenine do not display any liquigstalline behavior by themselves, but

form a thermotropic liquid crystal upon mixifig:
(i) Supramolecular networks and gels

If branched units (trifunctionnal or more) are digastead of bifunctional units, a
network can be formed at low temperatures (Figut® upper row§® St. Pourcain and
Griffin studied in 1995 such thermoreversible thdémensional supramolecular networks,

made of a mixture of tetrafunctional and bifuncéibnompound&? Using only trifunctional

8 Seiffert, S.; Sprakel, JBhysical chemistry of supramolecular polymer netwoks; Chem. Soc. Re2012
41, 909.

8 St. Pourcain, C. B.; Griffin, A. CThermoreversible supramolecular networks with polyneric properties;
Macromolecule4995 28 4116.
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units, Meijer and his coworkers as well have désttinetworks of this typ&:'® The self-
healing supramolecular rubber already mentionedsis a network of this type, arising from a
mixture of difunctional and trifunctional unité Side-chain supramolecular polymers can also
form networks (Figure 1.19 lower row), belongingth® class of thermoplastic elastom®r¥.
Stadler and his coworkers in particular pioneefes type of networks, with polybutadienes
cross-linked by hydrogen bonding between the skdgrc phenyl-urazole functionalities
(Figure 1.20)%%%

Low Temperature

High Temperature
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Figure 1.19. Schematic of two different types of supramolecplallymer networks, from ref 88.
Upper row: supramolecular polymer chains which eiraf noncovalently associating monomers. If sahe
these monomers have a functionality greater than &three-dimensional network forms.
Lower row: a network of covalently jointed precurpolymer chains by noncovalent association ofadlét side
groups. Both systems are in a gel state at low ¢eatpres, where supramolecular association isgtwhereas
high temperatures break the supramolecular assscidiereby favoring a sol state.

® Lange, R. F. M.; Gurp, M. V.; Meijer, E. WHydrogen-bonded supramolecular polymer networksJ.
Polym. Sci., Part A: Polym. Chet999 37, 3657.

%1 Feldman, K. E.; Kade, M. J.; Meijer, E. W.; Hawkex. J.; Kramer, E. JModel transient networks from
strongly hydrogen-bonded polymers Macromolecule009 42, 9072.

9 Stadler, R.; de Lucca Freitas, LThermoplastic elastomers by hydrogen bonding 1. Rimogical
properties of modified polybutadiene Colloid Polym. Sci1986 264 773.

% Hilger, C.; Stadler, RNew multiphase architecture from statistical copolyners by cooperative hydrogen
bond formation; Macromolecule499Q 23 2095.
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Figure 1.20. Schematics of (a) association polymer of difunaigrolar groups in a matrix of covalent polymer
and (b) phase separation between bundles of atisacihains and covalent polymer chains, from &f 9

If the supramolecular associations can maintaisoition, the solvent can swell the

e916,97,98

network and form a géf*®a hydrog if the solvent is water (Figure 1.21, Figure 1.22)

and an organog#lif the solvent is organic.
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Figure 1.21. Chemical and schematic structures of (a) poly(acadid) (PAA) functionalized witif-
cyclodextrins, (b) PAA functionalized with adamadstyand (c) the network formed in agueous solution
by (a) and (b) through host-guest inclusion betwagaimantyls anfl-cyclodextrins , from ref 97.

% Noro, A.; Hayashi, M.; Matsushita, YDesign and properties of supramolecular polymer gel Soft Matter
2012 8, 2416.

% Weng, W.; Beck, J. B.; Jamieson, A. M.; Rowan,JSUnderstanding the mechanism of gelation and
stimuli-responsive nature of a class of metallo-swupmolecular gels J. Am. Chem. So2006 128 11663.

% Buerkle, L. E.; Li, Z.; Jamieson, A. M.; Rowan, % Tailoring the properties of guanosine-based
supramolecular hydrogels Langmuir2009 25 8833.

i, L.; Guo, X.; Wang, J.; Liu, P.; Prud’homme, R.; May, B. L.; Lincoln, S. F.;Polymer networks
assembled by host-guest inclusion between adamantghd B-cyclodextrin substituents on poly(acrylic
acid) in aqueous solutionMacromolecule2008 41, 8677.

% Appel, E. A.; Biedermann, F.; Rauwald, U.; Jor@sT.; Zayed, J. M.; Scherman, O. Supramolecular
cross-linked networks via host-guest complexation ih cucurbit[8]Juril ; J. Am. Chem. SoQ01Q 132
14251.

% Shikata, T.; Nishida, T.; Isare, B.; linares, Magzzaroni, R.; Bouteiller, L.Structure and dynamics of a
bisurea-based supramolecular polymer in n-dodecand. Phys. Chem. B00§ 112 8459.
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Figure 1.22. (a) Schematic of the two-step, three-componentgosst complexation between cucurbit[8]uril,
atracceptor, and sdonor, and (b) supramolecular hydrogel preparatioough addition of cucurbit[8]uril
to a mixture of multivalent first and second guesictional polymers, from ref 98.

(i) UPy-based linear supramolecular polymers

A breakthrough in the field of linear “spaghetkd” non-liquid-crystalline
supramolecular polymers came in 1997 through Meijbis coworkers and their
ureidopyrimidinone (UPy) based bifunctional uniiglre 1.23, Figure 1.24)°°1% Indeed,
UPy is a very strongly self-associating group, dizieg through four hydrogen bonds, with a
very high association constant at 25°C of 6.1fmol in chloroform and 6.f0L/mol in
toluene and a relatively long lifetime (0.1 to 1¥)Therefore, as pointed out by Langgeal,*
the UPy unit does not require additional stabilaatsuch as crystallization or other kinds of
phase separation, since the dimerization is vergngt and unidirectional. As a result,
reversible polymer-like properties are obtainedatution and in the bulk, with high degree of

polymerization at room temperature.

19 gjibesma, R. P.; Beijer, F. H.; Brunsveld, L.; fiet, B. J. B.; Hirschberg, J. H. K. K.; Lange, R.NF;
Lowe, J. K. L.; Meijer, E. W.Reversible polymers formed from self-complementarymonomers using
guadruple hydrogen bonding Sciencel997 278 1601.

191 Folmer, B. J. B.; Sijbesma, R. P.; VersteegenVR.van der Rijt, J. A. J.; Meijer, E. WSupramolecular
polymer materials: chain extension of telechelic ggmers using a reactive hydrogen-bonding synthoAdv.
Mat. 200Q 12 874.

192 g6ntjens, S. H. M.; Sijbesma, R. P.; van GendeknH. P.; Meijer, E. W.;Stability and lifetime of
quadruply hydrogen bonded 2-ureido-4[1H]-pyrimidinone dimers J. Am. Chem. So200Q 122 7487.

43



Chapter I. From polymers and supramolecular chemistry to supramolecular polymers

Indeed, the viscosity of linear supramolecularypwr increases with the average
degree of polymerization, which increases withttlregmodynamic association constant of the
stickers® For hydrogen-bonded supramolecular polymers, tiseosity decreases as the

temperature increases because the hydrogen boadsleased and the association lifetime

decrease¥’
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Figure 1.23. (a) Schematic drawing of functionalization of téielic polymers with quadruple hydrogen-bonded
ureidopyrimidinone units (UPy), from ref 101. (biféet of the addition of a monofunctional UPy corapd on
the specific viscosity of a 0.04 M solution of dupictional UPy compound in CHg lfrom ref 100.

Figure 1.24. (left) Poly(ethylene/butylene) with OH end-groupsigright) poly(ethylene/butylene)
functionalized with UPy units, from ref 101.

(iv) Clusterization in supramolecular polymers

However, complications can arise from the simpledet of linear supramolecular
polymers described just above. Indeed, rings amndtels of stickers can form in these

supramolecular polymers systems (Figure 1.25, Eidi26, Figure 1.27§%

193 Manassero, C.; Raos, G.; Allegra, Gtructure of model telechelic polymer melts by compter
simulation; J. Macromol. Sci., Part B: Phy2005 44, 855.
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Figure 1.25. Schematic representation of the clusters and diivhepossible chain states in a telechelic polymer
sample, from ref 103.
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Figure 1.26. Possible structures formed by aggregation of btfonal polymers, from ref 107g.

+ ol

Figure 1.27. Schematic representation of the lateral UPy-UPyedistacks due to additional hydrogen bonding
between the urethane groups (in light grey), frefenence 105d.
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g6,101,104,105,106,107,1(_)8\Nit|,]104,1050r Withouﬂ.OG

In the bulk, clusterization of the stick&r
crystallization of the stickers evidenced - has nbedserved in many supramolecular

polymers based on self-complementary associations.
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(a) Hilger, C.; Stadler, RCooperative structure formation by directed noncovéent interactions in
an unpolar polymer matrix. 7. Differential scanning calorimetry and small-angle x-ray scattering
Macromolecule4992 25, 6670.

(b) Hirschberg, J. H. K. K.; Beijer, F. H.; van iheH. A.; Magusin, P. C. M. M.; Sijbesma, R. P.;
Meijer, E. W.;Supramolecular polymers from linear telechelic silsanes with quadruple-hydrogen-bonded
units; Macromolecule4999 32, 2696.

(c) van Beek, D. J. M.; Spiering, A. J. H.; Pete®& W. M.; te Nijenhuis, K.; Sijbesma, R. P;
Unidirectional dimerization and stacking of ureidopyrimidinone end groups in polycaprolactone
supramolecular polymers Macromolecule2007, 40, 8464.

195 supramolecular polymers with clusterization angstillization of the stickers:

(a) Lillya, C. P.; Baker, R. J.; Hutte, S.; Wintek. H.; Lin, Y. G.; Shi, J.; Dickinson, L. C.; G, J. C.
W.; Linear chain extension through associative terminiMacromolecule4992 25 2076.

(b) Muller, M.; Dardin, A.; Seidel, U.; Balsamo,.;Mvan, B.; Spiess, H. W.; Stadler, Rynction
dynamics in telechelic hydrogen bonded polyisobutghe networks Macromoleculed4996 29 2577.

(c) Colombani, O.; Barioz, C.; Bouteiller, L.; Gfé&ac, C.; Fompérie, L.; Lortie, F.; Montés, H.;
Attempt toward 1D cross-linked thermoplastic elastmers: structure and mechanical properties of a new
system Macromolecule®005 38, 1752.

(d) Dankers, P. Y. W.; Zhang, Z.; Wisse, E.; Grimg D. W.; Sijbesma, R. P.; Feijen, J.; MeijerVE;
Oligo(trimethylene carbonate)-based supramoleculabiomaterials; Macromolecule2006 39, 8763.

(e) van Beek, D. J. M.; Gillissen, M. A. J.; vars,AB. A. C.; Palmans, A. R. A,; Sijbesma, R. P;
Supramolecular copolyesters with tunable propertiesMacromolecule2007, 40, 6340.

() Wietor, J.-L.; van Beek, D. J. M.; Peters,\8.; Mendes, E.; Sijbesma, R. Effects of branching
and crystallization on rheology of polycaprolactonesupramolecular polymers with ureidopyrimidinone
end groups Macromolecule®011, 44, 1211.

196 sypramolecular polymer with clusterization buthaitit crystallization of the stickers: de Lucca s L.;
Burgert, J.; Stadler, RThermoplastic elastomers by hydrogen bondingPolym. Bull.1987, 17, 431.

197 supramolecular polymer with clusterization of ttiekers:

(a) Podesva, J.; Dybal, J., Spevacek, J.; Step&ekernoch, PSupramolecular structures of low-
molecular-weight polybutadienes, as studied by dymaic light scattering, NMR and infrared
spectroscopy Macromolecule2001, 34, 9023.

(b) Ojelund, K.; Loontjens, T.; Steeman, P.; PalsaA.; Maurer, F.;Synthesis, structure and
properties of melamine-based pTHF-urethane suprameicular compounds Macromol. Chem. Phy2003
204, 52.

(c) Mather, B. D.; Elkins, C. L.; Beyer, F. L.; bg, T. E.;Morphological analysis of telechelic
ureidopyrimidone functional hydrogen bonding linear and star-shaped poly(ethylene-co-propylene)s
Macromol. Rapid Commu2007, 28 1601.

(d) Botterhuis, N. E.; van Beek, D. J. M.; van @GeitnG. M. L.; Bosman, A. W.; Sijbesma, R. Belf-
assembly and morphology of polydimethylsiloxane supmolecular thermoplastic elastomers J. Polym.
Sci., Part A: Polym. Chen2008 46, 3877.

(e) Merino, D. H.; Slark, A. T.; Colguhoun, H. Mdayes, W.; Hamley, |I. W.Thermo-responsive
microphase separated supramolecular polyurethane®olym. Chem201Q 1, 1263.

(f) Woodward, P. J.; Hermida Merino, D.; GreenlaBd W.; Hamley, I. W.; Light, Z.; Slark, A. T.;
Hayes, W.;Hydrogen bonded supramolecular elastomers: correlang hydrogen bonding strength with
morphology and rheology Macromolecule201Q 43 2512.

(g) Herbst, F.; Schroter, K.; Gunkel, I.; Grog&r; Thurn-Albrecht, T.; Balbach, J., Binder, W. H.;
Aggregation and chain dynamics in supramolecular pgmers by dynamic rheology: cluster formation and
self-aggregation Macromolecule201Q 43 10006.
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The fact that there is only one hydrogen-bondingugr at the chain ends (telechelic
functionality) does not hinder microphase separation Indeed, stickers, and hydrogen
bonding motifs in particular, are often much moré&pthan the spacer. Furthermore, they are
often prone to crystallization. Even the UPy stickan crystalliz&**104¢:105d4.105¢.10%; form

stack$®* 7 (Figure 1.27).

If clusterization of the stickers occurs, the nauhal properties are controlled by this
phenomenon. However, the sticker clusterizatiamoisalways easy to identify, particularly if
the amount of sticker is low.&. if the spacer are rather long). Moreover, the tatiization
process can take quite some time. For instandégibulk, the linear supramolecular polymer
consisting of two UPy units connecteih a hexamethylene spat®forms an elastic solid

that only crystallises after a few days.

In solution as well clusterization of the stickex@n occur. Often, clusterization is
induced by aromatic rings stacking, as in the hélbolumns studied by Hirschbeeg al,**°
the fibrillar nanostructure of Kolomie&t al,'** or the helical nanofibers described by lwaura
et al.'*®'™ Interestingly, the nanostructure can be solvepeddent as in the self-
complementary ureidotriazine-based supramolecutdynger that forms random coilgia
hydrogen bonding in chloroform, but helical columna cooperative and solvophobically

inducedrestacking of the hydrogen-bonded pairs in dodeeanewater-"*

198 Sjvakova, S.; Bohnsack, D. A.; Mackay, M. E.; Somala, P.; Rowan, S. Utilization of a combination
of weak hydrogen-bonding interactions and phase seggation to yield highly thermosensitive
supramolecular polymers J. Am. Chem. So2005 127, 18202.

199 Hirschberg, J. H. K. K. Supramolecular polymersPhD ThesisEindhoven Universit2001

10 Hirschberg, J. H. K. K.; Brunsveld, L.; Ramzi, Alekemans, J. A. J. M.; Sijpbesma, R. P.; MeijerV;
Helical self-assembled polymers from cooperative atking of hydrogen-bonded pairs Nature200Q 407, 1.

11 Kolomiets, E.; Buhler, E.; Candau, S. J.; LehrMJ. Structure and properties of supramolecular
polymers generated from heterocomplementary monomer linked through sextuple hydrogen-bonding
arrays; Macromolecule2006 39, 1173.

Y2 waura, R.; Hoeben, F. J. M.; Masuda, M.; Schemnih P. H. J.; Meijer, E. W.; Shimizu, TMolecular-
level helical stack of a nucleotide-appended olige{phenylenevinylene) directed by supramolecular skl
assembly with a complementary oligonucleotide astamplate; J. Am. Chem. So2006 128 13298.

13 |waura, R.; lizawa, T.; Minamikawa, H.; Ohnishisitayama, M.; Shimizu, TDiverse morphologies of
self-assemblies from homoditopic 1,18-nucleotide-gpnded bolaamphiphiles: effects of nucleobases and
complementary oligonucleotidesSmall201Q 6, 1131.

14 Brunsveld, L.; Vekemans, J. A. J. M.; HirschbelgH. K. K.; Sijbesma, R. P.; Meijer, E. WHjerarchical
formation of helical supramolecular polymers via sacking of hydrogen-bonded pairs in watey Proc. Natl.
Acad. Sci2002 99, 4977.
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(v) Supramolecular thermoplastic elastomers from telechelic

As we have seen above, microphase segregatiorebetthhe spacer and the stickers
and crystallization of the stickers into microdonsiare not uncommon. As a result,
telechelic supramolecular polymers whose stickdusterize can form supramolecular
thermoplastic elastomers (Figure 1.28). Indeed,telimation strongly impacts the mechanical
properties of the material: crystalline domainsstitkers act as physical cross-links and
induce elasticity-dominated rheological behavfSrglusters of stickers can also result in a
network that allows the formation of mechanicallgbde films (Figure 1.295%'% This

phenomenon has been reported as early as in'1992.

SupremHeculsr polyimer

“/W%W‘ Supearnoleculsr Themoplastic elastomer

»
Tharmapiastic alastimer >- é ‘A/%vv\ \ X _
(A) (B)

Figure 1.28. From reference 107d: (A) schematic overview ofréation between supramolecular polymers,
thermoplastic elastomer (TPE), and supramolecupdst (B) cartoon of UPy aggregation in UPy-funcaigred
siloxane materials: (a) rod-like or (b) spherical.

e
) ) b (a\
! (1%

(A)
(B)

Figure 1.29. From ref 108: (A) schematic representation of (A@ar supramolecular polymer and (b) the use
of phase segregation to construct a supramolenatarork in the solid state; (B) pictures of thenfil formed.

Moreover, in Folmeret al’s paper'™ the time-temperature superposition failure at
low frequencies and the presence of a plateaudarstbrage modulus were suggested to be
due to the supramolecular thermoplastic elastorature of the UPy-end-capped telechelic
compounds, resulting from small clusters of hydregended units. The transparent

appearance of the material indicated that there werdarge cluster§*

48



Chapter I. From polymers and supramolecular chemistry to supramolecular polymers

Rowan and his coworkers have also underlined Hoag@ segregation, combined with
weak hydrogen-bonding interactions, can lead ta@anolecular network from telechelic
compounds based on adenine or cytosine derivaRigsire 1.29)*°® The presence af:- Tt
stacking between the stickers aromatic rings was silispecteddowever, the placement of
thymine moiety instead of adenine or cytosine yiéldehigh melting point solid showing no
ability to form mechanically stable filmt$> The authors concluded that there was a complex
relationship between the supramolecular assemhlyeoénd group and the phase segregation,
and that the right combination of these effects wapiired to obtain polymeric materials

properties.

(vi) Supramolecular polymers based on Thy and DAT

Thymine is often coupled to its complementary aablse, adenirfe, 8711211617123

Y18119and diaminotriazine (DAT)91%°

as in DNA. However, diaminopyridine (DA® are
also complementary motifs of thymine. Thymine artbrane associatgia two parallel
hydrogen bonds, while thymine and DAT (or DAP) assi via three parallel hydrogen
bonds. Thymine, adenine, DAP and DAT are aromaiomounds, as illustrated by the fact

that, in water, adenine and thymine interact bylstey rather than hydrogen bonditfg.

15 Rowan, S. J.; Suwanmala, P.; Sivakova,NBicleobase-induced supramolecular polymerization irthe
solid state J. Polym. Sci. A: Polym. Che2003 41, 3589.

1% jacobsen, M. F.; Andersen, C. S.; Knudsen, M. Gbthelf, K. V.; Synthesis of rigid homo- and
heteroditopic nucleobase-terminated molecules incporating adenine and/or thymine Org. Lett.2007, 9,
2851.

17 Lutz, J.-F.; Thinemann, A. F.; Rurack, ONA-like "melting" of adenine- and thymine-function alized
synthetic copolymers Macromolecule2005 38 8124.

Y8 Thibault, R. J.; Hotchkiss, P. J.; Gray, M.; RlateV. M.; Thermally reversible formation of microspheres
through non-covalent polymer cross-linking J. Am. Chem. So2003 125 11249.

19 Nandwana, V.; Fitzpatrick, B.; Liu, Q.; Solntsé&,M.; Yu, X.; Tonga, G. Y.; Eymur, S.; Tonga, MCpoke,
G.; Rotello, V. M.;Fluorescence resonance energy transfer in recogroti-mediated polymer-quantum dot
assembliesPolym. Chem2012 3, 3072.

120 yzun, O.; Frankamp, B. L.; Sanyal, A.; Rotello, M.; Recognition-mediated assembly of nanoparticle-
diblock copolymer micelles with controlled sizeChem. Mater2006 18 5404.
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f. Differences with other types of self-assembly

Supramolecular polymers are closely related toraypes of self-assembly, such as
crystals, bolaamphiphiles, block copolymers anaio#o-called polymerization of molecules
in biology. This part aims at clarifying the disttrons between supramolecular polymers and

these other self-assembled structures.
(i) Differences with crystals: dynamic

Crystals are also reversibly self-assembled madschy noncovalent interactions, but
unlike supramolecular polymers, the dynamic is érom crystals. As a result, crystals form

brittle solids.
(i1) Differences with block copolymers: directionality and size

As mentioned before, block copolymers can seléadde into various
morphologies?*?? However, unlike supramolecular polymers, block cgpmrs self-
assembly is mostly induced by non-directional mtéons (van der Waals, electrostatic,
hydrophobic and entropic interactions), althougteational interactions such as hydrogen

bonding can also control the self-assentby.

Moreover, block copolymers are usually much biggetecules than supramolecular
polymers units. Nevertheless, miniature block cgmars where the blocks are oligomers
rather than polymers can also self-assemble. Ftance, Stupp and his coworkers reported
on the self-assembled nanostructures of miniatdridblock copolymers consisting of a nine
units polystyrene block, a nine units polyisopréiteck and a three biphenyl ester units rigid
block!?* Furthermore, Matsushita and his coworkers obsetivattheir triblock copolymers
composed of a central polystyrene block (of 11 §060l) and outer oligonucleotide blocks

121 Blanazs, A.; Armes, S. P.; Ryan, A. $elf-assembled block copolymer aggregates: from naites to
vesicles and their biological applicationdlacromol. Rapid Comn2009 30, 267.

122 Ruzette, A.-V.; Leibler, L.Block copolymers in tomorrow’s plasticsNature Mater2005 4, 19.

123 | utz, J.-F.; Pfeifer, S.; Chanana, M.; ThanemahnE.; Bienert, R.H-bonding-directed self-assembly of
synthetic copolymers containing nucleobases: orgamation and colloidal fusion in a noncompetitive
solvent Langmuir2006 22, 7411.

124 Stupp, S. I.; LeBonheur, V.; Walker, K.; Li, L.;$uggins, K. E.; Keser, M.; Amstutz, ASupramolecular

materials: self-organized nanostructuresSciencel997, 276 384.
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of only five thymidine phosphate units microphaspasated in a cylindrical morpholody.
However, the same compound with only one thymiduret was disordered and not
microphase-separatét. In fact, the tendency to microphase-separate efr thriblock

copolymer series seems to increase with the nuofltaymidine phosphate unit§®
(ii) Differences with supramolecular block copolymers: one spacer

The concept of supramolecular block copolyntétd?” also calledpseudo block
copolymers-®® is closely related to that of main-chain supramal@r polymers, except that
several types of oligomeric spacers, instead df gue, are used (Figure 1.30). The block
copolymer aspect allows these materials to micrepis@parate while the supramolecular
aspect brings responsiveness and reversibffityhe simplest form of supramolecular block

copolymers results from the self-assembly of two -ené-functionalized polymers into

diblock supramolecules (Figure I.3£§31%
o0——=0
:eversible= 0':*02 .

»
< »
Micro-phase separation W
Mucro-phase separation

.
»

Increasing temperature

Figure 1.30. Self-assembly of telechelic polymers into pseudzklcopolymers
by complementary hydrogen bonding associations) fref 128.

125 Noro, A.; Nagata, Y.; Tsukamoto, M.; Hayakawa, Yakano, A.; Matsushita, YNovel synthesis and
characterization of bioconjugate block copolymers aving oligonucleotides Biomacromolecule2005 6,
2328.

126 Fystin, C.-A.; Guillet, P.; Schubert, U.; Gohy;FJ; Metallo-supramolecular block copolymers Adv.
Mater.2007, 19, 1665.

27vang, S. K.; Ambade, A. V.; Weck, MMain-chain supramolecular block copolymers Chem. Soc. Rev.
2011 40, 129.

128 Binder, W.; Bernstorff, S.; Kluger, C.; Petraru; Kunz, M.; Tunable materials from hydrogen-bonded
pseudo block copolymersAdv. Mater.2005 17, 2824.

129 stuparu, M. C.; Khan, A.; Hawker, C. Phase separation of supramolecular and dynamic bléc
copolymers Polym. Chem2012 3, 3033.

130 Huh, J.; ten Brinke, GMicro- and macrophase separation in blends of revaibly associating one-end-
functionalized polymers J. Chem. Phy<998 109 789.

131 Noro, A.; Nagata, Y., Takano, A.; Matsushita, YDiblock-type supramacromolecule via

biocomplementary hydrogen bondingBiomacromolecule2006 7, 1696.

132 Feldman, K. E.; Kade, M. J.; de Greef, T. F. AeiMr, E. W.; Kramer, E. J.; Hawker, C. Bglymers with
multiple hydrogen-bonded end groups and their blend Macromolecule2008 41, 4694.
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Figure 1.31. Schematic illustration for formation of a diblocipe supramacromoleculga hydrogen bonding
(nanophase separation), from ref 131.

(iv) Differences with bolaamphiphiles, HEUR and ionomers:

directionality

Bolaamphiphiles are composed of a central hydrbjghoore capped on both ends
with a hydrophilic groug?® Therefore, bolaamphiphiles are basically triblazpolymers
where the two end-blocks are comprised of only moea@omer. They self-assemble in various
supramolecular morphologies (micelles, cylinderg,hecause of the incompatibility between
the hydrophilic and hydrophobic partd®*** Therefore, unlike the supramolecular polymer
concept, the self-assembly of bolaamphiphiles asiced by less specific solvent-surfactants
interactions and non-directional interactions, altjio in some bolaamphiphiles directional
hydrogen bonding associations play an importang.ritl should be noted that the term

bolaamphiphilas almost always used in the context of aqueoligisos.

Hydrophobically end-capped polymers (such as Ipfsbic ethoxylated urethane:
HEUR) and ionomers form reversible networks by teteg of the end groups, through
hydrophobic and dispersion interactions for HEBRand through coulomb forces for
ionomers:*® Therefore, unlike the supramolecular polymer cphc¢he end groups are

associated through non-directional interactions.

133 Fuhrhop, J.-H.; Wang, TBolaamphiphiles Chem. Rev2004 104 2901.

134 Shimizu, T.; Masuda, M.; Minamikawa, HSupramolecular nanotube architectures based on
amphiphilic moleculesChem. Rev2005 105 1401.

135Tam, K. C.; Jenkins, R. D.; Winnik, M. A.; Bassd R.:A structural model of hydrophobically modified
urethane-ethoxylate (HEUR) associative polymers ishear flows Macromolecule4998 31, 4149.

13¢ chassenieux, C.; Johannsson, R.; Durand, D.; Alicdl; Vanhoorne, P.; Jérdme, Relechelic ionomers
studied by light scattering and dynamic mechanicameasurementsColloids Surf. AL996 112 155.
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(vi) Differences with biologist’s polymerization

For biochemists and molecular biologists, the wmostymerizationhas the meaning of
the wordself-assembly proteins ‘polymerize’ (aggregate) into largenctures (microtubules,
fibrils, virus particles) and proteirfssheet structures ‘polymerize’ into polymeric tamesds

and membranes through hydrophobic and other notemvateractions>?

g. Conclusion

To conclude, scientists like to categorize systedmvever, the lines can be blurry
and the same system may belong to more than oss. € a system may sit on the edge,
sharing some characteristics, but not quite betangp any existing (so far) box. Moreover,
science fields can be quite compartmentalizedshating the same vocabulary for the same

underlying physical-chemical phenomena.

Indeed, the telechelic compounds functionalizeth wiydrogen-bonding stickers and
leading to main-chain supramolecular polymers carctnsidered as miniaturized triblock
copolymers (with the outer blocks consisting ofyoahe unit, the sticker), supramolecular
multiblock copolymers (with an alternance of velmpri blocks [the sticker] and longer blocks
[the spacer]) or bolaamphiphiles, with the direcsibinteractions between the stickers in
extra. These directional interactions are thus ydwa competition with phase segregation,
crystallization, and other potential noncovalentiattions (such as aromatic interactions).
Indeed, microphase segregation with only one wnpdssible if the incompatibility is high

enough.

Therefore, the questions we were interested in w&hen a system shares various
characteristics, will one of the characteristidsstaver? Or will a compromise arise, leading

to a new type of behavior?

Finally, we were interested in whether the clustgion of stickers occurring because
of dispersions interactions or crystallization upsamolecular polymers can lead to long-
range order and order-disorder transition as inkbtmpolymers. In other terms do telechelic

supramolecular polymers behave as miniaturizedkidopolymers?
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Chapter II. Synthesis of supramolecular polymers by grafting of Thy and DAT stickers on
telechelic PPO chains

Supramolecular polymers are obtained by grafting thymine derivatives (Thy) and/or
diamininotriazine (DAT) stickers on the chain ends of telechelic diamino poly(propylene
oxide) (PPO). DAT was grafted through an aromatic nucleophilic substitution, while Thy was
grafted through amidation, by heating or with a coupling agent. Homoditopic compounds
were synthesized in one step, while heteroditopic compounds were synthesized in four steps

through a protection / deprotection pathway.
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Chapter Il. Synthesis of supramolecular polymers by

grafting of Thy and DAT stickers on telechelic PPO chains

To investigate the interplay between hydrogen bonding, phase segregation and
crystallization in supramolecular polymers, we have chosen to study a model system. This
model system consist of non-crystalline poly(propylene oxide) (PPO) chains end-
functionalized with complementary stickers: thymine derivative (Thy) and diaminotrozaine
(DAT). This system combines weak (Thy/Thy and DAT/DAT self-association) and strong
(Thy/DAT complementary association) hydrogen bonding, aromaticity of the stickers, strong
repulsion between the polar stickers and the PPO spacers, and very different tendency towards
crystallization for Thy and DAT. Indeed, Thy derivatives are prone to crystallization,'
whereas DAT derivatives are known for their tendency to form glasses instead of

crystallizing.?

1. Telechelic PPO chains as spacers between the stickers

a. Amino-terminated PPO chains 1 chosen as linkers

In our model system, the supramolecular stickers associate reversibly and directionally

via hydrogen bonds, while the spacers connect the stickers and afford mobility.
(i) A low T4 and non-crystalline chain to afford mobility

To afford mobility, the spacers must remain amorphous (non-crystalline) and liquid
(non-glassy) in a wide temperature range: typically from - 40 to 200°C would be sufficient for
most applications. Indeed, crystalline or glassy spacers would severely reduce the mobility of
the system, and thus hinder the stickers association dynamic.

Glassy compounds exhibit a glass transition temperature (7,): they are glassy below T,
and liquid above T,. Therefore, a liquid spacer in the temperature range - 40°C to 200°C is a

non-crystalline spacer with a 7, below - 40°C.

! Borowiak, T.; Dutkiewicz, G.; Spychaia, J.; Supramolecular motifs in 1-(2-cyanoethyl)thymine and 1-(3-
cyanopropyl)thymine; Acta Crystallo. C 2007, 63, 201.

2 Wang, R.; Pellerin, C.; Lebel, O.; Role of hydrogen bonding in the formation of glasses by small molecules:
a triazine case study; J. Mater. Chem. 2009, 19, 2747.
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Oligomers (low-molecular-weight polymers) are perfect candidates to link stickers.
Several oligomers are non-crystalline and have a low 7, for instance:
- branched alcanes such as polyisobutylene (PIB),
- polysiloxanes such as polydimethylsiloxane (PDMS),
- polydisperse or copolymerized poly(ethylene oxide) (PEO),
- poly(propylene oxide) (PPO),
- poly(isoprene) (PI),
- poly(ethylene/butylene) (PE-PB).

PIB have been used to build supramolecular polymers by Stadler and his coworkers,’
as well as Binder and his coworkers;' PDMS by Bouteiller and his coworkers;> PPO-PEO
block copolymers,”’ PE-PB® and PDMS® ' by Meijer, Sijbesma and their coworkers.

Each of these candidates present advantages and drawbacks. For example, PEO are
commercial products, available with several end-groups and sizes. However, PEO are very
hydrophilic and hygroscopic, so water can easily be absorbed and potentially affect hydrogen
bonds. Plus, if not polydisperse enough or too long, PEO crystallizes.

PPO chains are soluble in a wide range of organic solvents, and even in water under

their LCST (lower critical solution temperature), around 18°C. Plus, PPO are commercial

3 Muller, M.; Dardin, A.; Seidel, U.; Balsamo, V.; Ivan, B.; Spiess, H. W.; Stadler, R.; Junction dynamics in
telechelic hydrogen bonded polyisobutylene networks; Macromolecules 1996, 29, 2577.

4 Binder, W. H.; Kunz, M. J.; Kluger, C.; Hayn, G.; Saf, R.; Synthesis and analysis of telechelic
polyisobutylenes for hydrogen-bonded supramolecular pseudo-block copolymers; Macromolecules 2004,
27,1749.

5 Abed, S.; Boileau, S.; Bouteiller, L.; Lacoudre, N.: Supramolecular association of acid terminated
polydimethylsiloxanes. 1. Synthesis and characterization; Polym. Bull. 1997, 39, 317.

6 Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; Lange, R. F. M.; Lowe,
J. K. L.; Meijer, E. W.; Reversible polymers formed from self-complementary monomers using quadruple
hydrogen bonding Science 1997, 278, 1601.

7 Lange, R. F. M.; Gurp, M. V.; Meijer, E. W.; Hydrogen-bonded supramolecular polymer networks J.
Polym. Sci., Part A: Polym. Chem. 1999, 37, 3657.

8 Folmer, B. J. B.; Sijbesma, R. P.; Versteegen, R. M.; van der Rijt, J. A. J.; Meijer, E. W.; Supramolecular
polymer materials: chain extension of telechelic polymers using a reactive hydrogen-bonding synthon Adv.
Mater. 2000, 12, 874.

? Hirschberg, J. H. K. K.; Beijer, F. H.; van Aert, H. A.; Magusin, P. C. M. M.; Sijbesma, R. P.; Meijer, E. W_;
Supramolecular polymers from linear telechelic siloxanes with quadruple-hydrogen-bonded units;
Macromolecules 1999, 32, 2696.

10 Botterhuis, N. E.; van Beek, D. J. M.; van Gemert, G. M. L.; Bosman, A. W.; Sijbesma, R. P.; Self-assembly
and morphology of polydimethylsiloxane supramolecular thermoplastic elastomers J. Polym. Sci. Part A:
Polym. Chem. 2008, 46, 3877.
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products, available in several sizes and functionality. Moreover, PPO is not hydrophilic, so
phase segregation with the stickers might occur and could be studied. Consequently, we have

chosen oligomeric PPO as spacer in our model system.
(i) A primary amine end-functionality to connect the stickers

The spacers must be connected to the stickers, so they need to be at least bifunctional,
and preferably with highly reactive functions. That is why we have chosen commercial PPO
end-functionalized by primary amine groups, Jeffamine ®, and more specifically Jeffamines
® D Series (bifunctional) and T Series (3-armed branched trifunctional) (Chart II.1,
Jeffamines ® M Series [monofunctional] were also used as a control). In this chapter we will

focus on the functionalization of Jeffamines ® D Series.

Halogen functionalized stickers can then easily be grafted by nucleophilic substitution,

while carboxylic acid functionalized stickers can easily be grafted by amidation.

4>—]~NH2
R o y

NH2 (b R’ ()

Chart IL.1. Chemical structures of Jeffamine ®: (a) D series, (b) M series (R = H or CHj3),
and (c) T series (R =C,Hsor H,n=1 or 0).

b. Properties of chosen PPO spacers 1a-c

(i) Number average molecular weight M, estimated from 'H NMR

'H NMR of commercial Jeffamine ® D-230, D-400 and D-2000, diamine telechelic
poly(propylene oxide) (denoted as NH,-PPO-X-NH,, where X is the molecular weight in
g/mol), allows the determination of its number average molecular weight (M,). Indeed, the
CHj protons in a-position of the amine end-groups (b, see Chart I1.2) are shifted upfield
compared to the CH3 protons in the middle of the chain (a), as illustrated on the abscissa of

Figure II.1. M, and x (x = n + 1) can then be determined by integrating those two 'H NMR

61



Chapter II. Synthesis of supramolecular polymers by grafting of Thy and DAT stickers on
telechelic PPO chains

signals (equations 1 and 2, with 7, and I, the integral of the a and b signals, respectively). M,
and x values obtained in this fashion are gathered in Table II.1. The values are close to the

values from Huntsman technical bulletins.

Given the values of M, determined by integrating the a and b 'H NMR signals,
Jeffamine D230 will now be denoted as NH,-PPO-250-NH, 1¢, Jeffamine D400 as NH,-PPO-
460-NH; 1b, and Jeffamine D2000 as NH,-PPO-2200-NH; 1a.

g a b
d
HoN_f {/I\_/o;dJL g
(J\/O’\)\ Y\O € T NH
HoN X NH, b

Chart I1.2. Chemical structures of NH,-PPO-X-NH, 1a-c (Jeffamine D) (n =x -1).
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Figure IL1. HMQC (‘H-">C 2D NMR) in CDCl; of NH,-PPO-X-NH, 1 (a) X = 250, (b) X = 460, (c) X = 2200.

21,

b

(D

X=1+

M, = 58x + 74 )

(if) Polydispersity index [, estimated from GC-MS and GPC

Gas Chromatography coupled to Mass Spectrometry (GC-MS) was performed on
NH,-PPO-X-NH; 1b-¢. Chromatograms reveal NH,-PPO-250-NH, 1c¢ is constituted of
oligomers bearing 2, 3 and 4 repetition units, while NH,-PPO-460-NH; 1b contains oligomers
with 2 to 9 repetition units. Indeed, each oligomer size appears on the GC chromatogram as a
distinct peak with tailing characteristic of primary amines (Figure 11.2). Peaks were easily
attributed thanks to their associated MS spectrum. Indeed, the MS spectra almost all contain

the M-1 peak characteristic of primary amines.
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Integrating each GC peak’s area gives a good estimation of the proportion of each
oligomer size. Indeed, although GC is not strictly quantitative since the detector response is

compound-dependent, the oligomers’ chemical structures are close enough for a quantitative

estimation.
] 100
=6
5.19 (a) -2.. X (b)
x=3 B
c L x=5
i)
-"? X%Z . E xX=7
) 3.658 50
= 2
Q =
c : O
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Figure II.2. GC spectrograms of: (a) NH,-PPO-250-NH, 1¢, and (b) NH,-PPO-460-NH, 1b.

Therefore, M,, the weight average molecular weight (M) and the polydispersity index
(I, = My, / M,) can be calculated. The values obtained for M, and I, are gathered in Table II.1.
The values of M, obtained by GC are close the values obtained by 'H NMR, implying the
validity of both methods. M, of NH,-PPO-460-NH, 1b from GC is a little underestimated,
since oligomers of 10 or more repetition units may be present in NH,-PPO-460-NH; 1b, but

are not detected on the GC spectrogram (Figure I1.2b). /, are quite low.

By zooming on the GC peaks, it appears that they are actually multiple peaks. This
multiplicity of peaks, with almost the same retention time, and the same MS spectra, suggests
that head-to-head sequences, as well as head-to-tail sequences, were formed during the
oligomerization. Indeed, PPO is generally obtained by ring-opening polymerization of 1,2-
propylene oxide, and both C-O bonds of the epoxy group may cleave during the

polymerization."'

NH,-PPO-2200-NH, 1a molecular weight is too high for the GC-MS column, but gel
permeation chromatography (GPC) can be used to estimate I,. These values are gathered in

Table I1.1.

' Schilling, F. C.; Tonelli, A. E.; Carbon-13 NMR determination of poly(propylene oxide) microstructure;
Macromolecules 1986, 19, 1337.

63



Chapter II. Synthesis of supramolecular polymers by grafting of Thy and DAT stickers on
telechelic PPO chains

(iii) Glass transition temperature T, measured from DSC

NH,-PPO-X-NH, 1a-¢ have been studied by Differential Scanning Calorimetry (DSC).
They all display a glass transition step (Figure I1.3). The T, values are gathered in Table II.1.

0,4
. —_—
~ O)
(@) <" 0,24
<" 0,2 ,
2 =3
2 0,0 % 0,0
Q o
LL e
®© -0,2 o 0,2
(0] I ’
L -+ -
'014 T T T T
-100 0 100 -100 0 100

Temperature (°C) Temperature (°C)

(a) (b)

Figure I1.3. DSC (exo down) at 10°C/min of (a) NH,-PPO-250-NH, 1¢, and (b) NH,-PPO-2200-NH, 1a.

T, increases with the molecular weight, as expected for oligomers because of the free-
end effect. Indeed, the lower is the molecular weight, the higher is the proportion of chain

ends in a given volume. Chain ends afford free volume, and thus mobility.

The boiling temperature of NH,-PPO-X-NH,; 1a-c (a: X = 2200, b: X =460, ¢: X =
250) is announced at 260°C by Huntsman.

(iv) NH,-PPO-X-NH, 1a-c characteristics recap

Mna ‘ Mnb l MnC
JEFFAMINE ® X" X’ I, T, (°C)
(g/mol) (g/mol) (g/mol)
D-230 230 | ~2,5 248 3,0 244 1.029 ¢ - 84,6
D-400 430 | ~6,1 457 6,6 434" 11.027°“ - 81,5
D-2000 2000 | ~33 2220 37 - 1.04 ¢ -71,8

Table I1.1. NH,-PPO-X-NH, 1a-c data

determined by DSC, underestimated since x=10 and higher are not detected).

