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Abstract: Two-dimensional polymers (2DPs) are a class of
atomically/molecularly thin crystalline organic 2D materials.
They are intriguing candidates for the development of
unprecedented organic–inorganic 2D van der Waals hetero-
structures (vdWHs) with exotic physicochemical properties. In
this work, we demonstrate the on-water surface synthesis of
large-area (cm2), monolayer 2D polyimide (2DPI) with 3.1-nm
lattice. Such 2DPI comprises metal-free porphyrin and per-
ylene units linked by imide bonds. We further achieve a scalable
synthesis of 2DPI-graphene (2DPI-G) vdWHs via a face-to-
face co-assembly of graphene and 2DPI on the water surface.
Remarkably, femtosecond transient absorption spectroscopy
reveals an ultra-fast interlayer charge transfer (ca. 60 fs) in the
resultant 2DPI-G vdWH upon protonation by acid, which is
equivalent to that of the fastest reports among inorganic 2D
vdWHs. Such large interlayer electronic coupling is ascribed to
the interlayer cation–p interaction between 2DP and graphene.

Two-dimensional (2D) van der Waals heterostructures
(vdWHs) are generated by integration of 2D materials with
dangling-bond-free surfaces through the weak interlayer vdW
interaction along the vertical direction.[1] In recent years,
synthetic 2D vdWHs have attracted increasing attentions due
to the miscellaneous components and novel functions in
phototransistors,[2] photodiodes,[3] memory devices[4] and
tunneling devices.[5] Through surface reconstruction and
proximity effects between the neighboring layers, the opto-
electrical properties of vdWHs can be tailored for tuning of
carrier density, enhancement of electron-hole separation, and
accelerated charge transfer.[6] Furthermore, numerous exotic

physical phenomena have emerged owing to the strong
interlayer interactions such as moir� pattern in graphene/
hexagonal boron nitride (G/h-BN),[7] ultralong valley lifetime
in WSe2/MoS2,

[8] and strong spin–orbit coupling in graphene/
WS2.

[9] Despite versatile studies, 2D vdWHs reported so far
are limited to inorganic 2D materials. It has remained largely
unexplored to develop organic components for constructing
organic–inorganic hybrid 2D vdWHs.

2D polymers (2DPs) have recently emerged as a new
generation of atomically/molecularly thin organic 2D materi-
als, which comprise repeated units linked via covalent bonds
with long-range order in two distinct directions.[10] Recent
advances of on-water surface synthesis strategies have paved
the way to achieving single- to few-layer crystalline
2DPs.[10a, 11] Owing to the homogenous, free-standing, trans-
ferable and large-area (up to cm2) characteristics,[10c,11g] the
resultant 2DPs are attractive for the construction of 2D
vdWHs.[11c–e] Moreover, compared with inorganic 2D materi-
als, 2DPs can be readily tailored to a much higher degree by
using abundant building blocks and linkage chemistries.
Thereby, 2DP-based vdWHs are highly attractive owing to
their tunable physicochemical properties and designable
functions. Nevertheless, 2DP-based vdWHs have remained
rarely explored so far because of the challenge to synthesize
structurally defined 2DP monolayers and to precisely assem-
ble them with other 2D materials in a defined vdWH
sequence.[12]

In this work, we demonstrated the preparation of 2D
polyimide (2DPI)-graphene (G) vdWH by the on-water
surface synthesis and assembly strategy. The 2DPI was firstly
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synthesized by polycondensation between 5,10,15,20-tetra-
kis(4-aminophenyl)porphyrin (M1) and perylene-3,4,9,10-
tetracarboxylic dianhydride (M2), as shown in Figure 1a.
The achieved 2DPI is a large-area (tens of cm2), free-standing
film with a sub-nanometer thickness (0.8 nm). Subsequently,
2DPI-G was built up by the assembly of 2DPI with electro-
chemically exfoliated graphene on the water surface and
followed up by transferring to substrates with additional

annealing. The unique structure of 2DPI-G was proved by
grazing incidence wide-angle X-ray scattering (GIWAXS),
which presented a 3.14-nm lattice for the 2DPI crystal and
a 0.23-nm lattice for graphene, thus demonstrating the co-
existence of both 2D materials in the vdWHs. Aberration-
corrected high-resolution transmission electron microscopy
(AC-HRTEM) revealed hexagonal moir� fringes, indicating
the face-to-face stacking between graphene and 2DPI.

