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Steering diffusion selectivity of chemical
isomers within aligned nanochannels of
metal-organic framework thin film
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The movement of molecules (i.e. diffusion) within angstrom-scale pores of
porous materials such as metal-organic frameworks (MOFs) and zeolites is
influenced by multiple complex factors that can be challenging to assess and
manipulate. Nevertheless, understanding and controlling this diffusion phe-
nomenon is crucial for advancing energy-economic membrane-based chemi-
cal separation technologies, as well as for heterogeneous catalysis and sensing
applications. Through precise assessment of the factors influencing diffusion
within a porous metal-organic framework (MOF) thin film, we have developed
a chemical strategy to manipulate and reverse chemical isomer diffusion
selectivity. In the process of cognizing themolecular diffusionwithin oriented,
angstrom-scale channels of MOF thin film, we have unveiled a dynamic che-
mical interaction between the adsorbate (chemical isomers) and the MOF
using a combination of kinetic mass uptake experiments and molecular
simulation. Leveraging the dynamic chemical interactions, we have reversed
the haloalkane (positional) isomer diffusion selectivity, forging a chemical
pathway to elevate the overall efficacy of membrane-based chemical separa-
tion and selective catalytic reactions.

Nanoporous materials such as zeolites1, metal-organic frameworks
(MOFs)2,3 and covalent-organic frameworks (COFs)4 hold substantial
importance in applications involving chemical storage, separation and
catalytic conversions. The significance of these nanoporous materials
has grown significantly5,6; especially since they offer sustainable,
energy economic and low carbon footprint technologies, e.g mem-
brane based chemical separation7–9. In these practical contexts, the
prevalent factor influencing efficiency is molecular diffusion8,10–12. The
movement of the molecules through chemically functionalized chan-
nels of the nanoporous materials is influenced by various factors,
including chemical interactions (adsorbate-adsorbent), concentration
gradient, channel size and shape12. Occasionally, using imaging13 and
spectroscopic techniques14 it has been possible to visualize the

molecular diffusion path12. However, modulation of diffusion and
subsequent manipulation of material properties pose significantly
greater challenges.

Among the nanoporous materials, MOFs are crystalline, versatile
topology, high porosity (surface area >7000m2/g) material and well-
known for chemical storage, separation15,16, sensing17 and catalysis18,19

applications. A great number of literatures reflect applicability of
MOFs as functional nanoporous material, and also the successful
chemical design strategies that have improved their performance.
Notably, while many of the synthesized MOFs excel in adsorption-
based separation (i.e. at equilibrium)15, relatively a few serve as mem-
branes (~1% of the all known MOFs)9,20, relying on differences in dif-
fusivity for separation. The reason of relatively fewer selected MOFs
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for membrane based separation is (apart from processibility issues)
that a predictive design of pore geometry and functionality for diffu-
sion control is far more challenging than the adsorption process21,22.
For the heterogeneous catalysis too, role of substrate diffusivity is not
well investigated. One mechanism of overcoming this challenge is to
develop a computational screening approach. By simulatingmolecular
diffusion withinMOF pores, not only may the sampling volume can be
accelerated, but it can also offer insights into the interactions between
the adsorbate and MOF (thermodynamic and kinetic)23–25. Utilizing
knowledge of diffusivity and interactions, it becomes feasible to tailor
porous materials to exhibit targeted molecular diffusion, facilitating
chemical separation and catalysis. While the computational screening
approaches for MOF-membrane design have received a significant
interest26,27, experimental manipulation of diffusivity has remained
challenging. Recent experimental efforts, such as downsizing MOF
crystallite size, morphology control28, controlling nanochannel
orientation29–31 and employing heterostructure design32–36 improve
molecular diffusivity, however do not predictively tune the diffusivity.

