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A special naphthyl-containing Schiff base derivative, 𝑁,𝑁󸀠-bis(2-hydroxy-1-naphthylidene)-1,2-phenylenediamine, was synthe-
sized, and its coordination with various metal ions in situ at the air/water interface has been investigated. Although the ligand con-
tains no alkyl chain, it can be spread on water surface. When metal ions existed in the subphase, an interfacial coordination bet-
ween the ligand and different metal ions occurred in the spreading film, while different Nanostructures were fabricated in the
monolayers. Interestingly to note that among variousmetal ions, only the in situ coordination-inducedCu(II)-complex film showed
supramolecular chirality, although themultilayer films from the ligand or preformed complex are achiral.The chirality of the in situ
Cu(II)-coordinated Langmuir film was developed due to the special distorted coordination reaction and the spatial limitation at
the air/water interface. A possible organization mechanism at the air/water interface was suggested.

1. Introduction

Supramolecular assemblies of metal complexes are attracting
considerable interests owing to their fascinating chemical,
thermal, and electrooptical properties [1–6]. The Langmuir
and Langmuir-Blodgett (LB) technique provided a sophis-
ticated way to the bottom-up fabrication of the molecular
assemblies of metal complex in a controlled way [7, 8].
Generally, there are two approaches to fabricate the interfacial
assemblies of metal complexes. One is to use the preformed
metal complexes themselves [9–11], and the other is to utilize
the in situ coordination reaction between the ligand and the
metal ions dissolved in the subphase.While the former is gen-
erally used to assembly the ultrathin functional films of metal
complexes, the latter method has also proved to be effective
[12–20]. In some particular cases, the in situ coordination
reaction can induce new interesting properties that pre-
formed metal complex do not have. For example, we have
found that some benzimidazole derivatives without alkyl

chains or with shorter alkyl chains could be fabricated into
organized molecular films through the in situ coordination
with Ag(I), and some new properties were observed [21].

In this paper, we have designed a special Schiff base ligand
with the structure shown in Figure 1 based on the following
considerations. Firstly, in order to expand the research work
to those of special molecules without alkyl chains, we synthe-
size this ligand and investigate its organizedmolecular assem-
blies at the air/water interface. Secondly, aimed at the effect of
the spatial hindrance, larger naphthyl group was introduced,
and it was placed in different substituted positions around
the benzene ring. We found that the ligand could coordinate
with various metal ions in situ in the spreading films at the
air/water interface and fabricate different nanoarchitectures.
Through the in situ coordination, this achiral ligand could
form chiral supramolecular assemblies of Cu(II)-coordinated
complex. However, if we spread the preformed Cu(II)-com-
plex on water surface, no chiral molecular assemblies was
formed. The chiral monolayers or LB films have been
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Figure 1: Molecular structures and abbreviations of the Schiff base ligand and its Cu(II)-complex.

reported [22], andwe have also reported the chiral assemblies
fromachiralmolecules through the interfacial organization at
the air/water interface [23, 24]. The interfacial coordination
and the chirality of the LB films were systematically investi-
gated through a series of characterization methods such as
the surface pressure-area (𝜋-A) isotherms, UV-Vis spectra,
the Fourier transform infrared (FT-IR) spectra, circular
dichroism (CD) spectra, and atomic forcemicroscopy (AFM)
measurements.

2. Experimental

2.1. Materials. 2-hydroxy-1-naphthaldehyde and 1,2-phenyl-
enediamine were obtained commercially from TCI or
Aldrich Chemicals and used as received. Various metal salts
were obtained from Beijing Chemicals and recrystallized
before use. The solvents were obtained from Beijing Chem-
icals and distilled before use. DMSO-𝑑

