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ABSTRACT: Supramolecular nanocatalysts were designed for asymmetric
reactions through the self-assembly process of a bio-organometallic molecule,
ferrocene-L-prolinamide (Fc-CO-NH-P). Fc-CO-NH-P could self-assemble into
versatile nanostructures in water, including nanospheres, nanosheets, nanoflowers,
and pieces. In particular, the self-assembled nanoflowers exhibited a superior
specific surface area, high stability, and delicate three-dimensional (3D) chiral
catalytic active sites. The nanoflowers could serve as heterogeneous catalysts with
an excellent catalytic performance toward direct aldol reactions in aqueous
solution, achieving both high yield (>99%) and stereoselectivity (anti/syn = 97:3,
ee% >99%). This study proposed a significant strategy to fabricate supramolecular
chiral catalysts, serving as a favorable template for designing new asymmetric
catalysts.

■ INTRODUCTION

Enzymes promote various chemical reactions through folding
into three-dimensional ordered structures, by acting specifically
with reactants, giving a high efficiency and selectivity. L-Proline
was regarded as the simplest aldolase.1−3 It has been studied in
many chemical reactions, for instance, intermolecular aldol
reactions, Michael addition reactions, Diels−Alder reactions,
and others.4−8 Aldol condensation is a kind of crucial C−C
bond formation reaction, increasing the diversity and complex-
ity of the molecules, and is applied in processing industry
widely. L-Proline is a highly efficient catalyst for aldol reactions
in organic solvents, while it is a poor catalyst in water.9,10

However, in view of the environment, safety, and cost, carrying
out aldol reactions in aqueous solutions with both high
conversion and stereoselectivity is highly desired.10,11

The design of a highly enantioselective chiral catalyst has
been a long-standing challenge.12−15 One of the strategies is
creating steric confinements at the catalytic site of an organic
catalyst by mimicking enzymes. Ferrocene has a large size and
special spatial configuration relative to other functional groups.
Ferrocene derivatives with planar chirality are of great
importance in asymmetric catalysis, resulting in high stereo-
selectivity.16,17 However, the commonly used ferrocene-
modified catalysts are a kind of single organic molecule.
Recently, chiral catalysts have been designed for asymmetric
reactions on DNA,18−20 polymers,21,22 nanoparticles,23,24

cellulose nanocrystals,25 metal−organic frameworks,26,27 and
others. Moreover, enzyme-mimicking supramolecular nano-
structures based on self-assembly of simple peptides and amino
acids have drawn increasing attention and have been applied in

asymmetric reactions widely.28−35 Therefore, it is promising to
develop supramolecular nanocatalysts for asymmetric reactions
by self-assembly of ferrocene-modified biomolecules, thereby
achieving higher conversion, stereoselectivity, and reusability.
Herein, we designed a bio-organometallic catalyst, ferrocene-

L-prolinamide (Fc-CO-NH-P), by combining ferrocene, the
functional group providing steric hindrance and stereo-
selectivity in the self-assembly,36−39 with a cheap amino acid
derivative (L-prolinamide) (Scheme S1 and Figures S1−S4).
Fc-CO-NH-P could self-assemble into versatile nanostructures,
including nanospheres, sheets, nanoflowers, and pieces
(Scheme 1a). The morphology of nanostructures was related
to the catalytic activity toward direct aldol reactions.
Specifically, the nanoflowers exhibited sufficient catalytic sites
and a chiral microstructure (Scheme 1b), which could serve as
heterogeneous catalysts with superior catalytic activity and
selectivity toward direct aldol reactions in aqueous media
(Scheme 1c).

