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ABSTRACT 
Two-dimensional nanosheet membranes with responsive nanochannels are appealing for controlled mass transfer/separation, but 
limited by everchanging thicknesses arising from unstable interfaces. Herein, an interfacially stable, thermo-responsive nanosheet 
membrane is assembled from twin-chain stabilized metal-organic framework (MOF) nanosheets, which function via two cyclic 
amide-bearing polymers, thermo-responsive poly(N-vinyl caprolactam) (PVCL) for adjusting channel size, and non-responsive 
polyvinylpyrrolidone for supporting constant interlayer distance. Owing to the microporosity of MOF nanosheets and controllable 
interface wettability, the hybrid membrane demonstrates both superior separation performance and stable thermo-responsiveness. 
Scattering and correlation spectroscopic analyses further corroborate the respective roles of the two polymers and reveal the 
microenvironment changes of nanochannels are motivated by the dehydration of PVCL chains. 
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1 Introduction 
Responsive nanochannels within cell membranes play a 
crucial role in substance transfer between cells and the 
extracellular world, which is the fundamental process for the 
implementation of many biological functions [1–3]. Inspired 
by cell membranes, significant efforts have been made to 
develop stimuli-responsive membranes with “smart” nano-
channels, which could respond to various stimuli, including 
temperature, pH, light, CO2, etc. [4–6]. Owing to the merits of 
dynamic channel size, stimuli-responsive membranes have 
shown great potential in artificial organs, biological sensors, 
drug delivery systems, and controlled separation technology 
[7, 8]. In recent years, in contrast to conventional polymeric 
materials, two-dimensional (2D) nanosheets are emerging to 
be more advantageous in developing high-performance stimuli- 
responsive membranes [9, 10]. Based on the spontaneous 
orientation of atom-thick 2D nanosheets, a large number of 
intrinsic nanochannels are formed between stacked nanosheets, 
which bestow the lamellar membranes with ultrafast water 
permeation and high selectivity [11–14]. Stimuli-responsiveness 
can also be easily introduced to 2D nanosheet membranes 
by introducing stimuli-responsive polymers into the interlayer 
[15–18]. For example, robust and porous thermo-responsive 
nanosheet-based hydrogel membranes were prepared by 
filtrating an aqueous dispersion containing chemically converted 
graphene and poly(N-isopropylacrylamide) (PNIPAM) [15]. 

By adjusting polymer grafting density, PNIPAM-grafted 
graphene oxide membranes with reversible positive or negative 
gating regularity have also been constructed [16, 17]. Nevertheless, 
all the previously reported thermo-responsive nanosheet 
membranes rely on the d-spacing changes caused by the volume 
transition of single-component thermo-responsive polymers. 
Despite ‘fully smart’ interlayer nanochannels, the concomitant 
thermally vulnerable interfaces significantly decrease membrane 
stability, leading to everchanging thicknesses and weakened 
separation performance at high sensitivity level [19–22]. In 
this regard, interfacial stabilization is highly desired for 
thermo-responsive nanosheet membranes without sacrificing 
the membrane’s permeance and separation tunability. 