6
was of analytical

grade and obtained from Beijing Chemicals. Pure water
(18M⋅cm) was obtained from the Milli-Q, Millipore system
in all cases. The ligand was synthesized by the condensa-
tion of 2-hydroxy-1-naphthaldehyde with the correspond-
ing 0.5 equivalent moles diamines [25, 26]. Then, the
Schiff base ligand,𝑁,𝑁󸀠-bis(2-hydroxy-1-naphthylidene)-1,2-
phenylenediamine (abbreviated as o-NpSB) was obtained
after recrystallization twice from the anhydrous ethanol. The
complex Cu(o-NpSB) was prepared according the following
procedure: the ligand was dissolved in ethanol, and then the
copper acetate solution was added dropwise to the ligand
solution, and the solvent was kept in reflux state. Usually,
after a few hours, the product separate from the solution and
recrystallize twice from the ethanol/chloroform solution and
confirmed by 1H NMR and elemental analysis.

2.2. Procedures. Monolayers and the Langmuir-Blodgett films
were performed using a KSV minitrough (KSV instruments,
Helsinki, Finland). The subphase was prepared by dissolving
different metal salts at a concentration of 1.0mM.Themono-
layer was fabricated by spreading the chloroform solution of
amphiphiles onto the air/water interface. After 30minutes for
the completion of coordination reaction and evaporation of
solvent, surface pressure-area (𝜋-A) isotherms were recorded
with a compression speed of 5.0mm/min at 20.0 ± 0.2∘C.
The Langmuir-Blodgett films were prepared by the vertical
dipping method at a constant speed of 2.0mm/min on the

minitrough. The monolayers were transferred onto freshly
cleaved mica plates as a sample for AFMmeasurement by the
vertical dipping method. For the FT-IR, CD, and UV spectra
measurements, CaF

2
plates and quartz plates were used,

respectively.
The monolayer formation and LB film deposition were

performed using a KSVminitrough apparatus. FT-IR spectra
of the transferred LB filmsweremeasured by a JASCOFT/IR-
660 plus spectrophotometer. UV and CD spectra of the films
were obtained by a JASCO UV-530 and a JASCO J-810 CD
spectrophotometer, respectively. In the process of measuring
CD spectra, the LB film was placed perpendicular to the light
path and rotated within the film plane to avoid the polariza-
tion-dependent reflections and eliminate the possible angle
dependence of the CD signals [27]. AFM images were
recorded using tapping mode (Nanoscope IIIa Multimode
system, Digital Instruments, Santa Barbara, CA) with silicon
nitride cantilever probes. All AFM images were shown in the
height mode without any image processing except flattening.
MALDI-TOF mass spectra were determined with BIFLEX
III. The elemental analysis was carried out with the Flash
EA Carlo-Erba-1106 Thermo-Quest. 1H-NMR spectra was
obtained on an ARX400 (Bruker) NMR spectrometer in
DMSO-𝑑

6
with TMS as an internal standard. The molecular

simulation and limiting area calculation was realized by PC
Model Version 6.0.

3. Results and Discussion

3.1. Complex Film Formation at Air/Aqueous Interface.
Figure 2 shows the 𝜋-A isotherms of o-NpSB on the surfaces
of pure water and the solutions containing various metal ions
at 20∘C. The isotherm on pure water shows a condensed
region with the extrapolated molecular areas of 0.24 nm2/
molecule. Based on the space-filling molecular (CPK)model,
o-NpSB can be regarded as a triangle molecule. No matter
what side of the triangle attached to thewater surface, the esti-
mated limiting molecular areas are between 0.5 ∼ 0.7 nm2/
molecule. So, a multilayer film or three-dimensional (3D)
structure was suggested to form at the air/water interface.
When metal ions existed in the subphase, significant changes
were observed. The 𝜋-A isotherms of o-NpSB on surfaces of
the solutions of Co2+ and Ni2+ ions retained the condensed
regions, and the shapes of the curves were similar to the case
on the water surface. This suggested that most of the o-NpSB
may not form a complex with either of these two metal ions.
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As for the other metal ions such as Pb2+ and Zn2+, mono-
layers with enlarged molecular areas and decreased collapse
pressurewere obtained. It indicated that the Schiff base ligand
and the metal ions might form different coordination com-
plexes in the monolayer. On the subphase containing Cu2+
ions, the isotherm with obvious LE/LC phase transition was
obtained. It has a much expanded molecular areas of about
0.31 nm2/molecule, indicating the formation of a special
coordinated film. These differences clearly indicated that the
metal ions in the subphase can greatly affect the surface
behavior of o-NpSB spreading film.