■ RESULTS AND DISCUSSION
The preparation of versatile supramolecular nanostructures
was performed by a “heating−cooling” strategy. Fc-CO-NH-P
(1 mg) was dissolved in 1 mL of phosphate buffer and sodium
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hydroxide solution (50 mM; pH 6.0, 7.0, 9.0, 12.0) at 60 °C,
respectively. After being fully dissolved, the samples were
moved to a water bath at 25 °C for 24 h to achieve full self-
assembly. After self-assembly, the nanostructures were
separated at the bottom of the tubes, and the formed self-
assemblies were named P6, P7, P9, and P12 for phosphate
buffer with different pHs and N6, N7, N9, and N12 for sodium
hydroxide solution with different pHs. Using high-magnifica-
tion transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and atomic force microscopy
(AFM), we studied the morphology of the nanostructures. P6
consisted of nanospheres with a diameter of 148.5 nm (Figure
S5a−c), derived from DLS. Huge microsheets were observed
in P7 and P9, with several microns in length and a thickness of
∼50 nm (Figures S5d−f, S6a, S7a, and 1a−c). Intriguingly,
three-dimensional (3D) flower-like nanostructures were
formed in P12. The nanoflowers were formed by twirling
and stacking of multiple layers with a thickness of 11.85 nm
(Figures 1d−f and S6b, S7b, S8). The diameter of the whole
flower was about 900 nm, and its height was 400 nm. N12 was
made of small flat pieces with a length of 500 nm and a height
of 8 nm (Figures 1g−i and S6c, S7c). However, no ordered
structures were found in N6, N7, and N9. It is worth noting
that the TEM images with selected area electron diffraction
(SAED) patterns at high resolution indicated that P9, P12, and
N12 exhibited an ordered crystal structure, with a lattice
spacing of 2.8, 2.5 and 2.6, and 3.5 Å, respectively (Figure
1c,f,i, and insets).
For a deeper understanding of the supramolecular

nanostructures, we investigated the secondary structure using
Fourier transform infrared (FTIR) spectroscopy. In the N−H
stretching band, the nanostructures showed a similar broad and
strong peak at 3425 cm−1 (Figure 2a), corresponding to the
free amide groups,37 and in the amide I region, P7, P9, and P12
showed a primary peak located at 1635 cm−1 (Figure 2b),
which was in agreement with a hydrogen-bonded carbonyl
group. Although the nanospheres, sheets, and nanoflowers
exhibited different morphologies, the intermolecular hydrogen

bonds were similar. Furthermore, the characteristic absorption
peak located at 1670 cm−1 for N12, suggesting that the
hydrogen bond was different from those of the other
nanostructures, and the peak at 1604 cm−1 corresponded to
the stretching vibration of CC. These characteristic peaks
suggested that the amido bonds of Fc-CO-NH-P were involved
in the formation of different nanostructures. Furthermore, to

Scheme 1. (a) Fc-CO-NH-P Self-Assembled into Three-
Dimensional (3D) Nanoflowers; (b) Proposed Chiral
Configuration of Fc-CO-NH-P Molecules within the
Nanoflowers; and (c) 3D Nanoflower-catalyzed Direct Aldol
Reaction in Aqueous Solution

Figure 1. Schematic diagram: TEM images of (a−c) P9, (d−f) P12,
and (g−i) N12. The high-resolution TEM images displayed the
crystal lattices (c, f, i) and the corresponding selected area electron
diffraction (SAED) patterns (insets).

Figure 2. FTIR spectra of the (a) N−H stretching bands and (b)
carbonyl stretching vibration mode of amino acid residues. (c) Two-
dimensional (2D) WAXD pattern of nanoflowers. (d) WAXD 1D
profiles of P12 and N12. (e) Small-angle and (f) wide-angle X-ray
powder diffractograms of P7, P9, P12, and N12.
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probe the packing mode of Fc-CO-NH-P within the self-
assemblies, we performed in situ synchrotron wide-angle X-ray
diffraction (WAXD). The nanoflowers showed obvious
reflections corresponding to d spacings of 2.2, 2.5, 2.6, and
3.5 Å (Figure 2c,d), which was consistent with the SAED
patterns. These reflections were ascribed to the ordered
alignment between adjacent Fc moieties.40−43 However, in
other self-assemblies, there were no obvious reflections
(Figures 2d and S9). The results indicated that compared
with other self-assemblies, the molecular arrangement of
nanoflowers was more ordered. Small-angle X-ray diffraction
was further used to investigate the crystal structure. As shown
in Figure 2e, only P12 exhibited the spike corresponding to the
d spacing of 12 nm, which was exactly consistent with the
thickness of the petals in 3D nanoflowers. At a wider angle,
both the sheets and nanoflowers had a diffraction peak at 2θ
values of 22.9°, indicating the d spacing of 3.88 Å, which could
be attributed to the strong π−π packing interactions (Figure
2f).
Furthermore, the terahertz spectra were used to study the

