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New simple hydrogelators containing the structural feature of
cyclic amino acids were investigated for water gelation
through H-bonds from carboxylic acids and amino groups,
which were the first use of a single amino acid as an
hydrogelator. The hydrogels was used for the synthesis of Pt
and Ir nanoparticles, representing the first time that a
supramolecular hydrogel was used for the in situ formation of
Pt and Ir nanocrystals.

Low-molecular-weight hydrogelators (LMWHs) have received
considerable attention for their distinctive properties and
potentials in catalytic and biologic applications.! Various
synthetic molecules have been widely studied for self-assembly
into entangled nanofiberous networks for water gelation, of
which oligopeptides were mostly reported.”> A few simple N-
acylated amino acids, such as N-Fmoc protected amino acids
and biotin-derived amino acids, are also attractive because of
their modular and tunable hydrogelation behaviors, as well as
diverse structure and abundant availability.> A combination of
amino acids with noble metal ion, small molecules, or polymer
were also reported in few cases.* However, there is no report
about the construction of hydrogel based on a single natural or
synthetic amino acid so far. Because most LMWHs are
serendipitous rather than designed, many efforts are still
devoted on developing molecular architectures with tailored
functions and capabilities to water gelation.’> Advances in this
area would expand the spectrum of LMWHs and promote the
rational design of molecular gelators.

The unique stable and interlocked fibrous networks of gels
are suitable matrices for the synthesis of metal nanoparticles
(NPs) by the in situ reduction of metal salts using chemical,
photoinduced, electrochemical, or  microwave-assisted
methods.® Interest to metal NPs-containing gels has grown
because of their outstanding physical properties and potential
applications.” Although some supramolecular gels containing
the in situ created NPs of Au, Ag, Pd and Pt bave been
reported,® the metal NPs in gels is not well studied in
comparison with those in inorganic or polymeric supporters.
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Crystallinity received much attention for metal NPs on
inorganic supporters but was seldom reported for those in gels.
Considering the good catalytic activities of Pt and Ir NPs in the
field of green and sustainable chemistry,9 we have been
interested in developing hybrid materials having combined
merits of NPs and hydrogels. The formation of nanocrystals in
the gel phase was also studied, which was performed in acidic
conditions and avoided using external surfactants or stabilizers.
In addition, to the best of our knowledge, no case has been
reported thus far on IrNPs embedded in gels or the in situ
creation of NPs with gel matrices.

We recently found that cyclic aminoalcohols based on
1,2,3,4-tetrahydroisoquinoline (THIQ) scaffold can be used for
the gelation of organic solvents and the templating synthesis of
AuNPs and PtNPs.'” Then we progressed to THIQ-based cyclic
amino acids 1-3 (Scheme 1) to investigate the nature of water
gelation and its applications for the in situ synthesis of Pt and Ir
NPs. Thus, we achieved the formation of crystalline Pt and Ir
NPs in hydrogels. A supramolecular hydrogel was used for the
first time for the in situ formation of Pt and Ir nanocrystals.
Here, we reported our preliminary results.
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Scheme 1 THIQ-based cyclic amino acids for water gelation

Water gelation with the small and simple molecules 1-3 and
their HCI salts was determined using the inverse tube method.
The simplest compound 1 formed an opaque hydrogel at 2%
(wt/wt), but it was easily broken. Precipitates formed from
water when a hot solution of 1 was mixed with equal
equivalents of HCIl. Dimethoxy substituted 2 and 2-HCI
induced water gelation at 1% and 1.5% within 30 min to form
translucent and opaque hydrogels, respectively. Compound 3,
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which contains two ethoxy groups, could not gel water,
whereas 2% 3-HCl led to the formation of a transparent
hydrogel after standing for 2 h. In addition, the carboxylate
sodium salts of 1, 2 and 3 did not yield water gelation. Salt
formation destroyed the potential for H-bonding, which were
crucial for water gelation, from carboxylic acids and amino
groups. The hydrogels of 2, 2°HCI, and 3'-HCl were broken
when in contact with small amounts of methanol, suggesting
subtle changes of the self-assembly motif in the supramolecular
system.

The micromorphologies of the hydrogels were investigated
by transmission electron microscopy (TEM). Well-entangled
fibrous networks were observed for the hydrogels of 2, 2-HCl
and 3'HCI, whereas regular thin films were scattered within the
hydrogel of 1 (Fig. 1). According to the gelation tests and these
TEM images, it seems that the presence of alkoxy groups at
positions 6 and 7 of the THIQ scaffold were crucial factors for
determining the formation of fiberous networks as well as
stable hydrogels. The alkoxy groups may impose influence on
the hydrophilic-hydrophobic balance of the hydrogelators, thus
tune the micromorphology of the hydrogels. The poor stability
of the hydrogel of 1 was a result of the formation of regular thin
films.

