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Recently, ultrasound has emerged to play unexpected roles in a

physics and chemistry, for example causing mecHaaned sonolu-
minescencé, or to bias classical reaction pathways to reach '|“' 2 \/O
unexpected products Another intriguing example of this peculiar DYN\E)kN ©
influence of ultrasound was first described by Naota and co-workers 0o = |'1b 0
regarding organogelation by pallado-macrocyé€l&kis result was >— 1
extended recently to new peptide-based palladium compfelxes.
these two cases, the mechanism involved conformational changes
of the gelator triggered by a period of sonication which induces
supramolecular self-assembly leading to gelation of the liquid. Such
an unusual way to induce gelation is highly interesting, as it seems
counterintuitive that application of ultrasound will be compatible
with the successive self-assembly events leading to a gelation with
a low molecular weigth gelator through the formation of weak
intermolecular interactions? Indeed, ultrasound is usually used in
laboratories and in food industries to disrupt weak intermolecular
interactions, to solubilize molecules, or to disperse particles. Here
we describe the basis of a new gelation mechanism based on arFigure 1. (a) Molecular structure of dipeptide (b) gels formed after
readily prepared dipeptide, in which ultrasound modifies the mor- submitting1 to sonication (40.0 kHz, 0.28 W.cr#) in various alkanes or
phology of the material from sheet-like particles into 3-dimen- 2 Mixture of polar solvents at 2C (¢ = 26 mM) (from left to right

. . . . . n-hexanen-hexadecane, cyclohexane, and water/methanol (20/80 vol %)
S|oln?I networks of fibers or ribbons, which are responsible for (tsonc = 60 s, except fon-hexadecanéonic = 240 s).

elation.
’ Dipeptide 1 was prepared in a single step procedure from Seems to be a unique feature of the present dipeptide since molecules
N-Fmoc-protected Leucine an@-benzoyl-protected Leucine by lacking the benzoyl group or with a benzoyl replacing the Fmoc
peptidic coupling in acetonitrile (Figure 1 and ESI for synthesis). group do not show any solvent gelation by ultrasound.
Although dipeptidel was soluble in a wide variety of solvents at Scanning electron microscopy (SEM) was used to investigate
20°C, it was soluble in water and cyclic and linear alkanes (Table the mechanism of gel formation in hexane. The as-synthesized
S1, Supporting Information) only at elevated temperatures. The material is composed of nano- to micrometer size sheet-like particles
cooling of hot (80 °C) homogeneous alkane solutions of (Figure 2a). Dipeptidd immersed in hexane for several days prior
compoundl did not result in gel formation and the compound to solvent evaporation and imaging remains essentially identical
precipitated out of the solutions (systematic precipitation for hexane in appearance to the as-prepared material (see Figure S2, Supporting
in the 25-100 mM concentration range). However, when disper- Information). Likewise, when the dipeptide is dispersed in hexane
sions of dipeptidel in alkanes ¢ = 26 mM) were submitted to  followed by a heatingcooling cycle, well-defined sheets are clearly
sonication at 20C for a period of +4 min(s), a complete and  Visible from the precipitate (Figure 2b). On the other hand, dramatic
homogeneous liquid gelation was observed (Figure 1). Gelation wasmorphological changes are observed from samples subjected to
only observed when ultrasound was used as an external stimulusultrasound. After only 10 s of sonication (Figure 2c), the micro-
The temperature of the sonication bath was found to be crucial graphs clearly indicate a restructuring of the sheet via the appearance
since high temperatures prevent gel formati®n>( 45 °C). The of tiny holes and wrinkling of the surface. Longer exposure to
critical gelation concentration was found to be around 10 mM in ultrasound (20 s, Figure 2d) confirms the emergence of holes. After
hexane. The gels are white, opaque, and stable for months at roon#0 s exposure to ultrasound, SEM shows that the pore volume is
temperature. Interestingly, mixtures of polar solvents could also dramatically expanded and the peptide particles have been reshaped
be gelled by compound as for example in water/methanol. This from the interior (Figure 2e) revealing the appearance of an
entangled network of fibers (Figure 2e, inset). After 60 s of
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* UniversiteLouis Pasteur. sonication, the whole of the material was found to form a well
§ Institute for Research in Construction. 3 B ; ; ;