3.2. Spectral andMorphological Investigation of Transferred LB
Films. Our previous works have shown that the coordina-
tion between the Schiff base ligands and metal ions in the
subphase could occur in situ at the air/water interface, which
could be monitored by various methods such as UV-Vis and
FT-IR spectra. It is clearly observed from Figure 3 that the
UV-Vis spectra of o-NpSB LB films fabricated from water
surface show the absorption peaks at 232, 324, 381, 465, and
495 nm, respectively. While the former three peaks could be
designated as the 𝜋-𝜋∗ and 𝑛-𝜋∗ transitions for the electrons
localized on the azomethine group of the ligand, the latter
peaks could be regard as charge transfer transitions [28].
When Co2+ or Ni2+ ions were present in the subphase, only a
slight changewas observed, indicating the inadequate coordi-
nation between the ligand and metal ions. In addition, when
Pb2+ or Cu2+ ions were added into the subphase, the obvious
spectral change was found, respectively. In comparison with
that on water surface, the spectra of Cu(II)-coordinated films
showed peaks at 244, 330, 398, 475, and 507 nm, respectively.
This change indicated the complete coordination of the Schiff
base ligand with copper(II) ion. Moreover, it was interesting
to note that there appeared a strong new absorption peak at
418 nm for the Zn(II)-coordinated films, which was induced
mainly by the different coordination modes between Zn(II)
and other metal ions.

The process of in situ coordination in the LB films can be
further verified by the FT-IR spectral measurement. Figure 4
shows the FT-IR spectra in the regions of 1700–1000 cm−1 of
40-layer multilayer films for the Schiff base compound on
different subphases.The spectra for o-NpSB films from water
surface shows characteristic vibration bands centered at 1619
and 1324 cm−1, which can be assigned to C=N and phenolic
C–O stretching vibration, respectively [29]. It is well known
that coordination of the Schiff base ligand to the metal ions
through the nitrogen atom can reduce the electron density in
the azomethine and lower its absorption frequency. On the
other hand, phenolic C–O stretching band shifted to a higher
frequency, indicating coordination through the phenolic
oxygen.When on the subphase of Co2+ orNi2+, there was not
obvious change, indicating the slight coordination reaction
between ligand with metal ions. This may be attributed to
the unsuitable coordination direction caused by themarching
modes of different metal ions. In addition, as for the Zn(II)-
coordinated films, the characteristic bands shifted to 1610
and 1362 cm−1, respectively. Another obvious change was the
strong increment for the peak at 1535 cm−1 due to the change

0 0.1 0.2 0.3 0.4 0.5 0.6
0

10

20

30

40

50

60

70

Su
rfa

ce
 p

re
ss

ur
e (

m
N

/m
)

Area (nm2/molecule)

H2O

Ni2+

Co2+

Pb2+

Zn2+

Cu2+

Figure 2: Surface pressure-area isotherms of o-NpSB monolayers
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Figure 3: UV-Vis spectra of LB films of o-NpSB deposited from
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at 20mN/m.
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Figure 5: AFM pictures of LB films of o-NpSB deposited from water surface (a) and 1.0mMmetal salts solution transferred at 20mN/m: (b)
Cu2+ ions; (c) Co2+ ions; (d) Ni2+ ions; (e) Pb2+ ions; (f) Zn2+ ions.

of aromatic moiety. It indicated the complete coordination
occur at the air/water interface. Similar spectral change
with a little shift was observed for the Cu(II)-coordi-
nated films, suggesting the different coordination mode for
Cu(II) in comparison with Zn(II) ions.