Layered metal-organic framework (MOF) nanosheets are a 
new class of 2D microporous crystalline nanomaterials in the 
composition of metal ions and organic ligands [23]. Compared 
to bulk MOF nanoparticles, flexible MOF nanosheets are 
ideal constructing units for lamellar membranes on account of 
their nanosized thickness and 2D micromorphology [24, 25]. 
Importantly, the regularly arranged micropores endow MOF 
nanosheet membranes with intrinsically superior permeance 
and high selectivity than other low-porosity nanosheet 
membranes [26]. Besides, the easy polymer functionalization 
of MOF nanosheets also brings superior advantages of MOF 
nanosheet membranes for precisely regulating interlayer 
properties that may well balance the membrane stability and 
thermo-responsiveness [27–29]. 
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Herein, we report the first example of thermoresponsive 
yet interfacially stable MOF nanosheet membrane assembled 
from twin-chain stabilized Zn-tetrakis(4-carboxyphenyl) 
porphyrin MOF (trZT-MOF; ‘tr’ means thermoresponsive) 
nanosheets. The key of our design is to use two stabilizing 
agents for MOF nanosheets which bear analogous anchoring 
side cyclic amide groups (Fig. 1(a)), poly(N-vinyl caprolactam) 
(PVCL), known as a nontoxic lower critical solution temperature 
(LCST)-type water-soluble polymer, and polyvinylpyrrolidone 
(PVP), a fully hydrophilic polymer with no response to tem-
perature changes [30]. Such a twin-chain strategy endows the 
filtrated MOF nanosheet membrane with not only outstanding 
thermo-responsive separation performance from the reversible 
collapse of PVCL chains but also high structural stability 
with constant interlayer distance maintained by PVP chains. 
Moreover, the abundant micropores in trZT-MOF nanosheets 
guarantee both superior water permeance and high selectivity 
at ambient temperatures.  

 
Figure 1  (a) Schematic illustration of the synthesized trZT-MOF nanosheets. 
(b) HR-TEM and (c) FE-SEM images of trZT-MOF nanosheets. (d) Magnified 
HR-TEM image of trZT-MOF nanosheet (inset: corresponding SAED 
pattern). (e) AFM image and height profile of trZT-MOF nanosheets. (f) Surface 
FE-SEM image of the trZT-MOF nanosheet membrane (~ 150 nm thick). 
(g) Cross-sectional FE-SEM image of a thick trZT-MOF nanosheet membrane 
(~ 20 μm thick) supported on porous nylon substrate (pink color). (h) Tensile 
stress-strain curve of free-standing trZT-MOF nanosheet membrane peeled 
off from (g). 

2  Results and discussion 
Ultrathin trZT-MOF nanosheets were solvothermally synthesized 
from Zn(NO3)2 and tetrakis(4-carboxyphenyl) porphyrin (TCPP) 
in the presence of PVCL and PVP (1:3 weight ratio) via an 
attaching and confined growth mechanism [27, 28]. Similar to 
PVP, PVCL with the same cyclic amide group could simul-
taneously attach to trZT-MOF surface via strong interactions 
between C=O groups and Zn2+, and thus confines the z-axial 
crystal growth of Zn-TCPP MOF. Transmission electron 
microscopy (TEM) and field emission scanning electron 
microscopy (FE-SEM) images clearly show the typical 2D 
micromorphology of the obtained trZT-MOF nanosheets with 
an unusual large mean lateral size of 6.5 μm (Figs. 1(b) and 
1(c), and Fig. S1; schematic crystalline structure in Fig. S2 in 
the Electronic Supplementary Material (ESM)). Wrinkles are 
also occasionally observed, demonstrating the good flexibility of 