(* from Huntsman technical bulletin, ” determined by 'H NMR, © determined by GC, ¢ determined by GPC,
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2. Grafting DAT sticker

a. Grafting DAT via an aromatic nucleophilic substitution

Diaminotriazine (DAT) grafting was achieved via an aromatic nucleophilic
substitution of amines on the commercial product 2-chloro-4,6-diamino-1,3,5-triazine (DAT-
Cl). The reactions were carried out in a water/ethanol mixture (v/v 50/50) under reflux for 20
hrs in the presence of NaHCO; (adapted from Klenke et al).'* The chemical structures of the
resulting materials were confirmed by 'H NMR, e NMR, DEPT 135, 'H-'H correlation
NMR (COSY), 'H-"C correlation NMR (HMQC), FT-IR and GC-MS when possible.

HaN HaN
N EtOH/H,0, NaHCO;, N
R-NH,  + N H—cl - N D—NH-R
)=N reflux, 20h =N
HaN HaN

Scheme II.1. Aromatic nucleophilic substitution of an amine on 2-chloro-4,6-diamino-1,3,5-triazine.

b. Reaction efficiency tested by grafting DAT on Dodecylamine

To test this reaction, DAT was grafted on dodecylamine. Since DAT-Cl was only
partially soluble in the water/ethanol solvent, the reaction mixture started as a white
suspension that transformed into a transparent solution as the reaction progressed. 2-
dodecylamine-4,6-diamino-1,3,5-triazine (DAT-C;,) was easily retrieved by filtration, since
DAT-C,; precipitated from the solution at room temperature. The full synthesis protocol and

characterization of DAT-C;; are in Appendix II.

c. Grafting DAT on diamine telechelic PPO

(i) Same reaction conditions, but adapted purification

The diaminotriazine homoditopic supramolecular polymers DAT-PPO-X-DAT 2a-c¢
(a: X = 2200, b: X = 460, ¢: X = 250) were synthesized via an aromatic nucleophilic

12 Klenke, B.; Stewart, M.; Barrett, M. P.; Brun, R. ; Gilbert, I. H.; Synthesis and biological evaluation of s-
triazine substituted polyamines as new anti-typanosomal drug; J. Med. Chem. 2001, 44, 3440.
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substitution of the corresponding diamine telechelic poly(propylene oxide) NH,-PPO-X-NH;
la-c on DAT-CI. The reactions were carried out in the same conditions as for dodecylamine

(Scheme 11.2).

HoN HoN

{Jy L/L / EtOH/H,0, NaHCO; / | {Jv ;\)\
HZNTA NH, + 2 \>—C| >—NH\(\0 NH—<\ /
N

reflux, 20h

H2N H2

Scheme I1.2. DAT-PPO-X-DAT 2a-c synthesis via aromatic nucleophilic substitution of diamine telechelic
poly(propylene oxide) NH,-PPO-X-NH, 1a-¢ on 2-chloro-4,6-diamino-1,3,5-triazine.

However, the purification procedures were adapted to the length PPO chain. Indeed,
all products DAT-PPO-X-DAT 2a-c are soluble in the water/ethanol mixture at room
temperature and thus cannot be obtained by filtration. Therefore, 2a-b (X = 2200, 460) were
extracted via liquid-liquid extraction after removal of ethanol. In contrast, 2¢ (X = 250) is not
hydrophobic enough to be extracted by a non polar solvent. Indeed, 2¢ is insoluble in
chloroform, dichloromethane or toluene. Therefore, its purification was achieved by
evaporation of solvent, solubilization in a chloroform / methanol mixture (v/v 50/50) under
reflux, and filtration to eliminate a precipitate composed of NaHCO; and DAT-OH. The full
experimental protocols are in Appendix II. The syntheses of DAT-PPO-X-DAT 2a-b (a: X =
2200, b: X = 460) were reported in reference 13."

(i) Characterization of final products

'H and ”C NMR in DMSO-ds showed that the desired product were formed (see
Appendix ITI; for X = 2200, see Figure I1.4 for 'H NMR and Figure I1.5 for *C NMR). For
instance on the 'H spectrum of the product, the methine of the PPO backbone closest to the

terminal groups were shifted downfield above 4 ppm and the NH; on the aromatic ring of

DAT were shifted upfield.

3 Cortese, J.; Soulié-Ziakovic, C; Tencé-Girault, S.; Leibler, L.; Suppression of mesoscopic order by
complementary interactions in supramolecular polymers; J. Am. Chem. Soc. 2012, 134 ,3671.
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Figure IL4. '"H NMR in DMSO-ds of DAT-PPO-2200-DAT 2a.
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Figure IL5. °C NMR in DMSO-d, of DAT-PPO-2200-DAT 2a.

GC-MS is not adapted to characterize the products. Indeed, for X = 460 and 2200, the
molecular weight is too high for the column; and for X = 250, high concentrations are needed
to observe a signal on the GC spectrum, probably because the DAT groups interact too
strongly with the column. However, high concentrations can damage the detector and the

column and are thus not recommended.
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3. Grafting Thy sticker

Thy grafting was achieved via amidation of amines by the carboxylic acid

functionality of the commercial product thymine-1-acetic acid.

a. Different ways to form an amide bond

Indeed, coupling an amine with a carboxylic acid yields an amide (and water, see
Scheme I1.3). This reaction, which results from a nucleophilic attack of the amine on the

carboxylic acid, can be completed by heating or with coupling reagents.

A
RCOOH + R'NH, -» RCONHR' + H,0O

Scheme I1.3. Reaction of a carboxylic acid with an amine to yield an amide (and water).
(i) Amide bond formation by heating

Since amines are bases of pK, around 10-11, and carboxylic acids are acids of pK,
around 4-5 (pK, of thymine-1-acetic acid around 3, as measured by NaOH titration), put
together they form a salt, with very little amine left at equilibrium to act as the nucleophile in
the amidation. However, the amide can still be formed by heating the ammonium salt to high

temperatures (160-180°C).

RCOOH + R'NH, —» RCOO™ + R'NH;

Scheme I1.4. Acido-basic reaction of a carboxylic acid with an amine to form an ammonium salt.

Furthermore, the high temperature, accompanied by a nitrogen flow, permits the
evacuation of water vapour. Thus, the equilibrium is shifted towards the amide formation.
However, high temperatures can be detrimental to the integrity of some substances, even with
a nitrogen atmosphere. For instance, high temperature of 160 to 180°C are incompatible with

the presence of the N-fert-butoxycarbonyl (BOC) protecting group.
(i) Amide bond formation with coupling agents

Carboxylic acid are not very reactive in nuclepophilic substitution reactions such as

amidation, because OH" is a poor leaving group. Therefore, coupling reagents are often used
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to activate the acid, by formation of a good leaving group, and thus facilitate the

amidation.'*"* Several types of coupling agents can be used:

acyl chlorides,

- reagents generating acid halides (such as SOCL'® or PCls),
- cyanuric chloride,

- carbodiimides,

- triazoles derivatives, ...etc ...

However, like heat, the strongly acidic conditions induced by acyl chlorides, cyanuric
chloride, or reagents generating acid halides induce BOC deprotection. Moreover, acyl

chlorides and cyanuric chloride are very toxic.

Besides, the most common carbodiimides, dicyclohexylcarbodiimide (DCC)'” and
diisopropylcarbodiimide (DIC), yield by-products that can be difficult to remove. They can be
replaced by water soluble carbodiimides, such as 1-ethyl-3(3’-(dimethylamino)propyl)
carbodiimide hydrochloride salt (EDC)."* However, EDC reacts at low pH, in acidic

conditions, which might also induce BOC deprotection.

Hydroxy-benzotriazole (HOBt) and uronium, aluminium and phosphonium salts based

on HOBt perform well, and are commonly used for peptide coupling.'*"?

Yet, they can be
very expensive and care must be taken because of the explosive properties of HOBt. Indeed,

HOBt is explosive when fully dehydrated (but is mostly found hydrated).
(iii) Coupling agent chosen: TBTU

To compromise between reaction speed, purity of the product, ease of by-products

purification, efficiency, high conversions, and cost, we have chosen TBTU [O-(benzotriazol-

"* Valeur, E.; Bradley, M.; Amide bond formation: beyond the myth of coupling reagents; Chem. Soc. Rev.
2009, 38, 606.

'> Montalbetti, C.; Falque, V.; Amide bond formation and peptide coupling; Tetrahedron 2005, 61, 10827.
16 Cvetovich, R. J.; DiMichele, L.; Formation of acrylanilides, acrylamides, and amides directly from
carboxylic acids using thionyl chloride in dimethylacetamide in the absence of bases; Org. Process Res.

Dev. 2006, 10, 944.

'7 Chen, G.; Hoffman, A. S.; Preparation and properties of thermoreversible, phase-separating enzyme-
oligo(N-isopropylacrylamide) conjugates; Bionconjugate Chem. 1993, 4, 509.

18 Nakajima, N.; Ikada, Y.; Mechanism of amide formation by carbodiimide for bioconjugation in aqueous
media; Bioconjugate Chem. 1995, 6, 123.
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1-y1)-N,N,N',N'-tetramethyl uronium tetrafluoroborate] as activating agent of the thymine-1-
acetic acid. Indeed, TBTU is the cheapest of the salts based on HOBt {less than 200 euros for
100g, while HATU [O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluoro-
phosphate] is at more than 1800 euros for 25g}.

Coupling of thymine-1-acetic acid to an amide with TBTU, in the presence of the non-
nucleophilic base DIEA (diiosopropylethylamine) and DMF has been described in the
literature.”” The closely related coupling of thymine-1-acetic acid to an amide with HATU,

also in the presence of DIEA and DMF, has also been reported.”’

i 5
BF
N N BEs
0 AR @[QN
Q \ N— N
R1)J\O * 06 "
N TBTU \
/\/N\ )IOJI\//-\ \N_
4>
M\N’N * Ry 0= B

—_— R N
TN | I

o 0
N

HOBt

Scheme I1.5. Proposed mechanism for the amide bond formation through TBTU activation
(I'and II are the two tautomeric forms of TBTU), from ref 21.

9 Corradini, R.; Sforza, S.; Dossena, A.; Palla, G.; Rocchi, R.; Filira, F.; Nastri, F.; Marchelli, R.;
Epimerization of peptide nucleic acids analogs during solid-phase synthesis : optimization of the coupling
conditions for increasing optical purity; J. Chem. Soc. Perkin Trans. 1 2001, 20, 2690.

% Roviello, G.N.; Moccia, M.; Sapio, R.; Valente, M.;Bucci, E. M.; Castiglione, M; Pedone, C.; Peretta, G.;

Benedetti, E.; Musumeci, D.; Synthesis, characterization and hybridization studies of new nucleo-y-peptides
base on diaminobutyric acid; J. Peptide Sci. 2006, 12, 829.
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Balalaie et al. proposed the mechanism reproduced in Scheme I1.5 for the amide bond
formation, from a carboxylic acid and an amine, with TBTU as the activating agent, in the
presence of a non-nucleophilic base.”’ The base, not featured in the mechanism, is here to
deprotonate the carboxylic acid and to keep the amine under its basic form -NH,. The
protonated base forms a salt with BF4 at the end of the reaction. Other by-products from
TBTU are tetramethylurea (Mesurea) and HOBt, which will have to be separated from the

amide. To simplify purification, polymer-supported coupling reagents can be used.*

b. Amidation with TBTU tested by grafting Thy on alkylamines

0 0
' DMF, TBTU, DIEA l H_
OH : : N-R
oy ey
Pz (0] Pz (0]
Tamb O

R-NH, +
0

Scheme I1.6. Amidification of an amine by thymine-1-acetic acid in solution with a coupling agent.

To test the amidation with TBTU, Thy was grafted on n-butylamine, n-dodecylamine
and n-octadecylamine (Scheme I1.6 adapted from Corradini et al.).'” N-butyl-thymine-1-
acetamide (Thy-Cs), N-dodecyl-thymine-1-acetamide (Thy-C;,), and N-octadecyl-thymine-1-

acetamide (Thy-C,g) were obtained.

The reaction was first performed on butylamine. The Thy-C, yield was only of 77%,
probably due to the fact that TBTU, as other coupling reagents, can degrade when left in
solution in the presence of a base. Therefore, to increase the yield, the reactions were
subsequently performed with an excess of TBTU. Then, the Thy-C;g yield was of 93%.
Moreover, for the same reason, the order of mixing is important: first the carboxylic acid is
solubilized in DMF, then the amine is added, followed by TBTU, and finally the base (a non
nucleophilic amine: diisopropylethylamine [DIEA]).

Other adjustments are made in the protocol depending on the products. For instance,

n-octadecylamine is scarcely soluble in DMF, so Thy-C;g synthesis was done in a

2l Balalaie, S.. Mahdidoust, M. Eshaghi-Najafabadi, R.; 2-(1H-Benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate as an efficient coupling reagent for the amidation and
phenylhydrazation of carboxylic acids at room temperature; J. [ran. Chem. Soc., 2007, 4, 364.

2 Chinchilla, R.; Dodsworth, D. J.; Néjera, C.; Soriano, J. M.; Polymer-bound TBTU as a new solid-
supported reagent for peptide synthesis; Tetrahedron Letters 2000, 41, 2463.
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toluene/DMF mixture at 60°C. Furthermore, Thy-C4 and Thy-C;s were easily retrieved by
filtration at room temperature, but Thy-C,, did not precipitate from the solution. So, Thy-C,,
was purified by liquid-liquid extraction. The full synthesis protocols and characterizations of

final products are in Appendix 2.

c. Grafting Thy on diamine telechelic PPO
(i) Two synthesis methods

The thymine homoditopic supramolecular polymer 3a-¢ (Thy-PPO-X-Thy, a: X =
2200, b: X =460, ¢: X = 250) were synthesized via amidation of the corresponding diamine
telechelic poly(propylene oxide) NH,-PPO-X-NH, la-c¢ with thymine-1-acetic acid. The
reactions were carried out either in the same conditions as for the alkylamines, ie in solution
with a coupling agent (TBTU, Scheme II.7a); or in bulk at 160°C under a nitrogen flow
(Scheme I1.7b, adapted from a method by Montarnal ef al.).” The full experimental protocols
are in Appendix II. The synthesis of Thy-PPO-X-Thy 3a-b were reported in reference 24.**

G ~ o L T
A DMF, TBTU, DIEA 1 o )J\/l.lq r
s ~ofhop L — T ottt
\‘/\o NHp + - ]
(o] Tams (o]

o o =
/k bulk, N, (DMF) R NH {J\/o;\/L N._NH
HZN\h H\/ *\)\NH . /\”/ > HN N/\”/ 7/\0 S NHJK/ \r
)W/ 160°C o)\% 0

Scheme I1.7. Thy-PPO-X-Thy 3a-c synthesis via amidification of diamine telechelic poly(propylene oxide) 1a-c
by thymine-1-acetic acid carried out (a) in solution with a coupling agent, or (b) in the bulk at 160°C under N,.

(ii) With TBTU: same reaction conditions, but adapted purification

With TBTU, the reactions were carried out in the same conditions as for the
alkylamines. However, the purification protocols were adapted to the length of PPO chain.

Indeed, all products Thy-PPO-X-Thy 3a-c¢ are soluble in DMF at room temperature and thus

2 Montarnal, D.; Cordier, P.; Soulié-Ziakovic, C.; Tournhilhac, F., Leibler, L.; Synthesis of self-healing
supramolecular rubbers from fatty acid derivatives, diethylene triamine, and urea; J. Polym. Sci., Part A:
Polym. Chem. 2008, 46, 7925.

2 Cortese, J.; Soulié-Ziakovic, C; Cloitre, M.; Tencé-Girault, S.; Leibler, L.; Order-disorder transition in
supramolecular polymers; J. Am. Chem. Soc. 2011, 133, 19672.
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cannot be obtained by filtration. Therefore, 3a (X = 2200) was extracted via liquid-liquid
extraction after addition of water and toluene to the reaction mixture. In contrast, 3¢ (X =
250), like DAT-PPO-250-DAT 2¢, is not lipophilic enough to be extracted by a non polar
solvent. Indeed, 3¢ is insoluble in chloroform, dichloromethane or toluene. Consequently, 3¢
was purified by silica column chromatography (eluant MeOH/CHCl5: 1/9 v/v), which can be

done rather easily because of its small size.

The reaction can be followed by 'H and '*C NMR. For instance, as evidenced on
Figure I1.6, the signal of the methyls in a-position of the amine end-groups (b, see Chart 11.3)
is deshielded as the amine (dp-nu2 = 0.91 ppm) transforms into an amide (dp-rny = 1.03 ppm).
Moreover, the amino NH, signal at 1.57 ppm disappears, while a doublet at 7.98 ppm
corresponding to the amide NH appears. The CH3 (A), CH; (1) and CH (C) Thy signals are
also shifted upon grafting: they are shielded, because an acid group is more deshielding than

an amide group (respectively electron-withdrawing and electron-donating effect) (Figure 11.7).

(a) (b) a b o
g g b )(')\ NH-f d {/]\/OM )OK/N/ NH
T {/J\/O]\d)\g HNT N T/\oec ~F NH >
2 \]/\o e I TNH, O}W) o O

b

Chart I1.3. Chemical structures of (a) NH,-PPO-X-NH, 1a-c and (b) Thy-PPO-X-Thy 3a-c.

(@) b) (c) 1)
| all ] a
a b-NH, b-Thy. b-NH, b-Thy

Figure I1.6. '"H NMR in DMSO-d, of the methyl region (0.85 -1.11 ppm) of : (a) NH,-PPO-250-NH, 1¢;
(b) a mixture of NH,-PPO-250-NH,; 1¢, Thy-PPO-250-Thy 3¢ and thymine-1-acetic acid (incomplete reaction);
(¢) Thy-PPO-250-Thy 3ec.
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Figure IL7. '"H NMR of a mixture of NH,-PPO-250-NH, 1¢, Thy-PPO-250-Thy 3¢ and thymine-1-acetic acid
(incomplete reaction) showing signals of free and grafted Thy: (a) methine proton C region (7.2-7.5 ppm);
(b) methyl protons A region (1.69-1.79 ppm).

(iii) By heating

Like the polyamides synthesis often carried out in the lab, Thy grafting can be done in
the bulk, i.e. without solvent, at 160°C and under a nitrogen flow. In these conditions,
thymine-1-acetic acid is soluble in NH,-PPO-X-NH, la-c and these compounds do not
oxidize. As mentioned above, the elevated temperature and the nitrogen flow allow
evacuation of the water formed by amidation and shifting of the equilibrium toward the amide

formation.

However, maintaining a good stirring is difficult with NH,-PPO-250-NH, 1¢, and gets
even harder as the reaction progresses. Indeed, as discussed in Chapter V, the T, of Thy-PPO-
250-Thy 3c is very high (around 100°C). Thus, its viscosity at 160°C is also quite high.
Adding a couple droplets of DMF can help to fluidify the mixture and thus improve the
stirring. Indeed, DMF can solubilize thymine-1-acetic acid, and more importantly reduce Thy-

PPO-250-Thy’s T, by plasticizing effect.

Furthermore, thymine-1-acetic acid must be added progressively, to limit the
NH;'COO' salt formation, which blocks stirring by solidification of the solution. As a result,
synthesis can take several days, especially for Thy-PPO-250-Thy 3c.

The reaction can be followed by FT-IR in ATR (attenuated total reflectance) mode. In
Figure I1.8, salt of NH,-PPO-250-NH; 1¢ and thymine-1-acetic acid was formed immediately
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and is characterized by a deformation band dnp3+ at 1608 cm’! and a valence band Ve—o of the
carboxylate function at 1694 cm™ (Figure 11.8, red curve). When the reaction progresses, the
Onms+ deformation band disappears and the vc—o valence band shifts towards lower

wavenumbers until reaching 1656 cm™, value of an amide ve—o (Figure I1.8, blue curve).

< Vc=0, amide [

0.8 1.0 1.2

ATR Units
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Figure IL.8 : ATR FT-IR spectra between 1585 and 1760 cm™ at 25°C with in gray: NH,-PPO-250-NH,;
in red: NH,-PPO-250-NH, + thymine-1-acetic acid salt (1694 cm™,1608 cm™);
in pink: after 45 min at 160°C (1693 cm™,1605 cm™); in green: after 5h30 (1680 cm™);
in light blue: after 20h (1677 cm™); in dark blue: Thy-PPO-250-Thy (1656 cm™).

To sum up, this method is not very convenient for Thy-PPO-250-Thy, but works well
for Thy-PPO-2200-Thy, for which stirring is not an issue.

Although the boiling temperature of all NH,-PPO-X-NH, 1a-c is around 260°C, some
evaporation of NH,-PPO-X-NH, occurs during the reaction, especially for the shorter
oligomers, because of their low vapour pressure and because of the nitrogen stream.
Therefore, at the end of the reaction, there is an excess of thymine-1-acetic acid. This excess
can either be recrystallized in a CHCI3/MeOH (v /v 50:50) mixture or separated by column
chromatography. Thy-PPO-X-Thy 3 migrate almost as fast as the solvent, whereas unreacted
thymine acid derivative remains in the column (MeOH/CHCls: 2/8 v/v).

(iiif) Purification efficiency and characterization of final products

The chemical structures of the resulting materials were confirmed by 'H and >C NMR
in DMSO-ds (see Appendix II; for X = 2200, see Figure 11.9 for "H NMR and Figure I1.10 for
C NMR). Since the end-groups signals can be identified, the molecular weight (M) can be
estimated: 800 g/mol for Thy-PPO-460-Thy 3b and 2500 g/mol for Thy-PPO-2200-Thy 3a.
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GC-MS is not adapted to characterize the products. Indeed, for X = 460 and 2200, the
molecular weight is too high for the column; and for X = 250, high concentrations are needed
to observe a signal on the GC spectrum, probably because the Thy groups interact too

strongly with the column. However, high concentrations can damage the detector and the

column and are thus not recommended.
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Figure I1.9. '"H NMR in DMSO-dg of Thy-PPO-2200-Thy 3a.
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Figure 11.10. °C NMR in DMSO-dg of Thy-PPO-2200-Thy 3a.

76



Chapter II. Synthesis of supramolecular polymers by grafting of Thy and DAT stickers on
telechelic PPO chains

4. Blending Thy-PPO-X-Thy 3 with DAT-PPO-X-DAT 2

Thy and DAT can associate with themselves through self-complementary hydrogen
bonding, but this self-association is very weak compared to their association with one another
through hetero-complementary hydrogen bonding. Therefore mixing Thy-PPO-X-Thy with
DAT-PPO-X-DAT yields a stronger supramolecular polymer.

(i) By solvent cast

Blending Thy-PPO-X-Thy 3a-c¢ with DAT-PPO-X-DAT 2a-c forms homoditopic
supramolecular polymers. They are denoted as ¢/(100-¢)-M-X 4a-c, Sa, and 6a (4: ¢ = 50, 5:
@=25,6: ¢=75;a: X=2200, b: X=460; c: X =250) where X is still the molecular weight
(in g.mol™) of the PPO spacer, and ¢/(100-¢)-M-X indicates a mixture M of ¢ % Thy-PPO-X-
Thy 3a-c and (100-¢) % DAT-PPO-X-DAT 2a-c. ¢/(100-¢)-M-X 4a-c, Sa, and 6a were
prepared by separately solubilizing 2 and 3 in a good solvent (1:1 CHCls/MeOH blend or
CH,Cl,) and then mixing the two solutions. ¢/(100-¢)-M-X were then obtained in the bulk by

solvent casting and annealing under vacuum at 100 °C for 3 h.
(iif) Characterization of final products

'H and *C NMR in DMSO-ds showed that the desired product were obtained (see
Appendix II; for X = 2200, see Figure IL.11 for '"H NMR and Figure I1.12 for °C NMR).

- %
N
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Figure I1.11. '"H NMR in DMSO-d, of 50/50-M-2200 4a.
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Figure IL.12. ®C NMR in DMSO-d, of 50/50-M-2200 4a.

5. Heteroditopic grafting of Thy and DAT (grafting Thy on one
side and DAT on the other side)

a. Advantages of heteroditopic supramolecular polymers over

blends of homoditopic supramolecular polymers

To obtain a high degree of polymerization (DP) with homotelechelic blends (A-
spacer-A=B-spacer-B),, the A and B stickers stoichiometry needs to be carefully controlled to

1 to 1, because the excess of one sticker has a chain stopper effect that limits DP.?

To avoid this issue of stoichiometry in hometelechelic blends, Zimmerman’s*® and
Meijer’s®’ groups synthesized supramolecular polymers with stickers A not only capable of

hetero-complementary association, but also of self-complementary dimerization, i.e. both Kap

3 Berl, V.; Schmutz, M.; Krische, M. J.; Khoury, R. G.; Lehn, J.-M.; Supramolecular polymers generated
from heterocomplementary monomers linked through multiple hydrogen-bonding arrays formation,
characterization, and properties; Chem. Eur. J. 2002, 8, 1227.

% Park, T.; Zimmerman, S. C.; Interplay of fidelity, binding strength, and structure in supramolecular
polymers; J. Am. Chem. Soc. 2006, 128, 14236.

2" de Greef, T. F. A.; Ercolani, G.; Ligthart, G. B. W. L.; Meijer, E. W.; Sijbesma, R. P.; Influence of selectivity

on the supramolecular polymerization of AB-type polymers capable of both A-A and A-B interaction; J.
Am. Chem. Soc. 2008, 130, 13755.

78



Chapter II. Synthesis of supramolecular polymers by grafting of Thy and DAT stickers on
telechelic PPO chains

and K4 association constants were high. As a result, if A’s concentration is higher than B’s,
DP is still large. The limitation of this strategy is that of course, if it is B that is in excess,

chain stopper effect takes place.

With heterotelechelic unit (A-spacer-B), stoichiometry is always 1 to 1, so high

dimerization constants are no longer needed. However, synthetic pathways are more tedious.

b. Strategies for asymmetric synthesis of supramolecular polymers

Three main routes have been explored to obtain heteroditopic supramolecular
polymers: oligomerization of the spacer from the stickers, convergent coupling, and

asymmetric end-functionalization post-oligomerization.
(i) Oligomerization of the spacer from the stickers

The first path, oligomerization of the spacer from the stickers which are acting as
initiators or terminators, has been developed by the Weck group. They used ring-opening
methathesis polymerization (ROMP) with a sticker A-functionalized ruthenium initiator (A =
Hamilton receptor) and a sticker B-based chain-terminator (B = 2,7-diamido-1,8-
naphthyridine (DAN)), to synthesize a heterotelechelic A-poly(norbornene imide)-B.*® With a
similar idea, Mansfeld ef al. used a heterodifunctionalized alkoxyamine initiator to prepare,
via nitroxyde-mediated radical polymerization, heterotelechelics bearing the 2-ureido-4[1H]-
pyrimidinone (UPy) sticker on one side and the terpyridine (tpy) group on the other (Figure
11.13).%

These elegant routes offer high-yielding preparation of asymmetrically functionalized
supramolecular units. However, these approaches require multistep synthesis of the initiators,
transfer agents and/or chain terminators. Moreover, the development of these strategies is

restricted by the choice of monomers (strained cycles, acrylates, styrenics).

% (a) Ambade, A.; Yang, S.; Weck, M.; Supramolecular ABC triblock copolymers; Angew. Chem. Int. Ed.
2009, 48, 2894. (b) Yang, S. K.; Ambade, A. V.; Weck, M.; Supramolecular ABC triblock copolymers via
one-pot, orthogonal self-assembly; J. Am. Chem. Soc. 2010, 132, 1637.

? Mansfeld, U.; Winter, A.; Hager, M. D.; Hoogenboom, R.; Gunther, W.; Schubert, U. S.; Orthogonal self-

assembly of stimuli-responsive supramolecular polymers using one-step prepared heterotelechelic
building blocks; Polym. Chem. 2012, 4, 113
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Figure I1.13. Schematic representation of the polymerization of styrenic monomers using the heterodifunctional
alkoxyamine tpy-TIPNO-UPy 5 as an initiator, from ref 29.

(i) Convergent coupling

The second route, convergent coupling, has been followed by Xu et al™ for

oligonucleotides and by Scherman e al.’'

who used selective olefin cross methathesis
coupling of an A functionalized acrylate with a B functionalized olefin (both also obtained by
coupling®) to obtain heterotelechelic A-spacer-B supramolecular units (A = UPy, B = NaPy).
Nevertheless, this pathway shares the same drawbacks as the first one: complicated multistep

synthesis and purification of precursors, and limitation of possible chemistries.
(iif) Asymmetric end-functionalization post-oligomerization

The third strategy, asymmetric end-functionalization of an oligomeric spacer, on the
contrary, is versatile but not trivial. First of all, oligomer end-functions depend on synthetic
pathways, and often have to be modified, along with the stickers, so that they can be reacted
together. Furthermore, since spacers are generally larger than 5 carbons, both ends present the
same reactivity, and yet, have to be functionalized differently. To circumvent this, Shimizu et

al.* reacted a large excess (10 : 1) of the difunctional spacer with sticker A (A = thymine).

% Xu, J.; Fogleman, E. A.; Craig, S. L.; Structure and properties of DNA-based reversible polymers;
Macromolecules 2004, 37, 1863.

31 Scherman, O. A.; Ligthart, G. B. W. L.; Sijbesma, R. P.; Meijer, E. W.; A selectivity-driven supramolecular
polymerization of an AB monomer; Angew. Chem. Int. Ed. 2006, 45, 2072.

32 Ligthart, G. B. W. L.; Ohkawa, H.; Sijbesma, R. P.; Meijer, E. W.; Pd-catalyzed amidation of 2-chloro- and
2,7-dichloro-1,8-naphthyridines; J. Org. Chem. 2006, 71, 375.

33 Shimizu, T.; Iwaura, R.; Masuda, M.; Hanada, T.; Yase, K.; Internucleobase-interaction-directed self-

assembly of nanofibers from homo- and heteroditopic 1,w-nucleobase bolaamphiphiles; J. Am. Chem. Soc.
2001, 123, 5947.
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Under these conditions, A-bifunctionalized spacer are scarcely formed. Then, they separated
the A-monofunctionalized spacer from the excess spacer by column chromatography, and
finally reacted it with sticker B (B = adenine), leading to a A-spacer-B heterotelechelic unit.
However, they used very well-defined spacers (dodecyl-1,12-diamine, decyl-1,10-diamine,
...), convenient for column chromatography purification. Such a purification process is hardly
applicable to oligomeric or polymeric spacers, because the polydispersity generally precludes

efficient products separation.

Another strategy could be to graft the stickers on already asymmetrical PPO with
different reactivity of the chain ends. However, this approach requires multistep synthesis and

purifications, as illustrated in Figure I1.14.*

K.CO,
QCH;Br + HO—@CH,—OH e @cu.—n—@cu.—mr
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Figure II.14. Synthetic route of asymmetrical poly(propylene oxide), from ref 34.

c. Our Strategy

Our approach to obtain Thy-DAT heterotelechelic supramolecular polymers is to
introduce a protection / deprotection pathway, with a very hydrophobic protecting group
enabling easy purification, into an asymmetric end-functionalization strategy. The whole
chemical pathway is presented in Scheme I1.8. We chose this strategy instead of the ones
described above because we wanted a simple pathway, starting from commercial products,

available in large quantities, and at reasonable costs.

* Yang, P. F.; Zhu, X. W.; Li, J. Y.; Xia, Y. M.; Li, T. D.; Synthesis and characterization of linear
asymmetrical poly(propylene oxide) diol; J. Appl. Polym. Sci. 2010, 117, 1095.
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Scheme I1.8. Synthesis of heterotelechelic units Thy-PPO-X-DAT 10a-c (a: X = 2200, b: X =460, ¢: X = 250).

The first step is the protection by a BOC group of one of the two terminal amine
functions of the PPO spacer. Purification is achieved by successive liquid-liquid extractions
and aqueous washes. Indeed, since BOC is hydrophobic and amines are hydrophilic,
especially at low pH, BOC-PPO-NH, prefer the organic phase, whereas NH,-PPO-NH, (or
NH;'-PPO-NH;" in acidic conditions) prefer the aqueous phase. However, as evidenced
during the purification of Thy-PPO-X-Thy 3a-¢, the purification protocol must be adapted to
the size of the PPO chain.

After this key step, Thy is grafted by amidation on the unprotected amine, as described
above then the protected amine is deprotected, and finally DAT is grafted by an aromatic
nucleophilic substitution as already described. This four step synthesis (Scheme I1.8) yields a
PPO spacer capped with a thymine group (Thy) on one end and a 2,6-diamino-1,3,5-triazine
(DAT) on the other (denoted as Thy-PPO-X-DAT, 10a-c, a: X = 2200, b: X =460, ¢: X =
250).
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d. First step: monoprotection by BOC
(i) tert-Butylcarbonylation and purification by extraction

The critical step of our heterotelechelic supramolecular polymer synthesis is the
protection of only one of the two symmetrical amino groups, into an N-tert-butylcarbamate
(BOC) group (Scheme I1.9). fert-Butylcarbonylation is a very popular protection reaction of
amines,”” including for mono-protection of symmetrical diamines.”® To increase the yield of
mono-BOC protected diamines, as opposed to unreacted and di-BOC protected diamines,
several procedures have been developed: low concentrations, prior acid addition, slow
addition of di-tert-butyl dicarbonate ((BOC),0) solution and low ternperature:s.36’37 Still, a

mixture of unreacted, mono-BOC protected and di-BOC protected a,m-diamines is obtained.

HoN Y\o {JVO;})\NHz N j\oj\oio J< THF or DCM _ ", Wﬂokoh)\”j\ok

0°C, 2h, N,

Scheme 11.9. NH,-PPO-X-BOC 7a-c synthesis via carbamate formation from diamine telechelic poly(propylene
oxide) NH,-PPO-X-NH, 1a-c and (BOC),0; by-products are tert-butanol and CO,.

Unreacted diamines can be separated by taking advantage of their affinity and basic
properties differences. Indeed, the BOC group is strongly lipophilic, therefore it enhances the
hydrophobic nature of N-BOC products. On the other hand, the hydrophilic nature of
unreacted diamines is reinforced in acidic aqueous phases, which turn them into ammonium
salts. Thus, by successive organic extractions and acidic aqueous washes, unreacted o,®-

diamines mainly go in aqueous phases, while N-BOC products mostly go in organic ones.

Di-BOC protected a,-diamines are still there, but can be separated after deprotection,
also by liquid-liquid extraction. Moreover, the quantity of the di-BOC protected compounds

can be reduced by proceeding in dilute media, at low temperature (0°C), without any catalyst,

35 Greene, T. W.; Wuts, P. G. M.; Protective Groups in Organic Synthesis, 3rd ed; Wiley-Interscience: New
York, 1999.

36 (a) Lee, D. W.; Ha, H.-J. ; Lee, W. K.; Selective mono-BOC protection of diamines; Synth. Commun. 2007,
37, 737. (b) Pittelkow, M.; Lewinsky, R. ; Christensen, J. B.; Selective synthesis of carbamate protected
polyamines using alkyl phenyl carbonates; Synthesis 2002, 15, 2195.

37 Krapcho, A. P.; Maresch, M. J.; Lunn, J.; Mono-(BOC)-protected diamines. Synthesis of tert-butyl-N-

alkyl-N-(2-aminoethyl)carbamates and tert-butyl-N-[2-(alkylamino)ethyl] carbamates; Synth. Commun.
1993, 23, 2443.
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in a short reaction time (6 hours), and by taking advantage of the steric hindrance of the end-

chain amine due to the a-methyl of the PPO chain.

The full experimental protocols for X = 2200, 460 and 250 are in Appendix II. Once
again, the purification procedures needed to be adapted to the length of PPO chain. The
reactions were followed by 'H NMR and ">C NMR for 7a-¢, Maldi-Tof for 7a-b, and GC-MS
for 7b-c.

(ii) Characterization of NH,-PPO-250-BOC 7¢

a b 1
9 d gji 5 1
HoN _f {J\,OH/L )<
W/\o e ¢ Nd H 370 1
b
Chart IL.4. NH,-PPO-X-BOC 7.

'H and °C NMR in CDCl; showed that the BOC protection reaction occured. For
instance, the °C NMR of 7¢ in CDCl; features a signal at 155.5 ppm characteristic of the
carbamate carbon 3 (the anhydride carbon of di-zers-butyldicarbonate would be at 146.8 ppm).

GS-MS indicates that the reaction mixture before purification contains unreacted NH,-
PPO-250-NH; 1¢ (with x = n+1 = 2,3,4 cf page 63), monoprotected NH,-PPO-250-BOC 7¢ (x
= 2,3,4), diprotected BOC-PPO-250-BOC (x = 2,3,4), and butylated hydroxytoluene (BHT),
an antioxydant from the THF reaction solvent (Figure II.15b). The GC signals were attributed
by MS fragment analysis. The amount of di-BOC protected compounds is limited since the
reaction was carried out with an excess of diamines (3 eq.) compared to di-tert-butyl
dicarbonate (1 eq.). Although GC is not quantitative, because the detector response is
compound-dependent and because BOC-deprotection may occur during the injection at
250°C, it indicates whether the protected products were formed or not. It also allows us to

follow the reaction by comparing the relative peak intensity.
After washing the reaction mixture with a basic aqueous solution (pH = 14), two

phases are obtained. The basic aqueous phase contains unreacted NH,-PPO-250-NH, (x =
2,3,4) and BHT (Figure II.15c). Conversely, the organic phase (7¢) contains essentially
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monoprotected NH,-PPO-250-BOC (x=2,3,4), and a few pourcents of diprotected BOC-PPO-
250-BOC and BHT (Figure I1.15d).
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Figure I1.15. GC-MS of (a) NH,-PPO-250-NH, (1¢), (b) reaction mixture after 6h (NH,-PPO-250-NH,,
NH,-PPO-250-BOC, BHT and BOC-PPO-250-BOC), (c) aqueous phase (NH,-PPO-250-NH,), and
(d) organic phase (NH,-PPO-250-BOC and BOC-PPO-250-BOC) after extraction with DCM.

(iif) Characterization of NH,-PPO-460-BOC 7b

For X = 460, washing with a basic aqueous solution is not efficient. Indeed, the
medium size PPO chain (~ 7 PO monomers) gives NH,-PPO-460-NH; 1b almost the same
affinity for the organic and the basic aqueous phases. More accuratly, the smaller oligomers
prefer the basic aqueous phase, whereas the longer oligomers prefer the organic phase.
However, washing with an acidic aqueous solution (pH = 3) allows to separate more
efficiently monoprotected NH,-PPO-460-BOC 7b and unreacted NH,-PPO-460-NH, 1b, as
evidenced by the GC-MS in Figure I1.16. Indeed, the protonation of its two amino groups

reinforces the hydrophilic nature of the unreacted diamine. Conversely, washing with an

85



Chapter II. Synthesis of supramolecular polymers by grafting of Thy and DAT stickers on
telechelic PPO chains

acidic aqueous solution for X = 250 would not be efficient, because NH; -PPO-250-BOC
would then be too hydrophilic.
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Figure I1.16. GC-MS (abscissa: retention time [min], ordinate: intensity [a.u.]) of: (a) NH,-PPO-460-NH, 1b
x=2-9 (1b), (b) reaction mixture after 6h (NH,-PPO-460-NH, x=2-9, NH,-PPO-460-BOC x=2-9 and BOC-PPO-
460-BOC x=2-9), (c) acidic aqueous phase, and (d) organic phase (2b).

Still, the longer oligomers of NH,-PPO-460-NH; 1b partially remain in the organic
phase. To increase the yield and purity, NH,-PPO-460-NH, 1b can be purified before the
reaction, by liquid-liquid extraction, in order to eliminate the bigger molecules which prefer
the organic phase to the acidic aqueous phase. With this, the yield increases from 14% to 37%
and the purity (determined by "H NMR) from 78% of NH,-PPO-460-BOC 7b (with x ~ 9) to
94% of NH,-PPO-460-BOC 7b (with x ~ 6).

Moreover, for X = 460, the di-BOC-protected diamine BOC-PPO-X-BOC can be
separated from the mono-BOC-protected diamine NH,-PPO-X-BOC 7b by adding water to
the bulk mixture and filtering. Indeed, NH; -PPO-460-BOC solubilizes in the water, but
BOC-PPO-460-BOC does not and can be filtered. This method of separation is efficient only
for X = 460. For X = 230, the molecules are so small that BOC-PPO-X-BOC can solubilize
(slightly) in water. For X' = 2200, the molecules are so long that the difference between BOC-
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PPO-X-BOC and NH;'-PPO-X-BOC is not important enough for this method to be really

efficient. Plus, micelles can form with X = 2200.

Therefore for X = 460, the reaction was not carried out with an excess of diamines

compared to di-fert-butyl dicarbonate, to increase the yield relative to the diamines.

(iv) Characterization of NH,-PPO-2200-BOC 7a

'H and ">C NMR spectra of 7a in CDCl; suggest that the desired product NH,-PPO-
2200-BOC was formed. GC-MS could not be performed because the molecular weight is too
high for the column.

Integrating the methyl BOC 'H NMR signal (1) over the a-methyl of end-function
NH; PPO signal (b) (Figure I1.17B) shows that the final organic phase 7a of the protection
step contains 1.5 mol% of di-BOC protected amine and no unreacted diamine la. This
confirms that di-BOC protection reaction has been limited. As mono-protected amine 7a is an

amphiphilic compound, it is also found in aqueous phases, and reaction yield is estimated at

78 mol% from NH,-PPO-2200-NH, 1a.

e. Second step: Thy Grafting
(i) Thy Grafting with TBTU

In the second step, amidation of monoprotected amine 7a-¢ by thymine-1-acetic acid
is conducted in DMF, in the presence of TBTU as coupling agent.”* Water is added to the
reaction mixture to solubilize hydrophilic products (TEA, DMF, HOBt, tBOH...) and the N-
BOC/Thy derivative 8a-c¢ is extracted with toluene. Toluene is now used as the organic
extraction solvent, because it induces less emulsions than chloroform or dichloromethane.
Purification is facilitated by overall hydrophobicity of thymine moiety. Indeed, even though
polar and able to form H-bonds with polar and/or protic solvents (DMSO, methanol...),
thymine is only slightly water-soluble, due to the hydrophobic nature of its methyl

substituent.*®

3 Spencer, J. N.; Judge, T. A.; Hydrophobic hydration of thymine; J. Sol. Chem. 1983, 12, 847.
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Thy grafting is conducted before DAT grafting because Ph-NH; derivatives (such as
DAT) react with carboxylic acids in the presence of TBTU, to yield Ph-NH-CO-R.*' Thymine
grafting is not done in the bulk at 160°C, to prevent BOC deprotection (carbamates are

sensitive to high temperatures).”