To get further insight into the assembly mode of the
Schiff base amphiphile at air/water interface, one layer of the
spreading films was transferred onto a newly cleaved mica
surface, and their surface morphologies were measured with
AFM, as shown in Figure 5. For o-NpSB on the pure water
surface, larger irregular domains composed of dotted aggre-
gates could be clearly observed in Figure 5(a). Through the
section analysis, it was obtained that the domains have an
average height of about 4.3 ± 0.2 nm. When Cu(II) ions were
present in the subphase, blocks-like domains with the aver-
aged height of 4.6 nm were observed. Based on the CPK
model, these values corresponded to 3 or 2 layers of the
molecular thickness, which confirmed that the smaller

molecular areas in the 𝜋-A isotherms were due to the mul-
tilayer formation at the air/water interface. Furthermore, we
observed the different morphologies such as slices, collapsed
film, dense packing dots, and porous film appeared on other
metal ions subphases, which may be due to the different
coordinationmodes between the Schiff base ligand andmetal
ions. So, it indicated that metal ions indeed play an important
role in regulating andmodulating the interfacial morphology
and assembly mode. Now, the study for coordination com-
pounds or coordination polymers nanomaterials is a rising
field in materials research [30, 31]. The present work may
give some new clue to design and prepare coordination com-
pounds with special nanostructures.

3.3. Characterization of Chiral Supramolecular Assembly in
LB Films. Figure 6(a) shows the UV-Vis spectra of the trans-
ferred films both from water and the subphase containing
Cu(II) ions. A clear spectral change was observed for both
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subphase (b and b󸀠 represent the spectra

for the film fabricated in different batches).

the cases, indicating the coordination of the Schiff base ligand
with Cu(II) ion. It is interesting to note that the in situ Cu(II)-
coordinated o-NpSB film showed strong cotton effect in the
CD spectra, as shown in Figure 6(b). The cotton effect con-
sisted of an intense excitation couplet at 248, 420, and 499 nm,
with a crossover at 219 nm. Since the cotton effect appeared
almost in the same position as those in the absorption spec-
trum, it can be suggested that CD signal originated from the
interaction between the Cu(II)-complex themselves. Interest-
ingly, if we spread the preformed complex Cu(o-NpSB) on
water surface, no CD signal could be detected for the trans-
ferred film, although these two kinds of films showed the
same UV-Vis spectra. In addition, for the in situ Cu(II)-
coordinated film, the CD signals could be opposite in differ-
ent fabrication batches, although the sign of CD signal is the
same everywhere in one batch. This phenomenon is essen-
tially the same as those reported by our group, indicating that
the macroscopic chirality might be formed by a stereoregular
stacking of themolecules [24].The in situ Cu(II)-coordinated
ligand film was different from the preformed complex film,
which suggested that there existed a subtle packing differ-
ences.

In our present work, it is found that the chiral supra-
molecular assembly could be fabricated when the ligand o-
NpSB was spread onto aqueous Cu(II) ions subphase. Since
Cu(II) ions can penetrate into the LB film, the ex situ coordi-
nating process between the o-NpSB film from water surface
and Cu(II) ions in solution was tried to verify if similar chiral
film could be constructed, which could be monitored by the
UV and FT-IR spectra. Of course this may be another way to
fabricate the coordination LB films.

