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Interfacial Synthesis of a Monolayered Fluorescent Two-
Dimensional Polymer through Dynamic Imine Chemistry
Zhaohui Zhang,[a] Hui Liu,[a] Qingzhu Sun,[a] Feng Shao,[b] Qingyan Pan,[a] Tao Zhuang,*[a] and
Yingjie Zhao*[a]

A fluorescent monolayered two-dimensional polymer (2DP)
containing both tetraphenylethylene (TPE) and imine linkages is
synthesized at air-water interface using the Langmuir-Blodgett
method. We designed TPE-based monomers with long dis-
tances between the TPE and the imine linkages to avoid the
charge transfer and therefore keep the fluorescence. A mono-
layered 2DP provided with more than 104 μm2 in domain size

and around 0.8 nm thickness was obtained through a succes-
sive Schiff base reaction at air-water interface. The nano-
structures and fluorescent property of 2DP films were charac-
terized by optical microscopy, SEM, TEM, AFM and fluorescence
spectrum. Most importantly, the tip-enhanced Raman spectro-
scopy (TERS) was utilized here to confirm the success of the
polycondensation of monolayered 2DP.

1. Introduction

Two-dimensional polymers (2DPs) have been generally ac-
cepted as materials with atomic-thick or monolayer, covalently
linked, highly ordered 2D topological network.[1–8] The recent
high interest and the fast development of 2DPs materials are
driven by their unique structures,[9–11] potential applications[12–16]

and infinite structure possibilities through monomer design.[17]

The properties of the 2DPs are completely different from those
of traditional linear or branched polymers due to the total
different 2D structure. The structure change from 1D to 2D at
the molecular level is particularly interesting and promising for
applications in optoelectronic devices,[18–21] energy
conversion,[22,23] sensors,[24–26] and biomimetic devices.[27–29] In
addition, the 2D, ultrathin and porous natures of the 2DPs are
efficiently utilized in osmotic energy conversion, also demon-
strating high-performance power capture by mixing artificial
river water and sea water.[30–32] Therefore, the 2DPs provide new
prospects of potential applications in promising fields such as
the salinity gradient energy conversion and ion screening.[33–35]

Nevertheless, the synthesis of the 2DPs is usually challenging,
especially the monolayer synthesis. So far, several strategies

have been developed such as single crystal to single crystal
method,[36–38] solution synthesis,[11,39] and interfacial
synthesis.[40–43] Among which the interfacial synthesis method is
ideal to obtain ultrathin, large-area, free-standing 2DPs under
ambient conditions. In this process, polymerization of mono-
mers takes place directly at the interface of two phases and
ends up with mono- or few- layered 2DPs. Several pioneering
researches have been conducted by using different reactions
such as Schiff base,[40,43–45] [4+4] cycloaddition,[41,42,46–48] and
Glaser-Hay coupling reaction.[49–51] Among these reactions,
dynamic imine chemistry at the air/water interface (Langmuir-
Blodgett method)[40,44,52,53] has great potential for large-scale
production of highly crystalline 2D polymers due to its dynamic
self-healing process. In addition, with certain functional moi-
eties embedded into the well-defined 2DPs, the resulting 2DPs
materials can possess unique properties for specific application.
Tetraphenylethene (TPE),[54–57] as a star molecule of classical
aggregation-induced emission (AIE) effect has been demon-
strated to be an excellent moiety for constructing luminescent
materials such as chemosensors,[58,59] bio-probes,[60] optical
devices[61–63] and so on because of their excellent luminescent
properties and unique superiority compared with conventional
aggregation-caused quenching (ACQ) effect. However, owing to
the shortage of a suitable linkage that combines stability with
luminescence, most of the 2D networks containing TPE units
are less luminescent.[64–66] For example, the mostly used
dynamic imine chemistry for construct 2D network based TPE is
non-fluorescent because the charge transfer between the lone
pair electrons from the imine to the fluorescent TPE.[64,65,67]