It is evident that for controlling molecular diffusion, a compre-
hensive strategy to assess the thermodynamics and kinetics is much
needed. In this communication, we have employed a strategy incor-
porating both precise measurement of mass uptake kinetics and
molecular dynamic (MD) simulation. This approachwas appliedwithin
a specifically designed and functionalized nanochannel of (pillared-
layer)MOF thin film to understand and regulatemolecular diffusion of
chemical isomers. Our findings confirm that MOF nanochannel orien-
tation, distribution of chemical functionality on the pore surface and
framework dynamics work in tandem to regulate molecular diffusion
rate and direction. Leveraging these insights, we establish an
adsorbate-MOF “dynamic chemical interaction”. The dynamic inter-
actions profoundly influence molecular diffusion; as we evidence,
certain linker-adsorbate interactions can enhance or hinder diffusion
on the basis of framework dynamics. In the following discussion, we
have illustrated a chemical strategy to implement the “dynamic che-
mical interaction” and utilizing this we have achieved a reversal of
diffusion selectivity for 1 and 2-bromopropane (1BP and 2BP) posi-
tional isomers in the nanoporous MOF thin film (Fig. 1).

Results
The various factors governingmolecular diffusion inMOFs include: (i)
pore window and cavity size, (ii) orientation of nanochannels, (iii)
distribution of chemical functionality on the pore surface, (iv)
adsorption enthalpy and (v) linker/framework flexibility12. Although
these factors are well recognized, combined effect of these are chal-
lenging to perceive and implement. We have considered each of these
factors to design a MOF thin film and study the diffusion selectivity of
1BP and 2BP isomers. The halogenated alkane isomers are commer-
cially important chemical feedstocks (for lubricants, pesticides, PVC
production)37 and very few studies highlighted the possibility of
adsorptive separation of these isomers38. We chose the brominated
isomers as a proof of concept to demonstrate the potential of
“dynamic chemical interaction”. Firstly, we outline the design strategy
of the oriented nanochannel MOF structure and evaluate the diffusion
selectivity for the isomers. Subsequently, we establish the dynamic
chemical interactions in the MOF thin film and apply those to reverse
isomer diffusion selectivity.

The selected nanoporous system is a pillared-layer type MOF39

(Fig. 2a); a Cu2+-dimeric paddle-wheel node is linked by bdc (1,4-ben-
zenedicarboxylic acid) to form a square-grid type 2D layer. This 2D
layer is pillared (along [001] axis) by an azbpy (4,4’-azobipyridyl) to
form a PCU topology Cu(bdc)(azbpy) MOF having two distinct pore
windows. The window dimensions are 7.3 Å × 4.3 Å (along [001]) and
9.7 Å × 6.9 Å, calculated by adding van der Waals surface in a periodic
density functional theory (DFT) optimized structure (at 0K). To realize
the MOF pore window orientation, as illustrated in Fig. 2a, we have

used a layer-by-layer, liquid-phase epitaxial growth technique40,41. A
self-assembled monolayer (-OH terminated) functionalized Au surface
was alternately exposed to Cu(CH3COO)2 and mixture of bdc and
azbpy linkers solution to grow the surface anchored MOF or SURMOF
(described elsewhere)39. Out-of-plane x-ray diffraction (XRD) pattern
exhibited diffraction peaks related to (001) plane, and in-plane pattern
exhibited diffraction peaks related to (100) and (010) planes (Fig. 2b).
This confirmed a [001] oriented SURMOF, as illustrated in Fig. 2a
(crystallographic preferred orientation42 ((002)/(010) ~ 120; see sup-
plementary information). The scanning electron microscopy images
confirmed a monolithic film growth, as illustrated in Fig. 2c. Note that
the porewindowdimensions are large enough to allow diffusion of the
bromopropane isomers (1BP = 8Å × 4.7 Å; 2BP = 6.9 Å × 6.6 Å, calcu-
lated by adding van der Waals surface). For the [001] oriented SUR-
MOF, the Cu(bdc) planes are exposed to the surface. Hence, we
anticipated that the geometry based adsorption and diffusion selec-
tivity for the bromopropane isomers will be regulated by the
7.3 Å × 4.3 Å sized pore window.

