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Reversible Self-Assembly in Water

Aqueous Supramolecular Polymer Formed from
an Amphiphilic Perylene Derivative**

Alix Arnaud, Joél Belleney, Frangois Boué,
Laurent Bouteiller,* Géraldine Carrot, and
Véronique Wintgens

Supramolecular polymers are reversible one-dimensional
assemblies that are formed by dynamic noncovalent inter-
molecular interactions.'!. With the exception of biological
systems, such self-assemblies are mostly formed in organic
and nonpolar solvents and rely on hydrogen-bonding or
metal-ligand interactions. Interesting material properties
have been demonstrated in the case of specific monomers,
such as ureidopyrimidones and bisureas,® which can self-
organize in very long chains. These materials combine the
properties of conventional polymers with reversibility and
responsiveness. It is a challenging objective to expand this
innovative theme to aqueous media. The main drawback of
relying on hydrogen bonds is their limited strength in polar
solvents, particularly in water; therefore, other noncovalent
interactions should be considered for aqueous media. So far,
only a few synthetic supramolecular polymers have been
prepared in water, and most have relied on aromatic and/or
hydrophobic interactions.””! Moreover, their syntheses are
not well-suited for large-scale preparation and their proper-
ties as materials (such as rheology) have never been reported.
We thus designed amphiphilic perylene derivative 1 which
contains a large hydrophobic aromatic core surrounded by
four hydrophilic arms and which can be prepared on a large
scale by an easy synthetic route with facile purification
(Scheme 1). Such a design should provide a one-dimensional
assembly in water through intermolecular m-stacking and/or
hydrophobic interactions. The four hydrophilic arms are
expected to hinder the possible aggregation of such assem-
blies and to ensure their water solubility. Herein, we detail the
synthesis and the characterization of the supramolecular
polymer formed by the association of monomer 1 in water.
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The hydrophobic aromatic core is derived from 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCA, Scheme 1), and
treatment with an excess of (methoxyethoxy)ethyl iodide and
(methoxyethoxy)ethanol, as adapted from a literature
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Scheme 1. Synthesis and association of 1. a) CH;C¢H,SO,Cl/NaOH /water/THF, 0-5°C,
96 %; b) Nal/acetone, RT, 73 %,; c) K,COs, 70°C, 47 %. Ts =toluene-4-sulfonyl.

method,®! affords 1 as an orange wax (47% yield, not
optimized). Extensive molecular analysis is in full agreement
with the structure shown (see the Supporting Information).

Compound 1 does not aggregate in chloroform, as
concluded from the concentration independence of the
absorption and fluorescence spectra (data not shown). How-
ever, in more polar solvents, such as ethanol and water, the
UV spectra are shifted and their resolution decline with the
polarity of the solvent (Figure 1). This phenomenon is
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Figure 1. Normalized UV/Vis spectra of solutions of 1 (107*m) in sev-
eral solvents. The arrows indicate the direction of change with increas-
ing solvent polarity (——: chloroform, A: ethanol, o: water).
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maximized in water, as expected. Figure 2 illustrates there is
a clear dependence of the fluorescence spectra obtained in
water on the concentration: the band at 480 nm, which can be
assigned to the free monomer, disappears and a broader red-
shifted band appears when the concentra-
tion is increased. These results indicate that
self-assembly of 1 occurs in water.

A 'H NMR spectroscopic analysis is in
total agreement with these observations.
Spectra of compound 1 (at 10> mol L") are
well-resolved in deuterated DMSO and
chloroform; however, an upfield shift and
a large broadening of the aromatic signals
are observed at the same concentration in
deuterated methanol. This phenomenon is
probably related to self-association through
aromatic stacking. The effect is even more
pronounced in water as demonstrated in the
NMR spectra obtained of 1 at increasing
concentrations in deuterated water (see the
Supporting Information). The inner protons
(B) are most affected by the self-association:
their chemical shifts vary from of=
7.76 ppm at 1.4x10°m to 5.81 ppm at
5.0 x 107> (Figure 3).

The relative viscosity of aqueous solu-
tions also increases with increasing concen-
tration of 1 (see the Supporting Informa-
tion). This observation agrees with a typical
polymeric behavior of 1 in water on a
macroscopic scale.

Compound 1 was designed to self-
assemble in water in one-dimensional col-
umns by m-it cofacial overlap and hydrophobic interactions.
This model had already been proposed but not proved for the
self-association of similar perylene derivatives in chloro-
form.”) We studied solutions of 1 in deuterated water at 25°C
using small-angle neutron scattering (SANS) to demonstrate
that the expected monomolecular column structure forms in
water. Figure 4 shows the product of the intensity / and the
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Figure 2. Fluorescence spectra of 1 in water, at 25°C (——: 4x1077 ™,
0:107°m, +: 107*Mm, o: 1072 m). Excitation wavelength: 425 nm. The
arrows indicate the direction of change with increasing concentration.
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Figure 3. "H NMR chemical shifts of 1 in D,0O at 25°C versus concen-
tration. O: aromatic protons a; x: aromatic protons 3 (see Scheme 1).
Curves were calculated according to Equation (5), with the values of
the association constants reported in Table 1 and 6 =9.27 ppm,

oF =5.76 ppm, 6¢=8.19 ppm, and 6% =6.47 ppm.
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Figure 4. SANS data for solutions of compound 1 in D,0 at 0.5% (0),
1% (4), and 2% (0) at 25°C. Curves were fitted according to Equa-
tion (1). Insert: I/c versus g for the three concentrations.

scattering vector g versus ¢ for three concentrations in a log—
log plot. The insert shows that the scattered intensity is
proportional to the concentration for the three concentrations
studied. Therefore, it is reasonable to assume that no
interobject interactions occur: the signal is proportional to
the signal of one single object in this g range. The g I product
at intermediate scattering vectors is constant and illustrates
there is a g ' dependence; this feature is a well-known
characteristic of rodlike objects. However, the g/ product
increases when ¢ tends towards zero, thus showing there is a
stronger dependence of g on /. This result is attributed to the
formation of larger additional aggregates.

