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Ultrasound-Induced Gelation of Organic Fluids with Metalated
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Stimuli-responsive supramolecular assembly has been studied
extensively as a forward-looking technology for the precise
control of the physical properties and functions of aggre-
gates.l””] Recently, it was found that a blast of ultrasound can
act as a trigger for the instant gelation of stable organic fluids
when a small amount of a clothespin-shaped dinuclear
palladium complex is used as a type of switchable gelator.™!
The ultrasound waves were thought to cleave the intra-
molecular m-stacking interactions of the complexes, inducing
rapid and spontaneous aggregation through interpenetrating
stacking interactions. Now this self-lock/interlock switching
has been carried out with hydrogen-bonded aggregates, using
the newly designed metalated dipeptide la (Fmoc=29-
fluorenylmethyloxycarbonyl). This work is expected to pro-
vide a new methodology for the creation of stimuli-responsive
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H-bonded supramolecular assemblies,>*?*4 especially those
containing peptide nanoarchitectures.'*2°! This paper
describes the sound-induced gelation of palladium-bound
peptides, and the precise control of their switchable aggrega-
tion by the tuning of sound factors.

Brief ultrasound irradiation (0.45 Wem™2, 40.0 kHz, 60 s)
of a homogeneous 1.50 x 10~*M solution of dipeptide 1a (n =
2, X=Cl) in EtOAc turned the stable pale-yellow solution
into a stable opaque gel (Figure 1). Gelation was observed
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Figure 1. Reversible gelation of a 1.50x1072m solution of Ta in EtOAc
-2

at 25°C. Solution a) before and b) just after sonication (0.45 Wcm™,
40.0 kHz, 60 s).

exclusively when ultrasound was used as an external stimulus,
and spontaneous aggregation or formation of pregels did not
occur without sonication. When nonsonicated samples were
cooled or left to stand for a long time, ordinary precipitation
of a small amount of amorphous solids or crystals resulted.
Gels formed by sonication were stable but were readily
converted to the original stable solutions upon heating and
subsequent cooling to room temperature. This switchable sol—
gel transition occurred exclusively when esters or chloroben-
zene were used as solvents, while other solvents such as
benzene, toluene, acetone, and acetonitrile did not provide
gels regardless of concentration and sonication conditions.
The chloro ligand and the short methylene spacer have
proven to be indispensable for this switchable gelation.
Typically, the dipeptidyl NCS complex 1b and the Cl complex
with longer spacer 1¢ did not cause the gelation of any organic
solvents. Also, solutions of amino acid 2, tripeptide 3, and
tetrapeptide 4 in various organic solvents were stable under
similar sonication conditions.

Kinetic studies on the gelation of a 7.00 x 10°m solution
of 1a in [Dg]EtOAc at 25°C after sonication (0.45 Wcm™,
43.5 kHz) were carried out by means of 'H NMR (500 MHz)
analysis, in which mobile, unaggregated 1a in sol and gel
states could be observed as distinct detectable species similar
to conventional gelators.”! The time dependence of the
concentration of la during the entire gelation process
indicated that gelation began immediately after sonication,
and proceeded until 1a was almost completely consumed
(Figure 2). The rate of consumption of 1a clearly exhibited
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Figure 2. a) Time dependence of —In([1a]ynaggreqaiea/[13]o) for the gela-
tion of a 7.00x 10 m solution of Ta in [DgEtOAc at 25°C after
sonication (0.45 Wcm™2, 43.5 kHz) for 80-120 s. b) Dependence of kg,
on sonication time.

first-order dependence (R*=0.990-0.996) on the concentra-
tion of 1a. At 25°C, k,, depended linearly (R*=0.994) upon
sonication time (fyc) (5.00x1072s7! for £, =80s, 8.09 x
1072s7! for t,;c=100s, and 1.21 x 10" s™! for t,c= 120s)
as shown in Figure 2. The clear first-order kinetics and the
linearity of kg, Vs. t,.4;c Strongly suggests that gelation consists
of a sonication-induced initiation step and a subsequent
spontaneous propagation step.