Fig. 1 TEM images of hydrogels of 1 (a), 2 (b), 2-HCl (c) and 3-HCI (d). Scale bars: 1
um for (a) and (b), 0.5 um for (c) and (d).

The crystal of 2'HCI suitable for X-ray crystallography
analysis was obtained from methanol (Fig. 2). Each crystal cell
was composed of four molecules in a form of 2-HCI-CH;0H, "
in which 2 molecules were assembled in the head-to-head
arrangement with Cl” ions and methanol molecules as bridges.
Primary H-bonds were formed between amino groups and
carboxylic acids from two 2 molecules in opposite position.
Additional long H-bond sequences, i.e., N-H-CI(:""H-
OCH3;)''H-N and N-H'*Cl"H-O(CH3)'-'H-O,C, bridged the
adjacent units of 2 and extended the molecular arrangement
along the a axis of the crystal cell. Next, packing with van der
Waals interactions between methoxy groups and aromatic
hydrocarbons along the » and ¢ axes produced a three-
dimensional (3D) association in the bilayer stacking pattern, in
which the hydrophilic sides were close to each other, and so
were the hydrophobic sides (Fig. S1, ESIT).

Insights into the molecular organization in the gel phase were
performed with the analysis of powder XRD patterns. In the
simulated XRD pattern of the single crystal 2-HCI (Fig. 3a), the
peaks with d-spacings of 13.4 A [plane (002)] and 8.5 A [plane
(011)] were the spaces of the head-to-head stackings and the
Cl" ion-containing H-bonds (Fig. S2, ESIf}), respectively.
Accordingly, the peak with d-spacings of 17.3 A (though very
weak) and 8.1 A in the powder XRD pattern of the xerogel of
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2-HCI (Fig. 2b) could be assigned to the space of head-to-head
stackings with poor orderliness and the space of Cl ion-
containing H-bonds, respectively. A similar result was shown in
the powder XRD pattern of 3-HCI (Fig. 3c), in which both
peaks with d-spacings of 17.3 A and 8.6 A were much clearer.
In the powder XRD pattern of the xerogel of 2 (Fig. 3d), there
was a strong peak with d-spacings of 19.1 A attributd to the
space of the head-to-head stackings, but no peak related to the
Cl ions-containing H-bonds. Therefore, both 2-HCI and 3-HCI
were proposed to be assembled in the gel phase in similar
stacking pattern as 2'HCI in the single crystal. Cl ions were
expected to form the H-bonds for bridging adjacent molecules
to the 1D self-assembly of the gel, as in the single crystal. The
replacement of methanol with water disturbed the geometry of
the methanol-containing H-bond sequences. The hydrogelators
in the gel phase were arranged in a configuration that was not
suitable for the 3D self-assembly of the crystal but was
beneficial for the 1D self-assembly of entangled fibrous
networks.'? The rupture of the hydrogel in the presence of
methanol was probably due to the reorganization of the H-
bonds for tendency to bonding with methanol.

(@) o
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Fig. 2 Single crystal of 2°HCI'CH3OH: crystal cell (a) and H-bondings (b). Bond a
was direct H-bonding between carboxylic acid and amino, b was N-H"Cl(**"H-
OCH3z)*H-N and ¢ was N-H""Cl***"H-O(CHs) **H-O,C. Hydrogens on carbons were
hidden for clarity.
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Fig. 3 Simulated powder pattern of the single crystal of 2'HCI'CH3;OH (a) and
powder XRD pattern of the xerogel of 2'HCI (b), 3'HCI (c), and 2 (d). The dashed
lines indicate the equivalent peaks corresponding to the spaces of the head-to-
head stacking and the ClI” ions-containing H-bonds in the crystal and gel phases.
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The hydrogels of 2-HCl1 (2% wt/wt) was used as the matrix
for the preparation of Pt and Ir NPs. The aqueous solution of
H,PtClg or Na,IrCly was added to the top of the hydrogels to
enable the diffusion of the metal ions into the hydrogel. The
upper layers turned nearly colorless, while the hydrogels were
colored, suggesting that the metal ions were trapped in the
hydrogels. The reduction of Pt and Ir ions to the corresponding
NPs was performed using hydrogen and NaBH, as reductants,
respectively. The reduction was completed when the color
faded to off-white, which was visually observed. The hydrogel
of 3-HCl was suitable for the synthesis of Ir NPs, but not for the
synthesis of Pt NPs. The hydrogel of 3-HCI containing Pt ions
was transited to a solution and eye-visible Pt black was formed
during the reduction. The hydrogel of 3-HCI was sensitive to
the increase of HCI concentration from the reduction and the
collapse of fiberous network led to the aggregation of PtNPs.