To measure the adsorption and diffusion selectivities, we have
used quartz crystalmicrobalance (QCM) technique39,43. In thismethod,
SURMOF is grown on Au-coated quartz crystal sensor and mounted
inside a fluidic cell. A constant flow of saturated solvent vapor through
the fluidic cell allow measuring the mass uptake (mass is calculated
using Sauerbrey equation, see experimental section). For the Cu(bdc)
(azbpy) thin film, themass uptake profiles for the isomers are shown in
Fig. 2c and Supplementary Fig. 1.We describe the uptake profiles using
an exponential decay function44:

Mt =Msatð1� e�
t
τÞ

τ ðtime constantÞ= l2

3D in the absence of surface barrier39 effect.
Here,Mt = adsorbedmolecules/ pore;Msat = adsorbedmolecules/pore
at saturation; t = time in second, l = film thickness in meter and D =
diffusion m2/s. Using this fitting function, the estimated diffusivity for
2BP is found to be ~3 x larger than 1BP (Fig. 2c; D of 1BP and 2BP are
0.47 × 10−15 and 1.35 × 10−15 m2/s). However, the adsorption amounts at
saturation are ~1 and 0.8 molecule/pore for 1BP and 2BP, respectively.
The adsorption selectivity of ~1.25 for 1BP is not surprising, as many of
the MOFs45–50 and other porous materials38,51 exhibit similar type of
selectivity for linear alkanes over branched isomers, mainly due to the
higher contact surface area of linear alkanes.

One possible explanation of this opposing trend of adsorption
and diffusion is following: higher adsorption is due to stronger
adsorbate-adsorbent interaction, which reduces the molecular
mobility52. To appraise this observation,MDsimulationwasperformed
on themostprobable conformation obtained fromAIMDsimulation of
the periodic unit of Cu(bdc)(azbpy) at 300K (see supplementary
information). At first we have excluded framework dynamics, because
we anticipated only adsorbent-adsorbate interaction-driven diffusivity
trends. As illustrated in Fig. 3a and Supplementary Fig. 2, the diffusion
selectivity along [001] axis was found to be 1BP > 2BP (estimated from
mean square displacement, MSD, See Supplementary Table 1). This is
in contrary to the experimental observation and also implies that only
adsorbate-adsorbent interaction strength is not the governing factor.
In the next step, we have introduced framework dynamics and per-
formed a similar simulation as done for rigid framework. Comparison
of the MSD profiles indicated a selectivity trend of 2BP > 1BP, in
accordance to the experimental data. Assessment of the effective close
proximity interactions (g(r)) between isomers and host framework
revealed that the most influential chemical group in the framework is
the bdc (Supplementary Fig. 3). The faster diffusion of 2BP in com-
parison to 1BP can be rationalized based on following order of inter-
actions: 2BP – bdc > 1BP – bdc, 1BP – azbpy > 2BP – azbpy. Analysis of
the specific Br – MOF interactions reveals that there is a stronger
specific Br – bdc i.e. Br– π interaction for 2BP than 1BP (Fig. 3b and

Article https://doi.org/10.1038/s41467-024-53207-3

Nature Communications |         (2024) 15:9636 2

www.nature.com/naturecommunications


Supplementary Fig. 4). The specific Br – π(bdc) interaction is further
validated by performing ab initioMD (AIMD) simulation and analyzing
the trajectory during the timespan of intrapore molecular movement
(see experimental section, Fig. 3c; note that the diffusion selectivity
observed in this simulation is same as the one observed in MD of
flexible MOF, see Supplementary Fig. 5a). Stronger interaction with
bdc accelerates diffusion, while stronger interaction with the azbpy
decelerates diffusion. These observations underscore that in addition
to the chemical interactions, the framework dynamics also contribute

to the overall driving force (supplementary information movie 1 illus-
trates the framework dynamics during diffusion). We term this effect
as “dynamic chemical interaction”, a phenomenon validated in sub-
sequent sections.

Drawing from the MD simulation insights, we have in silico
reconfigured the pore windows along [001] orientation; i.e. substitut-
ing the bdc linkerwith a Br2-bdc (2,5-dibromobenzene-1,4-dicarboxylic
acid) linker. This intuitive chemical functionality transformation
changes not only the specific chemical interactions between the che-
mical isomer and the bdc linkers but also changes the framework
dynamics. The change in the framework dynamics of the bdc linkers is
also captured in the most probable configuration obtained during
AIMD simulation of the Cu(bdc)(azbpy) and Cu(Br2-bdc)(azbpy) at
300K (Supplementary Fig. 5). We have performed a similar set of MD
simulation for Cu(Br2-bdc)(azbpy), as done for Cu(bdc)(azbpy) (vide
supra). As evident from the Fig. 3a and Supplementary Fig. 6, the MSD
values obtained appear very different, than those observed for
Cu(bdc)(azbpy). Mainly, 1BP diffusion is found to be relatively faster.
Inspection of the close proximity interactions revealed following
order: 1BP – Br2-bdc > 2BP – Br2-bdc and 1BP – azbpy <2BP – azbpy