Recently, we reported a highly fluorescent 2DP films based on
TPE unis by using conjugated diyne or host-guest
supramolecular interactions as linkages.[10,68] Beside, boronate
and boroxine linkages can also form luminescent 2D frame-
works based on TPE, but they are unstable under protic
conditions or upon exposure to air.[69] Developing an imine
linked fluorescent 2DP films based on TPE units remains
challenging. In this work, we designed a TPE-based monomers
with long distances between the TPE and the imine linkages.
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The charge transfer between the imine and TPE was inhibited
and the fluorescence maintained. A monolayered fluorescent
2DP containing both TPE and imine linkage was obtained at the
air-water interface. The imine-linked chemical structure of the
obtained monolayer was further analyzed by tip-enhanced
Raman spectroscopy (TERS) which has been proved to be an
attractive method for analyzing monolayered 2DP as this
technology contains both the spatial resolution of the scanning
probe microscopes and the chemical selectivity of traditional
Raman spectroscopy.[40,47,70–72]

2. Results and Discussion

The synthesis of monomer 3 was based on Sonogashira
reaction between compound 1,1,2,2-tetrakis(4-ethynylphenyl)
ethene and 4-iodobenzaldehyde (Scheme S1). The imine-linked
2DP films were synthesized from two simple aromatic building
blocks: p-phenylenediamine (4) and 4,4’,4’’,4’’’-((ethene-1,1,2,2-
tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-2,1-diyl))tetra-
benzaldehyde (3) (Figure 1). At the air/water interface, relatively
large molecule extended by benzene ring and alkynyl group
could be well spreaded. The benzene ring and alkynyl group
between the TPE and imine-linkage could better prevent the
photo induced electron transfer (PET) from the imine to the TPE
and thus the fluorescence maintains. Such a conformation
would render 3 a good candidate for the interfacial synthesis of
the fluorescent polyimine monolayer. Ideally, strain-free imine
linkages will be formed between the tetraaldehyde and diamine
follow-through orient themselves. The reversible imine bond
could enable selfmodification, correct the formations of
undesirable bond to produce a thermodynamically favorable
polymer product with a highly ordered structure in the end.

The monolayer 2DP films was prepared at the air-water
interface of a Langmuir-Blodgett (LB) trough. Figure 1 illustrates
the interfacial synthesis process of the 2DP films by Schiff-base
polycondensation. 50 μl chloroform solution of monomer 3

(1.2×10� 3 mM) was first spreaded at the air-water interface of
the LB trough and then compressed to a surface pressure of
25 mNm� 1, which would facilitate the formation of densely
packed monomer 3 (Figure S4). Afterwards, 75 μl solution of
momomer 4 in water (1.3×10� 3 mM) was added to the
subphase and allowed to diffused to the interface slowly where
the polymerization was triggered by the formation of imine
bonds between amine and aldehyde. Acetic acid (0.35 mL) was
then injected slowly into the solution without disturbing the
self-assembled monomer layer. The system was kept undis-
turbed overnight. The resulting polymer sheet could be easily
transferred onto 300 nm SiO2/Si silicon wafers or TEM grids by
using horizontal Schäfer-type transfer method for further
characterization.[41,42,73]

The polymerization at interface of Langmuir trough resulted
in a large-area, freestanding film with a size of square millimeter
(Figure 2a). Obvious cracks can be seen under optical micro-
scope (OM) (Figure 2a). The morphology of the 2DP film was
further investigated by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), HR-TEM and atomic
force microscopy (AFM). The SEM, TEM and HR-TEM images
(Figure 2b, c, d) show clear thin films morphology. The SEM
image (Figure 2b) of the homogenous film on a silicon wafers
illustrates that even area with more than 400 μm2 were fully
spanned. The sample on the grids for TEM are stable under
electron-beam irradiation and do not burn immediately when
the beam is focused. HR-TEM images fail to verify their lattice
data. Atomic force microscopy (AFM) confirms that the
polyimine film is a monolayer (Figure 2e). An average thickness
of the 2DP films is about 0.8 nm[40] after calculating more than
20 points measured from 5 different samples with smooth
surface over large areas.

TERS spectra further confirmed the successful formation of
the polyimide based on Schiff-base polycondensation. Con-
tained the superiorities of Raman spectroscopy with scanning
probe microscopy (SPM), the chemical fingerprint and top-
ography of monolayered 2DP films are recorded synchronously

Figure 1. (a) Scheme of the synthesis route and topological structure of the 2DP films. (b) Schematic illustration of the experimental process.
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by TERS with nanoscale resolution.[61,62] Moreover, TERS has
been testified to provide single molecule sensitivity,[74,75] which
is essential for gaining Raman signals of a monolaylered 2DP
films. In order to acquire preliminary understanding about the
chemical structure of the obtained films, the 2DP monolayer
and corresponding finite model 5 (Figure 1) were characterized
by TERS (Figure 3), verified by more than 20 spots discretionarily
selected from different sheet samples. Simultaneously, mono-
mer 3, 4 and model 5 as references were also investigated by
confocal Raman spectroscopy by measuring variations in the
intensity of the bands corresponding to vibrations of the CHO,
NH2, C=N, and C�C groups (Figure 3).