The full experimental protocols for X = 2200, 460 and 250 can be found in Appendix

II. From now on characterization will be focused on X = 2200.

(il) Characterization of Thy-PPO-2200-BOC 8a by NMR

On 'H NMR spectrum of 8a (X = 2200) (Figure II.17C), ratio of BOC (/) and o-
methyl of end-function NH, PPO (b) signals integrations with the thymine CH3 (A) and CH;
(1) shows that 8a is obtained in 90 mol% and that 1.5 mol% of di-protected BOC-PPO-2200-
BOC are still present. Indeed, there is an excess of BOC compared to Thy (1.0 BOC for 0.8
Thy).

f. Third step: BOC deprotection
(i) Deprotection reaction by acid treatment

Protected products 8a-c are deprotected with a trifluoroacetic acid/dichloromethane
(DCM) blend, neutralized with a 2M soda solution,*® and desired product 9a-c are extracted
with toluene. Before neutralization and extraction with toluene, DCM and excess TFA can be
evaporated. During neutralization, the product precipitates from the now mostly aqueous

solution. After neutralization, the aqueous phase has a pH of 14.

BOC deprotection releases isobutylene vapors and carbon dioxyde, but no by-

products. The full experimental protocols for X = 2200, 460 and 250 are in Appendix II.

(i) Characterization of Thy-PPO-2200-NH, 9a by NMR

'H NMR spectrum of 9a (X = 2200) (Figure I1.17D) confirms that the deprotection
reaction is complete since BOC signal (7) has disappeared. Yet, ratio of PPO methyl (a)

signal integration with the thymine CH; (A) and CH; (1) reveal an excess of starting diamine
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1a, issuing from deprotection of di-protected diamine (1.5 mol% from step 1) and unreacted

mono-protected diamine 7a (10 mol% from step 2).

g. Final step: DAT Grafting

(i) DAT Grafting via nucleophilic substitution

Finally, the heterotelechelic units Thy-PPO-X-DAT 10a-c¢ are synthesized by
nucleophilic substitution of amine end-function of 9a-¢ with 2-chloro-DAT in water/ethanol
(v/v 1/1) blend.” Reaction can easily be followed since, even at reflux, 2-chloro-DAT is
insoluble: as reaction takes place, mixture is getting less and less cloudy until it is perfectly
clear. Like thymine, even polar and H-bonding able, DAT is roughly hydrophobic due to its
aromatic nature. Heterotelechelic unit is thus hydrophobic and is isolated with DCM. The full

experimental protocols for X = 2200, 460 and 250 are in Appendix II.

(i) Characterization of Thy-PPO-2200-DAT 10a by NMR and Maldi-Tof

'H and "*C NMR in DMSO-ds showed that the desired product were formed. "H NMR
spectrum of 10a (X = 2200) (Figure I1.17E) reveals 5.7 mol% excess of DAT moiety. Excess
of DAT can be attributed to homotelechelic DAT-PPO-2200-DAT 2a (i.e. 2.8 mol%) issuing
from reaction of NH,-PPO-2200-NH, 1a recovered by deprotection of N-BOC products in
step 3. MALDI-TOF confirms that asymetrical Thy-PPO-2200-DAT 10a was formed.

h. NMR characterizations of 7-10a and conclusion

Finally, our method to obtain heteroditopic units is somewhat efficient (Figure 11.17)
since less than a 3% excess of homoditopic compounds is evidenced. However, it is difficult
to measure precisely the percentage of homoditopic compounds present with the heteroditopic
units. Indeed, the theroretical NMR spectrum of Thy-PPO-DAT is identical to that of a 50:50
mixture of Thy-PPO-Thy and DAT-PPO-DAT, because the chain ends are far from one
another. MALDI-TOF as well cannot help to precisely measure the percentage of

homoditopic compounds present with the heteroditopic units.
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In the next chapters, we will see that the properties of Thy-PPO-2200-DAT 10a and

50/50-M-2200 4a in solution and in the bulk are very similar. Yet, there are some subtle

differences. For instance, the viscosity of Thy-PPO-2200-DAT 10a in toluene and chloroform
is slightly higher than that of 50/50-M-2200 4a, which suggests a Thy/DAT ratio closer to 1

in 10a.
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In solution, the solvent has a tremendous influemté¢he behavior of supramolecular
polymers. We have studied our supramolecular palgnmethree solvents of different polarity
(DMSO, chloroform and toluene), by estimating thessociation constants throutith NMR
and by monitoring their viscosity and carbon retetatime. We show that DMSO is a
dissociative solvent of the Thy-DAT hydrogen bompi&ssociation, while chloroform and
toluene are non-dissociative solvents. Moreover, J0Ms a poor solvent of the PPO chains
and a good solvent of the Thy and DAT stickers,levitdluene is a poor solvent of the

stickers and a good solvent of the PPO chains.diffexences in structure and in association

constants K75 Soare = 224K So™) between toluene and chloroform are suggested to

be due to better solvation of the stickers by daftim and to aromatic interactions, in
addition to hydrogen bonds, between the Thy and #dmatic cycles in toluene. As a
result, our supramolecular polymers seem to formwettes with a PPO core and a Thy, DAT
shell in DMSQO; inverted micelles with a PPO shelaa Thy, DAT core in toluene; and
linear chains through hydrogen bonding between TayRAT in chloroform.
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Chapter Ill. Supramolecular polymers in solution:

solvent dependent behavior

In this chapter, the solution behavior of our commpts and of their mixture in three
solvents are studied using spectroscopic and rhiealogharacterizations. The association

constants are estimated Y NMR and possible structures are suggested.
1. Supramolecular polymers in solution

To begin, theories on supramolecular polymersWehan solution are presented.

a. Mechanisms of supramolecular polymerization in solution

(i) Thermodynamics of supramolecular polymerization in solution

Solutions of supramolecular polymers have alrdzbn extensively studiéd:* Their
properties are influenced by the thermodynamic o@ation constantK) and kinetic

(lifetimes 7 of the interactions) parameters of the associgironess (Scheme Iil.1).

k1
— _ [AB] _ k;
K,

Scheme lll.1.Association between an A sticker and a B stickdotm an AB complex,
with Kag the equilibrium constant of the AB associatioptHe on-rate constant, khe off-rate constant, [AB]
the concentration of AB complex, [A] the conceritratof free A, and [B] the concentration of free B.

In most cases, a thermodynamic equilibrium takescepl between monomers,
oligomers and polymers. Supramolecular polymezais assumed to proceed by successive

steps, each associated to an equilibrium congignt 1, Scheme 111.2).

! Fox, J. D.; Rowan, S. JSupramolecular polymerizations and main-chain supranolecular polymers
Macromolecule2009 42, 6823.

2 de Greef, T. F. A.; Smulders, M. M. J.; Wolffs, ;N6chenning, A. P. H. J.; Sijpbesma, R. P.; Meiferw.;
Supramolecular polymerization, Chem. Rev2009 109 5687.

3 Ciferri, A.; Supramolecular polymerizations Macromol. Rapid Commu@002, 23 511.
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Scheme 111.2. Step supramolecular polymerization, withthie supramolecular polymer madei oihits.

The associations constantly break and reformabtite same rate. Therefore, although

the structures are dynamic and fluctuating, theayedegree of polymerization (DRNF and

its distribution are constant at equilibrium. Irctfathe average degree of polymerizatidn

and its distribution then depend only on the thetymamic association constants of the

stickers K, on the stickers concentratioly and on the supramolecular polymerization

mechanism.

Indeed, different supramolecular polymerization hatisms have been envisaged,

isodesmic with chains (Figure 111.1.A.a, Figure 1lB.a),

isodesmic with ring-chain equilibrium (Figure 11IBLb),

nucleation-elongation (Figure 11.1.A.b, Figure.1IB.c), and

growth coupled to nematic orientation (Figure LIAL).

among them:
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MSOA

5 |b.
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Figure 11.1. (A) Schematic representation of the average degfrpelymerization DP =N versus monomer
concentratiorC for different supramolecular growth mechanisims) :nfultistage open association (MSOA), (b)
nucleation-elongation (NE) or helical growth (H@ipd (c) growth coupled to nematic orientation oerop
supramolecular liquid crystal (SLC). Note the cartcation at which helical growth beginG¥) is generally
smaller than that of mesophase formatiér) (Reproduction from ref 1. (B) Graphical represdion of : (a)
isodesmic, (b) ring-chain mediated, and (c) codparasupramolecular polymerizations; from ref 2.

96



Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

(if) Isodesmic mechanism with linear chains only

In the isodesmic mechanism (Figure 111.1.B.a)patalled multistage open association
(MSOA),! the supramolecular polymer grows under thermodymasontrol into a linear
chain by a reversible step-growth process, analwgouwlassical step-growth polymerization
(Scheme 111.2) Moreover, in the isodesmic mechanism, all khare equal to each othdf;
= K, for i>2) and to the association const&pg of small model moleculeK¢ = Kag, free A
and B stickers, not linked by a chain, Scheme )llITherefore, the thermodynamic of the
isodesmic supramolecular polymerization is govelned single association const&ntThis
meansK is independent of the chain length of the supramdar polymerj.e. there is no
cooperation, the association constant of two freekeys is the same as the association

constant of two stickers already belonging to aylohain.

Consequently, DP increases regularly with conediotn, as illustrated in Figure
I.1.A.a.% In fact,N OKC. Moreover, for an isodesmic equilibrium, when teacentration
C gets high, the polydispersity indexp)(l approaches 2, as for any step-growth
polymerizatior?

(i) Isodesmic mechanism with ring-chain equilibrium

If the stickers at each end of a supramoleculaainchassociate together, a
supramolecular polymer ring is formed. Ring formaatwas neglected in the previous chain
isodesmic mechanism, but the proportion of rings ba really high, especially for low
concentrationsC and high association constaft"®"® Indeed, the ring-chain equilibrium

theory developed by Jacobson and Stockmayer forcpotliensations applies to isodesmic

4 Schmid, S. A.; Abbel, R.; Schenning, A. P. H.; Mei E. W.; Siibesma, R. P.; Herz, L. MAnalyzing the
molecular weight distribution in supramolecular polymers; J. Am. Chem So2009 131, 17696.

® Jacobson, H.; Stockmayer, W. Hhiramolecular reaction in polycondensations. I. Tte theory of linear
systems J. Chem. Phy<.95Q 18 1600.

® Flory, P. J.; Suter, U. W.; Mutter, MMacrocyclization equilibria. 1. Theory; J. Am. Chem. Sod976 98
5733.

" Petschek, R. G.; Pfeuty, P.; Wheeler, J.Euilibrium polymerization of chains and rings: A bicritical
phenomenon Phys. Rev. A1986 34, 2391.

8 Ercolani, G.; Mandolini, L.; Mencarelli, P.; Roake S.:Macrocyclization under thermodynamic control. A

theoretical study and its application to the equilbrium cyclooligomerization of B-propiolactone; J. Am.
Chem. Soc1993 115 3901.
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supramolecular polymerization (Figure 111.1.BRgs does Flory’s theory of cyclization

equilibria®

Experimental studies of supramolecular polymetstgms (concentration-dependent
NMR and viscosity measurements) have indicated timgis were indeed favored at low
concentrations, while linear chains predominatedhigh concentration$*®***? Moreover,
Pezronet al. showed by mean-field approach that in the dilutgime C < C*) the
probability of intrahain association.é. ring formation) should be proportional to the ags
concentration in the polymer coiG*.*® As a result, at low concentrations, when mostly
intrachain association occur, the ratio of complex & fstickers is independent of the global
concentrationC, contrary to small molecules associattdrConcentration dependence only
appears in the semidilute regimé ¢ C*), when intechain association is more likely to

occur®®

The proportion of rings depends on the entropat ob closing a chain to form a ring
(due to the loss of conformational entropy). Theref the size of the resulting ring, the

spacer flexibility'* and the conformational restrictions®influence the proportion of rings.

° Abed, S.; Boileau, S.; Bouteiller, L.;Supramolecular association of acid-terminated
poly(dimethylsiloxane)s. 2. Molecular weight distibutions; Macromolecule200Q 33, 8479.

1 Sntjens, S. H. M.; Sijpbesma, R. P.; van GendaverH. P.; Meijer, E. W.Selective formation of cyclic
dimers in solutions of reversible supramolecular plymers; Macromolecule2001, 34, 3815.

1 Scherman, O. A.; Ligthart, G. B. W. L.; Sijbesr®a,P.; Meijer, E. W.A selectivity-driven supramolecular
polymerization of an AB monomer, Angew. Chem. Int. EQ006 45, 2072.

12 de Greef, T. F. A.; Ercolani, G.; Ligthart, G.®. L.; Meijer, E. W.; Sijbesma, R. Anfluence of selectivity
on the supramolecular polymerization of AB-type pofmers capable of both A-A and A-B interactionsJ.
Am. Chem. So008 130 13755.

13 pezron, E.; Leibler, L.; Ricard, A.; Lafuma, F.udebert, R.Complex formation in polymer-ion solutions.
1. Polymer concentration effectsMacromolecule4989 22, 1169.

4 Chen, C.-C. ; Dormidontova, E. ERjng-chain equilibrium in reversibly associated poymer solutions:
Monte Carlo simulations ; Macromolecules2004 37, 3905.

5 Folmer, B. J. B.; Sijbesma, R. P.; Kooijman, HpeB, A. L.; Meijer, E. W.;Cooperative dynamics in
duplexes of stacked hydrogen-bonded moietied. Am. Chem. So&999 121, 9001.

% ten Cate, A. T.; Kooijman, H.; Spek, A. L.; Sijnes, R. P.; Meijer, E. WConformational control in the
cyclization of hydrogen-bonded supramolecular polyrars; J. Am. Chem. So@2004 126 3801.
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

(iv) Nucleation-elongation mechanism

If an additional supramolecular interaction mastige at high DP ife. at high
concentration<C), then a single association const&htan no longer describe the system.
Indeed, in the nucleation-elongation mechanismy akdled helical growthor cooperative
supramolecular polymerization (Figure 1ll.1.B%csecondary binding forces perturb the
isodesmic mechanism at high DP, resulting in a cative assembly’ Several association
constantsK; must be used to describe the system, their valweeasing with the

supramolecular polymer size

As aresult, DP increases sharply above a criticatentration, as illustrated in Figure
I.1.A.b.> Moreover, non-linear chain structures are formedr instance, Lehn and his
coworkers studied the fibrillar nanostructure incalee of a supramolecular polymer
associating primarilwia six hydrogen bonds and secondlia aromatic rings stackint.
Other examples also resulting from hydrogen bomdsaromatic rings stacking include the

nanofibers described by Shimiat al*®

aI..20’21

and the helical nanofibers described by Iwagira

If the association constanks decrease when the supramolecular sirereases (for

entropic reasons for instance), then the mechaisisalled the attenuatédmodel

7 Zhao, D.; Moore, J. S.Nucleation-elongation: a mechanism for cooperativesupramolecular
polymerization; Org. Biomol. Chem2003 1, 3471.

18 Kolomiets, E.; Buhler, E.; Candau, S. J.; LehnMJ. Structure and properties of supramolecular
polymers generated from heterocomplementary monomer linked through sextuple hydrogen-bonding
arrays; Macromolecules2006 39, 1173.

19 Shimizu, T.; Iwaura, R.; Masuda, M.; Hanada, Tas¥, K.;Internucleobase-interaction-directed self-
assembly of nanofibers from homo- and heteroditopid,w-nucleobase bolaamphiphiles]. Am. Chem. Soc.
2001, 123 5947.

2 |waura, R.; Hoeben, F. J. M.; Masuda, M.; Schegnih P. H. J.; Meijer, E. W.; Shimizu, TMolecular-
level helical stack of a nucleotide-appended olige{phenylenevinylene) directed by supramolecular skl
assembly with a complementary oligonucleotide astamplate; J. Am. Chem. So2006 128 13298.

2 |waura, R.; lizawa, T.; Minamikawa, H.; Ohnishi+#tayama, M.; Shimizu, TDiverse morphologies of self-
assemblies from homoditopic 1,18-nucleotide-appendebolaamphiphiles: effects of nucleobases and
complementary oligonucleotidesSmall201Q 6, 1131.

%2 Martin, R. B.;Comparisons of indefinite self-association model€hem. Rev1996 96, 3043.
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(v) Growth coupled to nematic orientation

In the growth coupled to nematic orientation medtra, also called open
supramolecular liquid crystal,the supramolecular polymer growth is coupled to an
orientation process at high concentrations. Lomgea order is obtained at high
concentrations, resulting in a sudden increase B (Bigure Ill.1.A.c). Lehn and his
coworkers studied such liquid crystalline supraroolar polymers, presenting lyotropic

mesophasé3and columnar organizatid.
(vi) Solvent-dependent supramolecular polymerization mechanism

Given that the solvent has a huge influence onsthength of the supramolecular
interactions™ it is not surprising that some supramolecular pmlgs display solvent-

dependent polymerization mechanisms, and thus sistiependent organization.

For example, Meijer and his coworkers observedt tha self-complementary
ureidotriazine-based supramolecular polymer foraredom coilsvia hydrogen bonding in
chloroform (isodesmic mechanism, Figure IIl.1.Bl&)t helical columnsia cooperative and
solvophobically inducedwstacking of the hydrogen-bonded pairs in dodedqaneleation-
elongation, Figure 111.1.B.1%° The helical columns are also formed in water (ilgdrogen
bonds between the ureidotriazine groups are maedain water thanks to an hydrophobic

microenvironment§’

% Kotera, M.; Lehn, J.-M.; Vigneron, J.-BSelf-assembled supramolecular rigid rodsJ. Chem. Soc1994 2,
197.

2 Gulik-Krzywicki, T.; Fouquey, C.; Lehn, J.-MElectron microscopic study of supramolecular liquid
crystalline polymers formed by molecular-recognitim-directed self-assembly from complementary chiral
components Proc. Natl. Acad. Sci. USP993 90, 163.

% Jonkheijm, P.; van der Schoot, P.; Schenning, AHPJ.; Meijer, E. W.;Probing the solvent-assisted
nucleation pathway in chemical self-assembjy5cience2006 313 80.

% Hirschberg, J. H. K. K.; Brunsveld, L.; Ramzi, Algkemans, J. A. J. M.; Sijbesma, R. P.; MeijerVE;
Helical self-assembled polymers from cooperative atking of hydrogen-bonded pairs Nature 200Q 407,
167.

2 Brunsveld, L.; Vekemans, J. A. J. M.; HirschbelgH. K. K.; Sijbesma, R. P.; Meijer, E. WHjerarchical

formation of helical supramolecular polymers via sacking of hydrogen-bonded pairs in watey Proc. Natl.
Acad. Sci2002 99, 4977.
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(vii) Technical analysis difficulties

As we have mentioned above, the average degreelyherizationN depends on the
stickers association constaris the stickers concentratiortd and on the supramolecular
polymerization mechanism. Moreover, the associationstantsK and the supramolecular

polymerization mechanism depend on the solventlaademperature.

Therefore, the average chain lentlchanges with concentration, temperature, and
solvent. This makes technical analysis somewhatenmmmplicated than for covalent
polymers. For instance, one GPC measurement ofaerd polymer allows determination of
its molecular weight. For a supramolecular polynreat only is the analysis dependent on
concentration, temperature and solvent, but akotiger chains get separated from the shorter

chains, new equilibria arise because of the relviitgiof the associations.

Therefore to completely characterize a supramdédequolymer, in a given solvent,
concentration- and temperature-dependent measureraemtneeded. These measurements
should permit determination of the supramoleculaslymerization mechanism and
thermodynamic parametefs.However, it is not always so straightforward tetisiguish
which supramolecular polymerization mechanism tsaty occuring®®

In this chapter, we have used solvent-, conceatratand temperature-dependent
rheological andH NMR measurements to study the supramoleculampely synthesized in
Chapter Il. We expect that the solvent will havesteong influence on these solutions
behavior.

b. Supramolecular polymers used in this study

The supramolecular polymers used in this studysisbrof low-molecular-weight
(around 2200 g.md) poly(propylene oxide) (PPO) oligomers functiomat on both ends
with thymine (Thy) or diaminotriazine (DAT) group§hey are denoted as Thy-PPO-2200-
Thy 3a (Chart Ill.1a) and DAT-PPO-2200-DA2a (Chart 1ll.1b) for the homotelechelic

% Smulders, M. M.; Nieuwenhuizen, M. M.; de Greef,FT; van der Schoot, P.; Schenning, A. P.; Meier,
How to distinguish isodesmic from cooperative supmaolecular polymerisation; Chem.: A Eur. J201Q 16,
362.
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units, Thy-PPO-2200-DAT0a (Chart Ill.1c) for the heterotelechelic unit, a85@/50-M-2200
4a for the 50/50 mixture of Thy-PPO-2200-ThBd) and DAT-PPO-2200-DAT2a). Their

synthesis is described in Chapter II.

0 PN
A HN o LN NH
(a) OHN /N/\[g WAO{JV ’\n)\NH \g/

HoN

7N H NFz
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NH,
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o) NH,
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wH(}_/N_% - HN;’\% ° ©) N_<NH2—> N/_N\>—NHM
o HoN
O =<—— HyN
) ?/_/(NH — N>/_N\>—NHM
O>_/N‘<O . H2N>:N
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Chart lll.1. (a) Thy-PPO-2200-Thga, (b) DAT-PPO-2200-DAMR3, (c) Thy-PPO-2200-DATLO0a,
(d) Thy-Thy self-association, (e) DAT-DAT self-asgation, and (f) Thy-DAT complementary association.

Thy and DAT can associate with one another thraejfh and hetero-complementary
hydrogen bonding (Chart 111.1d,e.In chloroform, Thy-DAT complementary associatisn i
much stronger than the Thy-Thy and DAT-DAT selfeasations, as evidenced by the
differences in the thermodynamic binding constaltgy.pat = 890 M* versusKpar.oar =
2.2 M* andKrny.thy = 4.3 M* (as determined b{H NMR spectroscopy in CDL*® Another
weak hydrogen bonding association can occur betweeramide groups linking the thymine

stickers to the PPO spacers, or between one amodg gnd one thymine motif.

? Beijer, F. H.; Sijpesma, R. P.; Vekemans, J. AMJ.Meijer, E. W.; Kooijman, H.; Spek, A. LHydrogen-
bonded complexes of diaminopyridines and diaminotezines: opposite effect of acylation on complex
stabilities; J. Org. Chem1996 61, 6371.
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While Thy and DAT are very polar groups, the PPZD&chain is much less polar. As
a result, these supramolecular polymers are solaldevide range of solvents: from the very
polar solvents methanol, dimethylsulfoxyde (DMS&)d dimethylformamide (DMF), thanks
to the stickers, to the relatively polar solvertitbocoform and dichloromethane, all the way to
the apolar toluene, thanks to the PPO-2200 chaioomtrast, the diamine telechic PPO chain
(NH2-PPO-2200-NH 1a) is not soluble in DMSO at high concentrationsgédese it is too
apolar/hydropobic; and the small molecules demestiof Thy and DAT are not soluble in
chloroform and toluene. Moreover, the length of BRO chain (around 2200 g.iiplis of
importance, not too long and not too short, allowangood balance with the stickers. Indeed,
with short PPO chains (around 250 g.othe Thy and/or DAT telechelic units are not
soluble in apolar solvents at high concentratioms @&ith very long PPO chains they might

not be soluble in very polar solvents at high coicgions.

Therefore, hydrogen bonding between the sticlsklation of the PPO chains, and
solvation of the stickers have an influence onsibletion properties.

We report in this chapter on the solution behaefdhese supramolecular polymers in
aprotic solvents of different polarity (DMSO, chidorm and toluene), evidenced by NMR,
proton and carbon relaxation timeg &nd solution viscosity measurements, all perfar e
different temperatures and concentrations. Sincg éine amphiphilic molecules, with polar
hydrogen-bonding stickers and a less polar PPCespsgclvent nature strongly impacts their

association constant, supramolecular polymerizatienhanism, and structuration.
Moreover, we underline the differences between s$b&tion properties of the

heterotelechelic unit Thy-PPO-2200-DADa and the 50/50 mixture of homotelechelic units
Thy-PPO-2200-Thy and DAT-PPO-2200-DAT (50/50-M-2229).
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c. Determination of association constants by *H NMR titration

The association constants of the supramoleculampok used in this study can be
determined byH NMR titration, assuming isodesmic mechanisfii¢.Indeed, the chemical
shifts of Thy and DAT’s protons implicated in thgdnogen bonds({, ®, ¥, Scheme III.3)
vary greatly between the free, self-associated, @hg-DAT associated states. Since
equilibria are faster than the NMR spectrocopicetistale, the observed chemical shifts for
Thy NH (O) and DAT NH (@, ) are a weighted average between the chemicaksifithe
associated, self-associated, and free states. TnysThy and DAT-DAT self-association
constants Krny-thy and Kpar.pat), and Thy-DAT association constarr{y.par), can be
obtained by monitoring the Thy NKEDJ or DAT NH, (®, ¥) chemical shift as a function of
species concentration. The titration curves are #realyzed by computer fitting with least-
squares methods (EQNMR prograth)More details on this procedure (as well as eqoajio
are available in Appendix | and results are disedss the following paragraphs.

0 @ HN KrhyDAT o H2N>_N
>/—N ?/_« 7 A\
7 \H + N DR — NH ==~~~ N_ R
_ — N jE
/N_§ )N A Y H,N
R @] Lp H2N R 2

Tl KthyThy Tl KpaTDAT

Scheme 111.3. Thy-DAT complementary association and Thy-Thy, DBRAT self-associations.

% Fielding, L.;Determination of association constants (Ka) from dation NMR data; Tetrahedror200Q 56,
6151.

%1 Steed, J. W.; Atwood, J. LSupramolecular chemistry2" Edition; Wiley: Chippenham, UK2009

%2 Hynes, M. J..EQNMR: a computer program for the calculation of s@bility constants from nuclear
magnetic resonance chemical shift datal. Chem. Soc. Dalton Trark093 2, 311.
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2. Supramolecular polymers act as bolaamphiphiles in a

dissociative solvent

(i) Very low association constants in DMSO

The Thy-DAT association constariy.pat) in DMSO-¢ was determined byH
NMR titration of N-butyl-thymine-1-acetamide (Thy)Cby 2-methyl-4,6-diamino-1,3,5-
triazine (MeDAT) (Figure 1l1.2).
DAT / Thy ratio

0.0 L
Experimental l
* Calculé e A 92
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- ]
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Figure 111.2. *H NMR titration in DMSO-¢ at 25°C of Thy-G (9.0*10% mol/L) by MeDAT (from O to 2.3*13
mol/L) (K+hy-pat = 1.3 L/IMOl,Sreehy = 11.25 pPMPyondedtny= 12.10 ppm).

As expectedKrhy-pat is very low in DMSO-d (1.3 L/mol). Indeed, the Thy and DAT
hydrogen bonds donors and acceptors are highlyatemvin this polar aprotic solvent
(dielectric constantpuso = 46.7, relative polarity of DMSO = 0.44%),and scarcely
assemblé’ DMSO can then be considered as a dissociatingesblef the Thy-DAT

association.

Furthermore, the chemical shift of the Thy NE) (proton signal is the same in
solutions of Thy-PPO-2200-Th@a, Thy-PPO-2200-DAT10a and 50/50-M-22004a in
DMSO-ag; (Figure 111.3), and does not vary with concentrat{in the error bar). Similarly, the

¥ Reichardt, C.Solvents and solvent effects in organic chemisByd ed; Wiley-VCH Publisher£003
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

chemical shift of DAT NH (®, ) is the same in solutions of DAT-PPO-2200-D24, Thy-
PPO-2200-DATL0aand50/50-M-22004a in DMSO-g; (Figure 111.3), and also does not vary
with concentration (in the error bar). This confarthat DMSO prevents hydrogen bonding
between Thy and DAT, and self-association of Thg BAT (as evidenced by the constant,
in the error bar) and®, ¥ chemical shifts as a function of concentration dhyg derivative

and a DAT derivative, respectively, in DMS@)d

So, to sum up, there are no, or very few, hydrdgmmds between the stickers in
DMSO-d;, neither Thy-Thy or DAT-DAT dimerization, nor THYAT association.

(a)
: C
(b) oW |N
Yl | J.l
+ VAN NS
(c) *
o~ ’ o, W
~ S M
(d)
o,
e

o MM

20 115 11.0 105 1100 95 90 85 80 75 70 65 60 55 50
f1 (ppm)

Figure 111.3. 'H NMR at 25°C of solutions at 6.6 wt% (0.084 g’cn®.034 mol/L) in DMSO-glof (a) Thy-
PPO-2200-Tha, (b) DAT-PPO-2200-DATa, (c) 50/50-M-220Qa, and (d) Thy-PPO-2200-DATI0a

(i) All samples have the same viscosity in DMSO

In DMSO, 10 wt% (12.2*18 g/cnt, 4.9¥10% mol/L) solutions of Thy-PPO-2200-Thy
3a, DAT-PP0O-2200-DAT2a, 50/50-M-22004a, and Thy-PPO-2200-DAT0a all have the
same relative viscosit\nfe = 2.0) (Figure 1l1.4). Furthermore, this valuerefative viscosity

in DMSO is quite lower than in chloroform and taheeat lower concentrations (see part 3 of

106



Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

this chapter). Therefore, these viscosity measunerenfirm the'H NMR results: DMSO is
a dissociating solvent for the Thy-DAT association.
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Figure 11l.4. Relative viscosity in DMSO of 10 wt% (12.2*1@/cnT) solutions of Thy-PPO-2200-TI8g,
DAT-PPO-2200-DAT2a, 50/50-M-22004a and Thy-PPO-2200-DAT0a

(iif) PPO chains aggregated in DMSO

However, since DMSO is a polar solvent wheread?A® chain is mostly non-polar,
hydrophobic interactions induce aggregation of BfeO chain. This aggregation can be
evidenced by comparing the carbon NMR relaxatiomet T, of Thy-PPO-2200-DAT10a
and NH-PPO-2200-NH la PPO chain in DMSO+l CDCk and toluene (Table 111.1).
Indeed, T reflects the local mobility of the studied growmd a high T indicates a high
mobility. The T, results show that chloroform, and especially to&yeare good solvent of the
PPO chain, since the, Talues are rather high. In contrast, thevalues in DMSO are much

weaker, indicating that the PPO chain mobilitytreisgly diminished.

DMSO-g CDCl; Toluene-g

PPO CH | insoluble 1.30 1.46
NH>-PPO-2200-NH
1 PPO CH | insoluble 1.24 1.51
a
— PPO CH| insoluble 0.79 0.93
PPO CH 0.73 1.09 1.17
Thy-PPO-2200-DAT,
10 PPO CH 0.32 0.66 0.73
a
- PPO CH 0.51 1.02 1.12

Table I1l.1. Carbon relaxation time;Tin s), measurements performed on 6.7*ffcn? solutions at 25 °C
with an inversion-recovery sequence.
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In fact, these results suggest that Thy-PPO-2280-M0a 50/50-M-22004a, DAT-
PPO-2200-DAT2a and Thy-PPO-2200-Th8a may form micelles in DMSO, with the PPO
chains collapsed in the core and the Thy and DAJugs at the surface, solvated by the
DMSO. Indeed, DMSO is a good solvent of the poléckers, but a bad solvent of the
hydrophobic PPO chain. This image is consistenh wie fact that all compounds have the

same relative viscosity.
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3. Supramolecular polymers are associated in a non-

dissociative solvent

a. High association constants in chloroform and toluene

(1) In chloroform Krpy.par 01000 L/mol

The association and dimerization constants ofsifiekers were determined By
NMR titration in CDC} (Figure 111.5 to Figure 111.8), assuming an isodesmmechanism. The
values obtained are only estimates given the d&awos, but are in accordance to what can be
found in the literatureKrny.my = 2 M* vs 4.3% # and 3.8" 3% Kpar.par = 2.8 M* vs 2.7 %

and 1.7"3% Kqpy.par = 847 1 1256 Nt vs 890% ?° and 108734

To correctly fit the experimental data, and thetedmine the Thy-DAT association
constantKhy.pat, it Was necessary to take the DAT-DAT self-assammaconstanKpar-par
into account, even though it is 300 times loweryThy self-association can be neglected
because DAT is in excess in this set of experimetitKparpar IS not fixed, the best fit
yields Kpar.par = 4.7 M and Krny.pat = 847 M (Figure I11.7). WhenKpar.par is fixed
around 2.8 M as measured by DAT-PPO-460-DAB titration, the best fit yieldKrhy.pat =
1256 M* (Figure 111.8), which clearly illustrates the umtEnty of the values obtained by this

method.
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Figure IIL.5. Kypy.thydetermination bNMR titration in CDC} at 25°C of Thy-PPO-460-TI8b
(Kshy-thy = 2.0 L/mol,8rreethy = 9.3 PPMDdimerizeathy= 10.9 ppm).

3 Herbst, F.; Schréter, K.; Gunkel, I.; Gréger, Bhurn-Albrecht, T.; Balbach, J.; Binder, W. Hggregation
and chain dynamics in supramolecular polymers by dyamic rheology: cluster formation and self-
aggregation Macromolecule201Q 43 10006.
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Figure 111.6. Kpat.pat determination by NMR titration in CDgat 25°C of DAT-PPO-460-DARb
(Kpat.par = 2.8 L/Mol, dreepar = 5.03 pPMGiimerizedpar= 6.47 ppm).
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Figure 11.7. Krny.pat determination bpNMR titration in CDC} at 25°C of DAT-PPO-460-DARb by
Thy-PPO-460-Th&b (KThy-DAT =846.5 L/mOI,KDAT_DAT =47 L/mOI,
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Figure 111.8. Krny.par determination by NMR titration in CDght 25°C of DAT-PPO-460-DARb
by Thy'PPO'460'ThS3_b (KThy—DAT =1255.7 L/mO|KDAT_DAT = 3.2 L/mol,
Greepat = 4.70 PPM Ajimerizedpat = 6.88 PPM Aondedpar= 6.24 ppm).
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As expected, the Thy-DAT association constant oreasis much higher than the
measured Thy-Thy and DAT-DAT dimerization constaitg.y.par > 300K hy-thy and Krny-
paT > 300*Kpar.par). This is illustrated in Figure 111.9, where thaeamical shift of the Thy
NH (D) proton signal is strongly deshielded in CB&blutions of 50/50-M-2200a and Thy-
PPO-2200-DATL0acompared to Thy-PPO-2200-TB@ (Ad [J4 ppm). The chemical shift of
DAT NH; and NH (b, ¥, Q) is also shifted downfield in CDgkolutions of 50/50-M-2200
4aand Thy-PPO-2200-DATI0a compared to DAT-PPO-2200-DAZa (As [10.9 ppm).
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Figure 111.9. 'H NMR at 25°C of solutions at 0.06 g/2¢in CDCk of (a) Thy-PP0O-2200-Thga, (b) DAT-PPO-
2200-DAT 2a, (¢)50/50-M-220(%a, and (d) Thy-PPO-2200-DAT0a

A splitting of the thymine NH({) signal is observed on te NMR spectrum of Thy-
PPO-2200-DATL0ain CDCk (Figure 111.9d), see part (v) for a tentative exqdtion.
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(i) In toluene, Krpy.pat (TOl) >> Krpypar (CHCI3)

The Thy-Thy and DAT-DAT self-association constartsry-thy and Kpar-par)
measured in toluengs by NMR titration (Figure 111.10, Figure 111.11) armore than 10 times
higher than in CDGl Therefore Kmy.par is also crudely expected to be at least 10 times
higher in tolueneds than in CDC} (i.e. over 8.18 L/mol).
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Figure 111.10. Krny.thy determination by NMR titration in tolueng-gt 25°C of Thy-PPO-2200-Ti8a
(KThy—Thy =26.5 leo':dreeThy: 9.35 ppmdﬁimerizedThy: 10.98 ppm).
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Figure 111.11. Kpar.par determination by NMR titration in tolueng-dt 25°C of DAT-PPO-2200-DAZa
(Kpat-pat = 42.5 L/mol,&reepat = 4.91 PPM Gjimerizedoat = 6.35 ppm).

However, Krny.par could not be determined in toluedg-by this NMR titration

method. Indeed, the NMR titration method does nlmwadetermination of association
constants greater than*l0mol ** 10° L/mol.*

112



Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

In toluenedg, the Thy NH D) chemical shift is very high and does not varyhitAT
concentration above equimolar DAT/Thy ratio, bulyostarts to shift when Thy is in excess
(Figure 111.12b). Moreover, the Thy NH)) chemical shift of Thy-PPO-2200-DAI0a is
independent of concentration in toluene but nothioroform (Figure 111.13). These results
confirm thatKy.par is much higher in toluenés than in CDCJ.

DAT / Thy ratio DAT / Thy ratio
(a) DMSO Toluene (b)

0.0 L . 0.3

- A M_ . 0.5
__QJ"C 0.5 k /\ 0.7

[ — 11 | J 13

A

1.6 ,|, 2.8
e Y N 3
e 13 12
pem
2.6 | 6.8
145 135 125 115 145 135 125 15
ppm ppm

Figure 111.12. *H NMR Spectra at 25°C of (a) BuThy (at 9.0®mMol/L) - MeDAT (from 0 to 2.3*1d mol/L)
mixtures in DMSO-g and (b) Thy-PPO-2200-Tt8a (from 3.0*10° to 6.2*10 mol/L) -
DAT-PP0O-2200-DAT2a (at 2.1*10? mol/L) mixtures in toluened

(a) 72 mmolf1 (b) esmmolfl
e — [ R —
53 mmolfl 35 mmol/|
[ e N S —-/\—-—-.‘w__.
26 mmol/| 25 mmolfl
N\ M
15 mmol/1 15 mmolf|
NN Mmm
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|
- i My
3 mmolfl 3 mmolfl
—— oM

14 13
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Figure 111.13. Concentration-dependeft NMR at 24°C of Thy-PPO-2200-DATL0ain the Thy NH ()
region (a) in CDG and (b) in toluene
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

This could be explain by the fact that hydrogendsodonors and acceptors are more
poorly solvated in the non-polar toluersg{ene= 2.4, relative polarity = 0.09%)than in the

relatively polar chloroformegnioroform = 4.8, relative polarity = 0.2585.

Besides, the Thy-DAT association constant in teéues much higher than the Thy-
Thy and DAT-DAT dimerization constants in toluefedeed, as in chloroform solutions, the

chemical shift of the Thy NHL{) proton signal is strongly deshielded in toluegesalutions
of 50/50-M-22004a and Thy-PPO-2200-DAT0acompared to Thy-PPO-2200-TBg (Ad [

4 ppm, Figure I111.14). A similar downfield shift @bserved for DAT NkKand NH (0, ¥, Q)
proton signalsAs [10.9 ppm, Figure 111.14).

(a)
Joo Al
(b)
I~ DY Q
"P‘J\
Ad ~ 4 ppm & /
o T ML
U]
(d) @
s

/\_JDJJJMQW

14.5 13.5 12.5 11.5

10.5

15

Figure 111.14. *H NMR at 25°C of solutions at 0.2 g/éim toluene-g of (a) Thy-PPO-2200-Thga,
(b) DAT-PPO-2200-DAT2a, (c) 50/50-M-220Q%a, and (d) Thy-PPO-2200-DAT0a

% Zimmerman, S.; Corbin, PHeteroaromatic modules for self-assembly using muftle hydrogen bonds

Structure and Bonding00Q 96, 63.
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

(iif) Association is temperature-dependent

When a solution of 50/50-M-2204k is heated from 25 to 50°C, there is an upfield
shift of the DAT amine protonsk{, ¥, Q) signal on théH NMR spectrum (Figure 11.15b),
revealing a partial rupture of the hydrogen bor&isilarly, when a solution of Thy-PPO-
2200-Thy3ais heated from 25 to 50°C, there is shift of timédie (NH ThyD) proton towards
higher fields, also indicating rupture of hydrogesnds under heating (Figure 111.15a). After
cooling, the initial spectra of both solutions e@eovered, demonstrating the reversible nature
of the hydrogen bonds (Figure 111.15).

e

|
25C (@) 25C b
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LT J\“ 27T
T Vg Wmmw%wwb Jowvg |

114 11.0 10.6 10.2 98 96 94 92 90 88 86 84 82 80 7.8 7.6

Figure 111.15. Temperature-dependelti NMR in toluene-g of (a) Thy-PPO-2200-Thga
at 6.1*10° g/cn? (2.4*10% mol.L") and (b) 50/50-M-220@a at 2.0*10° g/cn? (8.2*10°% mol.L?).

(iv) Association constant as a function of temperature

AlthoughKrhy-pat could not be measured in toluengbg NMR titration, temperature-
dependent NMR measurements of solutions of Thy-RP@-Thy3a, DAT-PPO-2200-DAT
2a, and Thy-PPO-2200-DAT0a allow estimation oKrhy.pat, as well asrhy.thy andKpar-

paT, @s a function of temperature.

To this end, the extreme chemical shifts of Thy (il and DAT NH (@, V) in the
free (Gree Thy Aree DAT) @nd self-associatedm thy, Gim pat) Statesi(e. the extreme values,
which are temperature-independent and solvent-grdgnt) can be estimated by
temperature-dependefi NMR measurements of solutions of Thy-PPO-2200-Bayand
DAT-PPO-2200-DAT 2a (in CDCkL and in toluene+). Indeed, sigmoid fitting on the
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

observed chemical shift for Thy NHD) (

( 5T,so|vent

Oaeeie™, Figure 111.16a) and DAT NH (®, V)

expoat + Figure 111.16b) in those experiments, yields tr@ues of 7.90 ppm fodsee Thy

11.17 ppm fofdgim Thy, IN agreement with literature dafa,and 4.40 ppm fobiee pat, 7.63

ppm fordgim pat.