trZT-MOF nanosheets. The high resolution TEM (HR-TEM) 
image of the trZT-MOF nanosheet (Fig. 1(d)) shows the clear 
lattice fringe with an interplanar distance of 1.64 nm, ascribed 
to the (100) plane of Zn-TCPP crystal. The good crystallinity of 
trZT-MOF nanosheets is also evidenced by the selected-area 
electron diffraction (SAED) pattern and X-ray diffraction 
(XRD) profile (inset in Fig. 1(d), and Fig. S3 in the ESM). 
According to the atomic force microscopy (AFM) image, the 
thickness of the trZT-MOF nanosheet is ca. 3 nm (Fig. 1(e)), 
much thinner than previously reported PVP-stabilized Zn- 
TCPP MOF nanosheets (~ 7.6 nm) [27]. N2 adsorption and 
desorption isotherms (Fig. S4 in the ESM) demonstrate  
the good intrinsic porosity of trZT-MOF nanosheets with a 
Brunauer-Emmett-Teller (BET) surface area of 326.6 m2·g−1, 
higher than bulk Zn-TCPP MOF (197 m2·g−1) [27]. Furthermore, 
the emergence of C=O infrared (IR) peaks ascribed to PVCL and 
PVP indicates the successful inclusion of polymers in trZT-MOF 
nanosheets (Fig. S5 in the ESM), and thermogravimetric 
analysis (TGA) estimates the polymer content to be ~ 35 wt.% 
(Fig. S6 in the ESM). The C=O groups of PVP at 1,660 cm−1 
and PVCL at 1,632 cm−1 show obvious peak shifts compared 
to their bulk state, which could be ascribed to the strong 
interactions between polymers and MOF nanosheets as well as 
their confined conformations on the MOF nanosheet surface. 
The temperature-dependent turbidity measurement suggests that 
the attached PVCL successfully endows trZT-MOF nanosheets 
with typical LCST-type thermo-responsibility (LCST ≈ 43 oC, 
Fig. S7 in the ESM). 

The trZT-MOF nanosheet membrane was then fabricated 
via vacuum-assisted self-assembly technology on nylon 
substrates. It is noteworthy that the large lateral size of trZT- 
MOF nanosheets is highly crucial for the production of high- 
quality defect-free membranes [31]. As shown in Figs. 1(f) and 
1(g), the obtained trZT-MOF nanosheet membrane possesses 
a very compact surface and a layered structure. Owing to the 
intertwining polymers between nanosheets serving for strong 
adhesion, the freestanding trZT-MOF nanosheet membrane 
is mechanically robust with the tensile strength of 9 MPa and 
elongation of 9% (Fig. 1(h)), high enough for practical separation 
applications [15].  

A 150 nm-thick trZT-MOF nanosheet membrane (cross- 
sectional scanning electron microscopy (SEM) image in  
Fig. S8 in the ESM) was prepared to test its ambient-temperature 
separation performance under the operating pressure of 1 bar. 
Here, six solutions with increasing solute sizes, containing 
NaCl, CaCl2, brilliant green (BG), neutral red (NR), crystal 
violet (CV), and methyl blue (MB) were used. As shown in 
Fig. 2(a), the separation permeance of the trZT-MOF nanosheet 
membrane at ambient temperature reaches as high as    
959 L·m−2·h−1·bar−1. Among the four studied dyes, the highest 
permeance of NR may be attributed to both its small size and 
rod-like topology resulting in a low viscous resistance to water. 
Additionally, a typical size-selective separation is also observed 
(Figs. 2(b) and 2(c)). According to the crystallographic data, 
the pore size of Zn-TCPP MOF is around 1.2 nm [32]. 
Reasonably, when the solute size is larger than the pore size 
of trZT-MOF nanosheets, there is a sharp increase in the 
rejection rate of trZT-MOF nanosheet membrane. The rejection 
rate of Ca2+ with a hydrated diameter of 0.82 nm is only 22.9%, 
while the rejection rate of BG with a diameter of 1.3 nm [33] 
rapidly rises to 99.0%. When feeding CV and MB solutions 
with even larger solute sizes, the rejection rates are more than 
99.9%. Such a phenomenon clearly indicates that the intrinsic 
porous nature of trZT-MOF nanosheets plays an important role 
in the membrane separation process. Compared with previously 
reported other 2D nanosheet or MOF-based membranes,  
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Figure 2  (a) Permeance of trZT-MOF nanosheet membrane as feeding 
NaCl, CaCl2, neutral red (NR), crystal violet (CV), brilliant green (BG), and 
methyl blue (MB) solutions. (b) Rejection rates of trZT-MOF nanosheet 
membrane by feeding with different solutes. (c) Schematic illustration   
of solutes with different sizes. (d) Membrane separation performance 
compared with previous reports (see Table S1 in the ESM for details). 

trZT-MOF nanosheet membrane simultaneously demonstrates 
high selectivity and superior separation permeance (see 
comparison data in Fig. 2(d), and Table S1 in the ESM). We 
attribute such good separation performance of trZT-MOF 
nanosheet membrane to mainly two reasons. First, the existence 
of a large number of nanochannels from both the orderly 
stacking nanosheets and the intrinsic microporosity of trZT- 
MOF nanosheets contributes to the observed high permeance. 