Figure 7 shows theUV spectral changes of the o-NpSB LB
films fabricated from the pure water surface after immersion
in an aqueous solution of 10.0mM Cu(Ac)

2
at time intervals

of 10, 20, 60, 110, 130, 190, and 240 minutes, respectively. The
significant changes in the spectra are the absorption peak at
211, 232, 324, 381, 465, and 495 nm shifted to 217, 244, 330, 398,
475, and 507 nm, respectively. Simultaneously, the new peaks
appeared at 270 and 357 nm. In addition, in the UV spectra of
in situ Cu(II)-coordinated o-NpSB LB films and Cu(o-NpSB)
LB films fabricated from pure water, the peaks at 324 and
381 nm even shifted to 334 and 402 nm, respectively. In
general, the final UV spectrum is very similar to that of the
LB films deposited from the Cu(II) ions subphase or the cor-
responding complex Cu(o-NpSB) LB films fabricated from
pure water interface. This result indicated that the coordina-
tion can also progress between the o-NpSBLBfilm andCu(II)
ions by immersing it into the aqueous solution of Cu(Ac)

2
.

Using this technique, we could control the incorporation of
Cu(II) ions into the LB film. However, the final ex situ Cu(II)-
coordinated films show no chiral signal, which suggested
this type of complex film was different from the in situ
coordinated films in the view of assembly mode.

The progress of ex situ coordination in the LB film can be
further verified by the FT-IR spectral measurement. Figure 8
shows the FT-IR spectra of a 40-layer o-NpSB LB films
before and after immersion in aqueous solutions of 10.0mM
Cu(Ac)

2
. In the region of 1700–1000 cm−1, the spectrumprior

to immersion shows characteristic vibration bands at 1211,
1248, 1324, 1541, 1568, and 1619 cm−1. After immersing the film
into Cu(Ac)

2
solution, the bands at 1211 and 1248 cm−1 dis-

appeared, while the bands at 1324, 1541, 1568, and 1619 cm−1
shifted to 1366, 1534, 1576, and 1604 cm−1, respectively.
Further, the bands above increased their intensity with the
increasing immersion time. These changes of vibrational
band indicated the coordination between Cu(II) ions with
ligand o-NpSB. It is interesting to note that we have not seen
any change or appearance of a band around 1660 cm−1, which
can be assigned to the CH

3
COO− anion. This indicates that

only Cu(II) ions were incorporated into the LB film. In addi-
tion, we have measured the FT-IR spectra of the LB film
deposited from the o-NpSBmonolayer on aqueous subphases
containing Cu(Ac)

2
and the corresponding complex Cu(o-

NpSB) LBfilms fabricated frompurewater interface.Thefinal
spectrum is the same as the above two spectra, indicating that
a similar reaction occurred in the LB film and in the solution.
It should be noted that by dissolving the in situ Cu(II)-
coordinated films into chloroform and measured their TOF-
MS, a 1 : 1 (ligand : Cu) complex was confirmed. These results
indicated that the molecular structure of the in situ formed
Cu(II)-complex is essentially the same as the preformed one
in solution.

From the results of UV-Vis and FT-IR spectra, it is clear
that the in/ex situ complex films were similar except that the
in situ Cu(II)-coordinated films show chiral signal. To further
clarify this difference, AFM measurement was performed
for both cases, as shown in Figure 9. It is easily observed
from the pictures of o-NpSB LB film transferred from
Cu(II) ions subphase that regular block-shaped domains with
the averaged height of 4.6 nm could be obtained. When
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Cu(o-NpSB) LB films fabricated from pure water interface. The line
(b) represents the spectrum of a 50-layer o-NpSB LB films fabricated
from 1.0mM aqueous Cu(Ac)
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subphase.

the preformed Cu(II)-complex was spread on water surface,
morphologies of noodle-like fibers were obtained. The fibers
can be extended to nearly onemicrometer andwith awidth of
approximately 32±5 nm. However, an analysis on the section
profile revealed that the average height for the preformed
one was 3.1 nm. Based on the CPK model, it suggested that
these values correspond to three or two molecular thickness,
which confirmed that the smaller molecular areas in the 𝜋-
A isotherms were due to the multilayer formation at the air/
water interface, which was observed in several spread films
[32–34].