& (ppm)
o
|

Systemes ThyThy

(@)

7 Systerme DATDAT (b)

Données expérimentales
£ DATDAT dans CHCL3
A DATDAT dansTaluene

— Fit sigmaoide CHCIS

Sy =448 0= 7 .63 Tyar=15.7 °C, R34k
—— Fit Sigmoide Tolugne

B =44 = 763 Tya24 °C, R=12.28K )

& (P

Données experimentales
& ThyThy dans CHCI3

g — ® ThyThy dans tolugne
—— Fit CHCI3
- = 3 - o = -1 —
7 Bw=T IBLE 117 Tiym 1 7°C,R=31 7K ) 5
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Figure 111.16. Determination of the extreme chemical shifts (terapge-independent and solvent-independent)

of: (@) Thy NH () in the free §ee thy and self-associatedqm ) states by
temperature-dependelti NMR of Thy-PPO-2200-Thg@ain CDCk and toluene-g

and (b) DAT NH (@, V) in the free §ec par) and self-associatedq, pat) States by
temperature-dependelit NMR of DAT-PPO-2200-DAT2ain CDCL and toluene-

Knowing d&ree vy and &im v With Y = Thy or DAT, knowingd,.52"*™ of a Y-PPO-2200-

expY
Y solution at a given temperaturé and in a given solvent, and knowing the total
concentration of Y group<¢) in this solution, one can estimaig, ™" from equations 1, 2,
3 (three equations, three unknowns parameters {¥3\Y] and Ky.y}). The resulting values

of dimerization constants as function of tempemaitartoluene (0 to 70°C) and in chloroform
(0 to 50°C) are gathered in Table III.2.

5epr (T) = ? 5freeY + @ 5dimY (1)
Cy =[v]+2y =v] )
Ky = % (3)

% salas, M.; Gordillo, B.; Gonzalez, FEnthalpy and entropy contributions to the equilibrium of the
hydrogen bonding interaction between 1-octylthymineand 9-octyladenineg ARKIVOC2003 11, 72.
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

With this method, at 24°CK77%,, is estimated at 7 Min CDCk and 95 M' in
toluene-g and K25 ., at 4 M* in CDCk and 17 M' in toluene-d. Values are in the same
ballpark but somewhat different than those deterdchimg NMR titration wher&ee thy Qiim

Thys Oree DAT, Qdim DAT, Kthy-Thy, @NdKpar.pat are adjustable parameters.

Following the same method, extreme chemical slfiimperature-independent and
solvent-independent) of Thy NHOf in the Thy-DAT associateddfss, thy State can be
estimated by temperature-depend&itNMR measurements on Thy-PPO-2200-DAUTa
solutions in CD{J and toluene- Indeed, sigmoid fitting on the observed chemstatft for

Thy NH (O) JJX';?LVyem in those experiments yields the value of 14.50 ppndasso thy(Figure
11.17).

Systérmes ThyDat MHThy

Fit Sigrmoide
Bmaxt (5m n'5max)"f(1 +e )‘F(T hal fT)"fR

& {ppr)

Données expérimentales
B ThyDAT_MNHThy dans Toluéne
O ThyDAT_MHThy dans CHCI3

— Fit sigmoide CHCI3
Brin=7 -3 8= 14.5; T =51"C, R=19 K1j
Fit Sigrnoide Taoluéne

Bmin=7 -3, Bna= 145, Tra777 8°C, R=187 K‘)

— T T T T T T T T T T T T T T
-0 20 i 20 40 =in] a0 100 120 140
Termpérature [°C)

Figure 1I.17. Determination of the chemical shifts of Thy NE)(in the free . tn) and associated with DAT
(Basso Thy States by temperature-depend](thMR of Thy-PPO-2200-DATLOain CDCk and toluene-g

Using previously determinedee thy Giim thy, and dasso thy Kipsormy and K S3Msr for

a given temperatur and in a given solvent, knowind;%%"*" in a Thy-PP0-2200-DAT0a

xpThy
solution, and knowing the total concentration of/ Bmd DAT groups in this solutioiCtny =

solvent

Cpar), One can estimate, by iterationK{;°527 from equations 4, 5, 6, 7, 8, and 9 (six
equations, six unknowns parameters {[Thy], [DATThy=Thy], [DAT=DAT], [Thy=DAT]
andKrhy.pat}). Results as function of temperature in tolu¢dego 70°C) and in chloroform

(0 to 50°C) are gathered in Table II.2. At 24°Ce wbtainedKZs 5™ = 835 M* in
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

CDCl;, in accordance with our NMR titration (see partiB.and with the literaturé®>** and

KZrCoaie™® = 22061 M in toluene-g, a very high value as expected.

Bep1ny (T) = [Thy], , 2Thy = Thy], , [Thy = DAT]

. 5 4
CThy freeThy CThy dim Thy CThy assoThy ( )
Cry, = [Thy]+ 2[Thy = Thy] +[Thy = DAT] (5)
Coar = [DAT] + 2|DAT = DAT] + [Thy = DAT] (6)
Thy = DAT]
K = —[ 7
Thy—DAT [Thy] [DAT] ( )
Thy = Thy]
Koo = [— (8)
Thy-Thy [Thy]z
DAT = DAT]
Knar = [— 9)
DAT-DAT [DAT]Z
CDCk Toluene-d
T (°C) | Krhy-thy | KpaT-DAT KThy-DAT Kthy-thy | Koat-pat | Kthy-DaT
0 21 10 7.4%16 | 6.7*1C0° 493 3.3*10
10 12 6 2.7*16 374 134 8.3*10
24 7 4 835 95 17 2.2*10
30 7 3 552 36 10 -
40 4 2 174 11 3 2.9*F0
50 2 2 82 5 1 960
60 - - - 4 0,6 322
70 - - - 1 0,3 152

Table 111.2. Association constants (in L/mol), measured by tewupee dependeri NMR
of Thy-PPO-2200-Thga, DAT-PP0O-2200-DAT2a, andThy-PPO-2200-DATLOa
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

(v) Thymine’s NH splitting

The thymine NH [0) signal of Thy-PPO-2200-DAT0a splits under 0.025 mol/L in
CDCl; at 24°C (Figure lll.18a). Binder and his coworketso observed a splitting of the
thymine NH (0) signal at low concentrations of a PIB-thymine/Rtig&zine mixture in
CDCl; (Figure 111.18b)*”

' b
@) 72 mmol/| J/L ¢ =25 mmol (b)

N

e __,/\_ ¢=20mmol , .
53 mmalfl _____/\-_ =IB 1 L

— e ANy ¢ =16 mmol s
25 mmalfl __/,.\-— c=12 1
N c=8mmol A~

15 mmalfl

c=6mmol __ e

e C=4mmol e, ,
mmolr) ¢ =3 mmol
— ¢ =2 mmol _—
& romelf} ¢ = 1.5 mmol —
T, 13.0 12.0 1.0 10.0 9.0
(ppm)

Figure 111.18. Concentration-dependett NMR in CDCkat 24°C in the Thy NHI{) region of
(a) Thy-PP0O-2200-DATL0aand (b) PIB-thymine / PEK-triazine mixtuté.

'H signal splitting is often encountered in CR&Ir lactams (such as for the thymine
model compound 2-pyridone) and is characteristia ddictam-lactim tautomerism (Scheme
111.4).%33° Indeed, both lactam and lactim tautomers of 2¢myme can occur because their
energy difference is relatively smafl.In fact, thymine, adenine, guanine, and cytosine

tautomerism could be responsible of spontaneouatinas in DNA,***! as first suggested by
Watson and Crick?

37 Binder, W. H.; Kunz, M. J.; Ingolic, ESupramolecular poly(ether ketone)-polyisobutylengseudo-block
copolymers J. Polym. Sci. A: Polym. Cher@2004 42, 162.

% Szyc, L.; Guo, J.; Yang, M.; Dreyer, J.; Tolstdy, M.; Nibbering, E. T. J.; Czarnik-Matusewicz, B.;
Elsaesser, T.; Limbach, H.-HThe hydrogen-bonded 2-pyridone dimer model systenil. Combined NMR
and FT-IR spectroscopy studyJ. Phys. Chem. 201Q 114 7749.

3 Alkorta, I.; Goya, P.; Elguero, J.; Singh, S. R.;simple approach to the tautomerism of aromatic
heterocycles Natl. Acad. Sci. Lett2007, 30, 139.

0 Tsuchiya, Y.; Tamura, T.; Fuijii, M.; Ito, MKeto-enol tautomer of uracil and thymine J. Phys. Chem.
1988 92 1760.
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O OH (0]
o~ M HNew
S S ot G

o = (0] O)‘\% 0 HO = 0

Scheme lll.4.Lactam (ceto) - lactim (iminol) tautomerism of T¢proton exchange between N and O).

As the temperature increases, this equilibriunobress faster, inducing a coalescence
of the split signals (the proton signals are avetagethe NMR time scaléf.However, this
coalescence as the temperature increases is netveldlswith Thy-PPO-2200-DATL0a
neither in CDC (at 2.0¥10% g/cnt, Figure 111.19a), nor in toluenesdsame concentration,
Figure 111.19¢) (splitting is observed at 6.7¥4@/cnt in CDCk but not in tolueneifor the
same concentration), nor with Binder's PIB-thymRIEK-triazine mixture in CDGI(Figure
[11.29b). On the contrary, splitting increases wimperature, and coalescence occurs as the

temperature decreases for Thy-PPO-2200-DA&in toluene-d (Figure 111.19c).

40T (2) (©) 40T
sy R
T = 20K e et

ol T=315K 24C

AN
° AN T=300K || 10°
10 “\
M. _..-‘rL “‘m . ‘ ‘

u T=290K
0T T=285K 0T
LT T L S T =280 K vt winimciemeresien
15.0 12.0 136 132 128 124 120 1 145 12.5
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Figure 111.19. Temperature-dependett NMR in the Thy NH [) region of (a,c) Thy-PPO-2200-DAIDa at
2.0*10% g/cnt in: (a) CDCY, (c) toluene-g and (b) PIB-thymine/PEK-triazine mixture in CRE{

“1 Samijlenko, S. P.; Yurenko, Y. P.; Stepanyugin V4. Hovorun, D. M.;Tautomeric equilibrium of uracil
and thymine in model protein-nucleic acid contactsSpectroscopic and quantum chemical approachl.
Phys. Chem. R01Q 114 1454.

“2 Watson, J. D.; Crick, F. H. CGenetical implications of the structure of deoxyrilonucleic acid Nature
1953 171, 964.
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Therefore, lactam-lactim tautomerism does not @&rplthe Thy NH [0) signal
splitting. For the same reason, transition fromst &€xchange to a slow exchange regime with
a free and a bonded Thy NHD) signal does not explain the splitting, becausenth

coalescence should also occur at high temperameghe chemical shift would not shift.

Another possible explanation could be that th@aigplitting is due to two types of
associations, the expected hydrogen bonds anagtarice aromatic interactions or a weaker
NHmmy---Npar bond arising at low concentrations or at high terafpees. Indeed, Thy-DAT
association is optimal when there are three aligaed parallel H-bonds between Thy and
DAT, as it is always drawn in the literature (ChHrtl.f). However, when the temperature
increases, the weaker bonds INkt---OCrny may break while the Nty---Npar bonds holds,
allowing the H-bonding units to freely rotate ardutineir bond with the PPO chain. The
NHrhy---Npar bond would then be longer because when the #=&re not implicated in
hydrogen bonds, the NH, (D) proton acidity decreasé$|eading to a weaker NiR---Npat
bond. This results in the appearance of a shieklgdal of imino NH [). Thus two
associated species coexist, one optimal with thasallel H-bonds and one with only one H-
bond (Scheme I11.5). Relative proportion of the tsgecies (3 H-bonds/1 H-bond) is constant
(45/55, according to'H NMR integration) and depends neither on concéntranor
temperature. This is characteristic of an ON/OF&tesy for which weaker bonded species
appears only at a critical concentration for a gitemperatureHowever, NHny (D) signal
splitting is also observed for homotelechelic THR2200-Thy3a at low concentrations in
CDCl; and in toluened The NHmny---Npar bond does not explain this, but aromatic

interactions could.

o HzN KrhybaT O HaN
O H >/—N y ?/_< >/—N\
an + N DR — NH-== N_ )R
8 A S
) W H,N R O HaN
Tl KrhyThy Tl Kpatpat Tl
o NH,
y . N= O H,N
NH---- N----- HoN
o G S = ) —\i“'* ————— e
0-----HN i ————— N N
R / 2 =N ) H,N
0 HN

Scheme 111.5. Thy-DAT complementary association and Thy-Thy, DBRAT self-associations.
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b. Impact of the associations on the viscosity

We have evidenced by NMR that hydrogen bondingiscbetween the Thy and DAT
stickers in chloroform and toluene, with relativdligh temperature-dependent association
constants. We will now focus on the macroscopicantf these associations by studying the

supramolecular polymers solutions viscosities.

() Viscosity higher when Thy and DAT both present

10 SOOI | 10
2 )—»iﬂv(?m >
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04 L s 0°Cc |2 ¢ 1a 0°C
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2 8 42222 8
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S 6 S 6 @ 2
GZJ4 - N g4 3a 2a *
5, 3a 22 B 5lchcne ¢ °
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08)8 10a §
> 0 T 5° 4o 102
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Figure 111.20. Relative viscosity of 9.6*18g/cn? solutions of precursor N-PPO-2200-NH 13,
homotelechelic units Thy-PPO-2200-T8g and DAT-PPO-2200-DARa, 50:50 mixture of Thy-PPO-2200-
Thy and DAT-PPO-2200-DAT (50/50-M-22@@), and heterotelechelic units Thy-PPO-2200-D¥0ain: (left)

toluene (10 %wt ) and (right) CH{X(6.1 %wt), at: (top) 0°C, (middle) 10°C, and (lootf) 20°C.
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These differences in association and self-assogi@bnstantsKrhy-pat > 300*Kny-
Thy 8and Ktny-pat > 300*Kpat.paT) SEEM tO iIMpact the solution properties. Indeedpiuene
and chloroform, the relative viscosities at 0, bl 20°C of 0.096 g.cthsolutions containing
both Thy and DAT groups (Thy-PPO-2200-DADa and 50/50-M-220@a) are higher than
those containing only Thy or only DAT groups (DAR®-2200-DAT2a and Thy-PPO-
2200-Thy3a), which are higher than those containing NHPO-2200-NH 1a (Figure [11.20).

These viscosities measurements are thus in agntemith the NMR results: weak
Thy-Thy and DAT-DAT self-associations and strongy AT complementary association,

in chloroform and toluene.

Besides, the relative viscosities of 0.096 g°ceolutions of 50/50-M-220Qla in
toluene or chloroform are slightly lower than tb&rhy-PPO-2200-DATL0a (Figure 111.20).
This effect could be due either to a Thy/DAT ratloser to 1 in the asymmetric Thy-PPO-
2200-DAT 10athan in the mixture 50/50-M-22Qfa (stopper effect, explained in Chapter 1);

or to different structurations.
(i) Viscosity is temperature-dependent

As visible on Figure 111.20, the relative viscos#i of all solutions in toluene or
chloroform are higher at lower temperature, whitettof NH-PPO-2200-NH la are
temperature-independent. For instance, the relatseosity of DAT-PPO-2200-DARa and
75/25-M-22006a in toluene decreases as the temperature incraagésa plateau is reached
above 40°C (Figure 111.21).

o> A 75/25-M-2200

= sl = DAT-PPO-2200-DAT
3 O v NH,-PPO-2200-NH,
8 . x A é ® Toluene

> " .

g r Y 4 s
= 2+ L] L] LI
@ ¥y v v

[5) ro @ @ [ ] [ ] e @
D: O L 1

0 20 40 60 80
Temperature (°C)

Figure 111.21. Relative viscosity as a function of temperature®@ - 9.6*10°g/cnt) in toluene.
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These viscosities measurements are thus alsaeemgnt with the NMR results: Thy-
Thy and DAT-DAT self-associations and Thy-DAT comerplentary association constants in
chloroform and toluene decrease as the temperattneases.

c. Experimental differences between chloroform and toluene

(i) Higher viscosity in toluene than in chloroform due to higher K?

As can be seen on Figure 111.20, the relative agsites of solutions of all compounds
are higher in toluene than in chloroform. This astgularly obvious for Thy-PPO-2200-DAT
10afor whichn is 10 in tolueners 6 in chloroform at 0°C. This difference is lessrkeal as
temperature increases {8 4.3 at 20°C). This result could be explained by tigherKrhy.
paT, Kthy-thy, and Kpar.par in toluene compared to chloroform, leading to darg
supramolecular objects in toluene than in chlomforFurthermore, the temperature
dependence could also be explained by lower ad&ntieonstants as demonstrated by
NMR measurements.

(i1) Different concentration-dependence in toluene and chloroform

However, concentration-dependent viscosity measenés (Figure 111.22) do not
seem consistent with this idea, at least on fipgtreach. Indeed, specific viscosity (relative
viscosity minus one) of all compounds in toluene amdchloroform are equal at low
concentrations. If the higher values of associationstants in toluene were responsible for
the higher viscosity at 0.096 g.@mone would also naively expect higher viscosifies

toluene at lower concentrations.

To see if this idea is correct, we have confronten experimental results with

viscosity models of supramolecular polymers.
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Figure 111.22. Concentration-dependent specific viscosity in abfilorm () and in toluene®)
at 0°C (left) and 20°C (right) of (a) NHPPO.2200-NH 1a, (b) Thy-PPO-2200-Thga,
(c) DAT-PP0O-2200-DAT23, (d) 50/50-M-220Q1a, and (e) Thy-PPO-2200-DATI0a
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Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

d. Viscosity models for supramolecular polymers

() Viscosity model for linear supramolecular polymers

In the diluted regime, the specific viscosity ahanodisperse polymer solution can be
expressed as a function of the polymer radius cditgyn Ry, its weight concentratio@y, and
its molecular weightv, according to the Zimm model (equation 10, withthe Avogadro
number an& a constant, equal to 6.93 according to the origlimm prediction, or 6.1 from

experiments on linear polymers in theta-conditiand more recent theorie®).

rlO - rls =K CgNaRZ
Ns M

Ny = (10)
Assuming that the supramolecular polymerizatiorumsler thermodynamic control
with an isodesmic mechanism, then the average degfr@olymerization (DP #) can be
expressed with equations (11) for a self-associa(®A) and (12) for a complementary
association (AB)C being the concentration of supramolecular solytamKaa andKag the

association constants.

N=2AALL - 8CK (= 2JK,.C) (11)

Al Tir 6o,
_ 2[AB] +1=[AB]+1=B+2C_\/(B+2C)2—4C2+
(AI+[B]  TAI T -pry(p+ 20y -4C

1 (12)

(13)

The supramolecular polymer size distribution carkgressed with equations (14) for
the numbered-average distribution and (16) forvtkeeghted-average distribution, by analogy
to step growth polymerizationX; is the number-fractionw; the weight-fraction of
supramolecular polymers constituted of i cham#he extent of reaction.¢. the fraction of

stickers that have reacted), apd normalization constant fixed by equation (¥5} Indeed,

3 Graessley, W. WPolymer liquids & networks: dynamics and rheolagyaylor & Francis Group: New York,
2008

* Flory, P.J.Principles of polymer chemistryCornell University Press: Ithaca, NY953

%> Knoben, W.; Besseling, N. A. M.; Stuart, M. A. ®Rheology of a reversible supramolecular polymer
studied by comparison of the effects of temperaturand chain stoppersJ. Chem. Phy2007, 126 24907.
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although the associations constantly break and mefdhe mean sizeN and the size

distribution remain constant at equilibrium.

i- 1 =i
X;=(1-pp™ ==exp(-) (14)
Y N
@ 10000
with J.Xi = J.Xi =1, s0y = N(e™/N — g 10000/Ny (15)
1 1
Wy =i(1=p)X, = X, (16)

The specific viscosity of a supramolecular polyrs@utionss, can then be considered
to be a weighted sum on all size®.(an integral) of equation (10). This approach geld
equation (17) which expresseg, as a function of the supramolecular polymer's \eig
concentratiorCy and mean sizbl. Equation (17) also contains a constartharacteristic of
the supramolecular polymer unit [equation (18)hwit; the unit's molecular weight arfgy
the unit’s radius of gyration), and a functionMff(N) is actually an infinite integral that can
be approximated to an integral to 10 000 [equaiid®)], since there are virtually no
supramolecular polymer made of more than 10 00% @iven the order of magnitude of our

association constants. Besidess equal to 0,5 for short chains or@asolvent?®

aC,

= f(N 17

Nsp Ny (N) (17)

3

with a = K Nl (18)
M,

. 10000, 5 -0 .

with f(N) = jl 1 expt )i (19)

The specific viscosity)s, can then be calculated as follows. Knowid@nd using the
values of association constants previously estichéie'H NMR measurements at room
temperature (Table 111.3, see parts 2.i and 3ajan be calculated from equation (11) or (12).
Knowing N, the integralf(N) can be numerically calculated with the mathembhgodtware
Maxima. a is estimated from concentration-dependent visgaagasurements of NHPPO-
2200-NH la Indeed, assuming there are no association ipRPD-2200-NH 13, a is the

slope of theys,vs Cy linear curve (Figure I11.23, without associatiafy, = aC,).

“® Rubinstein, M.; Colby, RPolymer physicsOxford University Press: US/R003
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DMSO-¢; | CDCl; | Toluene-d
KThy-Thy - 2.0° 26.5°
KpaT-DAT - 2.8° 425
Khy-pAT 1.3* | 01000° | 022 00C¢

Table 111.3. Association constants (in L/mol), measured8yNMR: 2BuThy with MeDAT;
®Thy-PPO-460-Thyb; ° DAT-PPO-460-DAT2b;  DAT-PPO-460-DAT2b with Thy-PPO-460-Thgb;
®Thy-PP0O-2200-Thga; ' DAT-PPO-2200-DAT2a; ® Thy-PPO-2200-DATL0a

1,2 —e-alpha * Cg
NH2-PPO-2200-NH2 in Toluene at 20C

2 B NH2-PPO-2200-NH2 in Toluene at 10C
8 0,8 1 = NH2-PPO-2200-NH2 in Toluene at 0C i
(&)
8% f
(&)
= 04 o I
S I
(]
o
7))

0,0

0,00 0,10

0,05
Cg (g/cm3)

Figure 111.23. Concentration-dependent specific viscosity of,NMHPO-2200-NH 1ain toluene,
allowing determination o as the slope of the linear curve$ 7.17 cnig).

The results of this simple model which applies thyoat low concentrations (below
0.06 g.cnT) are plotted in Figure 111.24. The fit is good fcinloroform (Figure 111.24a) but not
for toluene (Figure 111.24b), since as naively ecxtpd, a higher association constant yield
higher viscosities at any concentration. This vemyde model does not consider intrachain
associations, which are quite likely at low concatidns. We have confronted our
experimental results with a viscosity model of supolecular polymers with ring-chain

equilibrium in the next part.

Another way to modelize viscosity of supramolecytalymers without using the
Zimm equation (10) has been illustrated by Bowgeiind his coworkef’ However, their
method requires synthesis of a model covalent petymo determine its viscosimetric

parameters (Mark-Houwink and Huggins constants).

47 Abed, S.; Boileau, S.; Bouteiller, L.;Supramolecular association of acid terminated
polydimethylsiloxanes. 3. Viscosimetric studyPolymer2001, 42, 8613.
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>1 0 € 50/50-M-2200 in CHCI3 at 20°C >1 0 B 50/50-M-2200 in Toluene at 20°C
= i —@— model (nu = 0,5 - K= 1000 L/mol) E= model (nu = 0,5 - K = 22000 L/mol)
n 8 ) 8
Q Q
36l @ 1o 6 ® 1
> >
o 4r 1Q 4r "
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(] 2 B ‘/‘ 1 O 2 B B
Q & Q. o
N ol ¢e® 10 gL & = -
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Figure 111.24. Concentration-dependent specific viscosity of 5a¥622004a at 20°C (a) in chloroform«)
and (b) in tolueneX). Viscosity model for an isodesmic supramolecplalymerization into linear
chains with an association constant of (a) 10000L{i#) and (b) 22 000 L/molx).

(i) Viscosity for ring supramolecular polymers

Cyclic supramolecular polymers obey the same Zirequation (10) as linear
supramolecular ones. The difference is that, ferssime molecular weight, a ring has a lower
radius of gyration than a chain [see equations,(20), and (22), with a the monomer size, i

the number of monomers, ancequal to 0,5 for short chains or@solvent].

R =

g,chain,i \/g

R =

g,ring,i \/E

R — g,chain,i (22)

g,ring,i \/E

(20)

(21)

(ii) Ring-chain equilibrium

The weight fraction of ringg, can be estimated with the Jacobson-Stockmayenitheo
[equations (23), (25) and (24), wikhthe fraction of reacted end-groups in the chaaatfon,
v the number of chain atoms per monomer unit, latite effective link length of the polymer

chain]® The function@(x,s) can be calculated numerically with the mathtral software
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Maxima, using expression (26) more suited for nucaécalculation than equation (25)x is
assumed to be equal to what it would be withoutsing. it is just a function of the
association constant and of the concentration.

_Blax 3
pw - C (KXI 2) (23)
with B = i(i}z % (24)
N, \2mu) 2b
and  @x,s) = ix‘i‘S (25)
o(x9 =T (1-9)(~logx)™* + > 2 s-i) (logx) (26)

i=0 i!

The weight fraction of ringg,, is plotted against concentration of the supramaésc
polymer in Figure Ill.25.0, is very high, especially for low concentrationsdahigh

association constants.

100
'\ —=— K = 22000 L/mol

75 —— K = 1000 L/mol

0 |
0,00 0,05
Concentration (g.cm’

wt% Rings
(&)
o
o

N
&)

0,10

3

Figure 111.25. Weight fraction of rings as a function of concetitna for an association constant
of 1000 L/mol @) and 22 000 L/mol ).

Predominance of ring formation at low concentraioshould impact the
concentration-dependerfH NMR chemical shift variation. Indeed, for indepent self-
complementary stickers A or for self-complementstigkers A linked by a chain and having

interchain associations only, the concentration of aateat stickers [AA] is proportional to

“*8 Truesdell, C.0On a function which occurs in the theory of the stcture of polymers Ann. Math.1945 46,
144,
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[A]? [equation (27)]. However, as discussed in refezel, for self-complementary stickers
A linked by a chain, if only_intghain associations occui.g. ring formation), the
concentration of complexed stickers [AA] shouldfseportional to [A] instead of [A] [AA]
should also be proportional t6*, because the probability of intrachain associati®n
proportional to the average concentration in thé&mer coil, which isC* by definition
[equation (28)f? As a result, in the dilute regime with intrachaissociation only@ < C*),
the chemical shifd should obey equation (31) (determined from equati2B8, 29 and 30) and

be independent of the global concentration of stigk, Ca = 2C.

inter [AA]
2 T a2 27
" (27)
Ky = LAAL (29)
[A]C
8y =8, 1 125, 1AA] (29)
P CA A
C, =[A]+2[AA] (30)
B = O 20uKTOC) 31
1+ 2KJ*C

Looking back at theéH NMR titration of Thy-PPO-460-Thyb (Figure lII.5), it
appears that it could indeed be interpreted ghatalmost independent of concentration at low
concentrations (below 0.01 g/@n although the error bar are very high at these lo
concentrations (Figure 111.26). Concentration defmice is much more pronounced in the
semidilute regime, where interchain associationsuncThe other'H NMR titration plots
(Figure 111.6 to Figure Il1l.11) do not contain erghu points at low concentrations to

distinguish this concentration-independent regime.

49 pezron, E.; Leibler, L.; Ricard, A.; Lafuma, F.udebert, R.Complex formation in polymer-ion solutions.
1. Polymer concentration effectsMacromolecule4989 22, 1169.

131



Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

N

= 9,40 * [
£ 9.35 ’/‘/»_ Experimental used for fitting |
% | T J ! o Fit
5% ¢ Experimental I
9,25 ) |
0,0E+00 1,0E-02 2,0E-02 3,0E-02

[Thy-PPO-460-Thy] (mol/L)

Figure 111.26. NMR titration in CDC} at 25°C of Thy-PPO-460-TH8b (in green: fit forKrpyrny = 2.0 L/mol,
Sreethy = 9.3 PPM Giimerizeathy= 10.9 ppm; in purple: concentration independéeintical shift).

(iv) Viscosity for ring-chain equilibrium

Taking into account the presence of rings, theifipeviscosity becomes a weighted
average following equation (3%.The results of this second model, also mostly yipglat
low concentrations (below 0.06 g.€n are plotted in Figure 111.27, assuming all ringe
made of the two supramolecular units (by far tredpminant form in 50/50-M-22048a, see
Table I1.4). Taking into account the presenceings, the specific viscosity fit is still good
for chloroform (Figure 111.24a), especially at lowoncentrations (below 0.06 g.énwhere
the model applies. Indeed, in this case the rirgection has a limited impact on the specific
viscosity. In contrast, in toluene, taking into @agnt the presence of rings significantly lowers
the specific viscosity, so the fit is better but perfect especially at medium concentrations
(around 0,05 g.ci®y Figure 111.27b). Moreover, as we will see in thext part, NMR results

suggest another interpretation for toluene.

Nep = PuN® + (1 -p, N0 (32)

0 Jacobson, H.; Beckmann, C. O.; Stockmayer, W.liktramolecular reaction in polycondensations. II.
Ring-chain equilibrium in polydecamethylene adipateJ. Chem. Physl95Q 18 1607.
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10 - 4 .10,
> ‘ 4 50/50-M-2200 in CHCI3 at 20°C ‘ > ‘ W 50/50-M-2200 in Toluene at 20°C
= 8 —@— model w i=2 rings (nu = 0,5 - K = 1000 L/mol) < model w i=2 rings (nu = 0,5 - K = 22000 L/mol)
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Figure 111.27. Concentration-dependent specific viscosity of 5a¥6@2004a in (a) chloroform ¢)
and (b) toluene®) at 20°C. Viscosity model for a ring-chain equilibn supramolecular polymerization
with an association constant of (a) 1000 L/nm®) @nd (b) 22 000 L/molx).

C (g/cm3) %ofi=2 | %ofi=3 % ofi=4 % ofi=5
in chloroform

0.013 97.2 25 0.8 0.3
0.027 94.9 3.0 1.1 0.5
0.041 94.1 3.3 1.3 0.6
0.055 93.8 35 14 0.7
0.075 93.1 3.7 15 0.7
0.096 92.7 3.8 1.6 0.8

In toluene
0.013 91.2 4.2 1.9 1.0
0.027 90.4 4.4 2.0 1.1
0.041 90.0 4.5 21 1.1
0.055 89.7 4.5 21 1.2
0.075 89.4 4.6 2.1 1.2
0.096 89.3 4.6 2.2 1.2

Table 111.4. Distribution of ring sizes. Percentages are defiaethe number of rings made of i supramolecular
units divided by the total number of rings.
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e. Different aggregation mechanisms in toluene and chloroform ?

An explanation for the differences observed iroobfiorm and toluene, could be that,
not only Kry-par is higher in toluene than in chloroform, but theatso are different
aggregation mechanisms in toluene and in chlorofavore specifically, an isodesmic
mechanism could take place in chloroform and aeatn-elongation mechanism in toluene.

(i) Secondary interactions in toluene: Testacking

A nucleation-elongation mechanism in toluene me#mst there are secondary
interactions that take place in addition to hydrogending. One possible interaction between
the Thy and DAT stickers, besides hydrogen bondiegaromatic stacking, commonly

encountered for DNA bases and biological recognitto

Chart 111.2. Thy group.

In fact, Thy's Testacking in toluene can be evidenced by compatireg'H NMR
chemical shifts of Thy Ckl(~) and CH protonsX) in different solvents (Chart 111.2). Indeed,
aromatic electrons circulation induces a local nedigrfield that shields protons lying above
aromatic rings?Methyl () and CH () signals are shielded by around 0.4 ppm in toledgne
compared to CDGI This suggests that these protons lie above aromtles in toluene, but
not in chloroform. Thus, in toluene Thy is beliewed®stack with other aromatic rings (such

as: toluené® Thy2%***>and/or DAT®) in an off-centered parallel displaced manter.

®l Tewari, A. K.; Dubey, R.;Emerging trends in molecular recognition: Utility of weak aromatic
interactions; Bioorg. Med. Chen2008 16, 126.

*2Gomes, J. A. N. F.; Mallion, R. BAromaticity and ring currents ; Chem. Rev2001, 101, 1349.

*3 Rahman, M. H.; Liao, S.-C.; Chen, H.-L.; ChenHl}.dvanov, V. A.; Chu, P. P. J.; Chen, S.-Aggregation
of conjugated polymers in aromatic solventLangmuir2009 25 1667.

* Surin, M.; Janssen, P. G. A.; Lazzaroni, R.; LexléP.; Meijer, E. W.; Schenning, A. P. H. J;
Supramolecular organization of ssDNA-templated n-cojugated oligomers via hydrogen bonding Adv.
Mater.2009 21, 1126.
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However, small Thy and DAT derivatives (such agrtime-1-acetic acid, thymine,
4,6-diamino-2-methyl-1,3,5-triazine [DAT-Me], 2-aib-4,6-diamino-1,3,5-triazine [DAT-
Cl], as well as 1:1 thymine and 4,6-diamino-2-méth,5-triazine mixture) are quasi-
insoluble in toluene. Thy-PPO-460-TI®p and 50/50-M-46Qtb are also quasi-insoluble in
toluene (tested down to 0.002 mol/L), but slighgbtuble in chloroform (soluble under 0.03
mol/L), although the PPO chain does not have mdfieityg with chloroform than with
toluene (Hildebrand solubility parametedspo O 18 (MPa}?, &ncis = 18.9 (MPa)? and
Jolene = 18.2 (MPaY?).%® This indicates that Thy and DAT groups have véttiel affinity
with toluene, even when they are associated togetadnydrogen bonds, despite the fact that
Thy and DAT coulda priori Testack with toluene. Indeed, Thy and DAT are pasoups,
while toluene is apolar. Therefore, it seems likélgt, in toluene, Thy and DAT preferabity
stack with Thy or DAT, rather than toluene. As sulg objects consisting of a PPO shell and
a Thy and DAT core, with hydrogen bonds amdtacking interactions between Thy and
DAT, should form in toluene (Figure 111.28C). Suttversed micelles (flowers) can connect

to each othe?’ especially at high concentration (C > C*), reswtin an increase of viscosity.
(i) No secondary interactions in chloroform

In contrast, no or much lessstacking of Thy and DAT seem to occur in chlorafor
The reason could be that chloroform solvates bé#tger toluene, not only the hydrogen bonds
donors and acceptors as mentioned above, but hesorhy and DAT aromatic cycles,
illustrating the connection between solvation arstacking. Therefore, the classical vision of
linear supramolecular polymers in equilibrium wifcles seems to manifest in chloroform
(Figure 111.28B).

* Umezawa, Y.; Nishio, M.;Thymine-methyl interaction implicated in the sequeme-dependent
deformability of DNA ; Nucleic Acids Re2002 30 2183.

*® Mooibroek, T. J.; Gamez, PThe s-triazine ring, a remarkable unit to generatesupramolecular
interactions; Inorg. Chim. Act&2007, 360 381.

> Meyer, E. A.; Castellano, R. K.; Diederich, Fiteractions with aromatic rings in chemical and bblogical
recognition; Angew. Chem. Int. EQ003 42, 1210.

8 Barton, A. F. M.;Handbook of solubility parameters and other cohesiparameters CRC Press: Boca
Raton, FL,1991

* Semenov, A. N.; Joanny, J.-F.; Khokhlov, A. RAssociating polymers: equilibrium and linear
viscoelasticity, Macromolecule4995 28 1066.
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(A) In Chloroform: inear supramolecular polymers
e

C IR ( -
e A CF s

(B) In Toluene: columns
with a PPO shell and a Thy, DAT core

(rﬁ*'NJle"\!‘
% L ¥ "H,,\r { *N_<NHJ
B hydrogen bonding%gé:l

and n-stacking

Figure 111.28. Thy-PP0O-2200-DATL0a solution structuration: (A) in chloroform and (B)toluene.

(i) Connection between solvation and Te-stacking

The higherKyny.par value in toluene, compared to chloroform, may tigbaited to
poor solvation of the hydrogen bonds donors anetocs in tolueng® However,estacking
may also be held responsible for the high..oar in toluene. Indeed, hydrogen bonds
involving its C=0O groups cause an increase of timgisi aromatic characté?.Reciprocally,
when the thymine cycle interacts mystacking with an aromatic ring, the thymine cysle’
aromaticity increases, resulting in more basic Ca@d a more acidic NH. Moreover:
stacking may induce a parallel alignment of Thy &aAT, with an optimal NH and C=0
relative orientatiori- Therefore, the supramolecular Thy-DAT hydrogendiog association

is reinforced when Thy and DAT interact tstacking with an aromatic cycle.

Furthermorejestacking and solvation are connecteestacking may occur between
Thy and DAT in toluene and not in chloroform be@ugsloroform better solvates Thy and
DAT rings.

0 Cyranski, M. K.; Gilski, M.; Jaskolski, M.; Krygoski, T. M.; On the aromatic character of the
heterocyclic bases of DNA and RNAJ. Org. Chem2003 68 8607.
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f. Viscosity model for colloidal supramolecular polymers

If our supramolecular polymers do form colloidddjects in toluene as suggested by
NMR and described above, then we should be abfé tbeir viscosity with a model for
colloids. Equation (33) is a commonly used semidgicgd relation for colloidal
suspension& with @ the particle volume fraction an@ma. the maximum value of the

particle volume fraction.

(OIS
Ne =1+ (1_(]3—max) 2 (33)
with & = CN,V (34)
Mp
CN, V

then n,, =-1+(1- )7 (35)

M p(bmax

@ can be expressed by equation (34) with the supramolecular polymers
concentration in g.ci Na the Avogadro numbek the volume of one colloidal objedy| the
molecular weight of one unit (her®] = 2500 g.mot), andp the number of units in one

colloidal object.

The specific viscosity of 50/50-M-220Qfa can thus be expressed as a function of the

concentrationC through equation (35) which comprise only ondnfgtparameter: v
Y

max

\Y,
pcbmax
corresponds for instance to the very reasonabknpetersdma.x = 0.68,p = 6, andv = 1.02 *

The best fit is plotted in Figure 111.29 and is aioed for = 2.5 * 10%° cm®, which

10 cm?, the volume of a sphere of radius 2.9 nm. Indeedording to the slope value of the
Nsp VS Cy linear curve of NEPPO-2200-NH la (Figure 111.23) and to equation (18), the
radius of gyration of NpPPO-2200-NH 1a is 16 A and its end-to-end radius is 39
Therefore, the radius of the inversed micelles wita Thy, DAT core and PPO shell is
expected to be around Fodivided byv2, that is to say around 2.8 nm.

1 Mewis, J.; Wagner, N. JColloidal suspension rheologyCambrigde University Press: Cambridge12
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Finally, the colloid model with these reasonnabdeameters fits relatively well the
specific viscosity of 50/50-M-2208a from 0 to 0.1 g.cii in toluene (Figure 111.29b) but not
in chloroform (Figure 111.29a). Therefore, the mbadeé colloidal inversed micelles in toluene
is consistent with the viscosity results as welltks NMR results, unlike the ring-chain
equilibrium model in toluene (Figure 111.27b). $tithe ring-chain equilibrium specific
viscosity model in toluene is relatively good besmuings have a size comparable to the
colloidal inversed micelles. In fact, the specificscosity models by themselves cannot
distinguish between the two interpretations, bet MR and viscosity results together point

toward the colloidal model in toluene and ring-chequilibrium model in chloroform.

10, 10, |
= ¢ 50/50-M-2200 in CHCI3 at 20°C > B 50/50-M-2200 in Toluene at 20°C
o —®-— colloid model with Vip4,,,=25"10"em |7 colloid model with V/po, _ =2.5"10%cm’
o max
2 6 18 6¢ i
S (a) o IS (b)
O 4 / 10 4 - B
= & e [
(®)
2L L 2 10 L _
8 ’/‘/ 8 2 0 =
(D O — ”’—./ ] (D 0 | [ = B
I I [ I
0,00 0,05 0,10 0,00 0,05 0,10

3

Concentration (g.cm’ Concentration (g.cm™)

Figure 111.29. Concentration-dependent specific viscosity of 5a¥6@2004ain (a) chloroform $)
and (b) toluene®) at 20°C. Viscosity model for colloidal supramalér polymers ¢) (®).

138



Chapter Ill. Supramolecular polymers in solution: solvent dependent behavior

4. Conclusions and perspectives

(i) Conclusion: importance of solvation

In this chapter, we have studied supramoleculaymefs in solution using viscosity
(some results are highlighted in Figure 111.30) &R measurements (association constants

results are gathered in Table [I1.3).

10a Thy-PPO-2200-DAT 10 (A)
4a  50/50-M-2200 g 8
R
2a  DAT-PPO-2200-DAT = 6
> 4
3a  Thy-PP0O-2200-Thy = 3a 2a 4a 10a
O 2 DbMso—® e —o—o
la  NH2-PPO-2200-NH2 ©® | * 25°C
2z R 2" ) it 435 10a
® 8 8 8
o 10a o e
O 4a D
@ 6 & < 6
> ¢ > [
o 4 3a 24 = 2a
= ¢ * T 3a )t
T 21cHCl; 28 g 20 Tol m g
g, ¢ ecle | * e 0°C

Figure 111.30. Relative viscosity of heterotelechelic unit Thy-RPR2D0O-DAT 10a homotelechelic units
Thy-PPO-2200-Thga and DAT-PPO-2200-DARa, 50/50-M-2200a and precursor NHPPO-2200-NH 1a
solutions in: (A) DMSO at 12.2*19g/mL and 25°C, (B) chloroform at 9.6*f@/mL and 0°C, and
(C) toluene at 9.6*16g/mL and 0°C.

We conclude that the solvent has a tremendous impacthe supramolecular
polymers sizes and structures (Figure 111.31).ha polar dissociating DMSO, micelles with a
PPO core and a Thy, DAT shell seem to form. Inléiss-polar non-dissociating chloroform,
linear supramolecular polymers form through hydrogending between Thy and DAT, in
equilibrium with ring supramolecular polymers. lhet apolar non-dissociating toluene,
inversed micelles with a PPO shell and a Thy, DAfecseem to form, also with hydrogen
bonds between Thy and DAT, as well as aromaticactens.
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(A) In DMSO: micelles
with a PPO core and a Thy, DAT shell

ol g

(B) In Chloroform: linear supramolecular polymers
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Figure 111.31. Thy-PPO-2200-DATL0asolution structuration: (A) in DMSO, (B) in chidoym, (C) in toluene.