intermolecular forces of self-assemblies. The nanoflowers
showed three peaks at 3.9, 5.8, and 7.6 THz. These peaks
may be caused by the intermolecular hydrogen bond between
neighboring residues.44−47 However, for self-assembled pieces,
no obvious peak was observed (Figure 3). The differences in

terahertz spectra revealed that the intermolecular hydrogen
bonding was significantly different, leading to the formation of
diverse morphologies. Combining the FTIR spectra, in situ
WAXD, powder XRD, and terahertz spectra, we proved that
the self-assembled nanoflowers had a delicate and ordered
crystalline structure, in which the hydrogen bonds and π−π
stacking played a vital role.
According to the obtained structural information from

multiple characterizations, a hypothetical unit cell for the self-
assembled nanoflower was proposed48 and then optimized by
density functional theory (DFT) calculations. The designed
triclinic cell contained four Fc-CO-NH-P molecules (Figure
4a). Each two molecules were interacted by π−π stacking
interactions between the Fc groups (Figure S10a), while the
pyrrolidine groups were located at the face of bc (Figure S11).
Among the neighboring cells, the π−π packing interactions
(Figure S10b) and the hydrogen bonds between CO···NH
(Figure S10c) played a crucial role in stabilizing the structure.
Along the c-axis, the Fc-CO-NH-P molecules exhibited an
apparent chiral arrangement, and the Fc moieties were orderly
arranged into a uniform array, exhibiting d spacings of 2.6 and
3.5 Å (Figure 4b), which was in line with the TEM images,
WAXS, and PXRD analysis. Furthermore, along the a-axis, the
array also showed obvious uniform spacings of 2.2 and 3.5 Å
(Figure 4c), in accordance with the TEM images and d

spacings of WAXS results. Besides, our DFT calculations
predicted that the cohesive energy (ΔE) was −127.13 kcal
mol−1 (−1002.20 eV − 4*(−249.22 eV)), implying that the
constructed model was highly stable.
The catalytic activity of various supramolecular nanostruc-

tures toward the direct aldol reaction of cyclohexanone with p-
nitrobenzaldehyde was evaluated (Table 1 and Scheme S2). All
reactions were carried out in aqueous media, with the
aldehyde, 10-fold excess of ketone, and 10% catalysts loading
level. We studied the catalytic activity using various
nanostructures as catalysts. P6, N6, N7, and N9 did not
exhibit any catalytic activity (Figure S12). On comparing their

Figure 3. Terahertz spectrum of P12 and N12.

Figure 4. Proposed supramolecular packing of Fc-CO-NH-P within
the nanoflowers. (a) Cell of the Fc-CO-NH-P molecules: a = 5.63 Å,
b = 11.52 Å, c = 23.21 Å, α = 82.08°, β = 88.07°, and γ = 87.98°. (b)
Along the c-axis, the ferrocene groups showed a chiral arrangement
and aligned as a uniform array. The d spacings were measured as 2.6
and 3.5 Å. (c) Along the a-axis, the array also showed uniform
distances of 2.2 and 3.5 Å.

Table 1. Fc-CO-NH-P Nanostructure-Catalyzed Aldol
Reaction at Different Self-Assembly Times and Reaction
Temperatures

entry catalyst self-assembly time yield (%)a dr [anti/syn]b ee (%)c

1d P7 24 h 78 69:31 91
2d P9 24 h >99 72:28 93
*3d P12 24 h >99 97:3 >99
4d N12 24 h >99 94:6 95
5d P7 5 min 71 74:26 81
6d P9 5 min 94 75:25 82
7d P12 5 min >99 89:11 82
8d N12 5 min >99 77:23 86
9d P7 24 h 75 60:40 84
10e P9 24 h 95 72:28 84
11e P12 24 h >99 93:7 92
12e N12 24 h >99 76:24 87