I nstitut Charles Sadron. d(_eflned ex.tended networ_k of thinner fibers (Figure 2f) in accord
U University of Guelph. with the visual observation of a gel state. In a water/methanol
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Figure 2. SEM micrographs obtained: (a) on the as-synthesized dipeptide;
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Figure 3. Freeze fracture electron micrograph obtained with a nonane gel
prepared with dipeptidé at 26 mM concentration after a sonication time
of 90 s.
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Figure 4. (left) Solid-state CP-MASSC NMR spectra of (a) the precipitate
(spin rate= 7 kHz), (b) the xerogel (7 kHz). (Right) Proposed antiparallel
f-sheet model for compound in the as-synthesized material and in the

gel.

Such a conformation is favorable for the organization of the
dipeptide insideS-sheet structures via intermolecular hydrogen
bonding, a structure often encountered in natural and synthetic oligo-

(b) on the precipitate isolated after a heating and cooling cycle in hexane; peptides (Figure 4).

(c) after 10 s sonication in hexane; (d) after 20 s sonication in hexane; (e)

Solid-state cross-polarization magic angle spinning (CP-MAS)

after 40 s sonication in hexane; (f) after 60 s sonication in hexane; (g) after 13C NMR spectra of as-synthesized material, a xerogel (desolvated

10 min sonication in hexane; (h) after 60 s sonication in a water/methanol

mixture (20/80 vol %). All images were recorded from xerogels and dried 9€l) obtained after slow evaporation of the solvent, and a gel with

solutions/suspensions prepared using 5 mg of dipeptidespersed into
350uL of solvent.

mixture (20/80 vol %), the formation of well-defined fibers with

nonane exhibit essentially the same patterns (Figure 4, left-hand-
side and Figure S5, Supporting Information). All three materials
show carbonyl and & peaks at~173 and 53 ppm respectively,

an average diameter of 60 nm is also clearly observed after 60 s c)fcharacterl_%nc of sheet rather than helical structures for which the

sonication (Figure 2h).

resonances are expectechdt79 and 58 ppm, respectivel§These

Longer exposure of the dipeptide dispersion to ultrasound (10 results indicate a similar molecular organization in the as-syn-

min) resulted in the formation of straight ribbon-like objects (Figure
2g). The formation of ribbon-like structures for longer sonication

times was also confirmed by freeze fracture electron microscopy

experiments performed on a nonane gel= 26 mM, 90 s

ultrasound). Well-defined ribbons, with a width ranging from 20
to 100 nm, with an average ef50 nm, and a length up to several
micrometers are clearly visible (Figure 3). This is in excellent

thesized material and in the gel, a result confirmed by FT-IR
spectroscopy. A unique NH band centered at 3302'dsnobserved

and is typical of NH functions engaged in hydrogen bonding. Free
NH functions are found at 3430 crhin chloroform. In CHC}
solution, three stretchinge—o bands at 1732, 1716, and 1679¢m

are attributed to unbound ester, carbamate, and amide carbonyl
functions, respectively. In the solid, gels, and xerogels, all the amide

agreement with observations by SEM of samples sonicated for functions are engaged in hydrogen bonding—t 1648 cnr?),
longer than 1 min. The ribbon structures likely represent the final Whereas the carbonyl band of the carbamate function is split into

architecture after the ultrasound has reshaped the peptide particle§¥0 equal bands at 1716 and 1693 ¢mRegarding the resuits
with the formation of fiber networks as an intermediate structure. obtained in CHG, the firstvc—o stretching vibration is character-