After Schiff-base condensation in model 5, the band of
aldehyde C=O stretching mode (1706.7 cm� 1) in monomer 3
and the band of diamine NH2 wagging mode (1394.3 cm� 1) in
monomer 4 are absent in the Raman spectra. Meanwhile, new
peaks at 1623.7 and 1648.3 cm� 1 exhibit in the TERS and
confocal Raman spectra of model 5 and 2DP films, respectively,
which are caused by the stretching vibrations of the C=N group
from the imine. This clearly indicates the formation of the
proposed imine bonds in the 2DP films and model 5. Addition-
ally, the slight blue shift of the C=N bonds in 2DPs
(1648.3 cm� 1) compared to model 5 (1623.7 cm� 1) arise from
the change of molecular orientations on the metallic
surface.[34,61] It is particularly noteworthy that the alkyne C�C

(2217.1 cm� 1) peak of the 2DP films, compared to imine model
5, has disappeared in the TERS spectrum, which is due to the
surface selection rules for C�C bonds on metallic substrates.[61,62]

This fact further confirms the formation of 2D polyimine
networks, leading to integrated monomer 3 forcibly lying on
the substrate.[61,62]

The photophysical property of the 2DP was then studied.
Beside the evidence from the change of TERS, the fluorescence
before and after the polymerization is also different. The single
layer of the monomer and 2DP films samples were smoothly
impregnated with quartz plate (Φ=1 cm). The samples were
analyzed by UV-vis absorbance and fluorescence spectra. The
UV-vis (Figure S6) of the monomer 3 and 2DP films both
exhibited an absorption range (λ=275–450 nm). More interest-
ingly, fluorescence spectrum of the 2DP films showed a
fluorescence peak at λ=545 nm which is significantly red-
shifted (20 nm) compared to the monolayer of monomer 3 (λ=

525 nm) (Figure 4). Meanwhile, the fluorescence spectra inten-
sity of the 2DP films decreased compared to the monomer 3
which also suggested that the polymerization was achieved.

Figure 2. (a) OM image on 300 nm SiO2/Si; (b) SEM image; (c) TEM image; (d)
HR-TEM image; (e) AFM image on SiO2/Si; (f) cross-sectional analysis along
the black, blue and red line of the obtained in (e).

Figure 3. Confocal Raman spectra of the monomer 3 (black), monomer 4
(red) and model 5 (blue) on 300 nm SiO2/Si; Tip-enhanced Raman spectra of
2DP films (green) and Model 5 (pink) on 50 nm gold coated microscope
slide.

Figure 4. Fluorescence spectras of a compressed monolayer of monomer 3
at the interface and 2DP after 12 hours reaction under ambient conditions.
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Still, the fluorescent characteristic of the TPE in the imine based
2DP monolayer was maintained. For comparison, the
fluorescence of two fluorescent intermediates (1, 2) during the
synthesis of the monomer containing TPE were also measured.
Figure S7 showed similar fluorescent intensities compared with
the monomer 3 and slight blue shift (20 nm).

3. Conclusions

The monolayered fluorescent two-dimensional polymer con-
taining both TPE and imine linkage was obtained on an air-
water interface (Langmuir-Blodgett method). BAM imaging
obtained the Langmuir-Blodgett compression shows that
homogeneous monomer films can be preparated. In the mean-
time, the monolayered 2DP film was characterized by optical
microscopy, SEM, TEM, AFM, and TERS. Image representation
obtained by optical microscopy, SEM, TEM and AFM shows that
the monolayered fluorescent 2DP films possesses the structure
of such smooth, coherent, large, and freestanding polyimine
monolayers yielding large surface areas (104 μm2 in domain
size) and average thickness of 0.9 nm. Further more, the 2DP
film that still has a certain strength after the completion of the
polymerization is rare. Although the molecular structure of the
single-deck 2DP films cannot yet be uncovered by using
imaging techniques such as TEM, we found that TERS
ramanbased evidence for the existence of imine bonds in
combination with the AFM-determined sheet thickness showing
the monolayer property provides strong basis for the proposed
structure.

Supporting Information

Supporting Information is available from the Wiley Online
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