aThe yield was calculated by comparing the area of the peaks located
at 8.1 and 8.3 ppm in 1H NMR analysis. bThe anti/syn ratio was
determined by comparing the area of the peaks located at 5.5 and 4.9
ppm in 1H NMR analysis. cThe ee% value was detected by high-
performance liquid chromatography (HPLC) analysis with a Daicel
Chiralcell AD-H column. dThe catalytic reactions were conducted at
25 °C. eThe catalytic reactions were conducted at 37 °C.
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morphology, it was found that the unordered structures and
nanospheres have no catalytic activity toward the direct aldol
reaction. However, P7, P9, P12, and N12 exhibited different
activities toward the aldol reaction. The yield was 78% for P7
and >99% for the other three catalysts, and the ee% value for
the four catalysts was 91, 93, >99, and 95% (Table 1, entries
1−4 and Figures S13−S19), respectively. Besides, we
performed an aldol reaction just catalyzed by phosphate buffer
(pH 7.0, 9.0, 12.0) and sodium hydroxide solution (pH 12.0)
and the yield was 0, indicating that the solution and hydroxyl
ions did not possess any catalytic ability (Figures S20−S23).
We also performed an aldol reaction catalyzed by L-
prolinamide self-assembled in phosphate buffer and sodium
hydroxide solution with a pH of 12.0. The yield was >99%, and
the anti/syn ratio was detected as 27:73 and 24:76 for L-
prolinamide self-assembled in phosphate buffer and sodium
hydroxide solution (Figures S24 and S25), respectively. The
results demonstrate the significance of ferrocene groups in
high-efficiency catalysis. It was worth noting that the P12
nanoflowers exhibited the highest conversion and ee% value
reported so far for the aldol reaction conducted in aqueous
media. We speculated that both the fully exposed effective
catalytic sites and the chiral molecular arrangement are
responsible for the ultrahigh yield and stereoselectivity. On
the one hand, the pyrrolidine groups located at bc face of the
cells are exposed on the exterior of the nanosheets, which
could provide large amounts of catalytic sites that are available
for the aldol reaction (Figures 1f and S11). Besides, the
ferrocene groups aligned regularly along the pyrrolidine groups
could provide hydrophobic microenvironments and high
affinity between the reactants and catalysts, thus achieving a
superior yield. On the other hand, as shown in Figure 4b, the
exposed catalytic sites on the nanoflowers were arranged in a
chiral configuration, which could induce steric hindrance
during the catalytic reactions, thus achieving high stereo-
selectivity.
Furthermore, we studied the effects of self-assembly time

and reaction temperature on catalytic activity. We used the
catalysts self-assembled for 5 min for the aldol reaction and
compared with the catalysts assembled for 24 h. The yield for
P12 and N12 still remained at >99%; however, the ee% value
had a great drop from >99 to 82% for P12 and from 95 to 86%
for N12 (Table 1, entries 7 and 8, Figures S13, S26, and S27).
The downtrend was more obvious for P7 and P9; with the
decrease of the self-assembly time, both the conversion and ee
% decreased a lot (Table 1, entries 5 and 6, Figures S13, S28,
and S29), indicating the importance of the ordered
nanostructure for the high stereoselectivity toward the direct
aldol reaction. Meanwhile, we investigated the effect of
reaction temperature on catalytic activity. As the reaction

temperature increased from normal temperature to 37 °C,
although the yield remained at >99%, the ee% values decreased
from close to >99 to 92% and from 95 to 87% for P12 and
N12, respectively (Table 1, entries 11 and 12, Figures S13,
S30, and S31). The high temperature also had a bad influence
on P7 and P9. With the increase of reaction temperature, both
the conversion and ee% values decreased a lot (Table 1, entries
9 and 10, Figures S13, S32 and S33). The results indicated that
the catalysts assembled with sufficient time and at a relatively
low temperature were preferred for the high-efficiency aldol
reaction, especially high stereoselectivity.
To investigate the initial reaction rate, we selected the two