Figure 1. Reaction of the 2DPI by the LB method and illustration of 2DPI-G vdWH. a) Synthesis of 2DPI on the water surface and face-to-face co-
assembly of graphene and 2DPI at the interface. b) Illustration of the 2DPI-G fabrication on the water surface by LB method. There are six steps:
Step 1: spread M1 onto the water surface; Step 2: well-controlled compression induces the pre-organization of M1; Step 3: Inject M2 into water
subphase; Step 4: M2 is absorbed onto pre-organized M1, triggering assembly and reaction; Step 5: disperse exfoliated graphene (EG) into the
subphase; Step 6: 2DPI-G formation via interfacial co-assembly and subsequent annealing process.
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Remarkably, after the protonation of the porphyrin units in
2DPI (H-2PI) by hydrochloric acid, the femtosecond tran-
sient absorption spectroscopy (fs-TA) revealed that the H-
2DPI-G displayed a strong acceleration of the relaxation
dynamics related to an interfacial charge transfer from H-
2DPI to graphene. The interlayer charge transfer time of
about 60 fs achieved in the H-2DPI-G heterostructure is
comparable to that of the fastest reports among inorganic
vdWHs, such as MoS2-WS2 (50 fs)[13] and graphene-WS2

(83 fs).[14]

The synthesis and fabrication of 2DPI-G involve 6 steps,
as illustrated in Figure 1b. The procedure from Step 1 to Step
4 deals with the synthesis of 2DPI. In Step 1, a chloroform
solution of M1 (0.1 mL, 1 mgmL�1) was spread onto the water
surface. After 5 min evaporation of chloroform, the Delrin
barriers were driven forward to compress M1 on the water
surface at a rate of 1 mm min�1 (Step 2). When the surface
pressure reached 10 mNm�1, M1 could be assembled as
a monolayer with a mean molecular area (MMA) of 6 �2,
according to its surface pressure (SP)–mean molecular area
(MMA) isotherm (Supporting Information, Figure S1). Then,
M2 (20 mL, 1 mg mL�1, dissolved in 1 mgmL�1 LiOH aque-
ous solution, ca. 200 molar equivalents to M1) was gradually
injected into the trough (Step 3). And the subphase was tuned
to be alkaline (pH 11). M2 then slowly diffused to the air–
water interface and got adsorbed onto the M1 monolayer and
induced the 2D polymerization. After 30 h of reaction, we
achieved a ca. 20 cm � 7.5 cm thin film floating on the water
surface (Step 4, Figure 1 a, Figure 2a, Figure S2). Afterwards,
the film was transferred onto a solid substrate and further
annealed at 100 8C for 1 hour to complete the reaction of
residual functional monomers and remove the water.

Figure 2b presents the optical image of a homogenous
2DPI film with a straight rapture, showing the contrast
between the bare substrate (SiO2/Si) and the film. The atomic
force microscopy (AFM) measurement at the film edge
revealed a thickness of 0.8 nm (Figure 2c), suggesting the
single-layer feature. Due to AFM tip-sample convolution
effects, surface roughness of substrate (ca. 0.15 nm), and
possible trapped solvents, the thickness measured by AFM is
typically higher than the theoretical value for one monolayer
(i.e., 0.43 nm).[11c,15] Although the transfer procedure led to
occasional film rupture, the ultrathin film could still cover
almost the whole substrate and was mechanically stable to
span over the hole of TEM grid as large as 18 mm (Figure 2d).
We performed X-ray photoelectron spectroscopy (XPS) to
investigate the elemental composition and chemical state of
M1, M2, and 2DPI. We fit the high-resolution N1s (Figure 2 e)
and O1s (Figure 2 f) core level spectra with Gaussian-
Lorentzian sum peaks after the subtraction of a Shirley-type
baseline. Figure 2 f shows that the N-NH2 peak (at ca. 400 eV) is
highly reduced after reaction; meanwhile, the imide (Nimide)
peak emerged at 400.8 signaling the formation of the target
imide bond. Additionally, Figure 2 f reveals the elimination of
oxygen species of M2 (OC-O-C at 533.2 eV) after polymeri-
zation. Attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR) spectra indicated that the peak of
the N-H stretching of -NH2 (at 3364 cm�1) from M1 dis-
appeared after polymerization (Figure 2g). Meanwhile, the

C=O vibration exhibited a blue shift from 1754 cm�1 for
anhydride (M2) to 1695 cm�1 for imide (2DPI). In the Raman
spectra of 2DPI (Figure 2 h), a characteristic peak of the imide
C�N bond of 2DPI appeared at 1400 cm�1. Thereby, XPS,
FTIR and Raman results clearly present the targeted imide
bond formation and elimination of functional groups of the
monomers, which strongly support the successful synthesis of
2DPI.