Such solvent-dependant organization and drivirrgefof the assembly had already
been observed, notably by Bouteiller and his coem¥® as well as Meijer and his coworkers
on a self-associative homotelechelic systért.is interesting to find the same solvent effect

for a complementary heterotelechelic system, Th@-2R00-DAT10a
(i) Confirmation of structure

Confirmation of the micellar structures in DMSO aatuene and linear structure in
chloroform could theoretically be obtained by nentrscattering, circular dichroisff,or
dynamic light scattering measurements (DLS). Howetgduene is not a suitable solvent for
circular dichroism measurements of our compound$ @ compounds are insoluble in
dodecane. Furthermore, the contrast between the ¢halds (refractive indexp(PPO) =
1.45) and DMSOp(DMSOQO) = 1.48) or chloroformng(chloroform) = 1.44) are not high
enough, so DLS measurements in DMSO and chlorofeeided no result.

%2 Obert, E.; Bellot, M.; Bouteiller, L.; AndriolettiF.; Lehen-Ferrenbach, C.; Boué, Both water- and
organo-soluble supramolecular polymer stabilized byhydrogen-bonding and hydrophobic interactions J.
Am. Chem. So@007, 129 15601.
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Preliminary results of DLS of 9.6*10g/mL 50/50-M-22004a in toluene seem rich.
The contrast between the PPO chains and tolugs{oluene) = 1.49) is not very high, but
sufficient for the measurements of concentratedtsnis. The correlation functions can be
fitted by the sum of three exponentials, each epwading to a relaxation time:( n, ).
The two highest relaxation times (the slow mag@nd the the fast modg) correspond to
diffusive modes. Indeed, diffusive modes obey equat36), withD the diffusion coefficient
and g the wave vector defined by equation (37)hwithe refractive index of the solvent,
the laser wavelength, ardlithe scattering angle). The diffusion coefficiehtlee slow mode
11 is Dsiow = 9,5.10° cn.s? and that of the fast mode is Dras = 1,1.10° cn.s™. In contrast,
the lowest relaxation modg is a non-diffusive mode and is only measured dor $cattering

angles (below 90°).

I-pg (36)
T

_4m _. 6

q——)\ sm(z) (37)

(i) Perspective: trifunctional supramolecular polymers yield higher
viscosity

Solutions of trifunctional ThyPPO-300013a and DAT;-PP0O-300012a in toluene
have higher viscosities than solutions of difuncébThy-PPO-2200-Thga and DAT-PPO-
2200-DAT 2a in toluene. However, what is much more strikinghs very high viscosity of
the 50/50 mixture of ThyPPO-3000 and DAFPPO-3000 in toluene (Figure 111.32), for
instance, at 0°C, 60s 9 for the 50/50 mixture of Thy-PPO-2200-Thy and DRPO-2200-
DAT in toluene. This effect remains to be invedtégh but one may hypothesize that such a
high viscosity is due to an increase in bridginghwrifunctional supramolecular polyméts.

However, a gel does not form probably becauseifistérie of the association is too short.

8 Versteegen, R. M.; van Beek, D. J. M.; Sijbesma,PR Vlassopoulos, D.; Fytas, G.; Meijer, E. W.;
Dendrimer-based transient supramolecular networksJ. Am. Chem. So@2Q05 127, 13862.
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Figure 111.32. Relative viscosity of 9.6*18g/mL solutions of Jeffamine T-300CLa, Thys;-PPO-300QL33,
DAT ;-PPO-300QL25 50/50-MT-3000L4a (50/50 mixture of ThyPPO-300Q3aand DAT;-PPO-300QL23)
in toluene at: (a) 0°C, (b) 10°C, and (c) 20°C.

(iv) Perspectives: studies in solution to better understand the melt

State

Often, studies of supramolecular polymers in sofyt particularly association
constants measurements, are used to better unutbrta melt stat¥ Indeed, measuring
association constants in solution, by NMR or UV fostance, is a convenient method.
However, behavior in the melt state can be quitierdint than in solution, in the same way

that a supramolecular polymer can behave veryréffity in two different solvents.

As we will see in Chapter IV and V, in the melatst phase separation also needs to
be taken into account in addition to the directlanteractions, as well as an additional effect

in the bulk: crystallization.
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In supramolecular polymers, directional interactions control the constituting units
connectivity, but dispersion forces may conspire to make complex organizations. We report
here 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 a thymine derivative (Thy). Below the ODT temperature (7opr), these
compounds are semicrystalline with a lamellar structure, showing nanophase separation
between crystallized Thy 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. Macroscopically, the transition is accompanied by dramatic flow and mechanical
properties changes. In contrast, main-chain supramolecular polymers based on PPO spacers

functionalized on both ends with diaminotrizaine (DAT) are disordered at all temperatures.

Moreover, we show here that optimization of the directional interactions in these
systems by strong complementary associations suppress the mesoscopic order and thus lead to
a counterintuitive change in material properties. Indeed, the microphase segregation observed
for the self-complementary systems based on Thy is inhibited by addition of DAT: the strong
complementary Thy-DAT interaction inhibits crystallization of thymine in microdomains and
lamellar structuration. As a result, the supramolecular polymer with only weakly self-
complementary stickers is a solid, whereas the supramolecular polymer with strongly

complementary stickers is a liquid.
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1. Order-disorder transition (ODT) in supramolecular polymers

This part was partially published in reference 1.’

a. ODT and supramolecular polymerslorganization in the bulk

(i) Can supramolecular polymers display an ODT like block

copolymers ?

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 interaction 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

. . 4
Interesting.

Since long-range ordered mesophases and ODT are also observed for liquid crystals’®
and supramolecular liquid crystals,® the question of the existence and of the manifestations of

long-range order and ODT in supramolecular polymers arises.

' Cortese, J.: Soulié-Ziakovic, C; Cloitre, M.; Tencé-Girault, S.: Leibler, L.; Order-Disorder Transition in
Supramolecular Polymers; J. Am. Chem. Soc. 2011, 133, 19672.

? (a) Leibler, L.; Theory of Microphase Separation in Block Copolymers; Macromolecules 1980, 13, 1602.
(b) Fredrickson, G. H.; Helfand, E.; Fluctuation effects in the theory of microphase separation in block
copolymers; J. Chem. Phys. 1987, 87, 697. (c) Bates, F. S.; Rosedale, J. H.; Fredrickson, G. H.; Fluctuation
effects in a symmetric diblock copolymer near the order-disorder transition; J. Chem. Phys. 1990, 92, 6255.

’ (a) Lodge, T. P.; Block Copolymers: Past Successes and Future Challenges; Macromol. Chem. Phys. 2003,
204, 265. (b) Park, C.; Yoon, J.; Thomas, E. L.; Enabling nanotechnology with self assembled block
copolymer patterns; Polymer 2003, 44, 6725.

4 Bates, F. S.; Fredrickson, G. H.; Block Copolymer Thermodynamics: Theory and Experiment; Annu. Rev.
Phys. Chem. 1990, 41, 525.

> De Gennes, P. ; Prost, J.; The Physics of Liquids Crystals; Oxford University Press: Oxford, 1993.
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In this part, we report on the long-range order lamellar structure and ODT of a main-

chain supramolecular polymer.
(i) Clusterization in supramolecular polymers

Main-chain supramolecular polymers are typically made of telechelic molecules (A-
spacer-A) linked together through noncovalent bonds to form a polymer-like assembly (A-

spacer-A),.” The self-complementary binding stickers (A) are often hydrogen bonding motifs

8 . T 9 . . . 10
such as nucleobases” or ureidopyrimidinone,” while the spacer is generally an oligomer.

In these systems, microphase segregation between the spacer and the stickers,'""'*!?

14,15

as
well as crystallization of the stickers into microdomains

IV.2, Figure IV.3).

can occur (Figure IV.1, Figure

® (a) Kato, T.; Frechet, J. M. J.; A new approach to mesophase stabilization through hydrogen bonding
molecular interactions in binary mixtures; J. Am. Chem. Soc. 1989, 111, 8533. (b) Kato, T.; Frechet, J. M. J.;
Hydrogen bonded liquid crystals built from hydrogen bonding donors and acceptors Infrared study on
the stability of the hydrogen bond between carboxylic acid and pyridyl moieties; Lig. Cryst. 2006, 33, 1429.

7 (a) Lehn, J.-M.; Dynamers: dynamic molecular and supramolecular polymers; Prog. Polym. Sci. 2005, 30,
814. (b) Fox, J. D.; Rowan, S. J.; Supramolecular Polymerizations and Main-Chain Supramolecular
Polymers; Macromolecules 2009, 42, 6823. (c) de Greef, T. F. A.; Smulders, M. M. J.; Wolffs, M.; Schenning,
A. P. H. J; Sijbesma, R. P.; Meijer, E. W.; Supramolecular Polymerization; Chem. Rev. 2009, 109, 5687. (d)
Serpe, M. J.; Craig, S. L.; Physical Organic Chemistry of Supramolecular Polymers; Langmuir, 2007, 23,
1626.

¥ Sivakova, S.; Rowan, S. J.; Nucleobases as supramolecular motifs; Chem. Soc. Rev. 2005, 34, 9.

? Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; Lange, R. F. M.; Lowe,
J. K. L.; Meijer, E. W.; Reversible Polymers Formed from Self-Complementary Monomers Using
Quadruple Hydrogen Bonding; Science 1997, 278, 1601.

10 (a) Binder, W. H.; Zirbs, R.; Supramolecular Polymers and Networks with Hydrogen Bonds in the Main-
and Side-chain; Adv. Polym. Sci. 2007, 207, 1. (b) Bouteiller, L. ; Assembly via Hydrogen Bonds of Low
MolarMass Compounds into Supramolecular Polymers; Adv Polym Sci. 2007, 207, 79.

" Herbst, F.; Schréter, K.; Gunkel, L.; Groger, S.; Thurn-Albrecht, T.; Balbach, J., Binder, W. H.; Aggregation
and Chain Dynamics in Supramolecular Polymers by Dynamic Rheology: Cluster Formation and Self-
Aggregation; Macromolecules 2010, 43, 10006.

"2 (a) de Lucca Freltas, L.; Burgert, J.; Stadler, R.; Thermoplastic elastomers by hydrogen bonding; Polym.
Bull. 1987, 17, 431. (b) Folmer, B. J. B.; Sijbesma, R. P.; Versteegen, R. M.; van der Rijt, J. A. J.; Meijer, E. W_;
Supramolecular Polymer Materials: Chain Extension of Telechelic Polymers Using a Reactive Hydrogen-
Bonding Synthon; Adv. Mater. 2000, 12, 874. (c) Yamauchi, K.; Lizotte, J. R.; Hercules, D. M.; Vergne, M. J.;
Long, T. E.; Combinations of Microphase Separation and Terminal Multiple Hydrogen Bonding in Novel
Macromolecules; J. Am. Chem. Soc. 2002, 124, 8599. (d) Ojelund, K.; Loontjens, T.; Steeman, P.; Palmans, A_;
Maurer, F.; Synthesis, Structure and Properties of Melamine-Based pTHF-Urethane Supramolecular
Compounds; Macromol. Chem. Phys. 2003, 204, 52. (e) Mather, B. D.; Elkins, C. L.; Beyer, F. L.; Long, T. E.;
Morphological Analysis of Telechelic Ureidopyrimidone Functional Hydrogen Bonding Linear and Star-
Shaped Poly(ethylene-co-propylene)s; Macromol. Rapid Commun. 2007, 28, 1601. (f) Botterhuis, N. E.; van
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Figure IV.1. Schematic representation of the lateral UPy-UPy dimer stacks due to additional hydrogen bonding
between the urethane groups, from reference 15d.

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;'” clusters of stickers can also result in a network that allows

the formation of mechanically stable films."

Beek, D. J. M.; van Gemert, G. M. L.; Bosman, A. W.; Sijbesma, R. P.; Self-assembly and morphology of
polydimethylsiloxane supramolecular thermoplastic elastomers; J. Polym. Sci., Part A: Polym. Chem., 2008,
46, 3877. (g) Merino, D. H.; Slark, A. T.; Colquhoun, H. M.; Hayes, W.; Hamley, I. W.; Thermo-responsive
microphase separated supramolecular polyurethanes; Polym. Chem. 2010, 1, 1263. (h) Woodward, P. J.;
Hermida Merino, D.; Greenland, B. W.; Hamley, I. W.; Light, Z.; Slark, A. T.; Hayes, W.; Hydrogen Bonded
Supramolecular Elastomers: Correlating Hydrogen Bonding Strength with Morphology and Rheology;
Macromolecules 2010, 43, 2512. (i) Manassero, C.; Raos, G.; Allegra, G.; Structure of Model Telechelic
Polymer Melts by Computer Simulation; J. Macromol. Sci. B 2005, 44, 855. (j) Podesva, J.; Dybal, J.,
Spevacek, J.; Stepanck, P.; Cernoch, P.; Supramolecular Structures of Low-Molecular-Weight
Polybutadienes, as Studied by Dynamic Light Scattering, NMR and Infrared Spectroscopy;
Macromolecules 2001, 34, 9023.

Y (a) Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Suwanmala, P.; Rowan, S. J.; Utilization of a
Combination of Weak Hydrogen-Bonding Interactions and Phase Segregation to Yield Highly
Thermosensitive Supramolecular Polymers; J. Am. Chem. Soc. 2005, 127, 18202. (b) Beck, J. B.; Ineman, J.
M.; Rowan, S. J.; Metal/Ligand-Induced Formation of Metallo-Supramolecular Polymers; Macromolecules
2005, 38, 5060.

' (a) Hilger, C.; Stadler, R.; Cooperative structure formation by directed noncovalent interactions in an
unpolar polymer matrix. 7. Differential scanning calorimetry and small-angle x-ray scattering;
Macromolecules 1992, 25, 6670. (b) Hirschberg, J. H. K. K.; Beijer, F. H.; van Aert, H. A.; Magusin, P. C. M.
M.; Sijbesma, R. P.; Meijer, E. W.; Supramolecular Polymers from Linear Telechelic Siloxanes with
Quadruple-Hydrogen-Bonded Units; Macromolecules 1999, 32, 2696. (c) van Beek, D. J. M.; Spiering, A. J.
H.; Peters, G. W. M.; te Nijenhuis, K.; Sijbesma, R. P.; Unidirectional Dimerization and Stacking of
Ureidopyrimidinone End Groups in Polycaprolactone Supramolecular Polymers; Macromolecules 2007,
40, 8464.

5 (a) Lillya, C. P.; Baker, R. J.; Hutte, S.; Winter, H. H.; Lin, Y. G.; Shi, J.; Dickinson, L. C.; Chien, J. C. W_;
Linear chain extension through associative termini; Macromolecules 1992, 25, 2076. (b) Muller, M.; Dardin,
A.; Seidel, U.; Balsamo, V.; Ivan, B.; Spiess, H. W.; Stadler, R.; Junction Dynamics in Telechelic Hydrogen
Bonded Polyisobutylene Networks; Macromolecules 1996, 29, 2577. (c) Colombani, O.; Barioz, C.; Bouteiller,
L.; Chanéac, C.; Fompérie, L.; Lortie, F.; Montés, H.; Attempt toward 1D Cross-Linked Thermoplastic
Elastomers: Structure and Mechanical Properties of a New System; Macromolecules 2005, 38, 1752. (d)
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Figure IV.2. From reference 12f: (A) schematic overview of the relation between supramolecular polymers,
thermoplastic elastomer (TPE), and supramolecular TPEs; (B) cartoon of UPy aggregation in UPy-functionalized
siloxane materials: (a) rod-like or (b) spherical.
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Figure IV.3. From ref. 13a: (A) schematic representation of (a) a linear supramolecular polymer and (b) the use
of phase segregation to construct a supramolecular network in the solid state; (B) pictures of the films formed.

Cluster of stickers have sometimes been evidenced in the literature by a broad peak in
the small angle X-ray scattering (SAXS) pattern, attributed to the microphase separation
between the stickers and the spacers (Figure 1V.4).
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Figure IV .4. Supramolecular polymers’ SAXS patterns of (A) polybutadienes bearing urazoylbenzoic acid
groups from reference 14a; (B) bis-urea functional PDMS and model bis-urea from reference 15c.

Dankers, P. Y. W.; Zhang, Z.; Wisse, E.; Grijpma, D. W.; Sijbesma, R. P.; Feijen, J.; Meijer, E. W_;
Oligo(trimethylene carbonate)-Based Supramolecular Biomaterials; Macromolecules 2006, 39, 8763. (e)
van Beek, D. J. M.; Gillissen, M. A. J.; van As, B. A. C.; Palmans, A. R. A.; Sijbesma, R. P.; Supramolecular
Copolyesters with Tunable Properties; Macromolecules 2007, 40, 6340. (f) Wietor, J.-L.; van Beek, D. J. M.;
Peters, G. W.; Mendes, E.; Sijbesma, R. P.; Effects of Branching and Crystallization on Rheology of
Polycaprolactone Supramolecular Polymers with Ureidopyrimidinone End Groups; Macromolecules 2011,
44, 1211.

150



Chapter IV. Order and disorder in bulk supramolecular polymers

(iii) Nonordered vs ordered microphase separation

The microphase segregation phenomenon can manifest either as a 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 triblock copolymer with
the two outer blocks containing only one monomer. Cylindrical morphology has been
reported for triblock copolymers with outer blocks containing nucleobase functionalities by
Long'® or oligonucleotides 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) morphology of polyisobutylene monofunctionalized with diaminotriazine. 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 polymer, polyisobutylene difunctionalized with diaminotriazine."!

Different scenarios of disorder-order transition (DOT) from a homogeneous melt to an
organized mesophase can be envisaged for main-chain supramolecular polymers (Figure
IV.5). 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 IV.5A and B) or long-range order, i.e. crystallization (Figure IV.5C). 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
IV.5D). The existence of such a peak does not imply local phase separation or clustering, but

results from correlation hole effect (see part e).

16 Mather, B. D.; Baker, M. B.; Beyer, F. L.; Berg, M. A. G.; Green, M. D.; Long, T. E.; Supramolecular
Triblock Copolymers Containing Complementary Nucleobase Molecular Recognition; Macromolecules
2007, 40, 6834.

17 Noro, A.: Nagata, Y.; Tsukamoto, M.; Hayakawa, Y.; Takano, A.; Matsushita, Y.; Novel Synthesis and

Characterization of Bioconjugate Block Copolymers Having Oligonucleotides; Biomacromolecules 2005, 6,
2328.
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Figure IV.5. Possible scenarios for ODT 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).

b. Supramolecular polymers used in this study: Thy-PPO-X-Thy 3a-
b, Thy;-PPO-X 13a-b, and Thy-PPO/PEO-X 17a-b

The supramolecular polymers used in this study consist of low glass transition
temperature (7,), low-molecular-weight (between 400 and 3000 g.mol™) and noncrystalline
poly(propylene oxide) (PPO) oligomers functionalized on each end with thymine groups.
They are denoted as Thy-PPO-X-Thy 3a-b (a: X = 2200, b: X = 460) for the linear
difunctional (Chart IV.1a) and Thys;-PPO-X 13a (a: X = 3000) for the 3-armed branched
trifunctionalized (Chart IV.1b), where X is the molecular weight (in g/mol) of the PPO spacer.
The monofunctional Thy-PPO/PEO-X 17a-b (a: X = 2000, b: X = 600) is also studied (Chart
IV.1c). They were synthesized via amidation of monoamine, diamine or triamine telechelic

PPO with thymine-1-acetic acid (see Chapter II).

Thymine stickers can associate with one another through two hydrogen bonds (Chart
IV.1d). Thymine dimerization is quite weak, as evidenced by its low thermodynamic
association constant (Kthy-thy = 4.3 M'l, as determined by 'H NMR in CDC13).49 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

PPO chain is hydrophobic, thymine is polar. Besides, thymine derivatives readily crystallize.'®

'8 Borowiak, T.; Dutkiewicz, G.; Spychaia, J.; Supramolecular motifs in 1-(2-cyanoethyl)thymine and 1-(3-
cyanopropylthymine; Acta Crystallo. C 2007, 63, 201.
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Chart IV.1. (a) Thy-PPO-X-Thy 3a-b, (b) Thy;-PPO-3000 13a (R=H,n=0, x +y + z=50), (c) Thy-
PPO/PEO-X 17a-b (R = H for EO or CH; for PO; a: X = 2000 and 90 PO for 10 EO; b: X= 600 and 83 PO for
17 EO), and (d) Thy self-association.

Therefore, three different phenomena concur and compete in the bulk: hydrogen
bonding, microphase 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 3a-b, Thy;-PPO-3000 13a,
and Thy-PPO/PEO-X 17a-b compounds were investigated by structural (polarized optical
microscopy, X-ray scattering, Fourier transformed infrared [FTIR] spectroscopy), thermal
(differential scanning calorimetry [DSC]) and rheological characterizations. X-ray scattering
were performed at the SOLEIL Synchrotron source in France with the beamline SWING

enabling simultaneous small-angle and wide-angle X-ray scattering measurements.
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Chapter IV. Order and disorder in bulk supramolecular polymers
c. Two thermal transitions: glass transition and melting
(i) Thermal transitions on DSC
Thy-PPO-X-Thy 3a-b, Thy;-PPO-3000 13a and Thy-PPO/PEO-600 17b display on

DSC (Figure 1V.6, Figure IV.8) a glass transition step, an exotherm reminiscent of

crystallization, and an endotherm reminiscent of melting.

0.8
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Figure IV.6. DSC at 10°C/min (exo down) of (a) Thy-PPO-2200-Thy 3a and (b) Thy-PPO-460-Thy 3b.

After a heating cycle, Thy-PPO-2200-Thy 3a (Figure IV.6a) crystallizes during the
cooling cycle at 10°C/min, while Thy-PPO-460-Thy 3b (Figure IV.6b) only crystallizes
during the next heating cycle (cold crystallization), revealing that its crystallization is a slower
process than that of Thy-PPO-2200-Thy 3a. Indeed, the 7, of Thy-PPO-460-Thy 3b is much
higher than that of Thy-PPO-2200-Thy 3a. So, at the same temperature Thy-PPO-2200-Thy
3a has a higher mobility than Thy-PPO-460-Thy 3b.

If the materials are given time to anneal at temperatures below the melting temperature
(Tm = 67°C for Thy-PPO-2200-Thy 3a and 7},, = 109°C for Thy-PPO-460-Thy 3b) but above
the crystallization temperature, the extent of crystallization increases, as reflected by the
enthalpy of fusion (AHy) increase. In fact, AHr increases dramatically for Thy-PPO-460-Thy
3b (from 9 to 33 J/g), but only slightly for Thy-PPO-2200-Thy 3a (from 15 to 18 J/g) upon
annealing. Moreover, if the cooling cycle is done at a lower rate (0.7°C/min), then Thy-PPO-

460-Thy 3b crystallizes during that cooling cycle (Figure IV.7).
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Figure IV.7. DSC at 0.7°C/min (exo down) of Thy-PPO-460-Thy 3b.

Like Thy-PPO-2200-Thy 3a, Thy-PPO/PEO-600 17b (Figure IV.8b) has a low T, and
thus crystallizes during the cooling cycle at 10°C/min. Thys;-PPO-3000 13a’s 7, is a little
higher, so it only partially crystallizes during the cooling cycle and continues to crystallize

during the next heating cycle (Figure 1V.8a).
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Figure IV.8. DSC at 10°C/min (exo down) of (a) Thy;-PPO-3000 13a and (b) Thy-PPO/PEO-600 17b.

(i) Thermal transitions on IR spectroscopy and polarized optical

microscopy

The thermal transitions detected on DSC, T, and crystallization, can also be evidenced
by temperature-dependent FTIR spectroscopy (see Chapter V for T,). Moreover,
crystallization and melting can be observed by temperature-dependent polarized optical

microscopy. Indeed, polarized optical microscopy images of these materials at 25°C (Figure
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IV.9) show bright spherulite-like spots with a Maltese cross extinction along the polarization
axes of the crossed polarizer and analyzer, characteristic of anisotropy. However, as the
temperature increases above the melting temperature determined by DSC (Ty,), the images

become totally black, indicating isotropic phases.

Figure IV.9. Polarized optical microscopy at 25°C of (A) Thy-PPO-460-Thy 3b, (B, C) Thy-PPO-2200-Thy 3a.

d. Order at low temperatures

(i) Crystalline order

X-ray scattering spectra at 30°C of Thy-PPO-2200-Thy 3a (Figure IV.11A and C) and
Thy-PPO-460-Thy 3b (Figure IV.10) show a broad band between ¢ = 0.6 A (corresponding
to d=10.5 A) and g = 2.4 A" (d = 2.6 A) characteristic of nearest neighbors correlation in
amorphous phases. Sharp peaks characteristic of crystallinity are surimposed on this broad

halo. These results indicate that Thy-PPO-X-Thy 3a-b are semicrystalline.

The sharp peaks corresponding to d spacing of 4.0, 4.8, and 11.9 A are common to
Thy-PPO-460-Thy 3b and Thy-PPO-2200-Thy 3a. 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 are amorphous and thymine is crystalline,
and with the fact that the value of the enthalpy of fusion AH;of annealed Thy-PPO-460-Thy
3b is much greater than that of annealed Thy-PPO-2200-Thy 3a (33 J/g compared to 18 J/g).

1 Shimizu, T.; Iwaura, R.; Masuda, M.; Hanada, T., Yase, K.; Internucleobase-Interaction-Directed Self-
Assembly of Nanofibers from Homo- and Heteroditopic 1,w-Nucleobase Bolaamphiphiles; J. Am. Chem.
Soc. 2001, 123, 5947.
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Indeed, the percentage of thymine moieties is much higher in Thy-PPO-460-Thy 3b than in

Thy-PPO-2200-Thy 3a.
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Figure IV.10. X-ray scattering of Thy-PPO-460-Thy 3b at room temperature
(a) before annealing and (b) after annealing.
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Figure IV.11. X-ray scattering of Thy-PPO-2200-Thy 3a at 30°C (A), 110°C (B); enlargement of the small ¢
range at 30°C and 110°C (C) and around the ODT (7opr = 85°C) (D).
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(i) Long-range order

In addition to the crystalline order, long-range ordering is also found for Thy-PPO-X-
Thy 3a-b. Thy-PPO-2200-Thy 3a reveals peaks corresponding to 60 A (¢), 30 A (2¢), 20 A
(39), and 15 A (4q), that are consistent with a lamellar order of spacing d = 60 A (Figure
IV.11A and C). This value of lamellar spacing (60-61 A) is comparable to the one observed in
layered silicates intercalated with telechelic diamine PPO of the same molecular weight.*’
Annealed Thy-PPO-460-Thy 3b (Figure IV.10b) displays peaks corresponding to 27.7 A (g)
and 13.3 A (2¢) clearly defined, as well as 8.6 A (3g), 6.7 A (4g), 5.3 A (5¢), and 3.4 A (8¢)
less defined. The regular spacing is consistent with a lamellar order of spacing d = 27.7 A.
Without annealing, 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 3b increases from 20.6 to 27.7 A after
annealing at 100°C (Figure IV.10).

(iii) PPO chain extension from the disordered to the lamellar state

The ratio L/ry of the average end-to-end length L of PPO in the ordered lamellar state
versus the end-to-end distance 7y in the disordered melt is approximately 60 / 50 = 1.2 for

Thy-PPO-2200-Thy 3a and 27.7 / 22.4 = 1.2 for Thy-PPO-460-Thy 3b.

The volume V of one PPO chain can be estimated from the PPO density and molecular
weight to be 3.7%10%” m’ for Thy-PPO-2200-Thy 3a and 7.6*10* m’ for Thy-PPO-460-Thy
3b. The PPO chain extension required to accommodate the lamellar morphology is
determined by the crystal packing of the 2D crystallized thymine plane. Assuming
incompressibility of the system, the volume V" of one PPO chain is then equal to L*2, where X
is the area of the thymine plane occupied by one chain. This area is related to the distance d
between two crystallized thymines by d = VX = \(V/L). The estimations obtained for VX (7.9
A for Thy-PPO-2200-Thy 3a and 5.2 A for Thy-PPO-460-Thy 3b) are compatible with

distances between two thymines in the crystallized state.

2 Lin, J.-J; Cheng, 1.-J.; Wang, R., Lee, R.-J.;Tailoring Basal Spacings of Montmorillonite by
Poly(oxyalkylene)diamine Intercalation; Macromolecules 2001, 34, 8832.
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(iv) Two distinct orders

To conclude, under 7, Thy-PPO-X-Thy 3a-b 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 IV.5C). 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.

Moreover, Thy-PPO/PEO-X 17a-b, Thy;-PPO-3000 13a and Thy-PPO-4000-Thy 3d
also seem to exhibit this crystallinity and long-range lamellar structure, showing nanophase
separation between crystallized thymine planes and amorphous PPO layers (Figure V.12,
Figure IV.13, Figure IV.14).

(b)
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Figure IV.12. X-ray scattering at 25°C of (a, b) Thy-PPO/PEO-2000 17a.

For the monofunctionals Thy-PPO/PEO-X 17a-b the lamellar spacings correspond to
double layers of molecules (Figure IV.12a,b and Figure IV.13a). For the trifunctional Thys;-
PPO-3000 13a (Figure IV.13b) the third arm does not seem affect ordering and crystallization
of the thymines. For the difunctional Thy-PPO-4000-Thy 3d (Figure 1V.14) the lamellar
order is not very long-range since only two reflections are visible, and the crystallinity peak is
also weak. The decreased percentage of Thy in this last compound can be held responsible of

the ill-definition of the orders.
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Figure IV.13. X-ray scattering at 25°C of (a) Thy-PPO/PEO-600 17b and (b) Thy;-PPO-3000 13a.
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Figure 1V.14. X-ray scattering at 25°C of (a,b) Thy-PPO-4000-Thy 3d.

e. Disorder at high temperatures
(i) Low-intensity peak

At higher temperature, above Ty, in addition to the nearest neighbors correlation halo,
a peak that scales with the chain length is observed on the X-ray scattering spectra of Thy-
PPO-2200-Thy 3a (Figure IV.11B and D, Figure IV.15a) and Thy-PPO-460-Thy 3b (Figure
IV.15b). This peak is clearly not a sign of a long-range correlated nanostructure, since it is
broad and there are no higher order reflections. However, it could still be argued that it
reflects a short-range fluctuating nanoscale segregation, i.e. it indicates microphase

separation.
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Figure IV.15. X-ray Scattering above ODT of (a) Thy-PPO-2200-Thy 3a (7opr = 85°C) and
(b) Thy-PPO-460-Thy 3b (Topr = 105°C).

(ii) Correlation hole effect

222122 -
2527 gt reflects

Yet, we interpret this peak as resulting from the correlation hole effect:
the typical distance between strong scattering polar stickers separated by the PPO chain,
hence the chain length scaling, but it does not necessarily 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.

The correlation hole effect was first explained by De Gennes.” Let’s follow his
demonstration. First, we consider the simple case of chains of end-to-end radius R, each
labeled at one end (for instance by a deuterated monomer for neutron scattering). The origin is
fixed as one such labeled unit (the labels are point-like), and we look at the distribution S;;(r)

of labeled ends at a distance » from the origin (Figure IV.16a).

For r between 0 and Ry, S;1(7) is lower than S};(«). Indeed, we have fixed one label at
the origin, so there is one chain of radius R, near the origin. As a result of the repulsion of the
polymer coils (which ensures the incompressibility of the system), the probability of finding

other chains inside the sphere of radius (approximately) R, around the origin is reduced, so

*l Bates, F. S.; Measurement of the correlation hole in homogeneous block copolymer melts;
Macromolecules 1985, 18, 525.

2 Huh, J.; Ikkala, O.; ten Brinke, G.; Correlation Hole Effect in Comblike Copolymer Systems Obtained by
Hydrogen Bonding between Homopolymers and End-Functionalized Oligomers; Macromolecules 1997, 30,

1828.

 de Gennes, P.-G.; Scaling Concepts in Polymer Physics; Cornell University Press: Ithaca, New York, 1979.
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the density of other labels is also reduced. Therefore, S;;(r) has a correlation hole between
zero and Ry. Experimentally, it is the scattering intensity that is measured, which is
proportional to the Fourier transform of S;,(7), that is to say the correlation function S;1(g)

(Figure IV.16b).
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Figure IV.16. For chains labeled at one end, from ref 23: (a) distribution S};(r) of labeled ends at distance  from
the origin, with a delta function at the origin (self-correlation), a constant value equal to the average density of
labels in the melt at high 7, and a correlation hole between 0 and Ry, and (b) correlation function S},(g).

Now, we consider the case where the chains are labeled by a segment instead of a
point (for instance by a deuterated block for neutron scattering), with the segment length Np
(number of monomers in the D segment) much smaller than the total length of the chain N

(total number of monomers).

In the low ¢ region (¢ << Rp' with Rp the natural size of the labeled segment Rp =
aNp with a the monomer size), the D segment can be considered point-like and the scattering
intensity /(g) is directly proportional to the correlation function S;,(g) from Figure IV.16b. In
the high q region, interference between different D segments can be neglected and the
intensity is that of a single chain of Np monomers. Therefore, I(q) shows a broad peak

between R, and Rp' (Figure IV.17), without any segregation effect considered.
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Figure IV.17. Qualitative plot of scattering intensity versus scattering wave vector in a neutron experiment using
a melt of polymer chains, each chain being deuterated in one portion of its length as shown, from ref 23.
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So, to sum up, the mean-field theory developed by de Gennes> and Leibler™ predicts
a maximum for gR ~ 1 in the scattering intensity of block copolymers’ disordered state (with
q the scattering vector and R the radius of gyration). The existence of this maximum does not
result from segregation between the blocks. It results from the correlation hole effect and has
been experimentally demonstrated by Bates for diblock copolymers.”’ Triblock copolymers
also show a bump resulting from the correlation hole effect on their small-angle scattering
spectra, even when there is no phase segregation effect (for instance, on Figure IV.18 for a
triblock copolymer comprised of a central deuterated polystyrene block and two outer

hydrogenated polystyrene blocks).

L i 1
° ons [Q 9 )

Figure IV.18. Small-angle scattering of neutrons by a melt of triblock copolymers polystyrene H - polystyrene
D - polystyrene H (where H stands for hydrogenated and D for deuterated), from ref 23.

So far, we have been focused on the case of neutron scattering, where labelling can be
done with minimum modification of the system by deuteration. For X-ray scattering, labelling
can be done by heavy atoms, but complications can arise if there are specific associations
between them. Following another De Gennes paper,”* we consider the X-ray scattering
intensity of chains carrying a single heavy atom (noted X) at one end (case A, Figure IV.19a)
or at both ends (case B, Figure IV.19b). We neglect any specific associations between the
atoms X. For the case A we must take into account the individual scattering of the X atoms
and the correlation hole effect around one X atom (due to the repulsion between the chains),
while for case B we must take into consideration the individual scattering, the correlation hole
effect, and the direct correlation between two X atoms belonging to the same chain. Indeed,
from an atom X, the probability of finding another atom X at a distance corresponding to the

chain size is higher, because two X atoms are connected by the chain. However as can be seen

# de Gennes, P. G.; Theory of X-ray scattering by liquid macromolecules with heavy atom labels; J. Phys.
1970, 31, 235.
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on Figure IV.19b, the correlation hole effect predominates the direct correlation between two

X atoms of the same chain.
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Figure IV.19. Calculated (formulas from ref 24) X-ray scattering intensity for: (a) chains carrying a single heavy
atom X at one end (case A) and (b) chains carrying a single heavy atom X at both ends (case B),
with an end-to-end mean radius Ry, =37 A, from ref 23.

If we now consider, like we did before, chains labeled by segments of heavy atoms
instead of points, we find again that the scattering intensity /(¢) shows a broad peak around

R without any segregation effect considered.
(iii) Importance of synchrotron radiation

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 radiation (Figure IV.20). This underlines the necessity of SOLEIL’s short

acquisition time to follow the structure evolution with temperature.
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Figure IV.20. X-ray scattering of 50/50-M-2200 4a with (a) SOLEIL synchrotron radiation (acquisition
time = 1 s) and (b) sealed tube X-ray generator radiation (acquisition time = 14 h).
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(iv) Correlation hole effect modelization

Comparison with a simple model® of the correlation hole peaks in corresponding
block copolymers seems to further support this interpretation of peaks resulting from the

correlation hole effect (Figure IV.21).

The theory developed in reference 2 predicts a maximum in the correlation function
S(q) of the disordered state, which is proportional to the scattering intensity.”> Even though
this theory was developed for non-associating diblock copolymers, it can be applied by
virtually cutting the molecule in half, as a first approximation for our pseudo-triblock
copolymers and associated species. This first approximation allows a relatively good fitting of
the shape and position of the experimental peak, for both Thy-PPO-460-Thy 3b and Thy-
PPO-2200-Thy 3a, using reasonable molecular parameters. The intensity is renormalized to fit

the experimental curve.

The visibility of the correlation hole peak depends on the contrast between the spacer
and the stickers. The contrast between the PPO chain and the stickers is quite high, since the
sticker electron density is 20% higher than the PPO electron density. Still, the correlation hole

intensity is very low, lower than the nearest neighbors’ correlation halo intensity.
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Figure IV.21. Correlation hole modelization of (a) Thy-PPO-460-Thy 3b at 155°C and (b) Thy-PPO-2200-Thy
3a at 90°C. Parameters: PPO monomer size: a = 3.6 A, Thymine size: dryy = 3 A;
for X = 460: fraction: frny = 0.233, number of PPO monomer unit n = 6.6, C,, = 4.7 for PPO chain, yN, = 1;
for X'=2200: fr,y = 0.048, n =40, C,, = 7.4, yN, = 15.
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f. Order-Disorder Transition

(i) Order-disorder transition

Consequently, Thy-PPO-X-Thy 3a-b are in a disordered state above T1,. The transition
at T, is then an ODT that takes place in just a few degrees as evidenced by the dramatic
evolution of the X-ray scattering spectra in the small ¢ range during an heating ramp at 10°C
per minute (Figure IV.11D, Scheme IV.1). The slight shift in temperature compared to the

DSC Ty, is related to the set-up and thermoinertia resulting from the ramp.
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disorder

Scheme IV.1. ODT: lamellar and crystalline order under Topr, disorder above Topr.

(i) Thymine crystallization and lamellar organization seem to

disappear and reappear together

Temperature-dependent X-ray scattering measurements of Thy-PPO-X-Thy 3a-b
(Figure 1V.22, Figure IV.23) show that the two orders, crystalline and lamellar, disappear
together on heating around the DSC melting temperature 7},,. The transition is reversible upon
cooling, with the two orders also reappearing together. 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 localized in the lamellar planes not because the
melt morphology was retained during crystallization but because of crystallization-driven

. . 25
microphase segregation.

3 (a) Xu, J.-T.; Turner, S. C.; Fairclough, J. P. A.; Mai, S.-M.; Ryan, A. J.; Chaibundit, C.; Booth, C.;
Morphological Confinement on Crystallization in Blends of Poly(oxyethylene-block-oxybutylene) and
Poly(oxybutylene); Macromolecules 2002, 35, 3614. (b) Rangarajan, P.; Register, R. A.; Adamson, D. H.;
Fetters, L. J.; Bras, W.; Naylor, S.; Ryan, A. J.; Dynamics of Structure Formation in Crystallizable Block
Copolymers; Macromolecules 1995, 28, 1422.
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Figure IV.22. X-ray Scattering around ODT during heating of (a) Thy-PPO-2200-Thy 3a (Topr = 85°C)
and (b) Thy-PPO-460-Thy 3b (Topr = 105°C).
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Figure IV.23. X-ray scattering of Thy-PPO-2200-Thy 3a (a) at different temperatures during heating and
(b) isothermal at 18°C after temperature jump from 100°C.

(iii) Impact on rheological and mechanical properties

This image of ODT is nicely confirmed by the rheological study and supports an

2627 Indeed, the frequency sweep of Thy-PPO-

analogy with crystallizable block copolymers.
2200-Thy 3a above 70°C, in the molten disordered state, is characteristic of a viscous fluid in
the terminal flow regime (Figure 1V.24a). However, a transition from viscous flow to elastic
behavior is observed in a few minutes after a temperature jump from 70°C to 60°C (Figure
IV.24a, Figure IV.25). At 60°C, under Topt = 67°C, the storage modulus G° becomes higher

than the loss modulus G”’. The transition is reversible upon heating. The same behavior is

% Hamley, I.; Crystallization in Block Copolymers; Adv. Polym. Sci. 1999, 148, 113.

27 Deplace, F.; Wang, Z.; Lynd, N. A.; Hotta, A.; Rose, J. M.; Hustad, P. D.; Tian, J.; Ohtaki, H.; Coates, G. W.;
Shimizu, F.; Hirokane, K.; Yamada, F.; Shin, Y.-W.; Rong, L.; Zhu, J.; Toki, S.; Hsiao, B. S.; Fredrickson, G.
H.; Kramer, E. J.; Processing-structure-mechanical property relationships of semicrystalline polyolefin-
based block copolymers; J. Polym. Sci. B: Polym. Phys. 2010, 48, 1428.
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observed Thy-PPO-460-Thy 3b on temperature sweeps (Figure IV.24b). These results suggest
that crystalline planes of thymine act as physical cross-links, causing rheological behavior

typical of a thermoplastic elastomer.
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Figure IV.24. (a) Frequency sweep of Thy-PPO-2200-Thy 3a at 60°C (elastic solid) and 70°C (viscous fluid),
(b) Temperature sweep of Thy-PPO-460-Thy 3b at 0.7°C/min, from 130°C to 50°C.

— 10° . . ;

— 10°4 4 Storage Modulus G' ]
O +«] © Loss Modulus G"
2 703 e 1 10 E
(O] © 103 ]
E = 10° :
m -
© O 19’ ]
CE)' 60 - 6 100 ]
(O} (A) 101 ]
l_ T T T T T T T T T 10-2 : T =1 - l T T T

0 5 10 15 20 0 5 10 15 20

Time (min) Time (min)

Figure IV.25. Rheology of Thy-PPO-2200-Thy 3a 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.

(b)

Figure IV.26. Picture of Thy-PPO-2200-Thy 3a (a) above Topr and (b) below Topr.
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As a result, these materials are solid below Topr (Figure IV.26b), even above their
glass transition temperature (7, = 24°C for X = 460, -62°C for X = 2200). At Topr, a transition
to a disordered state occurs and these materials become liquid (Figure 1V.26a). Dynamic
mechanical analysis (DMA) and tensile tests of Thy-PPO-2200-Thy 3a confirm these
observations (Figure IV.27).
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Figure IV.27. (a) Dynamic Mechanical Analysis (DMA) and (b) tensile test at 25°C and 2mm/min,
of Thy-PPO-2200-Thy 3a.

g. Conclusion and perspectives

(i) Summary

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 spacers and
polar stickers, as well as dimerization of the stickers by hydrogen bonding and their 2D-
crystallization. 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 a homogeneous

state correlation hole peak.
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(i) Why is Thy-PPO-250-Thy 3c different ?