excellent supramolecular catalysts, P12 and N12, which had a
high yield and stereoselectivity toward the aldol reaction. In
detail, we detected the products at different reaction times.
Figure 5 shows the initial yield and ee% values at different
times. It could be observed that at about early 5 min, N12 had
a better catalytic efficiency than P12. As the reaction
proceeded, the increase in yield in the reaction catalyzed by
P12 was faster than that by N12. When the reaction time
reached 60 min, both catalytic systems attained >99% (Figure
5a). Meanwhile, the ee% value of the two reaction systems was
also observed. As Figure 5b shows, in about early 10 min, the
ee% for N12 was higher than that for P12, but with the
increase of time, the increase rate of the ee% value for P12 was
faster than that for N12. Finally, at 60 min, the ee% for both
reaction systems reached about 95%, nearly the final reaction
stereoselectivity. It is worth nothing that when the reaction
time reached 60 min, though the conversion and ee% value
reached a high state, the anti% value was still 66% for P12 and
63% for N12 (Figures S34 and S35). We speculated that for
the remaining reaction time, the catalyst action was to increase
the de% value to make a single enantiomer in excess.
The ability to maintain the stability and high performance is

an important characteristic of chiral catalysts. To test the cyclic
performance of our prepared highly stereoselective catalyst, we
used P12 to perform the next four cycles. As Figure 5c shows,
after five cycles, the yield of the aldol reaction still remained at
>99%, while the ee% value had a slight decrease from >99 to
97% (Figures S36−S39 and Table S1). Although the catalyst
was used for five cycles, it still maintained a high performance
toward the direct aldol reaction, both in yield and ee% value.
This fully proved the stability and efficiency of the Fc-CO-NH-
P catalyst.

■ CONCLUSIONS

In summary, we synthesized a simple molecule, ferrocene-L-
prolinamide (Fc-CO-NH-P), which could self-assemble into
versatile supramolecular nanostructures. The catalytic activity
was significantly related to the self-assembled nanostructures.

Figure 5. Kinetics (a) yield and (b) ee% of the aldol reaction in early 1 h catalyzed by P12 and N12. (c) Cyclic performance of the yield and ee%
value of P12.
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The self-assembled nanoflowers showed a delicate 3D
structure with a superior specific surface area, fully exposed
catalytic sites, and chiral molecular configuration, which is
expected to be used to catalyze the direct aldol reaction in
aqueous media, with excellent catalytic performance, achieving
both high yield (>99%) and enantioselectivity (>99%). The
results can be used as a feasible new strategy for constructing
nanocatalysts for asymmetric reactions through the combina-
tion of molecular design and supramolecular self-assembly.

■ EXPERIMENTAL SECTION
Materials and Methods. Ferrocenecarboxylic acid (Fc-COOH,

98.5% in purity), L-prolinamide (98% in purity), and anhydrous
CH2Cl2 were obtained from Aladdin (Shanghai, China). Other
chemicals were of analytical grade and were purchased from
commercial sources.
Synthesis of Ferrocene-L-Prolinamide (Fc-CO-NH-P). Syn-

thesis of chlorocarbonyl ferrocene (Scheme S1I): The reaction
proceeded under anhydrous conditions. Ferrocenecarboxylic acid
(300 mg, 1.3 mmol) was suspended in 100 mL of CH2Cl2, and after
being fully dissolved, we added oxalyl chloride (220 μL, 2.6 mmol)
into the solution slowly at 0 °C. After adding three drops of DMF, the
mixtures continued to react at room temperature with continuous
stirring for 12 h. With the increase of the reaction time, the color of
the solution changed from light orange to wine red. When the
reaction was completed, the sample was washed successively with
HCl, NaHCO3, and pure water, and CH2Cl2 in the organic phase was
removed by mixing with anhydrous sodium sulfate and by rotary
evaporation. The product with an orange color was used in the next
reaction.
Synthesis of Ferrocene-L-Prolinamide (Fc-CO-NH-P)