Most importantly, the heat resistance of the aggregates
could be precisely controlled by adjusting the sonication time.
Figure 3 shows typical differential scanning calorimetry
(DSC) traces obtained by heating an amorphous solid and
xerogels of 1a at 5.0 Kmin . Xerogel samples were prepared
from a 1.50 x 10~2um solution of 1a in EtOAc by varying f.;
from 15 to 60s at 25°C. These thermograms showed
endothermic peaks at 80.0°C (12.5 kImol™', amorphous

endothermic
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Figure 3. DSC profiles of 1a; amorphous solid (black trace), xerogels
(colored traces) after sonication (0.45 Wcm™, 40.0 kHz) for 15-60 s.
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solid), 106.0°C  (29.6kJmol™, f,.=15s), 110.0°C
(29.9kImol™!, f,.=30s), and 116.0°C (22.5kJmol’,
fLonic =008), respectively. Thus, xerogels prepared using
longer sonication times tended to exhibit endothermic
peaks at higher temperatures than those of nonirradiated or
briefly sonicated samples. This unprecedented level of control
could be ascribed to the sound-induced formation of the
initial domains for subsequent aggregation, which determined
the higher-order structure of the gel fibers.

SEM images of the Pt-coated xerogel revealed that
complex la self-assembled into beltlike structures with a
breadth of roughly 200 nm and a maximum length of 7.5 um,
forming an extended network. Thin layers with a thickness of
approximately 4 nm were observed as the smallest unit of the
laminated structures (Figure 4). AFM observations showed

Figure 4. SEM image of xerogel 1a showing lamellar aggregates of 3
sheet monolayers (scale bar: 200 nm).

the same order of length and thin units with a thickness of
3.5 nm. These thickness values were in good accord with the
maximum molecular length (3.3 nm) of 1a in 3 sheets, as
estimated by computer-aided molecular modeling. Lamellar
aggregation of B-sheet monolayers of 1a in the gel phase were
clearly identified by their XRD patterns, which showed
features at 4.3 and 32.2 A (260 =20.1 and 2.67°, respectively;
see the Supporting Information), the former of which is a
typical value for the interstrand distance of  sheets,'**! while
the latter coincides with the above-mentioned values for the
thickness of the (3 sheets.

To obtain insight into the mechanism of this gelation, we
analyzed the dynamic behavior of a series of metalated amino
acids and peptides, 1-4, in solution by spectroscopic methods.
'"HNMR (920 MHz) analysis of 1a in CDCl; showed that
both CH=N doublet signals on two independent palladium
moieties appear specifically at lower magnetic field (0 =8.16
and 8.17 ppm), while only two and three CH=N protons in tri-
and tetrapeptides 3 and 4, respectively, are shifted to 6=
8.17 ppm, with one signal remaining at 6 =8.13 ppm. Such
downfield shifts of CH=N protons are not observed in
complexes 1b and lc. Detailed distance geometry analysis
based on NOESY experiments carried out at 920 MHz
revealed that these metalated peptides form specific helical
structures in solutions with strong support from intramolec-
ular H-bonding between chlorine atoms and hydrogens at
adjacent nitrogens (see the Supporting Information). Thus,
the two chloro ligands in dipeptide 1a proved to be intra-
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molecularly engaged with two adjacent amide hydrogen
atoms.

The present gelation can be understood in terms of the
mechanism of aggregation polymerization consisting of
initiation and propagation steps.") Intramolecular H-bonding
involving the chloro ligand of 1a prevents this dipeptide from
intermolecular self-assembly by H-bonding. Ultrasound irra-
diation releases this self-lock and induces the formation of
semistable initial aggregates. After ultrasound irradiation,
this initial domain undergoes spontaneous [-sheet aggrega-
tion with excess unaggregated 1a. Increasing the duration of
sonication increases the concentration of this active domain,
leading to accelerated gelation rates (Figure 2) and formation
of higher-order nanostructures with heat-resistant properties
(Figure 3). The inertness of 3 and 4 to gelation is probably a
result of their tight helical structures which are supported by
specific multisite hydrogen bonds. Further studies on these
molecules are now in progress.
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