Thy-PPO-250-Thy 3¢ is not ordered at room temperature like Thy-PPO-460-Thy 3b
and Thy-PPO-2200-Thy 3a (Figure IV.28a). Moreover, this compound does not display on
DSC, up to 300°C, any exotherm reminiscent of crystallization or any endotherm reminiscent
of melting; only a glass transition step is visible on Figure IV.28b. That glass transition
temperature (7,) is quite high (around 100°C), which explains why Thy-PPO-250-Thy 3¢
does not organize at room temperature. However, annealing above the 7, (at 120, 140 and 160

°C) still does not allow Thy-PPO-250-Thy 3¢ to crystallize and to microphase separate.
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Figure IV.28. (a) X-ray scattering at 25°C and (b) DSC at 10°C/min after annealing at 160°C (exo down),
of Thy-PPO-250-Thy 3c.
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Figure IV.29. DSC at 10°C/min (exo down) of (a) Thy-PPO-2200-Thy 3a and (b) Thy-PPO-2200-Thy 3a
containing impurities (thymine-1-acetic acid).

Possible explanations are that crystallization is hindered in Thy-PPO-250-Thy 3¢

because the chain is too short to allow the thymines to position themselves for crystallization
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and/or because of the presence of impurities. Indeed, if free (ungrafted) thymine is present in
Thy-PPO-2200-Thy 3a, the crystallization no longer happens during the cooling cycle, but
during the next heating cycle, illustrating that impurities slow down the crystallization process

(Figure 1V.30).

(iif) Can long-range order and ODT be observed in a telechelic

supramolecular polymer with no crystallization ?

Finally, whether the long-range order and ODT can be observed in a main-chain
supramolecular polymer with no crystallization remains an open question. As the temperature
is decreased, Thy-PPO-X-Thy 3a-b go directly from the disordered state to a lamellar
structure because of thymine crystallization. However, it should be possible to obtain BCC,
lamellar or cylindrical morphologies in main-chain telechelic supramolecular polymers with
no crystallization and very high y (i.e. very low affinity) between the stickers and the spacers
(Figure IV.5). Development of models taking into account dispersion forces as well as
directional associations® should pave the way to better control of supramolecular polymers

organization and properties.
(iv) Application to nanolithography ?

Block copolymers are considered to be the future of nanolitography. Indeed, block
copolymers with a cleavable block may be used to manufacture regular nano-patterns.
However, to obtain the wanted size features, below 10 nm, short chains are needed, but phase
separation is usually not as efficient for short chains, except if the incompatibility is very
high, but then difficulties of synthesis arise. If something related to our system could be
applied to this, its size features might be smaller (6 nm for Thy-PPO-2200-Thy 3a and 2 to 3
nm for Thy-PPO-460-Thy 3b) than anything done today. A challenge that would need to be
addressed for the application to nanolithography concerns the alignment, which needs to be of
very long-range order and perpendicular to the surface. Magnetic field alignment™ or solvent

alignment may be used.

% Hoy, R. S.; Fredrickson, G. H.; Thermoreversible associating polymer networks. I. Interplay of
thermodynamics, chemical kinetics, and polymer physics; J. Chem. Phys. 2009, 131, 224902.

» Majewski, P. W.; Gopinadhan, M.; Osuji, C. O.; Magnetic field alignment of block copolymers and

polymer nanocomposites: Scalable microstructure control in functional soft materials; J. Polym. Sci. B:
Polym. Phys. 2012, 50, 2.
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2. Disorder in supramolecular polymers

In this part, we study supramolecular polymers which, contrary to Thy-PPO-X-Thy
3a-b, do not exhibit long-range order and do not crystallize. This part was partially published

in reference 42.

(i) Supramolecular polymers used in this study: glassy DAT-PPO-
X-DAT 2a-b

The supramolecular polymers used in this study consist of low glass transition
temperature (7)), low-molecular-weight and noncrystalline poly(propylene oxide) (PPO)
oligomers functionalized on each end with diaminotriazine (DAT) groups (Chart IV.2a). They
are denoted as DAT-PPO-X-DAT 2a-b (a: X = 2200, b: X = 460), where X is the molecular
weight (in g/mol) of the PPO spacer. Their synthesis is described in Chapter II.

HZN%N (@) NH; R N--HN
N, H—NH {JVO{\/L N=( N 7N
V=N jﬂo = ONH— N NH,-----N° H—R
H2N N4<NH H,N
2 2

Chart IV.2. (a) DAT-PPO-X-DAT 2a-b and (b) DAT self-association.

Like Thy, DAT is a very polar group that can weakly self-associate through two
hydrogen bonds (Chart IV.2b, Kpat.par = 2.2 M versus Krhy-thy = 4.3 M'], as determined by
'H NMR spectroscopy in CDCls).* In contrast, the PPO chain is much less polar. However,
unlike Thy derivatives that readily crystallize, DAT derivatives are known for their tendency
to form glasses instead of crystallizing. Indeed, they form hydrogen-bonded aggregates that

30,31

pack poorly because of their multiple nonequivalent hydrogen-bonding sites. Therefore,

the DAT-PPO-X-DAT 2a-b behaviors differ from that of Thy-PPO-X-Thy 3a-b.

3 Wang, R.; Pellerin, C.; Lebel, O.; Role of hydrogen bonding in the formation of glasses by small
molecules: a triazine case study; J. Mater. Chem. 2009, 19, 2747-2753.

3 Plante, A.; Mauran, D.; Carvalho, S. P.; Pagé, J. Y. S. D.; Pellerin, C.; Lebel, O.; Tg and Rheological

Properties of Triazine-Based Molecular Glasses: Incriminating Evidence Against Hydrogen Bonds; J.
Phys. Chem. B 2009, 113, 14884.
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(i) DAT-PPO-X-DAT 2a-b are not crystalline and not ordered

Indeed, unlike Thy-PPO-X-Thy 3a-b, DAT-PPO-X-DAT 2a-b show no ordering,
neither crystalline nor lamellar. Indeed, they display only a glass transition step in DSC
(Figure IV.30) and show no birefringence in polarized optical microscopy images. Their X-
ray scattering spectra at 25°C (Figure IV.31 and Figure 1V.32) are composed of a broad band
between 11 and 2 A characteristic of nearest-neighbor’ correlations in amorphous phases.
This broad halo does not contain any sharp peaks characteristic of crystallinity. These results

indicate that DAT-PPO-X-DAT 2a-b are amorphous (noncrystalline). This confirms the

ability of DAT derivatives to form glasses because of their lack of efficient packing.**”
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Figure IV.30. DSC at 10°C/min (exo down) of (a) DAT-PPO-460-DAT 2b and (b) DAT-PPO-2200-DAT 2a.
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Figure IV.31. X-ray scattering spectra of DAT-PPO-460-DAT 2b at different temperatures.”

32 performed at the SOLEIL synchrotron source with the beamline SWING allowing simultaneous acquisition of
small-angle and wide-angle X-ray scattering (SAXS and WAXS).
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Figure IV.32. (a) SAXS and (b) WAXS spectra, of DAT-PPO-2200-DAT 2a at room temperature. >

(iii) DAT-PPO-X-DAT 2a-b are simple viscous liquids above T

The rheology of DAT-PPO-2200-DAT 2a from -10°C to 120°C (Figure 1V.33a) is
characteristic of a viscous fluid in the terminal flow regime, with a complex viscosity that is
independent of the angular frequency @, a loss modulus G’’ that is higher than the storage

modulus G*, G*’(w) ~ w and G’(w) ~ &". The same behavior is observed for DAT-PPO-460-

DAT 2b from 40°C to 120°C (Figure IV.33b).
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Figure IV.33. Frequency sweeps at different temperatures, shifted according to time-temperature superposition
of (a) DAT-PPO-2200-DAT 2a and (b) DAT-PPO-460-DAT 2b.

3 Performed with a sealed tube X-ray generator radiation.
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(iv) Is DAT-PPO-X-DAT 2a-b uniformely distributed or

microphase-separated (with liquid clusters of DAT) ?

A low-intensity peak that scales with the chain length is also observed in the X-ray
spectra of DAT-PPO-X-DAT 2a-b (Figure IV.31 and Figure IV.32). We interpret this peak as
resulting from the correlation hole effect (see previous part for a detailed explanation).”*' If
this peak is indeed a result of the correlation hole effect, it reflects the typical distance
between the strongly scattering polar stickers separated by the PPO chain (resulting in the
chain length scaling) but does not indicate mesoscopic organization or microphase-separation
(clusters). In any case, since there are no harmonics to this peak, DAT-PPO-X-DAT 2a-b are

in a disordered state.

However, distinguishing between a “homogeneous” state with strong composition
fluctuations and a “microphase-separated” state with no long-range order, but with transient
clusters of stickers, is not trivial.** Some methods are developed in reference 34 but they are

hardly applicable here.

Besides, similar low-intensity and low-frequency peaks observed in the X-ray and
neutron scattering spectra of imidazolidium-based room-temperature ionic liquids have often
been experimentally interpreted as indicative of nanoscale segregation.”” Although this
hypothesis has not been disproved, it is also possible to explain this peak by simpler
consideration (namely by the intrinsic anisotropy of the cations resulting from the long
cationic alkyl tail, because the tails are the spacer between the strong scattering polar

groups).35

Moreover, Wunderlich and Chen reported that amphiphilic molecules may still show
some remnants of phase separation in the form of what they call “cybotactic domains” in the
isotropic state, which results in an X-ray reflection at low angle with spacing of 6 to 25 A
comparable to the length of the molecules. This means that even in the isotropic state the

amphiphilic molecules are not uniformly distributed.*

* Velankar, S.; Cooper, S. L.; Microphase Separation and Rheological Properties of Polyurethane Melts. 2.
Effect of Block Incompatibility on the Microstructure; Macromolecules 2000, 33, 382.

3 Annapureddy, H. V. R.; Kashyap, H. K.; De Biase, P. M.; Margulis, C. J.; What is the Origin of the Prepeak
in the X-ray Scattering of Imidazolium-Based Room-Temperature Ionic Liquids?; J. Phys. Chem. B 2010,
114, 16838-16846.

3¢ Chen, W.; Wunderlich, B.; Nanophase separation of small and large molecules; Macromol. Chem. Phys.

1999, 200, 283.
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Furthermore, X-ray measurements and computer simulation of common amphiphilic
liquids such as octan-1-ol show that besides the nearest-neighbor’ correlation halo there is a
peak below 0.5 A™'***7 Whether this peak carry relevant information about the structure has
been a source of extensive debate, although “perhaps much of the controversy is simply

semantics”.*

Indeed, the knots of the issue are questions of time-scale and length-scale. If clusters
form transiently, on very short length scale and time scale, is it fluctuations or nanophase-

segregation?

(v) Why is DAT-PPO-X-DAT 2a-b not ordered like Thy-PPO-X-Thy

3a-b ?

To understand why long-range ordering is found for Thy-PPO-X-Thy 3a-b but not for
DAT-PPO-X-DAT 2a-b, estimates of the Flory-Huggins interaction parameters (y) for
PPO/DAT (ypromat between 0.5 and 3.539) and PPO/Thy (yppo/rny between 3%% and 1139) can
be compared. y reflects the affinity between two molecules. It can be roughly estimated from
the Hildebrand solubility parameters determined by Fedor’s or Hansen’s method.***' PPO
appears to have a weaker affinity for Thy than for DAT, so the microphase segregation
driving force is stronger in Thy-PPO-X-Thy 3a-b than in DAT-PPO-X-DAT 2a-b. This could
explain why Thy-PPO-X-Thy 3a-b are ordered and DAT-PPO-X-DAT 2a-b are not.

However, the truly important explanation is that the crystallization driving force is not
present in DAT-PPO-X-DAT 2a-b as it is in Thy-PPO-X-Thy 2a-b. In addition, Thy
crystallization could be promoted by hydrogen bonding between the amide junctions, which

are present in Thy-PPO-X-Thy but absent in DAT-PPO-X-DAT.

" Morineau, D.; Alba-Simionesco, C.; Hydrogen-bond-induced clustering in the fragile glass-forming liquid
m-toluidine: Experiments and simulations; J. Chem. Phys. 1998, 109, 8494.

** determined by Hansen’s method.
39 determined by Fedor’s method.

40 Barton, Allan F.M.; Handbook of Solubility Parameters and Other Cohesion Parameters; CRC Press: Boca
Raton, FL, 1991.

1 Van Krevelen, D.W.; Properties of Polymers - Their Estimation and Correlation with Chemical Structure;
Elsevier: Amsterdam, 1976.
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3. Suppression of mesoscopic order by complementary

interactions in supramolecular polymers

In this part, we report that optimization of the directional interactions by strong
complementary associations can paradoxically suppress mesoscopic order in telechelic
supramolecular polymers with flexible spacers. This effect is due to modifications of the
stickers’ ability to crystallize and of the sticker-backbone dispersion forces. Consequently,
supramolecular polymers having the same backbone but self-complementary or
complementary stickers show very different mechanical behaviors (Figure IV.34). When the
stickers are weakly self-complementary and mesoscopic order is absent, the material is a
liquid (Figure 1V.34a). When the stickers are weakly self-complementary and mesoscopic
order is present, the material is a solid (Figure 1V.34b). When the stickers are strongly

complementary and mesoscopic order is absent, the material is a liquid (Figure 1V.34c).

(a) (b)

Figure IV.34. Pictures of: (a) a supramolecular polymer with weakly self-complementary stickers (DAT), DAT-
PPO-2200-DAT 2a, which is a liquid, (b) a supramolecular polymer with weakly self-complementary stickers
(Thy) and mesoscopic order, Thy-PPO-2200-Thy 3a, which is a solid, and (c) a supramolecular polymer with

strongly complementary stickers (Thy and DAT), 50/50-M-2200 4a (i.e., a stoichiometric mixture of Thy-PPO-
2200-Thy 3a and DAT-PPO-2200-DAT 2a), which is a liquid.

We also report that above the ODT temperature (7opr), where all of the
supramolecular polymers are disordered, their behavior is controlled by the directional
interactions. In that case, the viscosities of the supramolecular polymers depend on the

association constants.

This part was partially published in reference 42.*

2 Cortese, J.; Soulié-Ziakovic, C; Tencé-Girault, S.; Leibler, L.; Suppression of Mesoscopic Order by
Complementary Interactions in Supramolecular Polymers; J. Am. Chem. Soc. 2012, 134, 3671.
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a. Mesoscopic order and disorder in supramolecular polymers

(i) Supramolecular interactions often lead to ordering

Supramolecular interactions are employed to induce mesoscopic order by self-
assembly, as in crystals,” liquid crystals,"** bolaamphiphiles,”” or polymer-surfactant
systems.*® We described above the long-range order and ODT of a homoditopic telechelic
supramolecular polymer.' Homoditopic telechelic supramolecular polymers (A-spacer-A and
B-spacer-B) consist of bifunctional molecular units linked together through directional and
reversible noncovalent bonds (such as hydrogen bonds or n-n stacking) between the A and B
stickers.” In our system described in part 1 of this chapter (A = B = Thy),' the long-range
order was driven by dispersion forces between the stickers and the spacer, crystallization of

the stickers, and directional interactions between the stickers.
(i) Yet textbook supramolecular polymers are disordered

When only the directional interactions dictate their behavior, telechelic supramolecular
polymers [(A-spacer-A=B-spacer-B),] are disordered. They may display reversible polymer-
like properties in solution and in the bulk. Their viscosity increases with the average degree of
polymerization (DP = n), which increases with the thermodynamic association constant (Kxg)

of the A and B stickers.” For hydrogen-bonded supramolecular polymers, the viscosity

* (a) The Crystal as a Supramolecular Entity; Desiraju, G. R., Ed.; Persepectives in Supramolecular Chemistry
Vol. 2; Wiley: Chichester, England, 1996. (b) Cao, Y. W.; Chai, X. D.; Li, T. J.; Smith, J.; Li, D.; Self-
patterned H-bond supramolecular self-assembly; Chem. Commun. 1999, 1605. (c) Manzano, B. R.; Jalon, F.
A.; Soriano, M. L.; Rodriguez, A. M.; de la Hoz, A.; Sanchez-Migallon, A.; Multiple Hydrogen Bonds in the
Self-Assembly of Aminotriazine and Glutarimide. Decisive Role of the Triazine Substituents; Cryst.
Growth Des. 2008, 8, 1585.

* Brienne, M.-J.; Gabard, J.; Lehn, J.-M.; Stibor, I.; Macroscopic expression of molecular recognition.
Supramolecular liquid crystalline phases induced by association of complementary heterocyclic
components; J. Chem. Soc., Chem. Commun., 1989, 24, 1868.

* (a) Fuhrhop, J.-H. ; Wang, T.; Bolaamphiphiles; Chem. Rev. 2004, 104, 2901. (b) Iwaura, R.; lizawa, T.;
Minamikawa, H.; Ohnishi-Kameyama, M. ; Shimizu, T.; Diverse Morphologies of Self-Assemblies from
Homoditopic 1,18-Nucleotide-Appended Bolaamphiphiles: Effects of Nucleobases and Complementary
Oligonucleotides; Small 2010, 6, 1131.

46 (a) Ruokolainen, J.; Mékinen, R.; Torkkeli, M.; Makela, T.; Serimaa, R.; ten Brinke, G.: Ikkala, O.; Switching
Supramolecular Polymeric Materials with Multiple Length Scales; Science 1998, 280, 557. (b) Ikkala, O.;
ten Brinke, G.; Functional Materials Based on Self-Assembly of Polymeric Supramolecules; Science 2002,
295, 2407.
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decreases as the temperature increases because the hydrogen bonds are released and the

association lifetime decreases.’
(iii) But many supramolecular polymers are organized

However, incompatibility between the spacers and the stickers and crystallization of

11,12,13,14,15 12a,12i

the stickers can induce organization. Clusterization - with'*"® or without
crystallization of the stickers - as well as long-range order™'' have been evidenced in many
supramolecular polymers based on self-complementary associations (A = B). The
organization controls the mechanical properties: stickers domains act as physical cross-links,

. . . . 11,12,13,14,1
causing behavior typical of thermoplastic elastomers.''-'>!>!%1>

Organization has also been reported in supramolecular polymers based on
complementary®’ associations (A # B). Lehn, Rowan, and their coworkers obtained liquid
crystals from telechelic supramolecular polymers where A and B are two different stickers
that strongly associate with one another but weakly self-associate.*® Liquid crystallinity was

obtained in part because the spacers used were rigid.

b. Suppression of mesoscopic order by complementary interactions

in supramolecular polymers

(i) Supramolecular polymers used in this study: #/(100-¢)-M-X

The supramolecular polymers used in this study are based on noncrystalline and low-

molecular-weight poly(propylene oxide) (PPO) chains functionalized on both ends with

47 Park, T.; Zimmerman, S. C.; Formation of a Miscible Supramolecular Polymer Blend through Self-
Assembly Mediated by a Quadruply Hydrogen-Bonde Heterocomplex; J. Am. Chem. Soc. 2006, 128, 11582.

48 (a) Fouquey, C.; Lehn, J.-M.; Levelut, A.-M.; Molecular recognition directed self-assembly of
supramolecular liquid crystalline polymers from complementary chiral components; Adv. Mater. 1990, 2,
254. (b) Kotera, M.; Lehn, J.-M.; Vigneron, J.-P.; Self-assembled Supramolecular Rigid Rods; J. Chem. Soc.,
1994, 2, 197-199. (c¢) Gulik-Krzywicki, T.; Fouquey, C.; Lehn, J.-M.; Electron microscopic study of
supramolecular liquid crystalline polymers formed by molecular-recognition-directed self-assembly from
complementary chiral components; Proc. Natl. Acad. Sci. U.S.4. 1993, 90, 163. (d) Sivakova, S.; Rowan, S.
J.; Fluorescent supramolecular liquid crystalline polymers from nucleobase-terminated monomers; Chem.
Commun. 2003, 19, 2428. (e) Sivakova, S.; Wu, J.; Campo, C. J.; Mather, P. T. ; Rowan, S. J.; Liquid-
Crystalline Supramolecular Polymers Formed through Complementary Nucleobase-Pair Interactions;
Chem. Eur. J. 2006, 12, 446.
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thymine (Thy) or diaminotriazine (DAT) groups (Chart IV.3a,b). They are denoted as ¢/(100-
@)-M-X 4a-b, 5a, 6a (a: X = 2200, b: X = 460; 4: ¢ = 50, 5: ¢ = 25, 6: ¢ =75). X is the
molecular weight (in g.mol'l) of the PPO spacer, and #/(100-¢)-M-X 4a-b, 5a, 6a indicates a
mixture (M) of ¢ % Thy-PPO-X-Thy 4a-b and (100-¢) % DAT-PPO-X-DAT 4a-b. The
preparation of ¢/(100-¢)-M-X 4a-b, Sa, 6a is described in Chapter II.

0
H2N
(b) \>_N\|/\ A}J\/ ‘\/I\ _</
(c) 0 " NH,
7 NH —> o X ~HN—( N = H,N

0O =— H)N
(e) ;/ NH — N>/_ f\l>_N Henr
=N

O =<—— Hy,N
~eHN

Chart IV.3. (a) Thy-PPO-X-Thy 3a-b, (b) DAT-PPO-X-DAT 2a-b, (c) Thy-Thy self-association, (d) DAT-
DAT self-association, and (¢) Thy-DAT complementary association.

Thy and DAT can associate with one another through self- and hetero-complementary
hydrogen bonding (Chart IV.3c,d,e).” Thy-DAT complementary association is much stronger
than the Thy-Thy and DAT-DAT self-association, as evidenced by the differences in the
thermodynamic binding constants: Kryy.pat = 890 M versus Kpat.par = 2.2 M and Kryy.thy

=43 M (as determined by '"H NMR spectroscopy in CDCl3).*

Therefore, three different phenomena can concur and compete in the bulk: hydrogen
bonding between the stickers, phase segregation between the PPO chains and the stickers, and

crystallization of the thymines into microdomains. This system can then be used to underline

49 Beijer, F. H.; Sijbesma, R. P.; Vekemans, J. A. J. M.; Meijer, E. W.; Kooijman, H.; Spek, A. L.; Hydrogen-
Bonded Complexes of Diaminopyridines and Diaminotriazines: Opposite Effect of Acylation on Complex
Stabilities; J. Org. Chem. 1996, 61, 6371.
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the respective effects of hydrogen bonding, phase segregation, and the ability of the stickers

to crystallize on the structure.

The bulk behaviors of our homoditopic compounds Thy-PPO-X-Thy 3a-b and DAT-
PPO-X-DAT 2a-b and their mixtures 50/50-M-X 4a-b, 75/25-M-2200 Sa, 25/75-M-2200 6a
were investigated by structural (X-ray scattering, polarized optical microscopy), thermal

(differential scanning calorimetry [DSC]), rheological and mechanical characterizations.

(ii) Thy-PPO-X-Thy 3a-b is ordered at room temperature, but not
DAT-PPO-X-DAT 2a-b

As described in detail in the first part of this chapter, Thy-PPO-X-Thy 3a-b exhibit
two distinct orderings below Topr (67°C for X = 2200, 109°C for X = 460): a crystalline
ordering and a lamellar ordering (of d-spacing of 60 A for X = 2200 and 28 A for X = 460).
The lamellar structure consists of alternating two-dimensional crystallized thymine planes and
amorphous PPO layers. This microphase segregation seems to be crystallization-driven. As a
result, these materials are solid below Topr (Figure IV.34a), even above their glass transition
temperature (7, = 24°C for X = 460 and -62°C for X = 2200). At Topr, a transition to a

disordered state occurs, and these materials become liquid.

In contrast, DAT-PPO-X-DAT 2a-b show no order, as detailed in the second part of
this chapter.

(iii) 50/50-M-X 4a-b is not ordered

DSC (Figure IV.35a and Figure IV.36), polarized optical microscopy, rheology
(Figure IV.37a) and X-ray-scattering (Figure IV.35b) of 50/50-M-X 4a-b show that these
mixtures behave exactly as neat DAT-PPO-X-DAT 2a-b. Indeed, their X-ray scattering
spectra at 25 °C (Figure IV.35b) display a broad halo between 11 and 2 A resulting from
nearest-neighbor correlations, without any sharp peak characteristic of crystallinity. They also
display a low-intensity peak resulting from correlation hole effect that scales with the chain
length. Moreover, they display only a glass transition step in DSC (Figure 1V.35a and Figure
IV.36), show no birefringence in polarized optical microscopy images, and their rheology

(Figure IV.37a) is characteristic of a viscous fluid in the terminal flow regime.
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Figure IV.35. (a) DSC at 10°C/min (exo down) of DAT-PPO-2200-DAT 2a, 50/50-M-2200 4a, Thy-PPO-2200-
Thy 3a; (b) X-ray scattering at 25°C of 50/50-M-X 4a-b.
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Figure IV.37. Frequency sweeps at different temperatures, shifted according to time-temperature superposition
of (a) 50/50-M-2200 4a and (b) 25/75-M-2200 3a.
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Chapter IV. Order and disorder in bulk supramolecular polymers

Thus, 50/50-M-X 4a-b are amorphous (noncrystalline) and do not present well ordered
structure, in contrast to Thy-PPO-X-Thy 3a-b. The presence of the DAT groups seems to
inhibit the crystallization of thymine and the subsequent formation of the lamellar structure of
crystallized thymine planes and PPO layers. This underlines the existence of a selective Thy-
DAT interaction in the bulk state. In fact, the disorder in 50/50-M-X 4a-b stems from the
strong directional interactions between the Thy and DAT stickers: Thy no longer crystallizes
when it is linked to DAT, and the dispersions interactions are weaker because DAT has more

affinity with PPO than Thy (ypat/pro < )(Thy/ppo).

The existence of a selective Thy-DAT interaction in the bulk state is further confirmed
by bulk '"H NMR measurements. Indeed, 2D correlation of simple and double quanta 'H show
that, in Thy-PPO-460-Thy 3b, Thy NH D protons correlate with other Thy NH O protons
(Figure 1V.38a), which means that a Thy NH D proton is in close proximity of another Thy
NH D proton. That is achieved when Thy groups are self-associated (see representation of
Thy self-association in Figure IV.38a). Similarly, in DAT-PPO-460-DAT 2b, DAT NH, ¥
protons correlate with other DAT NH, W protons (Figure IV.38b), so a DAT NH, ¥ proton is
in close proximity of another DAT NH, ¥, is achieved when DAT groups are self-associated
(see representation of DAT self-association in Figure IV.38b). In contrast, in 50/50-M-460 4b
Thy NH D protons do not correlate with other Thy NH D protons and DAT NH, ¥ protons do
not correlate with other DAT NH, W protons, but Thy NH D protons correlate with DAT NH,
W protons (Figure 1V.39). Therefore, Thy and DAT are associated with one another and not

self-associated.
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Figure IV.38. 2D bulk "H NMR at 25°C (correlation simple quanta 'H — double quanta 'H) of:
(a) Thy-PPO-460-Thy 3b and (b) DAT-PPO-460-DAT 2b. Rotation speed is 60 kHz.
On the horiontal axis and on the spectra above the card is the simple quanta 'H NMR (simple impulsion).
On the vertical axis is the double quanta '"H NMR (“BaBa” excitation of double quanta,
one rotation, excitation time = 16.6 us).
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Figure IV.39. 2D bulk 'H NMR at 25°C (correlation simple quanta 'H — double quanta 'H) of 50/50-PPO-460
4b. On the horiontal axis and on the spectra above the card is the simple quanta "H NMR (simple impulsion).
On the vertical axis is the double quanta '"H NMR (“BaBa” excitation of double quanta,
one rotation, excitation time = 16.6 ps). Rotation speed is 60 kHz.
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Chapter IV. Order and disorder in bulk supramolecular polymers

(iv) 25/75-M-2200 5a is not ordered

Again, DSC (Figure 1V.40a), polarized optical microscopy, rheology (Figure IV.37b)
and X-ray-scattering (Figure IV.40b) of 25/75-M-2200 5a (25% Thy-PPO-2000-Thy 3a and
75% DAT-PPO-2000-DAT 2a), indicate that this mixture behaves like DAT-PPO-2200-DAT
2a and 50/50-M-2200 4a. Thus, 25/75-M-2200 5a is amorphous (noncrystalline), as expected
since the DAT moieties are in excess relative to the Thy moieties. Therefore, all the Thy

moieties are associated with DAT and cannot crystallize.

04

(a) 3x10™ : : - ;
- | (o)
021
R 4
= 2x107 B
2 o0 s
T
= — . |38A
Q 1x10™ — E
T
0,24
-0,4 T T T T T T T 0 ! T " T T
-100 0 100 200 0 1 -1 2
Temperature (°C) q (A )

Figure IV.40. (a) DSC at 10°C/min (exo down) and (b) X-ray scattering spectra at 25°C, of 25/75-M-2200 Sa.

(v) 75/25-M-2200 6a is somewhat ordered

In contrast, 75/25-M-2200 6a (the mixture containing 75% Thy-PPO-2200-Thy 3a and
25% DAT-PPO-2200-DAT 2a), displays in the heating cycle of DSC (Figure 1V.41a) a
‘melting’ endotherm, in addition to a glass transition step. This ‘melting” endotherm has a
very low intensity but is reproducible. Its enthalpy of fusion (2 J/g) is quite low compared
with that of Thy-PPO-2200-Thy 3a (15 J/g). Polarized optical microscopy images of 75/25-
M-2200 6a show that it is birefringent, with Maltese crosses and spherulites (Figure 1V.42).

Its X-ray scattering spectrum at 25°C (Figure IV.41b) reveals a sharp peak at 11.9 A
characteristic of the Thy crystallinity in Thy-PPO-2200-Thy 3a. It also reveals peaks
corresponding to a lamellar structure at the same positions as for Thy-PPO-2200-Thy 3a.
Moreover, the X-ray pattern shows what seems to be a correlation hole peak, surimposed with

the lamellar peaks, at the same position as the one for 50/50-M-2200 4a.
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Figure IV.41. (a) DSC at 10°C/min (exo down) of 75/25-M-2200 6a; (b) X-ray scattering at 25°C of 75/25-M-
2200 6a, 50/50-M-2200 4a and Thy-PPO-2200-Thy 3a.

Figure IV.42. Polarized optical microscopy of 75/25-M-2200 6a.

These results suggest that 75/25-M-2000 6a is semicrystalline as a result of
crystallization of the excess Thy moieties. While DAT groups are available, Thy groups
associate with them and result in non-crystallizable Thy-DAT units. Excess of Thy
functionalities is free to crystallize in 2D-planes and form a lamellar structure, with the PPO
chains in between the crystallized thymine planes. Therefore, there is a coexistence of

disordered and ordered phases.

(vi) Viscosities above Topr

At high temperatures, crystallization and mesoscopic structuration are no longer
present in Thy-PPO-2200-Thy 3a. In that temperature range, the viscosity of 50/50-M-2200
4a is higher than those of Thy-PPO-2200-Thy 3a and DAT-PPO-2200-DAT 2a (Figure
IV.43). This viscosity effect can be attributed to the higher DP of the mixture because of the
higher association constant between Thy and DAT than between Thy and Thy or DAT and

DAT. The classical vision of telechelic supramolecular polymers in bulk can then be applied.
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Chapter IV. Order and disorder in bulk supramolecular polymers

Since the chain extension is due to hydrogen bonding, the viscosity decreases as the

temperature increases, as observed in Figure IV.43. Indeed, the hydrogen bonds are released

as the temperature increases, in agreement with FT-IR data (Figure V.44 and Figure IV.45).

These effects are traditional supramolecular polymer effects.
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Figure 1V.43. Viscosity as a function of temperature for diamine telechelic NH,-PPO-2200-NH, 1a, DAT-PPO-
2200-DAT 2a, Thy-PPO-2200-Thy 3a, and 50/50-M-2200 4a.
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Figure IV.44. FT-IR of stickers’ bonds involved in hydrogen bonding (a) Thy-PPO-460-Thy 3b at 60°C (in
blue) and 120°C (in red) and (b) 50/50-M-460 4b at 30°C (in blue) and 180°C (in red).
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Figure IV.45. FT-IR of stickers’ bonds involved in hydrogen bonding at 30°C (in blue), 100°C (in green) and
180°C (in red) of (a) DAT-PPO-460-DAT 2b and (b) DAT-PPO-2200-DAT 2a.
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(vii) Conclusion and Perspectives

To conclude, contrary to Thy-PPO-X-Thy 3a-b, DAT-PPO-X-DAT 2a-b (X = 460,
2200) show no long-range organization because the crystallization driving force is not present
in DAT derivatives and the phase segregation is weaker. In the 50:50 Thy-PPO-X-Thy / DAT-
PPO-X-DAT mixtures 4a-b, the complementary association between Thy and DAT is strong
enough to control the structure by inhibiting the Thy crystallization and the lamellar

organization. The impact on the mechanical properties is crucial.

For amorphous and flexible spacers, the main factor to take into account for long-
range order seems to be the crystallization of the stickers. Indeed, if it takes place, the

ordering can appear whatever the segregation force between the spacer and the stickers

However, if there is no crystallization of the stickers, long-range order may also occur
if the segregation is strong enough. Binder and his co-workers evidenced the long-range order
of a supramolecular amphiphile consisting of monofunctional poly(isobutylene) (PIB) bearing
a diaminotriazine chain-end (PIB-Z’)SOO-DAT).11 xeropAaT = 3.5 is lower than ypipar =
6.1,>* illustrating that DAT has a weaker affinity for PIB than for PPO, and possibly
justifying why PIB-3500-DAT is ordered while DAT-PPO-X-DAT 2a-b are not.”® Hence, for
polar functional groups, when the backbone is also rather polar, little tendency for long-range

mesoscopic organization is expected in comparison with less polar backbones such as PPO.

To complete the understanding of the interplay between mesophase formation and
thermomechanical behavior, it will be interesting to explore the structure and dynamics of
systems in which incompatibility between the spacers and the stickers can induce long-range

order but the stickers do not crystallize.

** The control parameter actually is (3.n) / z where n is the degree of polymerization and z is the functionality:
n~ 70,z =1 for PIB-3500-DAT;

n ~ 40, z=2 for DAT-PPO-2200-DAT 2a;

n~ 8, z=2 for DAT-PPO-460-DAT 2b.
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Grafting Thy and DAT stickers on telechelic PPO oligomers induces a glass transition

temperature (7,) increase that plays an important role on the materials properties. Indeed, as a

result DAT-PPO-X-DAT 2b-¢, Thy-PPO-X-Thy 3b-¢, and 50/50-M-X 4b-c (b: X = 460, ¢: X

= 250) are solids at room temperature whereas homologues with longer spacer (a: X = 2200)

are liquids at room temperature. This increase of 7, can be ascribed either to the presence of

hydrogen bonds and/or aromatic interactions (m-stacking) slowing down the chain dynamics

or to the stiffness of the Thy and DAT stickers.
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Chapter V. Glass transition of supramolecular

polymers in the bulk

a. Glass transition temperature (T,4) of supramolecular polymers

Grafting hydrogen-bonding stickers on polymeric or oligomeric backbones can induce
an increase in the glass transition temperature (1) of the backbones. For instance, Long and
his coworkers reported an important increase of the 7, of stickers-end-functionalized
compared to nonfunctionalized or hydroxyl-terminated polymers.' Similar increase of T, ¢ for
side-chain functionalized polymers were reported by Long and his coworkers,” by Feldman et
al.,’ both for UPy stickers, and by Kuo and Tsai for Thy and DAT stickers.* Moreover, T, o
increased linearly as the UPy content increased.”” This increase of 7, . was ascribed either to
the presence of hydrogen bonds slowing down the chain dynamics or to more straightforward

steric effects.’

b. Supramolecular polymers used in this study

The supramolecular polymers used in this study consist of low-molecular-weight
poly(propylene oxide) (PPO) oligomers functionalized on both ends with thymine (Thy) or
diaminotriazine (DAT) groups. They are denoted as Thy-PPO-X-Thy 3a-c¢ (Chart V.la),
DAT-PPO-X-DAT 2a-¢ (Chart V.1b), and 50/50-M-X 4a-c for the 50/50 mixture of 3a-¢ and
2a-c, with X the molecular weight of the PPO chain (a: X = 2200, b: X = 460, ¢: X = 250).
Their synthesis is described in Chapter II.

' Yamauchi, K.; Lizotte, J. R.; Hercules, D. M.; Vergne, M. J.; Long, T. E.; Combinations of microphase
separation and terminal multiple hydrogen bonding in novel macromolecules J. Am. Chem. Soc. 2002, 124,
8599.

2 Yamauchi, K.; Lizotte, J. R.; Long, T. E.; Thermoreversible poly(alkyl acrylates) consisting of self-
complementary multiple hydrogen bonding; Macromolecules 2003, 36, 1083.

3 Feldman, K. E.; Kade, M. I.; Meijer, E.; Hawker, C. I.; Kramer, E. J.; Model transient networks from
strongly hydrogen-bonded polymers; Macromolecules 2009, 42, 9072.

* Kuo, S.-W.; Tsai, H.-T.; Complementary multiple hydrogen-bonding interactions increase the glass
transition temperatures to PMMA copolymer mixtures; Macromolecules 2009, 42, 4701.
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Thy and DAT can associate with one another through self- and hetero-complementary
hydrogen bonding (Chart V.1c,d,e).” The Thy-DAT complementary association has a much
higher thermodynamic binding constant than the Thy-Thy and DAT-DAT self-associations, in
chloroform, in toluene (see Chapter III) and in the bulk (see Chapter IV).

Three lengths of PPO chain are used: 250, 460 and 2200 g/mol. The percentage of
stickers in the material decreases when the chain length increases. Therefore, this system can

be used to evaluate the effects of the Thy and DAT stickers on the 7.

HaN
— _<NH2
(b) NN~ gho L i
— (9] _</ N
H2N>_N \l/\ " H \=
NH,
(C) 0 NHz
) NH~ N—
NH —= o ~HN— N =—— H,N

~neHN

Chart V.1. (a) Thy-PPO-X-Thy 3a-c, (b) DAT-PPO-X-DAT 2a-c, (c) Thy-Thy self-association, (d) DAT-DAT
self-association, and (e) Thy-DAT complementary association.

c. Effect of the Thy and DAT stickers on the T,
(i) T4 determined by DSC and DRS

Glass transition temperatures (7,) were determined by differential scanning

calorimetry (DSC) and/or dielectric relaxation spectroscopy (DRS) (Table V.1).

5 Beijer, F. H.; Sijbesma, R. P.; Vekemans, J. A. J. M.; Meijer, E. W.; Kooijman, H.; Spek, A. L.; Hydrogen-
bonded complexes of diaminopyridines and diaminotriazines: opposite effect of acylation on complex
stabilities; J. Org. Chem. 1996, 61, 6371.
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Compound T, (°C) from DSC | T, (°C) from DRS
NH,-PPO-2200- NH, 1a -72 -72
NH,-PPO-460- NH, 1b - 82 -
NH,-PPO-250- NH; 1¢ -85 -
DAT-PPO-2200-DAT 2a - 54 -53
DAT -PPO-460-DAT 2b 30 -
DAT-PPO-250-DAT 2¢ 93 -
Thy-PPO-2200-Thy 3a - 62 - 63

Thy-PPO-460-Thy 3b 28 -
Thy-PPO-250-Thy 3¢ 98 -
Thy-PPO-250-Thy 3¢ 77 ]
with 10% impurities (salt and DIEA)
50/50-M-2200 4a -55 -55
50/50-M-460 4b 30 -
50/50-M-250 4c¢ 98 -

Table V.1. T, determined by DSC and DRS.

(if) T4 can also be determined by IR

Thy-PPO-250-Thy 3c¢’s glass transition can also be evidenced by temperature-

dependent FT-IR spectroscopy. Indeed, the elongation vibration vc—o of a C=0O bond is

shifted towards smaller wavenumbers if the C=0O bond is implicated in hydrogen bonds

(because the bond is then stretched). Thy-PPO-250-Thy 3¢ contains three types of C=0O

bonds, two from the thymine cycle and one from the amide linker. When free C=0O and

implicated in hydrogen bonds C=0 coexist, six vc=o bands are thus expected. However, the

spectra are not resolved enough to distinguish them, but the global trend can be studied. The

broad signal shifts towards smaller wavenumbers as the temperature is decreased, from 1662

em™ at 190°C to 1656 cm™ at 30°C (Figure V.1), indicating that there are more hydrogen

bonds. Moreover, a modification of slope is observed at temperatures corresponding to the 7,

previously determined by DSC and DRS.
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Figure V.1. T, determination of Thy-PPO-250-Thy 3¢ by temperature-dependant FT-IR in ATR mode
(this sample contained impurities so 7, was lower than for the more pure Thy-PPO-250-Thy 3¢
discussed in the following pages).

(iii) Free-end effect for polymers and oligomers

For polymers and oligomers, decreasing the molecular weight decreases the 7,
because of the free-end effect.® Indeed, a sample of shorter chains contains more free-ends
than a (same-volume) sample of longer chains, and end-chain units have more free volume
than units within the chain. Therefore, samples of shorter chains have more free volume and
thus lower T,’s, since T, is reached when the free space available for molecular motions
becomes very low. The empirical Flory-Fox equation modelizes the free-end effect by relating
the 7, to the number-average molecular weight M, the maximum glass transition 7,” for a

theoretical infinite chain, and an empirical parameter & [equation (1)].

T :TW—M— (1)

As expected according to the free-end effect, the 7, of CH3-PPO-CHj; increases with
its molar mass (Figure V.2).’

% Sperling, L. H.; Introduction to physical polymer science, Wiley-Interscience, 1996.

"Yoon, S.; MacKnight, W. J.; Hsu, S. L.; End-group effect on chain conformation of poly(propylene glycol)
and poly(ethylene glycol); J. Appl. Polym. Sci. 1997, 64, 197.
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(iv) Reduction of free-end effect for dihydroxy and diamino
telechelic PPO

However, the 7, of HO-PPO-OH depends very weakly on the molecular weight
(Figure V.2).® This absence of the free-end effect is ascribed to hydrogen bonding of the
hydroxyl end groups, which reduces mobility of the chain ends.**'° The T, . of NH,-PPO-NH,
la-c increases weakly with the molecular weight (Figure V.2). The free-end effect is reduced
here because of hydrogen bonding, but not absent maybe because NH, hydrogen bonds are

weaker than OH hydrogen bonds.