(Scheme S1II). The reaction proceeded under anhydrous conditions.
L-Prolinamide (120 mg, 1.05 mmol) was dissolved in 50 mL of
CH2Cl2, and 1.3 equiv of Et3N (222 μL, 1.7 mmol) was added into
the solution dropwise; the reactants were mixed at room temperature
with stirring for 10 min and then cooled down to 0 °C in an ice bath.
The previously synthesized chlorocarbonyl ferrocene was dissolved in
10 mL of anhydrous CH2Cl2 and then added to the mixtures
dropwise; this procedure was continued for about 30 min. The
reaction proceeded for 24 h at room temperature with stirring. When
the reaction was completed, the sample was washed successively with
HCl, NaHCO3, and pure water, and CH2Cl2 in the organic phase was
removed by rotary evaporation. Then, the product was further
purified using column chromatography with 10:1 of CH2Cl2/
CH3OH. The yield of the two-step reaction was about 55%.
Preparation of Different pH Solutions. NaH2PO4 (600 mg)

and Na2HPO4·12 H2O (1.79 g) were dissolved in 100 mL of H2O,
resulting in a 50 mM NaH2PO4 and Na2HPO4 solution. Phosphate
buffers with a pH of 6.0, 7.0, and 9.0 were prepared by mixing a
certain volume of NaH2PO4 and Na2HPO4 solution. The pH 12.0
phosphate buffer was prepared by adding a certain volume of 50 mM
NaOH solution into the Na2HPO4 solution. The 50 mM NaOH
solution was prepared by dissolving 200 mg of NaOH in 100 mL of
water. By adding different volumes of HCl, the pH of the solution
could be set to 6.0, 7.0, 9.0, and 12.0.
Preparation of Fc-CO-NH-P Catalysts. Different catalysts were

prepared by self-assembly of Fc-CO-NH-P in various solutions. In
general, we dissolved 1 mg of Fc-CO-NH-P in 1 mL of phosphate
buffers (50 mM; pH 6.0, 7.0, 9.0, 12.0) at 60 °C, respectively, and the
samples were moved to a 25 °C water bath to incubate for 24 h for
full self-assembly. The formed catalysts were named P6, P7, P9, and
P12. The same method was used to prepare catalysts in NaOH
solution. We also dissolved 1 mg of Fc-CO-NH-P in 1 mL of sodium
hydroxide solution (50 mM; pH 6.0, 7.0, 9.0, 12.0) at 60 °C,
respectively. Then the samples were moved to a 25 °C water bath to
incubate for 24 h for full self-assembly. The formed catalysts were
named N6, N7, N9, and N12.
To probe the effect of the self-assembly time on the catalytic

activity, we prepared another group of catalysts. In general, 1 mg of

Fc-CO-NH-P was mixed with 1 mL of phosphate buffers and sodium
hydroxide solution (50 mM; pH 6.0, 7.0, 9.0, 12.0) for 5 min,
respectively. The mixtures were regarded as the catalysts for the
control group, which were used for the aldol reaction directly.

Preparation of the L-Prolinamide Catalyst. We also dissolved
1 mg of L-prolinamide in 1 mL of phosphate buffer (50 mM, pH 12.0)
and sodium hydroxide solution (50 mM, pH 12.0) at 60 °C,
respectively. The samples were moved to a 25 °C water bath to
incubate for 24 h for full self-assembly.

Aldol Reaction of p-Nitrobenzaldehyde with Cyclohexa-
none. An amount of 4.36 mg of p-nitrobenzaldehyde (0.031 mmol, 1
equiv) and 31.7 μL cyclohexanone (0.31 mmol, 10 equiv) were mixed
in a vial. After adding the Fc-CO-NH-P catalysts (0.0031 mmol, 0.1
equiv), the mixtures were incubated at 25 °C for 72 h with stirring.
After reaction, 1 mL of saturated NH4Cl solution was added into the
mixtures to quench the reaction, and then the mixtures were washed
with 1 M HCl, 1 M NaHCO3, and pure water, progressively. The
organic phase was then mixed with anhydrous sodium sulfate, and
then CH2Cl2 was taken away in a vacuum. To determine the
conversion of the aldol reaction, 1H NMR was used. The ee% was
measured by HPLC with a Daicel Chiralcell AD-H column using the
following conditions: eluent: hexane/2-PrOH = 80:20, flow rate: 0.5
mL/min, and detection λ = 254 nm.

For the control experiment, the self-assembled L-prolinamide was
added into a mixture of 1.53 mg of p-nitrobenzaldehyde (0.011 mmol,
1 equiv) and 11.10 μL of cyclohexanone (0.11 mmol, 10 equiv) and
then incubated at 25 °C for 72 h with stirring. After reaction, 1 mL of
saturated NH4Cl solution was added to the mixtures to quench the
reaction, and then the mixtures were washed with 1 M HCl, 1 M
NaHCO3, and pure water, progressively. The organic phase was then
dried with anhydrous sodium sulfate, and then taken away in a
vacuum. The yield and dr values were detected by 1H NMR analysis.