The formation and micromorphology of the metal NPs within
the hydrogel matrix were analyzed by TEM and high-resolution
TEM (HRTEM). In the TEM images, PtNPs with sizes ranging
from 2 nm to 8 nm were observed to be well dispersed (Fig. 4a).
Statistical analysis gave an average size of 4.6 nm and a
standard deviation of 1.5 nm (Fig. S3a, ESIT), indicating that
the fibrous networks of the hydrogel effectively separated the
Pt ions and inhibited the accumulation of PtNPs. The HRTEM
images showed that the PtNPs had a nearly spherical shape with
clear lattice fringes. Most of the PtNPs displayed lattices with a
single interplanar spacing of 0.22 nm conforming to the (111)
face of the face-centred cubic (fcc) Pt, of which some were the
aggregates of few smaller nanocrystals (Fig. 4b). Some Pt
nanocrystals showed intersecting lattice fringes in two
directions with interplanar spacings of 0.22 nm and 0.19 nm
indexed to the (111) and (200) faces of fcc Pt, respectively (Fig.
4¢)."* The angle between the two indexed lattices was 55 °,
which was in agreement with the calculations for the fec Pt, and
the diffraction spots indexed to (111) and (200) faces in the
corresponding FFT (Fig. S3b, ESIT).

- — s,
Fig. 4 TEM (a), HRTEM images (b, c) of PtNPs. Scale bars: 50 nm for (a) and 5 nm
for (b, c).
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NPs suggested the effectiveness of the hydrogel in controlling
the synthesis and morphology of Pt and Ir nanocrystals.

0.23nm’
= Ir(111)
A

Fig. 5 TEM (a), HRTEM image (b, c) of IrNPs. Scale bars: 20 nm for (a) and 5 nm
for (b, c).

The in situ synthesized Pt NPs in the hydrogel of 2-HCI] were
used as a catalyst for the hydrogenation of nitro substrates 4s to
evaluate the catalytic activity (Fig. 6a). The hydrogenation was
one of standard reactions for the evaluation.'” The Pt NPs in the
hydrogel were mixed with aqueous solutions of 4s followed by
addition of NaBH, as hydrogen source. The reaction mixture
was standing at room temperature for 1 h when the reduction
was completed according to TLC by comparison with authentic
compounds (Fig. S7, ESIt). The success of the catalytic
hydrogenation of nitro group to amino group was confirmed by
UV-Vis (Fig. 6b). The characteristic absorption peaks of 4-
nitroaniline 4a and 4-nitrophenol 4b were at 380 nm and 320
nm, respectively, which had completely disappeared after 1 h of
reaction time. New absorption peaks at 284 nm and 287 nm
were attributed to corresponding amino compounds 5a and Sb,
respectively. The in situ synthesized Ir NPs did not promote the
conversion in current conditions.

The IrNPs in sizes ranging from 3 nm to 10 nm were
immersed in the hydrogel matrix (Fig. 5a). Statistical analysis
gave an average size of 5.8 nm and a standard deviation of 1.4
nm (Fig. S4a, ESIT). The HRTEM image of the IrNPs showed
the formation of nanocrystals with a spherical or irregular
polygonal shape, in which lattice fringes had an interplanar
spacing of 0.23 nm conforming to the (111) face of the fcc Ir
(Fig. 5b).'"* Most of the Ir nanocrystals were composed of
several smaller nanocrystals (Fig. 5c). Therefore, a polycrystal
ring with scattered diffraction spots was observed in the
corresponding FFT (Fig. S3b, ESIt). The production of metal
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Fig. 6 The Pt NPs-catalyzed reduction of 4-nitroaryls (a) and UV-Vis spectroscopy
of 4-nitroaryls and reaction mixtures indicating complete conversion (b).

In summary, we developed new simple hydrogelators derived
from 1,2,3,4-tetrahydroisoquinoline with the structural feature
of cyclic amino acids. This was the first example using a single
amino acid and its HCI salt for water gelation. Long H-bond
sequences involving carboxylic acids, amino groups and
solvents were discovered to be responsible for the self-
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assembly in the crystal and gel phases, the formation of which
was determined by the presence of HCl and methanol. The
hydrogel of 2-HCl was effectively used as the matrix for
controlling the synthesis, dispersion, and morphology of Pt and
Ir nanocrystals with sizes of 4.6 = 1.5 nm and 5.8 +£ 1.4 nm,
respectively. No external surfactants or stablilizers were used in
the synthesis. According to the HRTEM images, the diffraction
lattices in both nanocrystals matched well with the fec
geometry. To the best of our knowledge, this is the first report
on the use of supramolecular hydrogels as matrices for the
synthesis of Pt and Ir nanocrytals. The Pt nanocrystals were
successfully used as catalyst for hydrogenation of nitro group.
Studies on further catalytic application of NP-hydrogel hybrid
materials are in progress.
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