Fig. 1 | Dynamic chemical interaction. A schematic illustration of the dynamic
chemical functionalities in oriented nanoporous metal-organic framework thin
film; introduction of dynamic chemical interaction between the chemical isomers
(shown as green and orange spheres) and MOF reverses the diffusion selectivity;
cube =metal-oxo node, hexagonal blocks and cylinders = linkers and pillars in the
MOF structure. Diffusion is along the concentration gradient, i.e. along [001] in the
studied MOF structure.

Fig. 2 | Diffusion selectivity in oriented nanochannel. a Surface grown oriented
structure of Cu(bdc)(azbpy), optimized at 0 K, orange =Cu, gray = C, red =O,
blue =N; (b) simulated (black), out (red) and in-plane (blue) XRD patterns of the
Cu(bdc)(azbpy), (c) 1BP and 2BP vapor uptake profiles at 298K; black line is the
fitting; inset: SEM image of Cu(bdc)(azbpy) thin film.

Fig. 3 | Framework dynamics and diffusion control. aOverview of the 1BP vs 2BP
selectivities observed for rigid, flexible and in silico designed MOFs along [001]
direction, using MSD fromMD simulations, the scale bars are relative, trend of the
selectivity showing the effect of flexibility and chemical functionality, the arrow
indicates x-axis related to the MSD values; (b) a snapshot of the MD simulation
during the intrapore passage of the 2BP molecule in the flexible Cu(bdc)(Azbpy),
green sphere indicates Br of 2BP; (c) the probability distribution for Br···C (of bdc)
distance for 1BP and 2BP obtained from AIMD simulation; inset: a snapshot of the
AIMD simulation during the intrapore passage of the 2BP molecule in the flexible
Cu(bdc)(Azbpy), pink sphere indicates center ofmass of 2BP. orange=Cu, gray = C,
red =O, blue =N.
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(Supplementary Figs. 7–8). This reverse order of interactions reverses
the diffusion selectivity. We attribute this reversal to the proposed
dynamic chemical interaction, as the diffusion is effected by chemical
interaction and framework dynamics.

Next, we have experimentally attempted to execute the in silico
findings. Attempts to synthesize an isostructural, oriented Cu(Br2-bdc)
(azbpy) thin film akin to Cu(bdc)(azbpy) proved unsuccessful (Sup-
plementary Fig. 9). However, a successful strategy emerged through a
mixed-linker approach21,53–56, yielding Cu(Br2-bdc)x(bdc)1-x(azbpy)
(x =0.012, 0.026 and 0.058) thin films (x was quantified by reverse-
phase HPLC, see Supplementary Fig. 10). Thesemixed-linker MOF thin
films maintained high crystallinity, preferred [001] orientation (crys-
tallographic preferred orientation ~57, 55 and 648 for x = 0.012, 0.026
and 0.058, respectively, see supplementary information) and exhib-
ited homogenous surface coverage, as evidenced by the out-of-plane
XRD, SEM images, XPS elemental analysis and EDS mapping (Fig. 4a–c
and Supplementary Figs. 11–14). Subsequently, we conducted 1BP and
2BP vapor uptake experiments using QCM for thesemixed-linkerMOF
thin films (Supplementary Fig. 15). Note thatwe have verified the effect
of surface barriers in the mixed-linker structure by performing a thin
film thickness dependent mass uptake measurement. For the Cu(Br2-
bdc)0.058(bdc)0.942(azbpy) thin film, the coinciding plots of fractional
1BP vapor uptake versus time confirmed that surface barrier effect is
negligible in themixed-linkerMOFs (Supplementary Fig. 16). Similar to
the case of Cu(bdc)(azbpy), we have calculated the saturation
adsorption amount/pore and D. The Br2-bdc % vs D and adsorption
amount/pore plots are presented in Fig. 4d, e. Across all the mixed-
linker thin films, the saturation adsorption amounts are higher for 1BP,
resembling the trendobserved in the parent structureCu(bdc)(azbpy).
Moreover, with increasing % of the Br2-bdc, adsorption amount
decreased for both the isomers. This reduction in adsorption can be
attributed to the steric effect introduced by the bulky –Br atoms. A
reversal in D is observed for Cu(Br2-bdc)0.058(bdc)0.942(azbpy) thin
film. In comparison to the parent structure, D value for 2BP decreased
ca. 8x and for 1BP increased ca. 0.5x.