(v) Inversion of free-end effect for 2a-c, 3a-c, and 4a-c: [Anchor

Effect’

The 7, of DAT-PPO-X-DAT 2a-¢, Thy-PPO-X-Thy 3a-¢, and 50/50-M-X 4a-c are
much higher than that of NH,-PPO-NH; la-c¢ and decrease when the molar mass increase
(Figure V.2). The fact that 7, decreases when the molecular weight increases, in contradiction
with the free-end effect, is related to the Thy and DAT stickers. Indeed, the two grafted
stickers represent 15 % of the molecular volume for the 2200 chains, 40 % for the 460 chains
and 55 % for the 250 chains, whose 7, is the highest. When the volumic fraction of sticker
increases, the 7, increases and the mobility decreases. As a result, DAT-PPO-X-DAT 2b-c,
Thy-PPO-X-Thy 3b-¢, and 50/50-M-X 4b-c¢ (b: X = 460, ¢: X = 250) are solids at room
temperature whereas homologues with longer spacer (a: X = 2200) are liquids at room

temperature.

¥ Nicolai, T.; Floudas, G.; Dynamics of linear and star poly(oxypropylene) studied by dielectric
spectroscopy and rheology; Macromolecules 1998, 31,2578.

? Nicol, E.; Nicolai, T.; Durand, D.; Dynamics of poly(propylene sulfide) studied by dynamic mechanical
measurements and dielectric spectroscopy; Macromolecules 1999, 32, 7530.

' Nicol, E.; Durand, D.; Nicolai, T.; Influence of chain-end relaxation on the primary and secondary
relaxation of supercooled polymeric liquids; Europhys. Lett. 2001, 53, 598.
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Figure V.2. T, as a function of M,,, for HO-PPO-OH (from ref 8), NH,-PPO-X-NH, 1a-c, CH;-PPO-CH; (from
ref 7), Thy-PPO-X-Thy 3a-c, DAT-PPO-X-DAT 2a-c, and 50/50-M-X 4a-c.

There are several ways to account for this. First of all, the introduction of relatively
stiff chemical groups (such as aromatic rings, Thy and DAT) can interfere with the flowing
process and hence increase 7, g.“ Furthermore, the hydrogen bonding and aromatic interactions

(m-m stacking) of chain ends could increase the rigidity of the system.

Besides, these molecules can be seen as triblock copolymers with a soft central block
and two rigid end blocks. Triblock copolymers of thermodynamically compatible chain
segments display only one 7T,, between the 7, of the two polymers. When the proportion of
one polymer increases, the 7, of the triblock copolymer gets closer to the 7, of that polymer.'?
In our case, as the molar mass increases, the rigid end blocks remain identical whereas the

soft central block gets longer. Therefore the mobility increases and 7, decreases.

Therefore, the increase of 7, must be related to the stiffness of the end groups and/or
to the terminal moieties interchain interactions (by H-bonding and/or m-stacking), which

rigidify the system.

' Cowie, J.M.G.; Arrighi, V.; Polymers: chemistry and physics of modern materials, CRC Press, 2007.
12 Nagelsdiek, R.; Keul, H.; Hocker, H.; Synthesis of block copolymers with thermodynamically compatible

chain segments: di- and triblock copolymers of polystyrene and poly(2,6-dimethyl-1,4-phenylene oxide);
Polym. Internation. 2006, 55, 108.
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However, if the mere existence of hydrogen bonding was sufficient to reduce so
immensely the mobility to have this huge 7, increase, then the 7, of HO-PPO-OH should be
much higher. If it was a question of strength of the association (measured by the association
constant and/or the lifetime of the association), then since Kthy-pat is much higher than Krp,.
Thy and Kpat.par, the T, of 50/50-M-X 4a-c should be higher than the 7, of Thy-PPO-X-Thy
3a-c and DAT-PPO-X-DAT 2a-c¢ and it is not the case. So, the effect of rigidity must be
preponderant, which would explain why there is so little difference between the 7;,’s of 50/50-
M-X 4a-c¢ and Thy-PPO-X-Thy 3a-¢, DAT-PPO-X-DAT 2a-c. This “anchor effect” affects the

segmental motion of the chain, the more so if the chains are shorter.
(vi) Influence of order on Thy-PPO-X-Thy 3a-cis 7,7

T, is higher for the amorphous phases of semi-crystalline polymers because of the
constraints exerted by the crystallites.”'* Crystallites act as a solid wall on which the
amorphous chains connected to them are firmly anchored, which restrains chain motion.'® The
higher the crystalline fraction is, the higher the 7, of the amorphous fraction. Could Thy
crystallization be responsible for Thy-PPO-X-Thy 3a-c high 7,,? It is very unlikely since Thy-
PPO-250-Thy 3¢ is neither ordered nor crystallized, and DAT-PPO-X-DAT 2a-c are
amorphous and yet display the same increase of 7, compared to NH,-PPO-NH, 1a-¢ than
Thy-PPO-X-Thy 3a-c.

Moreover, the 7, of Thy-PPO-2200-Thy 3a is 6°C higher after a very fast cooling at
60°C/min, where crystallization and lamellar structuration did not have time to occur, than
after a slow cooling at 10°C/min (where crystallization and lamellar structuration took place)
(Figure V.3). This could be interpreted as a sign that mobility is higher when there are
crystallites and lamellas, because then the PPO chains are phase separated from the stiff Thy
groups. Furthermore, after the very fast cooling at 60°C/min, Thy-PPO-2200-Thy 3a’s 7, is

" Doi, M. et Edwards, S.F.; The theory of polymer dynamics; Oxford University Press: USA, 1986.

14 Aref-Azar, A.; Arnoux, F.; Biddlestone, F.; Hay, J. N.; Physical ageing in amorphous and crystalline
polymers. Part 2. Polyethylene terephthalate; Thermochimica Acta 1996, 273, 217.

15 (a) Vaia, R.; Sauer, B.; Tse, O.; Giannelis, E.; Relaxations of confined chains in polymer nanocomposites:
Glass transition properties of poly(ethylene oxide) intercalated in montmorillonite; J. Polym. Sci B: Polym.
Phys. 1997, 35, 59. (b) Cheng, S. Z. D.; Cao, M. Y.; Wunderlich, B.; Glass transition and melting behavior of
poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK); Macromolecules 1986, 19,
1868. (c) Cheng, S. Z. D.; Wu, Z. Q.; Wunderlich, B.; Glass transition and melting behavior of poly(thio-1,4-
phenylene); Macromolecules 1987, 20, 2802.
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equal to that of DAT-PPO-2200-DAT 2a, which is disordered (see Chapter IV) because the
DAT groups do not crystallize and do not microphase-separate from the PPO chains.
However, this decrease in 7, could just be due to the slower cooling rate. Indeed, the history

of the material, and thus its cooling rate, can have an influence on the 7.

0,8

Heat Flow (W/g)
(=]
ES

0,0

-100 0 100 200
Temperature (°C)

Figure V.3. DSC on heating of Thy-PPO-2200-Thy 3a at 10°C/min (exo down) after cooling at:
(a) 10°C/min (dot-line) and (b) 60°C/min (full line).

d. Conclusion: viscosities depend on T, as well as association

We have shown that adding Thy and/or DAT supramolecular groups on the chain-ends
of PPO oligomers strongly increase their 7,, especially for short chains. Moreover, T,’s of
50/50-M-2200 4a, DAT-PPO-2200-DAT 2a and Thy-PPO-2200-Thy 3a, are equal (when
there are no crystallite and no mesocopic structuration 3a, which is the case above 67°C).
Therefore, above 67°C, their viscosities can be compared, as we have done in Chapter IV
(Figure V.4). Indeed, even at 100°C over the Ty, the 7, influences the viscosities of materials.
Since these compounds have the same 7,, the fact that 50/50-M-2200 4a viscosity is higher
than that of Thy-PPO-2200-Thy 3a and DAT-PPO-2200-DAT 2a can indeed be attributed to
the higher DP of the mixture because of the higher association constant between Thy and

DAT than between Thy and Thy or DAT and DAT.
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Figure V.4. Viscosity as a function of temperature for diamine telechelic NH,-PPO-2200-NH, 1a, DAT-PPO-
2200-DAT 2a, Thy-PPO-2200-Thy 3a, and 50/50-M-2200 4a.

However, since the 7, of the precursor NH,-PPO-2200-NH; 1a is 16°C lower than 2a,
3a and 4a’s T,, its lower viscosity is not only due to differences in association, but also to the

lower T, and to the differences in friction coefficients of PPO, NH,, Thy and DAT.

199



Chapter V. Glass transition of supramolecular polymers in the bulk

200



General conclusion

General conclusion

In this thesis, we have studied, in solution and in the bulk, a model system consisting
of noncrystalline poly(propylene oxide) (PPO) chains end-functionalized with complementary
stickers: thymine derivative (Thy) and diaminotrozaine (DAT). This system combines weak
(Thy/Thy and DAT/DAT self-associations) and strong (Thy/DAT complementary
association) hydrogen bonding, aromaticity of the stickers, strong repulsion between the polar
stickers and the PPO spacers, and very different tendency towards crystallization for Thy and
DAT. Homoditopic and heteroditopic compounds were synthesized. This system modelizes
supramolecular polymers, which are cited as a field of research in macromolecular science

with many challenges and opportunities for the next decade.'

We have shown that, in solution, the solvent influences the association constants and
the organizations observed. In the bulk, all materials show a relatively complex behavior, as
three different phenomena concur and compete: hydrogen bonding between the stickers,
phase segregation between the polymer backbone (less polar) and the stickers (more polar),
and crystallization of thymines into microdomains. These phenomena impact the mesoscopic

organization of the materials and thus their mechanical properties.

We presented the different organizations observed in solution and in the bulk and
discussed the new insight our studies bring for understanding the role played respectively by

hydrogen bonding, phase segregation, solvation and crystallization.

' Ober, C. K.; Cheng, S. Z. D.; Hammond, P. T.; Muthukumar, M.; Reichmanis, E.; Wooley, K. L.; Lodge, T. P.;
Research in Macromolecular Science: Challenges and Opportunities for the Next Decade; Macromolecules
2009, 42, 465.
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Appendix I. Material and methods

Reagents and solvents

Jeffamine® D Series, T Series and M Series were kindly provided by Huntsman. The
other reagents were purchased from Sigma-Aldrich, Acros or Alfa-Aesar. All chemicals were

used as received unless otherwise stated.

'H, C, COSY and HMQC NMR

The NMR spectra were recorded on a Bruker AC300 400 MHz spectrometer. The
solvents used are: CDCls, DMSO-dg, or toluene-dg. The chemical shifts () are expressed in
ppm relative to TMS, the solvent signal being used as an intern reference (‘H: Scpeiz = 7.26
ppm, Opmso-ds = 2.50 ppm, and Sojuene-das = 2.09 ppm; Bc. dcpciz = 77.16 ppm, dpmso-ds = 39.52
ppm, and Olyenc-as = 20.4 ppm). The signals multiplicity is indicated as follows: s : singulet;
d : doublet; t : triplet; q : quadruplet; m : multiplet. The numerotation of atoms, used to

attribute the NMR signals, does not correspond to the nomenclature.
Determination of association constants by NMR

The association constants Kxa of an AA complex (A + A s AA) and Kxp of an AB
complex (A + B S AB) can be determined by 'H NMR titration, assuming isodesmic
mechanisms." ? Indeed, the chemical shifts of the A protons implicated in the hydrogen bonds
vary greatly between the free, self-associated, and AB associated states. If the equilibria are
faster than the NMR spectroscopic time scale, the observed chemical shift is a weighted
average between the chemical shifts of the associated dap, self-associated dxa, and free states
Oa. Thus, at a given temperature, Kap and Kap can be measured by monitoring the A protons

implicated in the hydrogen bonds chemical shift as a function of species concentration. The

! Fielding, L.; Determination of Association Constants (Ka) from Solution NMR Data; Tetrahedron 2000,
56, 6151.

2 Steed, J. W.; Atwood, J. L.; Supramolecular Chemistry, 2" Edition;, Wiley: Chippenham, UK, 2009.
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titration curves are then analyzed by computer fitting with least-squares methods (EQNMR
program).’

For solutions containing only A’s:

5-5, Al o5, [AA] (1)
C, C,
C, =[A]+2[AA] )
[AA]
AA — 2 3
A (3)
8A:6M+(8AA—6A)1_1/1+8KAACA @

4K A C A

For solutions containing A and B, and where the AA dimerization can be neglected:

[Al, 5 [ABI

0=0,—+0,8 (5)
Ca Ca
C, =[A]+]AB] ©)
[AB]
Y- e — 7
[Al[B] (7)
8" =08 +(8A—SAB)CA_1/KAB_CB+\/(CA+1/KAB+CB) _4CACB (8)

2C,

FT-IR

FT-IR spectra were recorded on a Bruker Tensor 37 equipped with an ATR block or in

transmission with KBr pellets. Wavenumber are expressed in cm’.
GC-MS

Gas chromatograms and mass spectra (electronic impact) were recorded in ethanol, or
methanol, or ethyl acetate on a Hewlett Packard 6890 Series GC System - 5973 Mass
Selective Detector or on a Shimadzu GC-MS equipped with a 12m capillary column coupled
to a mass spectrometer Shimadzu 5971 at 70 eV. The MS analysis of the principal GC signals
(retention time in minutes) is given: molecular peak M or M-1 or M+1, when visible, and base

peak.

* Hynes, M. I.; EQNMR: A Computer Program for the Calculation of Stability Constants from Nuclear
Magnetic resonance Chemical Shift Data; J. Chem. Soc. Dalton Trans. 1993, 2, 311.
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Chromatography

Purification by column chromatography was performed on silica 60 (0.063 - 0.200
mm) from Merck. Qualitative thin-layer chromatography (TLC) was done on precoated
aluminium sheets silical gel 60 F,s4 from Merck. Compounds were detected either with

KMnOy4 or 254 nm UV light.
Differential scanning calorimetry (DSC)

DSC experiments were performed under helium on a TA Q1000 instrument. Two or
three heating cycles were recorded at 10 °C/min. The glass transition temperature (Ty) 1s

taken as the inflexion point of the glass transition step on the last heating.
Rheometer

The rheological properties were investigated on a Anton Paar Physica MCR 501,
equipped with a Peltier oven and a cone and plate geometry (diameter 25 mm or 50 mm) for
the bulk samples, and equipped with a double-gap Couette cell (external diameter: 26.7 mm;

gap: 0.45 mm, sample volume: 3.8 mL) for the solutions.
X-ray Scattering

X-ray scattering were performed at the SOLEIL Synchrotron source in France with the
beamline SWING enabling simultaneous small-angle and wide-angle X-ray scattering

measurements.
Dynamic mechanical analysis (DMA)

DMA experiments were conducted on a TA Q800 apparatus in the film tension
geometry. Heating ramps were applied at 3 °C/min. Rectangular samples of 5.7 mm x 1.8 mm

cross-section and about 9.5 mm length were tested at 1 Hz and 0.5 um amplitude.
Tensile tests

Tensile tests were performed at room temperature on dog bone samples (10 mm x 3

mm X 1.4 mm) using an Instron 5564 tensile machine, with a strain rate of 2 mm/min.
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1. N-(2-(4,6-diamino-1,3,5-triazine))-dodecylamine DAT-C,
(i) Synthesis protocol of DAT-C,,

Dodecylamine (1.89 g - 10 mmol - 1 eq.) was dissolved in 80 mL of a water / absolute
ethanol mixture (v/v 50/50). NaHCO; (1.01 g — 12 mmol - 1.1 eq.) and 2-chloro-4,6-diamino-
1,3,5-triazine (DAT-CI, 1.65 g— 11 mmol - 1.1 eq.) were added, and the resulting suspension
was stirred under reflux for 20 hrs. Since DAT-CI was only partially soluble in this solvent,
the reaction mixture started as a white suspension that transformed into a transparent solution
as the reaction progressed. The reaction mixture was then allowed to cool to room
temperature. White crystals precipitated and were recovered by filtration, washed with
distilled water, and dried under vacuum at 120°C, affording N-(2-(4,6-diamino-1,3,5-
triazine))-dodecylamine (DAT-C,, 2.40 g - 80 %).

(ii) Synthesis of DAT-C,, followed by GC-MS

After 2 hrs, GC of the reaction mixture (Figure 1a) shows three peaks attributed to
dodecylamine, DAT-CI and DAT-C,; by the MS spectra. Indeed, MS of the first GC peak at
4.4 min is comprised of dodecylamine’s molecular peak at m/z 185, as well as a peak
correponding to the loss of a CH; group at m/z 170, followed by several peaks correponding
to the extra loss of a CH, (at m/z 156, 142, 128, 114, 100, 86). MS of the second GC peak at
4.8 min contains DAT-CI’s two molecular peaks at m/z 145 (for *>Cl) and 147 (for *'Cl), as
well as a peak at m/z 110 corresponding to DAT without Cl. Finally, MS of the last GC peak
at 9.2 min consist of DAT-C12’s molecular peak at m/z 294, of peaks corresponding to the
loss of a CH3 (at m/z 279) and of an extra CH, (at m/z 265, 251, 237, 223, 209, 195, 181, 167,
153, 139, 125), as well as a peak at m/z 111 corresponding to DAT.

After 20h, GC of the reaction mixture (Figure 1b) shows that all the dodecylamine has

been consumed, that DAT-C12 has been formed, and that only traces amount of impurities (2-

hydroxy-4,6-diamino-1,3,5-triazine (DAT-OH) and reactive DAT-CI) remain.
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100 F 100 F
> dodecylamine DAT-C,, 2 DAT-C,,
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Retention Time (min) Retention Time (min)

Figure 1. GC of reaction mixture: (a) after 2h, and (b) after 20h.

GC-MS in ethyl alcohol (reaction mixture after 2 hrs) : 4.4 min : m/z (185 - 170 - 156
- 142 - 128 - 114 - 100 - 86 - 55) [C12H2sNH;]; 4.8 min : m/z (147 - 145 - 110 - 68) [DAT-
Cl]; 9.2 min : m/z (294 - 279 - 265 - 251 - 237 - 223 -209 - 195 - 181 - 167 - 153 - 140 - 139
-125-111 - 85 - 68) [DAT-Cy2] ).

GC-MS in ethyl alcohol (reaction mixture after 20 hrs) : 4.7 min : m/z (147 - 145 -
110 - 68) [DAT-CI, traces] ; 4.9 min : m/z (127 - 111 - 85 - 69) [DAT-OH, traces] ; 9.2 min :
m/z (294 - 279 - 265 - 251 - 237 -223 -209 - 195 - 181 - 167 - 153 - 140 - 139 - 125 - 111 -
85 - 68) [DAT-C1;]

(iii) Characterization of DAT-C;, by 'H and "*C NMR

'H, *C, COSY and HMQC NMR of the final product in DMSO-dg showed that DAT-
C1» was obtained, and was pure at 98% (Table 1). For instance, on the 'H spectrum of the
product, the CH; closest to the amino terminal group was shifted downfield above 3 ppm, and

the NH; on the DAT aromatic ring were shifted upfield from around 7 ppm to around 6 ppm.
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NMR 'H NMR "cC
® H,N AN
7N\ 150.05 (I
N )—cCl 712 (s, 2H, D) @
Z_N 7.21 (s, 2H, V) 16712 (4)
W H2N e 168.72 (%)
o/ppm (DMSO-dg / TMS) =
14.23 ()
I & & Y B « 0.86 (t, 3H, a) 22.81 (B)
HaoN-CH3-CH;-(CHy)g-CH,-CHg 1.19 - 1.32 (m, 20H, B, v, {) 27.03, 29.47, 29.64,
1.41 (m, 2H, 3) 29.70 - 29.85, 32.04 (y)
o/ppm (CDCl3; / TMS) = 2.66 (t, 2H, £) 34.03 (5)
42.41 (¢)
0.85 (t, 3H, @)
1.23 (m, 18H, B, ) 14.00 (@)
o B 22.15 (B)
H2N>ﬂ B 1.42 (mm, 21, 8) 26.56, 28.77, 28.99
N OQ € & Y a -0, 28.77, 28.97,
4 3.15 (m, 2H,
N'  D="NH-CH,-CH,-(CH,)s~CH,-CHj (e, 2H, &) 29.08, 29.09, 29.13,
=N r 5.90 (s, 1.7H, @)
3 29.15, 29.49 (y)
HaN 6.06 (s, 1.7H, V)
W 31.35 (9)
6.39 (t, 1H, Q)
39.83 (¢)
impurities 2% DAT-CI:
o/ppm (DMSO-dg / TMS) = 713 (5, 0.03H, ® of DAT-CI) 166.39 (I')
T ~167 (A, 2)
7.22 (s, 0.03H, ¥ of DAT-CI)

Table 1. NMR data of reactants (DAT-CI and n-dodecylamine) and product (DAT-Cy,).
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Appendix Il. Synthesis and characterization

2. N-alkyl-(thymine-1)-acetamide Thy-C, (n =4, 12, 18)

a. N-butyl-(thymine-1)-acetamide Thy-C,
(i) Synthesis protocol of Thy-C,

Thymine-1-acetic acid (0.20 g - 1.1 mmol - 1 eq.) was dissolved in DMF (8 mL). n-
Butylamine (0.08 g - 1.1 mmol - 1 eq.), followed by TBTU (0.35 g - 1.1 mmol - 1 eq.), and
DIEA (0.4 mL - 0.28 g - 2.2 mmol - 2 eq.) were then added. The reaction mixture was stirred
at room temperature for 3h. Crystals precipitated from the solution, were recovered by
filtration, washed with water, and dried under vacuum at 100°C, affording N-butyl-(thymine-

1)-acetamide (Thy-Cs, 0.201 g - 77 %).
(ii) Characterization of Thy-C4 by GC-MS

GC-MS of Thy-C4 show that the desired product was obtained in pure form. The MS
spectra contains the molecular peak at m/z 239, as well as peaks corresponding to thymine

fragments (at m/z 183, 167, 140, 126).

GC-MS in methyl alcohol: 7.56 min : m/z (239 - 197 - 183 - 167 - 140 - 126 - 96 - 69
~57) [Thy-Cy].

(iii) Characterization of Thy-C, by 'H and *C NMR

'H, 13C, COSY and HMQC NMR of the final products in DMSO-ds also showed that
Thy-C,4 was obtained in pure form (Table 2). For instance, compared to the reactants 'H
spectrum, on the product spectra, the amide group NH appears around 8 ppm, the CH; on the

thymine side is shielded, and the CH; on the aliphatic chain side is deshielded.
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NMR 'H NMR "C

11.98 (1)

j\ oH 1.74 (d, 3H, ‘T= 1.2 Hz, A) 48.49 (B)

HN N/Y 4.36 (s, 2H, 1) 108.45 (1)
o%) 0 7.48 (q, 1H, YT = 1.2 Hz, ©) 141.88 (C)
11.34 (s, 1H, D) 151.07 (1)

8/ppm (DMSO-ds / TMS) = 13.11 (s, 1H, J) 164.46 (G)
169.77 (11)

¢ & B «a 0.76 (t, 3H, a) 13.74 (o)
HaN—CHy~CHy-CHa-CHs 0.93 (s, 2H, ©) 19.81 (B)
1.13 - 1.31 (m, 4H, B, §) 35.89 (5)

&/ppm (CDCls / TMS) = 2.53 (, 2H, ) 41.78 (¢)
11.95 (1)

0.85 (t, 3H, 0) 13.69 (1)

j)\ . . 1.27 (m, 2H, B) 19.57 (B)
N.E B a 1.37 (m, 2H, ) 31.22 (3)

HIN /N/\g/ CHz-CHz~CH,~CHa 1.74 (m, 3H, A) 38.40 (c)
OAW) 3.06 (dt, 2H, £) 49.44 (1)
4.25 (s, 2H, B) 108.00 (1)

7.41 (m, 1H, ) 142.54 (O)

6/ppm (DMSO-ds / TMS) = 8.07 (¢, 1H, 1) 151.10 (1)
11.24 (s, 1H, D) 164.58 (C)

166.73 (11)

Table 2. NMR data of reactants (thymine-1-acetic acid and n-butylamine) and product (Thy-C,).
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Appendix Il. Synthesis and characterization
b. N-dodecyl-(thymine-1)-acetamide Thy-C;,
(i) Synthesis Protocol of Thy-C,,

Thymine-1-acetic acid (2.07 g - 11 mmol - 1.1 eq.) was dissolved in DMF (100 mL).
n-Dodecylamine (1.89 g - 10 mmol - 1 eq.), followed by TBTU (4.54 g - 14 mmol - 1.7 eq.),
and DIEA (5.2 mL - 3.87 g - 30 mmol - 3.3 eq.) were then added. The reaction mixture was
stirred at room temperature for 15 h. Water (50 mL) was then added, and the reaction mixture
was extracted with toluene (2 x 30mL, if necessary emulsions were destabilized by filtering
on Celite®), washed with water (2 x 30 mL), dried over anhydrous magnesium sulfate,
filtered, evaporated and dried under vacuum at 120°C, affording N-dodecyl-(thymine-1)-
acetamide (Thy-Ci,, 3.15 g - 90 %).

(i) Characterization of Thy-C4, by GC-MS

GC-MS of Thy-C,, show that the desired product was obtained in pure form. The MS
spectra contains the molecular peak at m/z 351, as well as peaks corresponding to thymine
fragments (at m/z 183, 167, 140, 126). Thy-C;»’s MS also contains several peaks
corresponding to the extra loss of a CH; (at m/z 281, 266, 252, 238, 225, 212).

GC-MS in ethyl alcohol: 10.79 min : m/z (351 - 294 - 281 - 266 - 252 - 238 - 225 -
212-197- 183 - 167 - 140 - 127 - 96 - 69 - 57) [Thy-Ci,].

1 aracterization o -C12 an
(iii) Characterization of Thy-C,, by 'H and "*C NMR

H
JIE NE & Y B a
HN™ N7 (" “CHp-CHy-(CHp)g-CHp~CH

04\%0

Chart 1. Thy-Cy,.

'H, 13C, COSY and HMQC NMR of the final products in DMSO-d¢ also showed that

Thy-C;, was obtained in pure form. For instance, compared to the reactants 'H spectrum, on
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Appendix Il. Synthesis and characterization

the product spectra, the amide group NH appears around 8 ppm, the CH; on the thymine side
is shielded, and the CH; on the aliphatic chain side is deshielded.

RMN 'H §/ppm (DMSO-dg / TMS) = 0.85 (t, 3H, 0) - 1.24 (m, 18H, B, y) - 1.38 (m,
2H, §) - 1.75 (s, 3H, A) - 3.04 (dt, 2H, £) - 4.24 (s, 2H, B) - 7.41 (s, 1H, C) - 8.06 (t, 11, 1) -
11.23 (s, 1H, D) - impurities 0.7% DMF: 2.73 (s, 0.02H) - 2.89 (s, 0.02H).

RMN 3C §/ppm (DMSO-ds / TMS) = 11.93 (4) - 13.99 (o)) - 22.14 (B) - 26.39, 28.76,
28.78, 29.01-29.13 (y) - 31.34 (5) - 38.43 (¢) - 49.35 (B) - 107.91 (1) - 142.46 (C) - 151.04
(1) - 164.52 (G) - 166.64 (11).

c. N-octadecyl-(thymine-1)-acetamide Thy-Cs
(i) Synthesis protocol of Thy-Cys

Thymine-1-acetic acid (1.03 g - 5.5 mmol - 1.1 eq.) was dissolved in 100 mL of a
DMF / toluene mixture (v/v 50/50) heated to 60°C. Octadecylamine (1.39 g - 5 mmol - 1 eq.),
followed by TBTU (2.27 g - 7 mmol - 1.7 eq.), and DIEA (2.6 mL - 1.94 g - 15 mmol - 3 eq.)
were then added. The reaction mixture was stirred at 60°C for 15 h, and then allowed to cool
to room temperature. Crystals precipitated from the solution, were recovered by filtration,
washed with water, and dried under vacuum at 120°C, affording N-octadecyl-(thymine-1)-
acetamide (Thy-Cis, 2.03 g - 93 %).

i) Characterization of Thy-C,g by 'H and *C NMR
(ii) y y

H
)J\ N. € o Y B a
HN™ N" (" “CHy-CHy-(CHg)14-CHa-CHy

02\% 0
Chart 2. Thy-Clg
RMN 'H 8/ppm (DMSO-ds / TMS) = 0.86 (3H, 0) - 1.24 (30H, B, y) - 1.38 (2H, &) - 1.74

(3H, A) - 3.04 (2H, ) - 4.24 (2H, B) - 7.41 (1H, C) - 8.07 (1H, 1) - 11.23 (1H, D).
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3. Diamine telechelic PPO (Jeffamine ® D series, NH,-PPO-X-

NH, 1a-c)

oL
HZNHV X~ NH

g a b
d
HZN\f(\ {/I\/OidVI\ g
ote f "NH
cC n 2
b

Chart 3. Jeffamine ® D series (NH,-PPO-X-NH, 1a-¢ [a: X = 2200, b: X =460, ¢: X =250], n =x-1),
provided by Huntsman.

(i) Characterization of NH,-PPO-X-NH, 1a-c by 'H and *C NMR

NMR 'H NMR “cC
17.4 (a)
NH,-PPO-2200-NH, 12 0.99 (m, 6H, b) 19.6 (b)
1.10 (m, 109H, a) 46.6 and 47.1 (f)
1.78 (s, 4H, g) 75.4 (¢)
6/ppm (CDCl3 / TMS) = 3.023.8(m, 117H, d, f, c, ¢) 73.0 and 73.4 (c)
76.4 (d)
17.3 (a)
19.7 (b)

NH,-PPO-460-NH, 1b

0.95 (d, *J,s= 6.3 Hz, 6H, b)
1.07 (d, *J,.= 6.2 Hz, 17H, a)
1.46 (s, 4H, g)

46.5 and 47.0 (f)
74.7 and 75 (e)
73.0, 73.3 and 75.4 (¢)

&/ppm (CDCl3 / TMS) = 2924 (m, 23H, 4, f, c, ¢)
76.3 and 78.4 (d)
17.2 (a)
NH,-PPO-250-NH; 1¢ 0.95 (m, 6H, b) 19.7 (b)
1.07 (m, 6H, a) 46.4 and 46.9 (f)
1.43 (s, 4H, g) 74.7 and 75 (e)

73.1,75.3 and 78.3 (c)

6/ppm (CDCl; / TMS) = 2.924.0 (m, 12H, d, f, c, e)
76.2 and 78.3 (d)
17.1 (a)
NH,-PPO-250-NH, 1¢ 0.91 (m, 6H, b) 19.9 (b)
1.05 (d, *J,. = 6.3 Hz, 6.1H, a) 46.0,46.2 and 46.4 (1)
1.57 (s, 4H, g) 72.3,73.9, 74.2, 74.5,

d/ppm (DMSO-ds / TMS) =

2.8a3.8(m, 12H, d, f, c, e).

75.8 and 78.0 (c,d,e)
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Appendix Il. Synthesis and characterization
(i) Characterization of NH,-PPO-X-NH, 1b-c by GC-MS

GC-MS of NH,-PPO-460-NH; 1b in methyl alcohol: 3.59 mn : m/z (75 - 58) [x = 2;
0.15%]; 5.14 mn : m/z (247 - 75 - 58) [x = 3; 2.10%]; 6.44 mn : m/z (305 - 75 - 58) [x = 4;
6.70%]; 7.52 mn : m/z (363 - 58) [x =5; 16.12%]; 8.51 mn : m/z (421 - 58) [x = 6; 33.02%];
9.42 mn : m/z (479 - 58) [x = 7; 28.33%]; 10.80 mn : m/z (523 - 58) [x = 8; 12.05%]; 13.11
mn : m/z (58) [x =9; 1.53%]

GC-MS of NH,-PPO-250-NH; 1¢ in methyl alcohol: 3.68 mn : m/z (189 - 75 - 58) [x
=2;28.3%]; 5.19 mn : m/z (247 - 75 - 58) [x =3; 51.1%]; 6.45 mn : m/z (305 - 75 - 58) [x =
4; 19.4%]; 7.68 mn : m/z (363 - 75 - 58) [x =5; 1.1%)].

(iii) Characterization of NH,-PPO-250-NH; 1¢c by FT-IR

IR ATR of NH,-PPO-250-NH, 1¢ (cm™) : 3368, 3306 (NH,), 2970, 2930, 2870 (CH,
CH,), 1467 (CHa, scissoring), 1373 (CHs), 1306 (CHa, torsion), 1201 (C-N), 1099 (C-O).
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4. DAT-PPO-X-DAT 2a-c (a: X = 2200, b: X = 460, ¢: X = 250)

a. Synthesis protocol of DAT-PPO-X-DAT 2a-c

(i) General Procedure for DAT-PPO-X-DAT 2a-c

NH,-PPO-X-NH; 1a-c¢ (5 mmol - 1 eq.) was dissolved in 80 mL of a water / absolute
ethanol mixture (v/v 50/50). NaHCO; (11 mmol - 0.93 g - 2.2 eq.) and 2-chloro-4,6-diamino-
1,3,5-triazine (11 mmol - 1.60 g - 2.2 eq.) were added, and the resulting suspension was
stirred under reflux for 20 hrs. Since DAT-CI was only partially soluble in this solvent, the
reaction mixture started as a white suspension that transformed into a transparent solution as
the reaction progressed. Ethanol was removed in vacuo from the transparent reaction mixture.
After extraction with toluene (2 x 30mL), the combined organic layers were washed with
water (2 x 30 mL, emulsions can be destabilized by filtering on Celite®, adding sodium
chloride salt or waiting long enough), dried over anhydrous magnesium sulfate, filtered,

evaporated, and dried under vacuum at 100°C, affording DAT-PPO-X-DAT 2a-c.

yield (%)

DAT-PPO-2200-DAT 2a 93

DAT-PPO-460-DAT 2b 68

DAT-PPO-250-DAT 2¢ 61

Table 4. Synthesis yields of DAT-PPO-X-DAT 2a-c.

(i) Synthesis protocol specificities for DAT-PPO-250-DAT 2¢

The reaction suspension was stirred under reflux for 26h. The solvent was removed in
vacuo from the transparent reaction mixture. The product was then solubilized in a
chloroform / methanol mixture (v/v 50/50) under reflux (~ 60°C) and filtered to eliminate a
precipitate (composed of NaHCO; and hydroxydiaminotriazine (DAT-OH)). This evaporation
/ solubilization / filtration process was repeated twice. The final filtrate was dried over
anhydrous magnesium sulfate, filtered, evaporated, and dried under vacuum at 180°C,

affording DAT-PPO-250-DAT 2c.
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b. Characterization of DAT-PPO-X-DAT 2a-c¢ by 'H and °C NMR

o H2N NH 9 (0]
\
4 H2N Z NHo, W
Chart 4. DAT-PPO-X-DAT 2a-c.
NMR 'H NMR “C
DAT PPO DAT PPO
1.04 (m, 148H,
DAT-PPO-2200-DAT 2a 2. b) 165.9 (I i;z E:;
5.8 t0 6.2 (m. .
’ 2.8t03.8(m, | 167.2 (A, X
10H, ®,'%, ) | | 4812’, 0 cflre‘) . %) 45.0 (f)
8/ppm (DMSO_d6 / TMS) = 4.04 (I'Il, ZH, f) 72.2, 74.6 (C,d,e)
1.04 (m, 29H, 17.3 (a)
DAT-PPO-460-DAT 2b 5.8 t0 6.3 (m, a, b) 165.9 (I 18.0 (b)
10H, ®, %, Q) | 28t03.8(m, | 167.2(A,%) 45.0 (f)
29H, d, c, e)
d/ppm (DMSO-d¢ / TMS) = 72.2,74.5,79.2
4.04 (m, 2H, f) (c,d,e)
1.03 (m, 12H, 17.1 (a)
DAT-PPO-250-DAT 2¢ a, b) 165.9 (I') 17.95 (b)
5.9 2 6.6 (m, X
10H, ®, ¥, Q) 3{3’; z.sc(xz), 167.2(4.2) 45.1 (1)
&/ppm (DMSO-ds / TMS) = T 71.9, 74.1,79.3
4.07 (m, 2H, f) (c’ d’ e)

Table 5. NMR data of DAT-PPO-X-DAT 2a-c.
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Figure 2. '"H NMR in DMSO-d¢ of DAT-PPO-2200-DAT 2a.
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Figure 3. °C NMR in DMSO-dg of DAT-PPO-2200-DAT 2a.
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5. Thy-PPO-X-Thy 3a-c (a: X = 2200, b: X = 460, ¢: X = 250)

a. Synthesis protocols of Thy-PPO-X-Thy 3a-c

(i) General procedure with TBTU

Thymine-1-acetic acid (2.05 g - 10.9 mmol - 2.2 eq.) was dissolved in DMF (25 mL).
NH,-PPO-X-NH; 1a,¢ (5.0 mmol - 1 eq.), TBTU (4.14 g - 12.8 mmol - 2.5 eq.) and DIEA (7
mL - 40.1 mmol - 8 eq.) were then added. The reaction stirred at room temperature for one
day and was subsequently quenched by adding water (25 mL). The reaction mixture was
extracted with toluene (2 x 50mL), washed with water (2 x 50 mL), dried over anhydrous
magnesium sulfate, filtered, evaporated, and dried under vacuum at 100°C, affording Thy-

PPO-X-Thy 3a,c.

yield (%)
with TBTU | by heating
Thy-PPO-2200-Thy 3a 96 60
Thy-PPO-460-Thy 3b - 70
Thy-PPO-250-Thy 3¢ 20 50

Table 6. Synthesis yields of Thy-PPO-X-Thy 3a-c.

(i) Synthesis protocol specificities for Thy-PPO-250-Thy 3¢ (with
TBTU)

After stirring for one day, the reaction was subsequently partially evaporated. Water
was added and the solution filtered to eliminate a precipitate (composed of hydrated HOBY).
Water was removed in vacuo, and the product was purified by column chromatography
(MeOH/CHCls : 1/9 v/v), and dried under vacuum at 160°C, affording Thy-PPO-250-Thy 3¢
(0.2 eq., with 16% of DIEA).
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(iii) General procedure by heating

Thymine-1-acetic acid (2 eq.) was added progressively to NH,-PPO-X-NH, la-c (1
eq.) at 160°C under a stream of nitrogen gas. The reaction stirred for 24h, until completion of
the reaction (followed by ATR FT-IR and 'H NMR). The product was purified by column
chromatography (MeOH/CHClI; : 1/9 v/v), and dried under vacuum at 170°C, affording Thy-
PPO-X-Thy 3a-c.

(iv) Synthesis protocol specificities for 3b-c (by heating)

For Thy-PPO-460-Thy 3b, the reaction stirred for 48h. DMF was added dropwise if
stiring became difficult. The product was purified by column chromatography

(MeOH/CHCl; : 2/8 v/v), and dried under vacuum at 170°C, affording Thy-PPO-460-Thy 3b.

For Thy-PPO-250-Thy 3¢, the reaction stirred for 96h. DMF was also added dropwise
if stiring became difficult. The product was purified by column chromatography

(MeOH/CHCls : 3/7 v/v), and dried under vacuum at 170°C, affording Thy-PPO-250-Thy 3e¢.

b. Characterization of Thy-PPO-250-Thy 3¢ by FT-IR

IR (ATR, 30°C, cm™) : 3306.2, 3179.5 (NH bonded), 3060.3 (=CH), 2969.6, 2930.0,
2870.6 (CH3, CH»), 1687.4 (NH-CO thymine), 1670.7 (C=0O amide I), 1646.8 (C=C), 1550.0
(NH amide IT), 1484.9 (CH,, scissoring), 1418.4 (C-N), 1372.5 (CHs), 1233.2 (NH amide III),
1092.4 (C-O), 792 (NH amide IV).
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c. Characterization of Thy-PPO-X-Thy 3a-c by 'H and °C NMR

A

Chart 5. Thy-PPO-X-Thy 3a-c.

o . a b o — 0
' f {l\/o;\d)\ N__NH

NMR 'H NMR “C
Thy PPO Thy PPO
11.9 (A)
1.74 (s, 6H, A) 49.2 (B)
Thy-PPO-2200-Thy 3a | 425(s.4m,55) | 03 ;di)l)le’ 107.8 (1) 17.3 (a, b)
A0 2H ) | 3 aim ed e | 2SO | 447and45.0 ()
5/ppm (DMSO-dg / TMS) = 7.97 (qdd, 2H, 1) 3.83 (m, 2H., f) 151.0 () 71t0 76 (c, d, e)
11.24 (s, 2H, D) 164.4 (G)
166.2 (11)
12.0 (1)
1.74 (s, 6H, A) 49.3 (B)
Thy-PPO-460-Thy 3b 425 (s, 4H, B) 1'°5a(d£))26H’ 107.9 () 17.4 (a, b)
A0S 2HO) | 3 gim ed e | 426(C) | 448and 450 ()
&/ppm (DMSO-dg / TMS) = 7.99 (qdd, 2H, 1) 3.85 (m, 2H, 1) 151.1 () 71t0 76 (c, d, e)
11.21 (s, 2H, D) 164.5 (C)
166.3 (1)
11.86 (1) @)
. a
L7460, |0 a 105ia, | 4980 1731 )
Thy-PPO-250-Thy 3¢ 4.25 (s, 4H, B) b) 107.84 (1)
44.5, 44.8 and
7.39(s,2H, C) | 3to 4c (I(Ill, ;)1.8H, 142.49 (C) 45.0 ()
8/ppm (DMSO-ds / TMS) = | 7-98(qdd, 2H, 1) o ISLOL(F) | 71.3,71.6,73.6,
1120 (s, 281, ) | 88 2HD 1047 () 7?-2:17433
c,d, e
166.31 (11)

Table 7. NMR data of Thy-PPO-X-Thy 3a-c.
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Figure 4. "H NMR in DMSO-d, of Thy-PPO-2200-Thy 3a.
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Figure 5. >*C NMR in DMSO-d4 of Thy-PPO-2200-Thy 3a.