3.4. Discussion of Assembly Mode in LB Films. The above
interesting results of the supramolecular chirality and the dif-
ferences in the morphologies of the in situ Cu(II)-coordi-
nated ligand film and the preformed complex films can be
possibly explained as illustrated in Figure 10. The o-NpSB
molecule was regarded as a triangle molecule in which three
hydrophobic phenyl and naphthyl groups occupied the cor-
ners and sides of the triangle. The hydrophilic hydroxyl
groups and the imine groups localized in the two sides
of molecular skeleton, as shown in Figure 10(a). Once o-
NpSB was spread on water surface, these hydrophilic parts
will predominantly orient to the water surface. When
spreading on the subphase containing Cu(II) ion, an in
situ coordination occurred between Cu(II) ion and the
two hydrophilic groups. During this in situ coordination
process with Cu(II), the two hydrophilic parts together
with the hydrophobic naphthyl groups were forced to be
near the water surface, as shown in Figure 10(b). Due to
this coordination and spatial hindrance, the long side of
the triangle molecule would contact with the water sur-
face, and the adjacent molecules are suggested to align
cooperatively in a helical sense, as shown in Figure 10(c).
Although both the left- and right-handed helical sense will
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subphase.

occur due to the confinement of a two-dimensional platform,
one kind of the helical sense could possibly be predominant,
and thus we got a macroscopic chirality of the complex films.
In the case of preformed Cu(o-NpSB), the situation was dif-
ferent. The hydrophilic part of the complex was encapsulated
in the center, while each side of the triangle molecules is
hydrophobic, as expressed in Figure 10(d). When spreading
on water surface, each of hydrophobic side could be near the
water surface, as shown in Figure 10(e). This caused the ran-
dom stacking of the Cu(o-NpSB) molecules on water. In this
case, the triangular complexmolecule could not stack cooper-
atively, and no macroscopic chirality could be obtained. This
is partially verified in the AFM. In the case of in situ Cu(II)-
coordinated ligand film, a flat block was formed. In contrast,
the spreading preformed complex film showed larger surface
roughness.

It should be noted that the preformed Cu(o-NpSB) mole-
cule itself was achiral. We obtained the single crystal of the
preformed Cu(o-NpSB) and confirmed that complex mole-
cule was achiral through the X-ray diffraction. In addition, it
should be further noted that although the ligand of o-NpSB
could form complexes with other metal ions such as Zn(II),
Ni(II), and Co(II), no chirality was detected in those complex
films. This might be related to the different stereo packing
structures of the metal complexes. In addition, these results
will expand the research areas for the special amphiphiles
without alkyl chain and give some clues to prepare new nano-
materials and nanocomposites [35–38].

4. Conclusions

In this paper, a special nonchain Schiff base ligand was found
to be spreadable on water surface and the aqueous subphase
containing metal ions. The in situ coordination between
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Figure 10: A possible schematic illustration on the formation of the
chiral assemblies: (a) ligandmolecule; (b) in situ Cu(II)-coordinated
complex; (c) stacked in a helical sense to form chiral assembly: the
stacking direction of the molecules are from the top of the paper
to inside; (d) preformed Cu(o-NpSB); (e) stacked in a random way.
For the sake of clarity, only one layer was shown in the Scheme. A
multilayer film formationwas supposed in the spreading film, which
could be regarded as the superposition of the illustratedmonolayers.

the ligand and different metal ions can fabricate various
nanoarchitectures at the air/water interface due to the dif-
ferent matching modes. In addition, only the in situ Cu(II)-
coordinated ligand film showed a supramolecular chirality,
although the ligand was achiral. However, no supramolecular
chirality was obtained for the spreading film from pre-
formed Cu(II)-complex. A possible mechanism related to the
hydrophilicity, hydrophobicity, and the stereo-cooperative
stacking of the ligand and its Cu(II)-complex was proposed
to explain the formation of the supramolecular chirality.

Those results will expand the research areas for the special
amphiphiles without alkyl chain and open an important way
to the design and fabrication of chiral molecular assemblies
from achiral molecules.
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