Second, the highly intertwined polymers attached on MOF 
nanosheets could effectively eliminate the stacking defects, 
allowing the size separation capacity of MOF nanopores to 
truly work.  

Benefitting from the LCST phase transition of PVCL chains, 
the trZT-MOF nanosheet membrane also shows sensitive 
thermo-responsive separation properties. As shown in Fig. 3(a), 
the pure water permeance of the trZT-MOF nanosheet membrane 
is positively responsive to temperature changes, which largely 
increases from 858 L·m−2·h−1·bar−1 at 20 oC to 1,934 L·m−2·h−1·bar−1 
at 70 oC. Upon several cycles between 30 and 60 oC, the trZT- 
MOF nanosheet membrane still demonstrates good thermo- 
responsive reversibility (Fig. 3(b)). Upon being immersed in 
water at different temperatures, no obvious peak shifts could 
be observed in the XRD profiles, which demonstrates the 
good stability of the trZT-MOF nanosheet membrane in 
water (Fig. S9 in the ESM). To test the ability of the trZT- 
MOF nanosheet membrane for thermo-responsive separation 
of different substances, three dye solutions with very close 
solute sizes, BG, NR, and CV, were fed separately at varying 
temperatures. As temperature rises from 20 to 70 oC, the 
permeance of the trZT-MOF nanosheet membrane increases 
while the rejection rates decrease when feeding all the three dye 
solutions (Figs. 3(c) and 3(d)). For example, the permeance of 
NR solution increases from 885 to 1,532 L·m−2·h−1·bar−1, while 
its rejection rate decreases from 99.0% to 1.3%. The reduction 
of the rejection rates of smaller dyes like BG (1.3 nm) and NR 
(1.4 nm) is much faster than CV with a slightly larger size (1.6 nm), 
suggesting that the size dependence of membrane separation 
performance is retained even upon drastic interlayer distur-
bation. The lowest rejection rate of NR after heating might be 
caused by its rod-like topology (Fig. 2(c)). The decreased 
rejection rates of dyes larger than 1.2 nm upon heating further 
demonstrate that the polymers (PVP and PVCL) exist on the 
MOF nanosheet surface rather than in the pores; that is, the 
collapse of PVCL chains increases the size of separation 
nanochannels, enabling dyes with larger sizes than MOF 
pores to permeate, too. Besides, the trZT-MOF nanosheet 
membrane shows also good thermo-responsive reversibility 
of dye rejection (Fig. S10 in the ESM).  

A mixed dye solution (BG/NR/CV, 10/10/10 ppm) was fed 
at varying temperatures to evaluate the thermo-responsive 
separation performance of the trZT-MOF nanosheet membrane 
for distinguishing substances in mixtures. 2D correlation 
UV–vis spectra, generated from the temperature-dependent  