Appendix Il. Synthesis and characterization

6. #/(100-¢9)-M-X 4a-b, 5a, 6a (a: X = 2200, b: X=460; 4: ¢ =
50, 5: p=25,6: p=75)

a. Preparation of ¢/(100-¢)-M-X 4a-b, 5a, 6a

#/(100-¢)-M-X 4a-b, 5a, 6a (a: X=2200, b: X=460; 4: $=50,5: p=25,6: p=175)
were prepared by separately solubilizing Thy-PPO-X-Thy 3a-b and DAT-PPO-X-DAT 2a-b
in a good solvent (CHCIs/MeOH 1:1 blend or CH,Cl,), before mixing the two solutions.
@/(100-¢)-M-X 4a-b, Sa, 6a were then obtained in the bulk by solvent casting and annealing

under vacuum at 120°C for 3 hrs.

b. Characterization of 50/50-M-X 4a-b by 'H and >°C NMR

|4

80 75 70 B85 60 55 S50 45 40 35 30 25 20 18 10
ppm

Figure 6. '"H NMR in DMSO-d, of 50/50-M-2200 4a.
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Figure 7. C NMR in DMSO-d; of 50/50-M-2200 4a.
NMR 'H NMR "C
Thy / DAT PPO Thy / DAT PPO
50/50-M-2200 | 175 6HM 11.9 (1) - 49.2 (B)
4a 45‘292(56’ ;I:; ) I'O: (ld’ 32071{(’ 30) | 107.8 (1) - 142.5 (O) 17.3 (a, 1)
.93, 6.09 (m, .1 to 3.7 (m,
1O D, ¥, ) WOl d e o) | 1511071646 (C) 18.0 (b)
/ppm 740 (s, 25, ©) 3.85 (m, 2EL £ 165.9 (I) 44.8,45.0 (f, £, /)
(DMSO-dg / 798 (m, 26 1) 4.04 (m, 2EL 1 166.2 (11) 72.5,74.6 (c, 4, , €)
TMS) = 11(s, D) 167.2 (A, )
12.3 (1) - 50.4 (1)
50/50-M-2200 |y g7(s, 6H, A) | 1.10(d, 55H, a, b) 1109 (5) - 1413 (0) 17.4 (a, 1)
4b 429 (s, 4H,B) | 3.0 to:;.(i (g, SO, | 1637 (F) - 1658 (G) 18.0 (b)
6.17 (m, 10H, ®, -G 1661 (T) 46.1 (1, £, /)
¥, Q) 4.06 (m, 2H, 1) :
8/ppm (CDCl; 166.3 (1) 71.7,72.5,73.1, 73 .4,
/ TMS) = 7.10 (s, 2H, ) 4.13 (m, 2H, ) 75.4,77.4 (c, 4, 4, €)
167.1 (A, %)
50/50-M-2200 | 174 6H.4) 118 (1) - 493 (1)
| e ) a0
.2 t0 6.8 (m, S .1to 3.8 (m, .
D, 7P, Q) 401H, d, c, e) ISLI(F) - 164.5 () 45.0 (£, . /)
164.6 (I AR
8/ppm 7.43 (s, 2H, ) 3.87 (m, 2H, ) () 711075, 792 (c, d
(DMSO-ds / 8.05 (m, 2H, 1) 4.09 (m, 2H, 1) 166.22 (H) )
T™MS) = 1150 (s, 2H. D) 166.24 (A, %)
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Table 8. NMR data of 50/50-M-X 4a-c.




Appendix Il. Synthesis and characterization

7. Thy-PPO-X-DAT 10a-c (a: X = 2200, b: X = 460, ¢: X = 250)

o)
W SN X
HoN 7 NHp > HN x N ©°

0°C, 6h, DCM, N, 7a-c

1a-c

Thy-CH,-CO,H

TBTU, DIEA, DMF

1) CF5CO,H, DCM 0%

N o
- NN PV(”\/L
2) NaOH 2M I N < NH,

% X
> :’L/ji\‘¢OkN1J\/O+ANJOJ\oJ<
o H X H
8a-

oa-c

9a-c
NH,
DAT-CI Oﬁ)\ 0 NN
- e N q’JVO{\)\ I
reflux, NaHC O3, E{OH/H,0 g N 5 NTONTONH,
© 10a-c

Scheme 1. Synthesis of heterotelechelic units Thy-PPO-X-DAT 10a-c (a: X =2200, b: X =460, c: X =250).

a. First step: synthesis protocol of N-BOC monoprotection

(i) General procedure for NH,-PPO-2200-BOC 7a-c

A solution of di-fertio-butyl dicarbonate (BOC,0, 4.94 g - 22.6 mmol - 1 eq.) in
dichloromethane (DCM, 100 mL) was added dropwise to a solution of NH,-PPO-X-NH, (1a-
¢, 22.6 mmol - 1 eq.) in DCM (100 mL), under nitrogen flow, and cooled in an ice bath (0°C).
The reaction mixture was allowed to stir, under nitrogen flow, for 6 hrs, in the ice bath, and
was subsequently purified by liquid-liquid extractions. The final organic phase was dried over

anhydrous magnesium sulfate, filtered, and evaporated, affording BOC-PPO-X-NH; 7a-c.

yield (%)

NH»-PPO-2200-BOC 7a 31

NH,-PPO-460-BOC 7b | 14 -37

NH»-PPO-250-BOC 7¢ 37

Table 9. Synthesis yields of BOC-PPO-X-NH, 7a-c.

227



Appendix Il. Synthesis and characterization
(i) Synthesis protocol specificities for NH,-PPO-2200-BOC 7a

The reaction mixture was washed with a 0.1 M acetic acid solution (pH ~ 3; 2 x 200
mL) to extract the unreacted diamine. The combined organic phases were evaporated, a 0.1 M
acetic acid solution (150 mL) was added to the resultant oily material, and the solution was
filtered. A 2 M sodium hydroxide solution was added to the pH ~ 4 filtrate until pH reached ~
10. The mixture was then extracted with DCM, yielding the final organic phase.

(iii) Synthesis protocol specificities for NH,-PPO-2200-BOC 7b

The reaction mixture was washed with a 0.1 M acetic acid solution (pH ~ 3, 3 x 200
mL) to extract the unreacted diamine. The solvent was then removed by rotary evaporation.
Water (150 mL) was added to the resultant oily material. Non solubilized di-BOC-protected
diamine was filtered from the mixture (filter pores diameter = 0.45 um). A 2N sodium
hydroxide solution was added to the aqueous filtrate (pH ~ 4) until pH reached 10. The

mixture was then extracted with DCM, yielding the final organic phase.

To increase the yield and purity, NH,-PPO-460-NH, can be purified before the
reaction, by liquid-liquid extraction, in order to eliminate the bigger molecules which prefer
the organic phase to the acidic aqueous phase. With this, the yield increases from 14% to 37%
and the purity from 78% of NH,-PPO-460-BOC (with x ~ 9) to 94% of NH,-PPO-460-BOC
(with x ~ 6).

(iv) Synthesis protocol specificities for NH,-PPO-2200-BOC 7¢

The reaction was carried in THF instead of DCM and 3 eq. of NH,-PPO-250-NH, for
leq. of (BOC),O was used. After stirring for 6 hrs, the solvent was removed by rotary
evaporation. A 2N sodium hydroxide solution (100 mL) was added to the resultant oily
material and the mixture was extracted with methyl-tertio-butylether (MTBE, 3 x 60 mL).
Combined organic extracts were evaporated, solubilized in dichloromethane (DCM, 60 mL)
and washed with a 2N sodium hydroxide solution (3 x 60 mL), yielding the final organic
phase.
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Appendix Il. Synthesis and characterization

(v) Characterization of NH,-PPO-X-BOC 7a-c by 'H and *C NMR

g a b o 1 ;
d ‘H\‘/ J\/J\g z
HQNTf/\O e < Onf d H%Ok‘!
b

Chart 6. NH,-PPO-X-BOC 7a-c (n=x- 1).

NMR 'H NMR “C
BOC PPO BOC PPO
0.99 (m, 3H, b) 17.5 (a)
NH,-PPO-2200-BOC 7a L.11 (m, 109H, a, %) 18.3 (9)
142 (5,91 1) 1.74 (s, 2H, g) 28.6 (/) 19.8 (b)
29238 (m,c,d,d e | 155:60) | 46.5 47.0 (1,5
d/ppm (CDCls / TMS) = f, /) 721078 (d. 4, ¢
4.89,5.18 (s, 0.6H, 2) &2
0.97 (d, 3H, b) 171 @
1.08 (m, 28H, a, b) 18'1 i
NH,-PPO-460-BOC 7b 1.92 (s, 2.2H, g) 28.5 (1) 19'8 (b)
L38 (s 14H. 1) | 28240 (m,31H, L./, | 16 ¢ S
N - d.d, o, e) 605 | 46.5et 47.0 (1, )
ppm (CDCl3 / TMS) = 2.3 1079.0
3.69 (s, 2H, /) 72310794 )(da
4.87 (s, 0.8H, & T
0.98 (m, 3.6H, b) .
1.09 (m, 10H, a, 5) 18'1 (Z)
NH;-PPO-250-BOC 7¢ 1.55 (s, 2.4H, g) 28.5 (1) 19'8 (b)
1.40 (s,9H, 1) | 2.824.0 (m, 13.5H, f, 155.6 (3 S0
N - fdodce) 6(9) | 46.5et 47.0 (f, )
ppm (CDCl; / TMS) = 5 d
371 (s, 1H. /) e
4.86 (s, 0.7H, = T

Table 10. NMR data of NH,-PPO-X-BOC Sa-c.

(vi) Characterization of NH,-PPO-250-BOC 7¢c by GC-MS

GC-MS : 5.90 mn: m/z (291 - 75 - 58) [NH,-PPO-250-BOC-x=2] ; 7.02 mn : m/z
(349 - 58) [NH,-PPO-250-BOC-x=3] ; 7.52 mn : m/z (75 - 58) [NH,-PPO-250-BOC-x=4].
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Appendix Il. Synthesis and characterization

b. Second step: synthesis protocol of Thy grafting

(i) Synthesis protocol for Thy-PPO-X-BOC 8a-c: general

procedure

Thymine-1-acetic acid (0.88 g - 4.8 mmol - 1 eq.) was dissolved in DMF (15 mL).
NH,-PPO-X-BOC 7a (4.8 mmol - 1 eq.), TBTU (3.08 g - 9.6 mmol - 2 eq.) and triethylamine
(TEA, 2.7 mL - 19.4 mmol - 4 eq.) were then added. The reaction stirred at room temperature
for 2.5 days, and was subsequently quenched by adding water (100 mL). The reaction mixture
was extracted with toluene (2 x 100 mL), washed with water (100 mL), dried over anhydrous

magnesium sulfate, filtered, and evaporated, affording Thy-PPO-X-BOC 8a-c.

yield (%)

Thy-PPO-2200-BOC 8a 100

Thy-PPO-460-BOC 8b 100

Thy-PPO-250-BOC 8¢ 100

Table 11. Synthesis yields of Thy-PPO-X-BOC 8a-c.

(ii) Synthesis protocol specificities for Thy-PPO-X-NH, 8a-c

For Thy-PPO-250-NH, 8¢, only 1 eq. of TBTU was used and DIEA (2 eq.) was used
instead of TEA. After stirring at room temperature for 15 hrs, the reaction mixture was
partially evaporated, quenched by adding water (90 mL), and filtered to remove 1-
hydroxybenzotriazol (HOBt), an hydrolyse product of TBTU. The filtrate was extracted with
chloroform (2 x 80 mL), washed with water (2 x 60 mL), dried over anhydrous magnesium
sulfate, filtered, evaporated and dried under vacuum, affording Thy-PPO-X-BOC 8c. For
Thy-PPO-250-NH, 8¢, DIEA (4 eq.) was used instead of TEA.

8a contains 92.3 wt% of Thy-PPO-2200-BOC and BOC-PPO-2200-BOC, 7.2 wt% of
toluene and 0.5 wt% of tetramethylurea. Indeed, the product was not dried under vacuum and
heat, to avoid BOC deprotection. The impurities, such as toluene and tetramethylurea have no

impact on the next reaction and will be extracted after the third or fourth step.
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Appendix Il. Synthesis and characterization

(iii) Characterization of Thy-PPO-X-BOC 8a-c by 'H and *C NMR

a b 1
j)\ {,]\/’\d/l\gik‘f
NH @)
e
Y ot e

o)

Chart 7. Thy-PPO-X-BOC 8a-c.

NMR 'H NMR “cC
Thy / BOC PPO Thy / BOC PPO
119 (4) 17.2 (a)
Thy-PPO-2200- 1375, 1030, D14 o4 (m, 1321, 282(1) 17.9 to 18.4
BOC $a 1.75 (s, 3H, A) a, b, b) 49.2 (B) (b, b)
425(s,2H,B) | 3.1t03.7 (m, 107.7 (1) 44.7, 45.0,
7401, () | S e 142.4 (C) 45'(6’ ;‘)5'9
o/ppm (DMSO-dg 7.98 (m, 1H, 1) 3.84 (m, 1H, /) 1510 () >
/TMS) = T 6.51 (d, 0.8H, = 71 to 75,
11.24 (s, 1H, D) | > (G U2 154.9 (3) 7715 (¢, 4, 4,
164.4 (G) - 166.2 (1) e 2)
11.9 (A)
Thy-PPO-460-BOC 1.37 (S, 12H, l) 1.04 (m’ 30H, a, 28.2 ([) 17.0 to 18.5
1.75 (s, 3H, A) ,5) 49.2 (B) (a,h,5)
8b 426 (s,2H,B) | 3.1t03.8(m, 107.8 (1) 44-(8, 45.8
7.40 (s, 1H, C) ¢, d d,e.f) 1425 (O) )
8/ppm (DMSO-ds | 7.99 (m, 11,1y | >34 (- 1H./) 151.0 (1) 777_ ‘1' ?;754
/TMS) = 1124 (s, 1H, ) | 54 (@ 1H.2) 155.0 (3) e, 2)
164.5 (G) - 166.2 (1)
1.04 (m, 13.3H,
a, b, b) 11.93 (1) 172 @)
3to4 (m, 283 (1)
Thy-PPO-250-BOC 142H, /. £, 4, d 17.9to 18.4
S 72 4 49.24 (B) (b, )
8c c,e)
1365, S6H. 1) | 3gc i) anL 107.82 (1) ?5.50, ?4.8,
1.74 (s, 3H, 1) ) 142.54 () 0.9
o/ppm (DMSO-dg 71 to 72.5,
ITMS) 426 (s, 2H, B) 151.03 (1) 736743
7.40 (s, 1H, ) 155.0 (3) 74.4,71.5
8.03 (m, 0.8H, | 164.50 (C)-166.30 i1y | (&%
)

Table 12. NMR data of Thy-PPO-X-BOC 8a-c.
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'H and >C NMR in DMSO-ds of 8¢ show that Thy-PPO-250-BOC was formed.
However, 8¢ also contains non negligible amounts of Thy-PPO-250-Thy 3¢ and BOC-PPO-
250-BOC. Given the small sizes of these oligomers, purification by column chromatography

can be envisaged, but has not be performed.

c. Third step: Synthesis protocol of BOC deprotection

(i) Synthesis protocol for Thy-PPO-X-NH, 9a-c: general procedure

Thy-PPO-X-BOC 8a-c (8.1 mmol - 1 eq.) was dissolved in DCM (20 mL) at 0°C.
Trifluoroacetic acid (TFA, 25 mL - 337 mmol - 42 eq.) was then added. The reaction stirred at
room temperature for 2 days, and the solvents were subsequently removed by rotary
evaporation.' The amino functions were then neutralized by adding a 2M sodium hydroxyde
solution saturated with sodium chloride until pH reached 14. The product was extracted with
toluene (3 x 20 mL), dried over anhydrous magnesium sulfate, filtered, and evaporated,

affording Thy-PPO-X-NH, 9a-c.

yield (%)

Thy-PPO-2200-NH, 9a 85

Thy-PPO-460-NH, 9b 23

Thy-PPO-250-NH, 9¢ ?

Table 13. Synthesis yields of Thy-PPO-X-NH, 9a-c.

(ii) Synthesis protocol specificities for Thy-PPO-X-NH, 9a,c

For Thy-PPO-2200-NH; 9a, 100 eq. of TFA was used. The reaction mixture stirred at
room temperature for 1 day, was evaporated, and treated with a 2 M sodium hydroxyde
solution (15 mL). Toluene was added to extract the product, but a very stable emulsion was
formed. After evaporation of the organic solvent, the product was recovered by phase
separation. Toluene was added, and the resulting solution was dried over anhydrous

magnesium sulfate, filtered, and evaporated, affording Thy-PPO-2200-NH, 9a

' The rotavapor needs to be equipped with anti-corrosive tubes, since TFA is very corrosive.
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For Thy-PPO-250-NH; 9¢, 6 eq. of TFA was used. After neutralization, the solution
was washed with DCM, affording Thy-PPO-250-NH; 9c¢ in the basic aqueous phase.

(iii) Characterization of Thy-PPO-X-NH, 9a-c by 'H and "*C NMR

oF

o a b
M NH {J\/OJ\d/L
HN NW ofeg f

Chart 8. Thy-PPO-X-NH, 9a-c.

g

NH»

NMR 'H NMR “cC
Thy PPO Thy PPO
119 (4)
_PPO-2200- ~ 49
Thy PP097;200 NH, 174 (5. 3H, 4) U - 8( ) 17.3 (a)
— 4.25 (S’ 2H’ ) M (ma sas B ) * ( ) ~18 (b’ )
7.40 (s, 1H, ©) 3037, e ddeh ) ~143(0 ~45(f, 1)
8/ppm (DMSO-ds | 99 (4 1 1) 3.83 (m, 1H, /) 151.0(5) | 71.5t0 75.0 (c, d,
/TMS) = Y 164.5 (C) ,€)
166.2 (1)
Thy-PPO-460- NH,
o 1.68 (s, 3H, A) 0.89 (d, 4H, b)
= 4.15 (s, 2H, B) 1.04 (m, 27H, a, /)
6.99 (s, IH, ) | 3.0t03.7(m, c,d,d,e,f)
8/ppm (DMSO-ds | 7.81 (4, 1H, 1) 3.80 (m, 1H, /)
/TMS) =
0.88 (m, 2.4H, b) 13604
Thy-PPO-250- NH, 0.95 (m, 3H, 7) 49.24 (1) 17.1 (a)
9¢ 1.69 (s, 3H, A) 1.02 (m, 5.8H, a) 108.6 () 18.5 (b)
3.66 (s, 2H, 1) | > 1036 (‘cn’e;OH’ Ld 41 1430 (0 20.0 (1)
8/ppm (DMSO-dg | 710 (5 1H.©) 3.80 (m, 1H, /) 158.6 (1) 46 (.1
/TMS) = 168.2(C) | 74 t0 76 (c, d, 4, ¢)
171.1 (11

Table 14. NMR data of Thy-PPO-X-NH, 9a-c.
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d. Final step: Synthesis protocol of DAT Grafting

(i) Synthesis protocol for Thy-PPO-X-DAT 10a-c: general

procedure

Thy-PPO-X-NH; 9a-¢ (2.4 mmol - 1 eq.) was dissolved in 60 mL of a water / absolute
ethanol mixture (v/v 50/50). NaHCOs (0.47 g - 4.9 mmol - 2 eq.) and 2-chloro-4,6-diamino-
1,3,5-triazine (0.43 g - 2.9 mmol - 1.2 eq.) were added, and the resulting suspension was
stirred under reflux for 48h. Since DAT-CI was only partially soluble in this solvent, the
reaction mixture started as a white suspension that transformed into a transparent solution as
the reaction progressed. Ethanol was removed in vacuo from the reaction mixture. After
extraction with DCM (60 mL), the organic phase was dried over anhydrous magnesium
sulfate, filtered, evaporated, and dried under vacuum at 100°C, affording Thy-PPO-X-DAT

10a-c.

yield (%)

Thy-PPO-2200-DAT 10a | 92

Thy-PPO-460-DAT 10b 66

Thy-PPO-250-DAT 10¢ ?

Table 15. Synthesis yields of Thy-PPO-X-NH, 10a-c.

(ii) Synthesis protocol specificities for Thy-PPO-X-DAT 10b-c

For Thy-PPO-460-DAT 10b, water, as well as ethanol, was removed in vacuo from
the transparent reaction mixture. DCM (50 mL) was added, the suspension was filtered, dried
over anhydrous magnesium sulfate, filtered, evaporated, and dried under vacuum at 100°C,

affording Thy-PPO-460-NH, 10b.

For Thy-PPO-250-DAT 10¢, Thy-PPO-250-NH; 7¢ in 20 mL basic water was added

to the water / absolute ethanol mixture.
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(iii) Characterization of Thy-PPO-X-DAT 10a-c by NMR

HN
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A
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A 0O a

NHy ©

L

Chart 9. Thy-PPO-X-DAT 10a-c.

NMR 'H NMR “cC
Thy / DAT PPO Thy / DAT PPO
Thy-PPO-2200-DAT 12.4 (1) - 503 (1)
10a 175 (s, 3H, A) | 1.04 (m, 142H, 71to 79 (c, €, d, e)
4.25 (s, 2H, B) a,b,h) 104.6 (1)
'"H O/ppm (DMSO-dg | 5.8t06.2 (m, 3.1t0 3.7 (m, 141.3 (O) 17 to 19 (a, b, 1)
/TMS) = SH, @, 7, Q) ¢, d,d,¢) 152.5 (1) - 165.0 (C) | 462 (f, %, /)
3¢ §/ppm (CDCl; | 740 (s, 1H, ) | 383 (m. 1H.7) 165.8 (I
/TMS) = 7.97 (d, 1H, 1) | 4.04 (m, 1H, %) 166.0 (11)
170.0 (A, %)
11.9 (1) - 493 (1)
1.75 (s. 3H 71to 75 (c, €, d, e)
Thy-PPO-460-DAT (530, 4) | 1.04 (m, 29H,
10b 4.26 (s, 2H, B) a, b, b) 107.8 (1)
T 58063 (m, | 29t03.7(m, 142.6 (C) 17t0 19 (a, b, h)
SH, ®,%, Q) ¢, d,d,¢) 151.1 (1) - 164.6 (G) 44.8 (f, £, /)
5/ppr/r}§ADé\;[iO-d6 7.42 (s, 1H, ) | 3.84 (m, IH, /) 165.9 (1)
7.98 (d, 1H,1) | 404 (m, 1H, 9 166.1 (1)
168.3 (A, 2)
12.0 (1) - 493 (1)
174 (s, 3H, 4) 69 to 77 (c, €, 4, e)
Thy-PPO-250-DAT | 426 (s, 2H, ) | 104 (m 121,
100 a, b, b) 107.9 (1)
- gg t(‘l’f;ﬁ (g) 3.1 to 3.8 (m, 142.6 (O) 16 to 21 (a, b, )
7.40 (s, 1H, C) ¢, d,d,¢) 1511 (1) - 164.6 (C) | 44.8 (, £, /)
&/ppm (DMSO-dg 088, 3.85 (m, 1H, /) 1662
_ 2 ()
04 (m, 1H, ) 166.3 (11)
11.26 (s, 1H, D) :
168.7 (A, 2)

Table 16. NMR data of Thy-PPO-X-DAT 10a-c.
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Appendix Ill. Résumé en francais

Organisations dans les polyméres supramoleculaires :

du comportement en solution au comportement en masse

Introduction

Les polymeres sont de longues chaines d’atomsselidre eux par des liaisons
covalentes. Les enchevétrements et la viscoél@stieis polymeres résultent directement de
leur grande taille et leur procurent des proprigig&essantes. Ces propriétés sont spécifiques
aux polymeéres et expliquent leurs succes dans ddmuses applications, des cosmeétiques
aux automobiles, en passant par les emballagedalenent, le médical, ou encore
I'électronique. Toutefois, la longueur des chaimks polymeéres peut également rendre

difficile leur mise en forme ou leur recyclage.

La chimie supramoléculaire, définie comme la ckighés interactions non covalentes,
permet d’introduire de la réversibilité et une geiigd aux stimuli dans les liens entre

atomes. Les liaisons hydrogene en particulier,ibkassa la température, sont tres utilisées.

Le concept des polymeres supramoléculaires esbrasraire de grands objets a partir
de petites molécules reliées entre elles par degattions non covalentes et directionnelles.
Cette approche permet d'obtenir des matériauxnalli@versibilité et propriétés propres aux
polymeres. Par exemple, pour des matériaux maistgrau des liaisons hydrogéene, une
€lévation de la température permet de rompre @asofis et d’obtenir un liquide peu

visqueux : le matériau peut alors étre remis eméor

Par ailleurs, des propriétés originales comme d-aéparation peuvent également étre

observées. Ainsi, un élastomere supramoléculaire-r@garant a été mis au point au
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laboratoire de Matiére Molle et ChimieDans ce matériau, les liaisons hydrogéne entre
molécules de relativement faible masse molaire pemmettent de s’assembler en un réseau
tridimensionnel rappelant les polyméres rétictiléss associations formées sont faibles mais
nombreuses. Par ailleurs, les propriétés uniquesedematériaux semblent étre fortement
influencées par leur nanostructuration pressefidte nanostructuration proviendrait d’'une
ségrégation entre les groupements a liaisons hgdegolaires (les « motifs collants ») et les
liens apolaires entre ces motifs (les « espaceursba ségrégation de phase peut faciliter les
liaisons hydrogéne en augmentant localement laeraration des motifs collantsDe plus,

les nanodomaines sont associés a de lents procelesudiffusion, comme dans les
copolyméres & blot,et jouent un réle dans la réparation aprés fracgqui implique une
reconstruction de la nanostructdrePar ailleurs, ces élastoméres auto-cicatrisant$ son
construits de sorte que la cristallisation des f®a liaisons hydrogene soit inhibée (en
exploitant le désordre des espaceurs). En effatrissallisation des motifs collants dans les

polyméres supramoléculaires est un phénoméne ddtfran

Pour examiner les interactions entre les liaisdirectionnelles telles que les liaisons
hydrogene entre les motifs collants, la ségrégatmphase entre les espaceurs et les motifs
collants, et la cristallisation des motifs collgnt®us avons choisi d’étudier un systeme
modele. Ce systeme consiste en des chaines naallices de poly(oxyde de propyléene)
(PPO) fonctionnalisées en bout de chaine par déissncomplémentaires, inspirés des bases
de I'’ADN : un dérivé de thymine (Thy) et la diamiriazine (DAT). Ce systéme combine des
liaisons hydrogene faibles (auto-associations Thy-TSchéma A.lll.1a] et DAT-DAT

! Cordier, P.; Tournhilhac, F.; Soulié-Ziakovic, Ceibler, L.; Self-healing and thermoreversible rubber
from supramolecular assembly Nature2008 451, 977.

2 Montarnal, D.;Mise en oeuvre de liaisons réversibles covalentesen-covalentes pour de nouveaux
matériaux polymeres recyclables et retransformablébD ThesisUniversité Paris 62011

3 Maes, F.; Montarnal, D.; Cantournet, S.; TourrglHa; Corte, L.; Leibler, L Activation and deactivation of
self-healing in supramolecular rubbers Soft Matter2012 8, 1681.

* Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Somala, P.; Rowan, S. Utilization of a Combination of
Weak Hydrogen-Bonding Interactions and Phase Segragion to Yield Highly Thermosensitive
Supramolecular Polymers J. Am. Chem. So2005 127, 18202.

® Yokoyama, H.Diffusion of block copolymers Mater. Sci. Engineer.: R006 53 199.

® Lillya, C. P.; Baker, R. J.; Hutte, S.; Winter, H.; Lin, Y. G.; Shi, J.; Dickinson, L. C.; Chied, C. W.;
Linear chain extension through associative terminiMacromolecule4992 25 2076.

" Wietor, J.-L.; van Beek, D. J. M.; Peters, G. Mendes, E.; Sijbesma, R. FEffects of Branching and

Crystallization on Rheology of Polycaprolactone Summolecular Polymers with Ureidopyrimidinone End
Groups; Macromolecule2011, 44, 1211.
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[Schéma A.lll.1b]) et fortes (association compléraget Thy-DAT [Schéma A.lll.1c]),
'aromaticité des motifs collants, une forte réputsentre les motifs collants polaires et les
espaceurs peu polaires PPO, et des tendancegiatddlisation trés différentes pour Thy et
DAT. Effectivement, les dérivés de Thy sont supeta cristallisation, tandis que les dérivés
de DAT sont enclins a former des verres au liewrdsalliser. lls forment des agrégats liés
par liaisons hydrogéne qui ne peuvent s’empileicafement du fait de la multiplicité des
sites non équivalents de liaisons hydrog&heCe systéme combine donc plusieurs
caractéristiques, et nous nous demandons si I'veredpa le dessus ou si un compromis sera

trouvé.

~oHN =N
0 H,N
0 <—— H,N
(€) ?/_/(NH — N>/7N\>—NHJW
o}-JNﬂo L H2N>=N
aeHN

Schéma A.lll.1. (a) auto-association Thy-Thy, (b) auto-associab@éT-DAT, et
(c) association complémentaire Thy-DAT.

Dans cette thése, nous nous sommes concentréstade de la structuration et des
propriétés rhéologiques de ce systeme, en solatian masse. Dans un premier temps, la
synthese de ces matériaux est présentée. Puis, démuons le comportement de ces
polymeéres supramoléculaires en solution, ou I'efloe du solvant est cruciale. Ensuite, nous
nous intéressons a l'organisation de ces produitmasse. Finalement, nous étudions leur

transition vitreuse, avant de conclure.

8 Wang, R.; Pellerin, C.; Lebel, (Role of hydrogen bonding in the formation of glasseby small molecules:
a triazine case studyJ. Mater. Chem2009 19, 2747-2753.

° Plante, A.; Mauran, D.; Carvalho, S. P.; Pagéy.JS. D.; Pellerin, C.; Lebel, OTg and Rheological

Properties of Triazine-Based Molecular Glasses: Imaminating Evidence Against Hydrogen Bonds J.
Phys. Chem. B009 113 14884.

239



Appendix Ill. Résumé en francgais

Synthése de polyméres supramoléculaires par greffage de Thy
et DAT sur chaines PPO

Les produits préparés dans le cadre de cette gm#edes chaines oligomeres de
poly(oxyde de propyléne) (PPO) fonctionnalisées axtxémités par un dérivé de thymine
(Thy) et/ou de diaminotriazine (DAT). Les chaind3CPprécurseurs sont de faible masse
moléculaire et sont notés MPPOX-NH, la-c avecX la masse molaire en g.rifotle la
chaine PPO& X = 2200,b: X = 460,c: X = 250).

DAT est greffé par substitution nucléophile arompadi, tandis que Thy est greffé par
amidation, par simple chauffage ou a l'aide d’'urerdgcouplant (TBTU). Les composeés
homoditopiques auto-associatifs sont synthétisamenrétape (pour DAT-PPR-DAT 2a-c:
Schéma A.l11.2; pour Thy-PP®&-Thy 3a-c:Schéma A.l11.3). Les mélanges de ces composés
en solution permettent d’obtenir apres évaporatansolvant@(100-9-M-X 4a-¢ 5a, 6a
(avecgle pourcentage de Thy-PPQOThy 3a-c et (100¢) celui de DAT-PPOX-DAT 2a-c;

4. ¢=150,5: = 25,6. p=75). Les composés hétéroditopiques (Thy a lexteemité et DAT

a l'autre) sont synthétisés en trois étapes aprégpremiére étape de monoprotection par un
groupe protecteur hydrophobe permettant une patific plus aisée (Thy-PPR-DAT 10a-

c: Schéma A.lll.4).

HoN

EtOH/H,0, NaHCO4 , \ {J\/ ;\)\
/
HZN\h NH, + 2 \>—C| > >_NHTAO NH—<\ /
N

>_ reflux, 20h

HoN Ha

Schéma A.lll.2. Synthése de DAT-PP®&-DAT 2a-cvia une substitution nucléophile aromatique de diamino
poly(oxyde de propylene) NFPPO-X-NH, 1a-cpar 2-chloro-4,6-diamino-1,3,5-triazine.

i 3 L
DMF, TBTU, DIEA | {J\/ L/L
OH o N._NH
NPT WL ¢ S B Gh e
Wﬁo n o NH = o = ] 0
o Tamb O

(o} o) 0 =
BN OoH bulk, N, (DMF) S NH {J\/o;\/l\ JNNH
HN™ °N » HNTON \(\O NH
”ZNjﬂo{JVOKn/LNHz ‘2 )ﬁ)/\m > N N \g
o = O

160°C o

Schéma A.111.3. Synthese de Thy-PPR-Thy 3a-cpar amidation de NHPPO-X-NH, la-cpar I'acide
thymine-1-acétique réalisée (a) en solution aveagent couplant, ou (b) en masse a 160°C sous.azote
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Loy 00 e L8
HoN " UNH, > N

0°C, 6h, DCM, N, 7a-c

Thy-CH,-CO,H

TBTU, DIEA, DMF

% X
g HN%YNJLNKOMNJOK
5 H x H

8a-c

1) CF5CO,H, DCM YH
2) NaOH 2M g/ \)J\ HV *J\NHz

9a-c

NH,
DAT-CI )\

> N\)k /KJ\/ 4\)\ \ l
reflux, NaHCO,, EtOH/H,0

10a-c

y

Schéma A.lll.4. Synthése des unités hétérotéléchéliques Thy-REAT 10a-c

Polymeres supramoléculaires en solution : comportement

dépendant du solvant

Le comportement de nos composés en solution dams solvants de différente
polarité (DMSO, chloroforme et toluéne) a été &upar des mesures spectroscopiqgues et
rhéologiques (Figure A.lll.1). Le solvant influendertement la valeur des constantes
d’association entre les motifs Thy et DAT (Schem#llA, Table A.lll.1), ainsi que leur
structuration. Le DMSO est un solvant dissociarg ti@isons hydrogene entre Thy-DAT,
tandis que le chloroforme et le toluene sont dégsts non dissociants a basse température
et dissociants a haute température. De plus, le DS un mauvais solvant des chaines PPO
et un bon solvant des motifs Thy et DAT, tandis tuéoluene est un mauvais solvant des
motifs collants et un bon solvant des chaines PP@r. conséquent, nos polymeres
supramoléculaires semblent former des micelles awecoeur de PPO et une couronne de
Thy, DAT dans le DMSO ; des micelles inverses awee couronne de PPO et un cceur de
Thy, DAT dans le toluene; et des chaines linégasliiaisons hydrogene entre Thy et DAT

dans le chloroforme (Figure A.lll.2). Les différesc d’'organisation et de constantes

d’association K, Soar™ = 22* K72 S5i7°°™ ) entre le toluéne et le chloroforme peuvent étre
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attribuées d’'une part, a une meilleure solvatatles motifs collants par le chloroforme et,
d’autre part, aux interactions aromatiques entodes aromatiques Thy et DAT prenant place

dans le toluéne, en plus des liaisons hydrogene.

10a Thy-PPO-2200-DAT 10 (A)
4a  50/50-M-2200 g 8
2
2a  DAT-PPO-2200DAT > ©
> 4
3a  Thy-PPO-2200-Thy £ 3a 2a 43 10a
® 2(DMso —— ® ¢ ¢ @
la  NH2-PPO-2200-NH2 ® | * 25°C
(B) (C) ]
310 (B) 21000, &
g 8 i0a 8 8 )_J;..(
2 6 2 o 2 6 el
S 2 > [
o 4 3a g 4 = 2a
= & ) 3a
= L 2 © 24
T 2 2a D 20 Tol m —
L 0 ¢ 1a 0°C | 0 L PR S 0°C

Figure A.lIl.1. Viscosité relative de solutions & 9.6*16/mL de NH-PPO-2200-NH 13,
Thy-PPO-2200-Thga, DAT-PPO-2200-DAT2a, 50/50-M-22004a et Thy-PPO-2200-DATL0a, dans :
(A) DMSO a 25°C (a 10%wt), (B) chloroforme a 0°@dgC) toluéne a 0°C.

O ¢ H2N>_N KThyDAT O-—- H2N>/_N
7 \H + N \>—R —_— 7 \NH----- N \>—R
= R — N— >=N
N— »=N M "

o)
/
R/N 0----- HN;:,\% N_<NH2 ----- N>/_N\>—R
=N
o) HoN
Schéma A.lII.5. Définitions des constantes d’associations.
DMSO-¢ | CDCl; | toluene-d
KThy-Thy - 2.0 26.5
KDpAT-DAT - 2.8 425
Kthy-DAT 1.3 01000 022 000

Table A.lll.1. Constantes d'association (en L/mol).
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(A) In DMSO: micelles
with a PPO core and a Thy, DAT shell

(B) In Chloroform: linear supramolecular polymers

llllll

H
gjﬂ( E hydrogen
.

bonding

)‘\f\'
(C) In Toluene: columns
with a PPO shell and a Thy, DAT core

<
g\% e ‘ hydrogen bonding@?

and n-stacking

Figure A.lll.2. Structuration de Thy-PPO-2200-DADadans le : (A) DMSO, (B) chloroforme, (C) toluéne.

Ordre et désordre dans les polyméres supramoléculaires en

masse

Dans les polymeres supramoléculaires, les inferactdirectionnelles contrélent la
connectivité des unités, mais les forces de digpest la cristallisation peuvent conduire a
des organisations complexes. Ainsi, en masseplepasés Thy-PP&-Thy 3a-b présentent
un ordre a longue distance a température ambiawlteir@e transition ordre-désordre (ODT) a
plus haute température (Figure A.l1l.3). En-dessdesla température de transition ordre-
désordre Topt), ceS composés sont semicristallins avec unetgtaidamellaire résultant
d’'une nano-séparation de phase entre des planallisés de Thy et des couches de PPO
amorphes (Schéma A.lll. 6). Au-dessusTder, ces composés sont amorphes et homogeénes,
bien que leur spectre de diffraction des rayons esgmte une bande. Cette bande est due a
'effet de trou de corrélation di au contraste erdfzs motifs collants et les espaceurs.
Macroscopiquement, la transition s’accompagne d’unedification dramatique des
propriétés mécaniques et d’écoulement (Figure A)lllQuand aux composés DAT-PPO-

DAT 2a-b, ils sont désordonnés a toute température.

243



244

s’ [°4(A)

2x10° 1 || 30A
(5
-~ R ZOA 418A40A
1x10° - /11,9/& } ‘
{
0 . : . , :
0 1 Ay 2
q (A7)
3x10° - (B) ——110°C
2x107 -
G
1x10°
_W
0 ‘ : . | .
0 1 A, 2
q (A7)

Appendix Ill. Résumé en francais

Figure A.lll.3. Spectres de diffraction des rayons X de Thy-PPM2Zly 3aa 30°C (A), 110°C (B);
élargissement de la zone failgjé& 30°C et 110°C (C) et autour de I'ODTlp6t = 85°C) (D).
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k*'«%%‘ii’
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order
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Figure 1V.4. Photos de Thy-PPO-2200-TBa (a) au-dessus deygr et (b) en-dessous dgdr.
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Par ailleurs, nous montrons que I'optimisation idésractions directionnelles dans ces
systémes par des associations complémentaires feugprime I'ordre mésoscopique. En
conséguence, un changement contre-intuitif, au i@reaiord, des propriétés est observé. En
effet, la ségrégation de microphase observée poyHPPO-2200-Thya est inhibée par ajout
de DAT-PPO-2200-DATZ2a: la forte interaction complémentaire Thy-DAT ib&i la
cristallisation de Thy en microdomaines et la strration en lamelles. Par conséquent, le
polymére supramoléculaire basé sur des associdtdbiss, Thy-PPO-2200-Th8a, est un
solide, tandis que le polymere supramoléculaire osapt sur des associations
complémentaires fortes, 50/50-M-2288 est un liquide (Figure A.lII.5). Au-dessus Tsbr,
le comportement classique est rétabli, avec une folde viscosité de 50/50-M-220& par
rapport a Thy-PPO-2200-TI8a (Figure A.lIl.6).

(@) (b) FEE
Figure A.IlL.5. Photos de : (a) DAT-PPO-2200-DAZB, (b) Thy-PPO-2200-Thga, et (c) 50/50-M-220@a.

3

- —m— 50/50-M-2200

—w Thy-PPO-2200-Thy

—a— DAT-PPO-2200-DAT
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Figure A.lll.6. Viscosité en function de la température de PPO-2200AT-PPO-2200-DAT2a, Thy-PPO-
2200-Thy3a, et 50/50-M-220@a.
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Transition vitreuse dans les polyméres supramoléculaires en

masse

Greffer les motifs Thy et DAT sur des chaines deédiques PPO induit une
augmentation de la température de transition vieréliy d’autant plus grande que la chaine
PPO est courte. Par conséquent, DAT-PRDAT 2b-c, Thy-PPOX-Thy 3b-c, et 50/50-M-

X 4b-c (b: X =460,c: X = 250) sont solides a température ambiante tanaiss0/50-M-2200
4a, Thy-PPO-2200-ThBa, et DAT-PPO-2200-DARa sont liquides a température ambiante.
Cette augmentation dg, peut étre attribuée soit a la présence de liaibydsogénes et/ou
d’intéraction aromatiquesrgstacking) qui ralentissent la dynamique des clsiseit a la
rigidité des motifs Thy et DAT.

Conclusion

Finalement, dans cette thése nous avons étudigglation et en masse, un systeme
modele de polymeres supramoléculaires, qui soés cbmme un domaine de recherche de la
science macromoléculaire porteur de nombreux défiopportunités pour la prochaine

décennie?

Nous avons montré qu’en solution le solvant iniltes les constantes d’association et
les organisations observees. En masse, un comportaelativement complexe est observe,
avec une compétition entre les liaisons hydrogénee des motifs collants, la ségrégation de
phase entre les chaines espaceurs (peu polaire=y etotifs collants (assez polaires), et la
cristallisation des thymines en microdomaines. @leénomenes influencent I'organisation

meésoscopique de ces matériaux et donc leurs ptépmnéecaniques.

Nous avons présenté les différentes organisatibesrvées en solution et en masse, et
avons discuté les idées que notre étude apporte pomprendre les rbles joués
respectivement par les liaisons hydrogenes, laégagon de phase, la solvatation et la

cristallisation.

19 Ober, C. K.; Cheng, S. Z. D.; Hammond, P. T.; Mitmar, M.; Reichmanis, E.; Wooley, K. L.; Lodge, T
P.; Research in Macromolecular Science: Challenges andpportunities for the Next Decade
Macromolecule®009 42 465.
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