A model of infinite rigid rods with circular cross-sections
and a uniform scattering length density profile was used to
describe the results.'” Fitting the scattering curves to
Equations (1) and (2) provides the characteristics of the
fibrillar objects:
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c is the rod concentration (gcm™?), M, is the mass per unit
length of the rod (g A™'), Ab is its specific contrast (that is, the
difference in the density of the scattering length between 1
and the solvent D,0), r is the radius of the cross-section, and
Ji is the Bessel function of the first kind.

Figure 4 shows satisfying fits for g >0.01 A, thus estab-
lishing there is a constant rod diameter (2r=24 A) over this
concentration range. A 24-A diameter corresponds to the
largest dimension of compound 1 (29 A, estimated with
Chem3D software), which confirms that the rod is a one-
dimensional assembly of stacked molecules of 1, that is, a
supramolecular polymer of monomer 1 in water.

A model involving an infinite number of equilibria
(Scheme 1) can be used to describe the formation of long
supramolecular chains. It is reasonable to suppose that the
association constant is not influenced by the length of
oligomers larger than dimers."!! The concentration of the
free monomer (M;) can be numerically calculated from the
mass balance equation [Eq. (3)]:

CO:M1<1+%<W—1>> 3)

where c, is the total concentration and K, and K are the
dimerization and multimerization constants, respectively.
These association constants were determined by NMR and
fluorescence spectroscopy.

The upfield shift of the aromatic protons was monitored
over a wide concentration range by 'H NMR spectroscopy
(co=107°-10""m, Figure 3). In the stacking model we assign
£1(01), f.(0.), and f;(9;) as the mole fractions (and the chemical
shifts) of free monomer, molecules at the ends of the stack,
and molecules within a stack, respectively. Moreover, we
assume that , = (6, +0,)/2.1"! The observed chemical shift is
then given by Equation (4):

0=1f01 +f (01 +0,)/2+f; (6) 4)

According to the two-constant model, and after some
mathematical manipulations, we can derive Equation (5):

K, KM}

0= e 1-K M,)

2
ZZI ot2 Co (1K—211<V1/1\/11)2 © ;6') 7 0; )
In addition, we monitored the intensity of the band at
480 nm (normalized by the concentration, I,,) by fluores-
cence spectroscopy and determined the fraction of free
monomer present in highly dilute solutions (c,=107%-
107°m) by using Equation (6).

fl = 1480/10 (6>
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1, is the normalized fluorescence intensity of the monomer
(see the Supporting Information for more details).

We then fitted the experimental chemical shifts (d) of the
aromatic protons and the experimental values of f; (deter-
mined by fluorescence measurements) with Equations (5)
and (6), respectively. The six adjustable parameters were K,,
K, of, 67, 6?, and 6?. The satisfactory fitting curves are shown
in Figures 3 and 5, with the determined constants listed in
Table 1.

1.0
0.8
0.6

0.4

0.24
1

0.0 v

1x107°

11077 11078
¢, /mol L' ——>

1x107°

Figure 5. Fraction of free monomer 1 (f;) versus concentration in water
at 25°C. The experimental fluorescence (¢) and NMR (0) data were
fitted simultaneously with a two-constant model (—). The values of
the constants are reported in Table 1.

Table 1: Characteristics of association of monomer 1 in water at room
temperature.

K Kl
6(£1.5)x10°

K/K KK

8(+£1)x10° 0.13+£0.03 1(£0.1)x10°

[a] Dimerization (K;) and multimerization (K) constants in Lmol™".
[b] Measure of the cooperativity along the supramolecular chain.
[c] Association constant between oligomers in Lmol~".['

The large K, value illustrates the importance of the
hydrophobicity of 1. Unfortunately, the low K/K, value
demonstrates an anticooperative association process: oligo-
merization is disfavored over dimerization. This anticooper-
ativity could be the result of electronic effects and/or the
steric bulk of the hydrophilic side chains. The association
constant between two oligomers (K%K, =10° Lmol™") can be
considered as the most relevant parameter for the strength of
the association.’?! Knowledge of the association constants
makes it possible to compute the degree of polymerization of
the supramolecular polymer versus concentration (see the
Supporting Information). For example, the number average
degree of polymerization (DP,) at a concentration of 20 gL ™!
is DP, = 60. This significant, but modest, value is in agreement
with the viscosity measured (see Supporting Information).

In summary, we have described the facile synthesis of an
amphiphilic monomer and its ability to self-associate. Inves-
tigations of both the structure and the strength of these
assemblies have shown that the design of the monomer is
well-suited for self-association in polar and protic solvents,
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especially in water. These assemblies are long monomolecular
wires, that is, aqueous supramolecular polymers. However,
the association exhibits an anticooperative feature, which
unfortunately limits the material properties of the resulting
polymer at present. Therefore, improving the association
strength is the next stage.

Experimental Section
Synthesis: see the Supporting Information.

Self-assembly: Measurements of the self-association were
recorded on a Bruker ARX 500 MHz instrument, and very dilute
solutions (10~°m and 10~°M) were analyzed on a Varian 600 MHz
Innova spectrometer with a cryoprobe. UV/Vis spectra were recorded
on a Varian Cary 1G spectrometer and fluorescence measurements
were carried out on a LSM Aminco 8100 fluorimeter (LRP, Thiais,
France). SANS experiments were performed on PACE and PAXY
instruments at the LLB (Saclay, France).
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