The experimental observation may be correlated to the in silico
experiment; however several other factors merit consideration: (i)
inhomogeneousmixing of the linkers leading to segregated crystalline
phases, (ii) the presence of structural defects, and (iii) changes in
crystalline domain sizes. These three factors are discounted based
on the following experimental observations: (a) Out-of-plane XRD
patterns of the mixed-linker thin films did not reveal new diffraction
peaks, confirming that a new crystalline phase of Cu + (Br2-bdc)
+(azbpy) did not form. However, when the Br2-bdc % increased to 17,
new diffraction peaks emerged (Supplementary Fig. 17). This con-
firmed thatmixed-linker phase is feasible only for low % of Br2-bdc. (b)
IRRA spectra of the mixed-linker and parent Cu(bdc)(azbpy) con-
firmed that the asymmetric and symmetric –COO stretching vibrations
of the paddle-wheel node (1630 and 1388 cm−1, respectively) remained
unaltered (Supplementary Fig. 18). This underscores the absence of
new crystalline phase. In the case of 17% Br2-bdc, the asymmetric and
symmetric –COO stretching vibrations are different than those of the
mixed-linker MOFs, consistent with the out-of-plane XRD patterns
(Supplementary Fig. 17). (c) Comparison of the (001) diffraction peak
full width at half maxima for the mixed-linker and parent structure
confirmed very similar crystalline domain sizes (30–34 nm) (Supple-
mentary Fig. 19). (d) SEM images and elementalmapping of themixed-
linker film confirmed the homogenous coverage and uniform dis-
tribution of the Br2-bdc functionality (Fig. 4c). (e) Energy dispersive
x-ray spectroscopy of Cu(Br2-bdc)x(bdc)1-x(azbpy) (x = 0.012 and
0.058) MOF thin films indicated that chemical composition (Cu, N, C,
O) did not vary substantially in the different mixed-linker structure
(Supplementary Fig. 20). (f) We have also observed the presence
of Cu1+ in the high resolution XPS for all the thin films (in ~10 nm of
thin film surface). A major fraction of Cu1+ originates due to x-ray

exposure during analysis and sample activation (removal of solvents)
by heating. We have verified the influence of Cu1+ in the observed
diffusivity trend. A Cu2+/Cu1+ ratio vs diffusivity and adsorption
plot is shown in Supplementary Fig. 21b, c. It is evident that Cu1+

abundancy is highest in case of x = 0.012, while lowest in x =0, but
this Cu1+ % change did not reverse the diffusion selectivity. Diffusivity
is reversed at x =0.058, and the Cu2+/Cu1+ ratio for this thin film is ~1,
very similar (~0.73) to the thin film of x =0.012. Also note that
adsorption selectivities of 1BP/2BP are very similar for Cu2+/Cu1+ ratio
of 2.5 and 1 (Supplementary Fig. 21c). Hence, Cu1+ did not influence
the adsorption selectivity. These observations conclude that Cu2+/Cu1+

ratio does not control the selectivity. Based on all of these above
mentioned observations, the reversed selectivity can be attributed
to the chemical interactions which are observed for the in silico
designed Cu(Br2-bdc)(azbpy). Note that a higher concentration of Br2-
bdc in the Cu(bdc)(azbpy) may have more prominent effect on the
diffusivity (i.e. selectivity); however those structures could not be
realized experimentally.