 
Figure 3  (a) Temperature-dependent water permeance of trZT-MOF nanosheet membrane from 20 to 70 oC. (b) Thermo-responsive stability test of 
trZT-MOF nanosheet membrane. (c) Temperature-dependent permeance and (d) rejection rates of trZT-MOF nanosheet membrane when feeding 
different dye solutions. (e) UV–vis spectra of the feed mixed dye solution (NR/CV/BG, 10/10/10 ppm) and filtrates at different temperatures. (f) Synchronous
and (g) asynchronous 2D correlation UV–vis spectra generated from the 1D spectra of filtrates in (e). (h) 3D plot of the asynchronous spectrum. 
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1D UV–vis spectra of filtrates (Fig. 3(e)), were used to determine 
the outflow sequence of three dyes upon heating. As shown in 
Figs. 3(f)–3(h), three absorption peaks at 541, 579, and 622 nm 
are observed in the 2D correlation UV–vis spectra, which 
are ascribed to NR, CV, and BG (see their individual spectra 
in Fig. S11 in the ESM), respectively. Judging from Noda’s 
rule [34, 35], the thermo-responsive sequence is, 622 → 541 → 
579 nm (→ represents prior to). In other words, BG and NR 
pass through the membrane first, followed by CV in the 
mixture. Since the absolute zeta-potential value of the trZT- 
MOF membrane is relatively low (Fig. S12 in the ESM), the 
separation performance of the trZT-MOF membrane mainly 
depends on size sieving. The transfer sequence of the three dye 
molecules upon heating further proves that the nanochannel 
size of the trZT-MOF nanosheet membrane continuously 
increases with temperature, highlighting its thermo- 
responsibility for separation applications. Pure substances 
with even close molecular sizes may be obtained by repeated 
filtration regulated by temperature as an additional controlling 
factor.  

To further understand the thermo-responsive nature of 
the trZT-MOF nanosheet membrane, temperature-dependent 
small-angle X-ray scattering (SAXS), and Fourier transform 
infrared (FTIR) spectroscopy were carried out. As shown in 
Fig. 4(a) and Fig. S13 in the ESM, there appears a remarkable 
SAXS peak in the high q range (scattering vector q = 3.73 nm−1), 
which is related to the d-distance of 1.68 nm (d = 2π/q) for 
trZT-MOF nanosheet membrane along the (001) direction. 
During heating, the position of this peak is almost unchanged, 
suggesting the membrane’s constant interlayer distance and 
excellent structural stability. This is also supported by the 

unnoticeable membrane thickness changes in many heating- 
cooling cycles (data not shown). The collapse of PVCL chains 
seems only to increase the nanochannel size as PVP chains fully 
stabilize the interlayer distance. Moreover, we also observed 
the whole rising of the absolute scattering intensities at q > 1 nm−1 
(Fig. S13 in the ESM). The gradual increase of the calculated 
Porod constant [36] with temperature clearly demonstrates the 
increasing specific area of trZT-MOF nanosheets, caused by 
the partial collapse of the polymer network (Fig. S14 in the 
ESM). Therefore, it is presumed to be the volume shrinkage 
of PVCL that allows more pores on trZT-MOF nanosheets to 
be exposed so that additional separation nanochannels are 
formed in the membrane.  

FTIR spectroscopy is very sensitive to molecular-level 
changes and powerful to explore the thermo-responsive group 
motions. From temperature-dependent FTIR spectra of C=O 
region (Fig. 4(b)), five different peaks could be distinguished at 
1,666 cm−1 (dehydrated, PVCL), 1,643 cm−1 (hydrogen bonded, 
PVCL), 1,622 cm−1 (PVP), 1,599 cm−1 (dehydrated, MOF), and 
1,583 cm−1 (hydrogen bonded, MOF) [28, 37, 38]. As shown 
in Figs. 4(b) and 4(c), and Fig. S15 in the ESM, the C=O peaks 
ascribed to both PVCL and MOF show binary intensity 
changes (corresponding to the transformation of hydrogen 
bonded groups to dehydrated ones) with ‘S-shaped’ variation 
trends, typical for LCST-type phase transitions [39, 40]. The 
simultaneous changes of MOF and PVCL reveal the significant 
influence of PVCL chain collapse on the interfacial properties 
of MOF nanosheets. That is, the surrounding environment of 
MOF nanosheets becomes less hydrated due to the significant 
dehydration of PVCL chains, reflected by the IR spectral 
intensity changes of C=O groups. In contrast, the C=O peak 