To gather information at the molecular level, liquid stdeNMR
experiments were performed. A 2D-NOESY spectrum of a GDCI
solution of dipeptidel at 295 K revealed the existence of several

istic of free carbamate and the second to hydrogen-bonded
carbamate. These observations are in line with the proposed model
where half of the carbamate functions are hydrogen bonded. Thus,

conformations, whereas a unique conformation was deduced fromthe overall set of data suggests the formationfSesheet-like

the NMR spectralfd, IH—H COSY, and 2D-ROESY) of a¢
hexane solution = 15 mM) at 60°C. ROE cross-peaks are in
line with ananti conformation presenting the two amide functions

(and also isobutyl chains) in opposite directions (Figure S3,

Supporting Information).
3314 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008

structures via intermolecular hydrogen bonding in which an anti
conformation is favored. The gelation seems to rely on a morpho-
logical change of the dipeptide particles induced by a sonocrys-
tallization process rather than changes in the aggregation mode or
in the conformation of the molecule inside the material.
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Figure 5. Selective organic liquid gelation over water (1/1 vol %). From
left to right: paraffin oil, olive oil, and kerosenel][= 26 mM, 700uL)
after 2 min sonication. The aqueous phase (top) is trapped by the gel.

To gain better insights into the evolution of the morphology of
the material, X-ray diffraction and differential scanning calorimetry

Therefore, this unique dipeptide/ultrasound process is able to
selectively gel oil in water without heat and may well open new
avenues for real-life applications such as the decontamination of
oil spills.t?

In conclusion, ultrasound has been used advantageously to
reshape sheet-like dipeptide particles into elongated molecular
assemblies which are at the origin of solvent gelation. A sono-
crystallization process appears to be at the main origin of the
gelation. Sonication time, temperature, and solvents were found to
play a crucial role in determining the morphology of the particles,
features which are particularly appealing for templating matelals.
This is a clear and rare example of how dipeptides can display
remarkable behavior when subjected to ultrasound.
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Supporting Information Available: Preparation and full charac-

(DSC) experiments have been performed on the as-synthesizedgization of dipeptide, a table of solvents tested for gelation, additional

material and on xerogels (Figure S6, Supporting Information).
From X-ray experiments, it can be seen clearly that the material
is more crystalline in the xerogel than in the as-synthesized material.
In fact, sharp reflections are observed in the35° 26 range for
the xerogels whereas only a very broad feature centere€ at 2
20° was observed in the starting material. The crystallization of
the material upon sonication was also confirmed by DSC as the
traces reveal that upon sonication the material becomes more
structured and the endothermic peak at@3(due to melting) for
the starting material is gradually replaced by the sharper peak at
102°C corresponding to the xerogel obtained after 60 s sonication.
These results indicate that a crystallization of the material upon
sonication is at the origin of the gelation (sonocrystallizatién).
This process also accounts for the formation of the stiff ribbons
observed by SEM and FFEM for longer sonication times. It should
be noted that the precipitate obtained after heating/cooling cycles,
and that particles exposed to solvents for several days but without
application of ultrasound, remains poorly organized. A dissolution-

reassembly due to the high local temperature and pressure generated

by the ultrasound may be at the origin of this sonocrystallization
procesg.811

The insolubility of the dipeptide in alkanes and water at’@0
prompted us to see whether selective gelation of water/organic liquid
mixtures could be induced with the aid of ultrasound. Effectively,
when two equal volumes of the organic phase and water are mixed
together followed by exposure to ultrasound for 2 min, a milky
emulsion formed. Separation of the liquids then took place at
different times depending on the particular water/cosolvent mixture
and in each case it was the organic liquid (paraffin oil, olive all,
kerosene) which gelled (Figure 5).

photographs, SEM, a ROESY NMR spectrum, solid state NMR spectra,
differential scanning calorimetry, and powder X-ray diffraction mea-
surements. This material is available free of charge via the Internet at
http://pubs.acs.org.
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