Cyclic Performance Test of P12. After completing the last batch
of aldol reactions, the mixtures were washed with 1 M HCl, 1 M
NaHCO3, and pure water, progressively, and the aqueous phase was
collected and centrifuged at 15 000 rpm for 20 min at 4 °C. After
centrifugation, the yellow catalysts were separated at the bottom of
the tube, followed by washing with pure water three times, and the
final solid was used to catalyze the next batch of aldol reactions.

■ CHARACTERIZATION

Nuclear Magnetic Resonance Hydrogen Spectrosco-
py (1H NMR). The samples were dissolved in CDCl3 with
Si(CH3)4 as the reference, and then the 1H NMR spectrum
was measured on an NMR spectrometer (AV-400, Bruker).

Scanning Electron Microscopy (SEM). We placed 10 μL
of self-assemblies onto a glass coverslip with a diameter of 0.5
mm, and excess samples were removed. Then, the samples
were air-dried, which were sputtered with platinum (E1045 Pt-
coater, Hitachi High-Technologies CO., Japan). The morphol-
ogy of self-assemblies was observed by SEM (S-4800, Hitachi
High-Technologies CO., Japan) with an acceleration voltage of
3 keV.

Transmission Electron Microscopy (TEM). An aliquot
(10 μL) of the prepared self-assemblies was put on a copper
grid (200 meshes), excess self-assemblies were removed using a
pipette, and then the samples were air-dried. We then
investigated the morphology of the self-assemblies by TEM
(JEOL 100CX-II, JEOL Ltd., Japan) with an operating voltage
of 80 keV.

Atomic Force Microscopy (AFM). We extracted 100 μL
aliquot of self-assemblies using a pipette, then the samples
were dispersed on a mica sheet, and the samples were dried
using nitrogen purging. The morphology of the self-assemblies
was recorded with an atomic force microscope (AFM, Agilent
5500, Agilent).
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Dynamic Light Scattering (DLS). The Fc-CO-NH-P
nanospheres prepared in phosphate buffer (50 mM, pH 6.0)
were diluted in ddH2O and incubated at 25 °C without any
disturbance for 10 min. We measured the size distribution
using a Zetasizer Nano AS (Malvern Instruments, U.K.).
Fourier Transform Infrared (FTIR) Spectroscopy. At

first, the self-assemblies were dried to powder using a vacuum
freezing dryer, and then the samples were mixed with KBr to
form pellets using a tablet machine. The infrared spectra of
self-assemblies were recorded using a Nicolet-560 FTIR
spectrometer (Nicolet Co.). The detection range was 400−
4000 cm−1, the number of scans was 16, and the resolution for
each spectrum was 4 cm−1.
In Situ Synchrotron Wide-Angle X-ray Diffraction

(WAXD). We carried out the in situ X-ray scattering
experiments of our prepared hydrogels at the 1W2A beamline
of the Beijing Synchrotron Radiation Facility (Beijing, China).
The wavelength of the radiation source used in the experiment
was 0.154 nm, and the sample−detector (Mar165-CCD)
distance was 160 mm.
Powder X-Ray Scattering Measurements. The powder

XRD experiments were carried out using a PANalytical X’Pert
PRO MPD (PANalytical, Netherlands); the target material was
CuK (λ = 1.5406 Å). The detection angles for SAXD and
WAXD were 0.5−5°and 3−40°, respectively.
Terahertz Absorption Spectroscopy (THz). We re-

corded THz spectra using a photoconductive switch-based
Terahertz Time-Domain system at room temperature. The
Terahertz system was formed by four parabolic mirrors with an
8-F confocal geometry. Our prepared self-assembled nano-
structures were placed in a silicon cell, and we also used an
empty cell as a reference.
Configuration Optimization. The configuration optimi-

zation of the Fc-CO-NH-P cell was performed by Materials
Studio simulations, using density functional theory (DFT)
calculations.
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