Figure 2. Characterizations of 2DPI. a) Camera picture of the film on
the water surface. b) Optical microscope image of the film with
a rupture on a SiO2/Si substrate. Dash lines mark the edge of the
films. c) AFM image on a SiO2/Si substrate. The height profile along
the black line is inserted. d) SEM image on a copper grid with the
hexagonal pores of 18 mm diameter (e) High-resolution XPS spectrum
of N 1 s region of M1 (bottom) and 2DPI (top). Nitrogen species of
-NH2 (400.0 eV), imide (400.8 eV), and porphyrin core (including -N-
at 398.4 eV and -NH- at ca. 400 eV) are marked in green, red, magenta,
and violet, respectively. f) High-resolution XPS spectrum at O1s region
of M2 and 2DPI, the marked peaks at 533.18 eV (brown), and
531.58 eV (green) correspond to the character peaks of oxygen in C-O-
C and C=O, respectively. g) ATR-FTIR spectrum with marked reactive
functional groups. h) Raman spectra of M1, M2, and 2DPI.
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Following the synthesis of the 2DPI, Step 5 and Step 6 are
concerned with the fabrication of the 2DPI-G vdWHs. In Step
5, an aqueous suspension of high-quality electrochemically
exfoliated graphene[16] (EG has an average lateral size of ca.
2 mm and 80% mono- to tri-layer graphene; ca. 1 mgmL�1,
2 mL) was injected into the aqueous subphase (Figure 1 b).
Graphene flakes then could attach to the bottom surface of
the 2DP monolayer driven by the p-p stacking interaction. To
prepare the 2DPI-G, we repeatedly transferred films to other
substrates (Step 6 in Figure 1b). As shown in Figure 3a, the
achieved vdWHs exhibited layered morphology via the
repeated transfer method. The EG flakes are distributed in
the 2DPI-G without significant aggregation as can be seen in
Figure 3b. We then explored the crystal structure of 2DPI-G.
The chemical instability of ultrathin organic materials can
always result in the collapse of their internal ordered structure
and even decomposition at ambient condition, especially
under electron radiation.[11c] To solve this problem, grazing
incidence wide-angle X-ray scattering (GIWAXS) was uti-
lized to characterize the pristine crystal structures of 2DPI-G.
Moreover, the 2DPI film is encapsulated by graphene in the
case of 2DPI-G, which prevents radiation damage during the
measurement.[11c] The 2D-GIWAXS pattern in Figure 3c
shows diffraction rings at 0.20 ��1, 1.48 ��1, 2.21 ��1 and
2.53 ��1, which correspond to d-space values of 31.4 �,

4.24 �, 2.84 � and 2.48 �, respectively. The ring at 31.4 � can
be attributed to the 100 or 010 Bragg peaks of 2DPI,
consistent with the calculated results (Figure 3e). The peak at
4.24 � corresponds to the layer distance of few-layer stacking
EG.[17] The peak at 2.84 � are mainly distributed along the
out-of-plane direction, which could originate from the higher-
order Bragg diffraction of interlayer structure. The peak at
2.48 � is assigned to the lattice constant of graphene (a = b =

2.46 �).[18] Moreover, this ring mainly lies in the in-plane
direction, suggesting that the EG flakes prefer a face-on
orientation in the vdWHs.

The 2DPI-G heterostructures are visualized with aberra-
tion-corrected high-resolution transmission electron micros-
copy (AC-HRTEM). As shown in Figure 4a, one can observe
moir� patterns in the 2DPI-G, which is caused by the
misoriented stacking of the graphene layers as a typical
phenomenon in vdWHs.[19] Figure 4b presents a highly
ordered in-plane structure in the selected area as marked in
Figure 4a. Its FFT pattern reveals that the superlattice
structure has hexagonal moir� fringes with periodicity of ca.
9.39 and ca. 5.62 nm, demonstrating the face-on orientation of
2DPI-G. However, unlike GIWAXS investigation, we did not
observe the 3.0 nm periodicity in the TEM image, which is
mostly due to the extreme sensitivity of 2DPI monolayer
toward electron irradiation damage. Figure 4c shows a zoom-
in image of the selected part of Figure 4 b, which manifests the
superlattice structures. The graphene lattice with d space of
0.24 nm was presented with higher magnification at the
atomic resolution (showing 0.22 nm in Figure 4d). It should
be noted that different superlattices can be observed, which
are attributed to the random rotation of EG during the co-
assembly with 2DPI (Figure S3).