 
Figure 4  (a) Temperature-dependent SAXS profiles of the trZT-MOF nanosheet membrane indicate a constant interlayer d-spacing of 1.68 nm. (b) Temperature-
dependent FTIR spectra of the trZT-MOF membrane (30–60 oC). The arrows indicate the spectral variation trends at different wavenumbers. (c) Temperature-
dependent spectral intensity changes of v(C=O) from MOF, PVCL, and PVP. (d) PCMW synchronous spectrum of the trZT-MOF nanosheet membrane. 
(e) Synchronous and (f) asynchronous 2D correlation FTIR spectra of trZT-MOF nanosheet membrane generated from the 1D spectra in (b). (g) Schematic
illustration of the “smart” membrane separation performance of the trZT-MOF nanosheet membrane with thermo-responsive nanochannels. PVP and 
PVCL serve for interfacial stability and thermoresponsive separation, respectively. 
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intensity of PVP shows only a slight decrease during heating, 
suggesting that PVP does not actively participate in the LCST 
transition, consistent with its interlayer-supporting role. 

The perturbation correlation moving window (PCMW) 
technique was utilized to visualize the subtle changes of the 
whole spectral region at a high resolution [41]. From PCMW 
synchronous spectrum (Fig. 4(d)), the phase transition tem-
peratures of PVCL and MOF can be read out to be 44–52 oC, 
slightly higher than that of trZT-MOF nanosheets (≈ 43 oC) 
perhaps due to more structural constraints in the membrane. 
On the other hand, no PVP-related temperatures can be 
observed, indicating that PVP chains do not change in this 
process, in accordance with 1D spectral analysis. 2D correlation 
FTIR spectroscopy was also employed to determine the responsive 
sequence of various functional groups [34, 35]. According to 
the signs of cross-peaks in 2D correlation synchronous and 
asynchronous spectra (Figs. 4(e) and 4(f), see details in the 
ESM), the sequence is determined to be, 1,666 → 1,583 → 1,643 → 
1,599 cm−1 (→ represents prior to), or ν (dehydrated C=O, 
PVCL) → ν (hydrogen bonded C=O, MOF) → ν (hydrogen 
bonded C=O, PVCL) → ν (dehydrated C=O, MOF). Obviously, 
the thermo-responsibility of the trZT-MOF nanosheet membrane 
is motivated by the dehydration or aggregation of PVCL chains, 
which further decreases the interfacial wettability of MOF 
nanosheets accompanied by exposing more nanochannels. 
Schematic illustration of the inferred mechanism is thus 
presented in Fig. 4(g) to show the respective roles of PVCL 
and PVP chains for the thermo-responsive separation of the 
trZT-MOF nanosheet membrane. Except for the exposed 
more nanochannels upon heating, low viscous resistance to 
water molecules due to the dehydrated PVCL and MOF may 
also contribute to the significant permeance increase at high 
temperatures [42].  

3  Conclusions 
In summary, an interfacially stable 2D MOF nanosheet 
membrane with thermoresponsive nanochannels is successfully 
developed via a twin-chain stabilizing strategy. Two kinds of 
polymers, PVCL, and PVP, containing analogous cyclic amide 
groups, are first used to assist the synthesis of thermo- 
responsive, large-size MOF nanosheets. Besides good mechanical 
toughness and outstanding ambient-temperature separation 
performance, the filtrated trZT-MOF nanosheet membrane 
exhibits thermo-responsive membrane separation properties 
with unexpected structural stability, which was never realized 
before. The respective roles of PVCL and PVP for thermo- 
responsibility and interfacial stability were also elucidated 
from scattering and spectroscopic studies, highlighting the 
validity of our design. It is anticipated that the present 
interface engineering method may inspire the development of 
next-generation, high-performance nanosheet-based hybrid 
membranes with stably integrated interfaces and responsive 
nanochannels for accurately controlled separation applications. 
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