Ultraviolet-visible (UV/Vis) absorption spectroscopy and
transient absorption (TA) are employed to study the intrinsic

Figure 3. Morphology and structural characterization of 2DPI-G.
a) SEM image and b) low-magnification TEM images of 2DPI-G hetero-
structure after twice deposition. The edges of the graphene flakes were
marked by dashed lines. c) 2D-GIWAXS pattern of 2DPI-G. d) The
profile of integrated intensity of GIWAXS pattern with a zoom-in view
of low Qxy region. e) The model from DFT calculation, showing both
top view and side view.

Figure 4. TEM images of the 2DPI-G vdWHs. a) Low-magnification
TEM image. b) TEM image of the marked area in (a) clearly showing
the moir� patterns. c) The zoom-in image of the marked area in (b)
shows the superlattice at higher magnification. d) Zoom-in image of
the marked area in (c) showing the crystalline lattice of EG.
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optical properties of 2DPI and 2DPI-G and the interlayer
coupling phenomenon within 2DPI-G. Figure 5 a shows that
porphyrin units are dominant in the absorption spectrum of
2DPI with the characteristic Soret band at ca. 440 nm and Q
bands at 548 and 665 nm. Figure 5b exhibits the increase of
absorbance after the repeated horizontal transfer of 2DPI
onto quartz substrates. The light absorption strongly depends
on the layer thickness, which presents a linear correlation
(Figure 5c) between the number of layers and the absorbance
value of the S band, following the Beer–Lambert law. This
result suggests that multilayer structures of 2DPI are homo-
genous over the thin films.

The relaxation dynamics of charge carriers in 2DPI-G was
characterized by the TA spectroscopy. However, we only
obtained the signal of graphene in 2DPI-G samples (Fig-
ure S4), because relaxation in graphene dominates the decay
process which diminishes the signal of 2DPI. This result also
indicates that the interlayer charge transfer is not significant

due to the weak electronic interaction between pristine 2DPI
and graphene. To overcome this obstacle, we protonated
2DPI-G with HCl (37 %wt), which is denoted as H-2DPI-G.
Compared with 2DPI-G and 2DPI, the S band of H-2DPI-G
significantly broadened (Figure 5d) due to a shoulder peak
formation, which could be further divided into a narrow
absorption peak at 438 nm and a broad absorption peak at
481 nm (Figure S5). The Q bands (400 nm to 600 nm) were
red-shifted and merged into a single broad band peaked at
709 nm. The significant red shift of absorption band is related
to the cation-p interaction between graphene and porphyrin
structures in the vdWH, which can enhance the interlayer
interaction in H-2DPI-G.[20] Moreover, compared with 2DPI-
G before protonation, the redshift also indicates an intrinsi-
cally smaller band gap that is positive for charge transfer from
H-2DPI to graphene.[12c]

Figure 5e presents a noticeable acceleration of the
relaxation dynamics of H-2DPI-G with near-resonant excita-
tion at 470 nm. Both fast and slow decay processes of H-
2DPI-G are influenced by the charge transfer from H-2DPI to
graphene. The most remarkable effect is the emergence of the
pronounced fast relaxation process caused by the proximity of
the graphene layer. By comparing the UV/Vis absorption
around 470 nm (see Figure 5d), the fast decay in H-2DPI-G is
attributed to the relaxation of the lower energy level. Fitting
with a bi-exponential decay function gives the relaxation time
constants of the fast and slow decays in H-2DPI-G that are
equal to 61.5� 6.5 fs and 1700� 100 fs, respectively
(Table S1, see detailed discussion in Supporting Information).
The timescale of ca. 60 fs of the dominating relaxation defines
the speed of the interlayer charge transfer in H-2DPI-G.
Similar timescales have been reported for ultra-fast charge
transfer in inorganic vdWHs, i.e., transition-metal dichalco-
genide/graphene heterostructures.[13, 14]

In summary, we demonstrated the novel on-water surface
synthesis of 2DPI and its assembly with graphene for the
construction of unprecedented 2DPI-based vdWHs. Guided
by the strong interlayer cation-p interaction between proton-
ated H-2DPI and graphene, the resultant H-2DPI-G exhib-
ited remarkable ultra-fast charge transfer within 60 fs. The
on-water surface synthesis approach holds promise as a gen-
eral method for the preparation of organic-inorganic vdWHs.
The structures of 2DPs can be further adjusted for engineer-
ing their band gaps and enhancing the charge transfer. A
critical aspect of the future work will be the study of organic-
inorganic interlayer coupling that can lead to unique quantum
phenomena.
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