Discussion
The chosen pillared-layer type MOF thin film exhibits distinct pore
windows and functionality along the concentration gradient (i.e.
[001]). Using these oriented nanochannels, we have concluded that
diffusivity of two chemical isomers (1BP and 2BP) can be precisely
manipulated and reversed using chemical design principles. To arrive
at this conclusion, we have compared the observed chemical isomer
diffusivities within a pillared-layer MOF thin film with those obtained
from MD simulation. It is evident that diffusion has an intriguing
dependence on the framework dynamics, while specific chemical
interactions (like Br-π interaction) are also substantially important. We
have hypothesized that the framework dynamics and chemical inter-
actions as tool to predictively alter the chemical isomer diffusivity.
Initially in silico and later by using a mixed-linker approach we have
shown that diffusivity of isomers can be reversed. To ensure that the
experimental findings are exclusively attributed to the dynamic che-
mical interaction, we have performed careful characterizations of the
thin films. Although this predictive alteration of diffusion is currently
showcased for a pair of haloalkane isomer within pillared-layer type
MOF, it’s important to note that the chemical design route transcends
the boundaries of specific isomers and porousmaterials. In the future,
the proposed methodology will be implemented to develop mem-
branes for improved separation efficiency of the chemical isomers
which aremore challenging to perform using conventional distillation
and adsorption-based technique.

Methods
Synthesis of 4,4’-Azobipyridine
4,4’-azobipyridine was synthesized following a reported method57.

Synthesis of pillared-layer MOF thin films on QCM sensor
5MHz (Au coated) QCM-sensors were dipped in an ethanolic solution
(20mM) of 11-mercapto-1-undecanol (MUD) for 24 h to obtain –OH
functionalized surface. These substrates were then thoroughly washed
with absolute ethanol (99.99%), dried and used for thin films synthesis.
The MOF thin films were prepared on those functionalized substrate
via a well-known layer-by-layer (lbl) liquid-phase epitaxial (LPE)
method58. The method consists of four steps to complete a cycle at
60 °C as: i) dipped in 1mM copper acetate ethanol solution for 15min,
ii) drained the metal solution and washed with fresh ethanol, iii) dip-
ped in 0.2mM linker solution (mixture of two linkers) in ethanol for
30min and iv) drained the linker solution and washed with fresh
ethanol.MOF thinfilmswith varying dopingpercentagewere prepared
by varying the linker solution in different Br2bdc proportions. 4,4’-
azobipyridine is the only pillar linker used with either 1,4-benzene
dicarboxylic acid linker or mixture of two dicarboxylic acids (1,4-
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benzene dicarboxylic acid and 2,5-dibromobenzene-1,4-dicarboxylic
acid) for MOF thin films upto 60 cycles.

Characterizations
Powder x-ray diffractometer (XRD) patterns of thin films were recor-
ded on a Rigaku XDS 2000 diffractometer using nickel-filtered Cu Kα
radiation (λ = 1.5418 Å) ranging from 5–20 ° at room temperature

(voltage 40 kV, current 200mA). Out-of plane PXRD was recorded in
2θ/θ (step size 0.01, scan rate 0.2 °/s), in-plane in 2θ/φ geometry with
grazing incident angle (ω) at 0.5 ° and step size of 0.12 with scan rate
0.1 °/s.

Surface morphology of the MOF thin films were characterized
using field emission scanning electronmicroscopy (FESEM), JEOL JSM-
7200F instrument with a cold emission gun operating at 5 kV. Energy-

Fig. 4 | Reversal of diffusion selectivity. a A schematic of oriented mixed-linker
MOF, ball and stick model; orange =Cu, gray =C, red =O, blue =N and green =Br;
b out-of-plane XRD patterns of the Cu(bdc)(azbpy) and Cu(Br2-bdc)x(bdc)1-x(azbpy),
x=0 (black), 0.012 (red), 0.026 (blue) and 0.058 (green); c left to right: SEM mor-
phology (scale bar = 1μm), Br and Cu elemental mapping of Cu(Br2-

bdc)0.058(bdc)0.942(azbpy) thin film, color gradient scaled to atomic %; d D for 1 and
2BPwith varying % of Br2-bdc; e adsorbedmolecules/pore for 1 and 2BPwith varying
% of Br2-bdc, the orange shaded regions indicate a crystalline phase, different than
parent structure Cu(bdc)(azbpy). Error bars are calculated by considering the
thickness variations in the thin film.
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Dispersive X-ray spectroscopy (EDS) elemental analysis and mapping
were also done on the FESEM (at 15 kV).

IRRA (Infrared Reflection Absorption) spectrum (4000–600 cm–1)
was collected under vacuum using Bruker VERTEX 70 v with 2 cm−1

resolution and with 128 scan rate.
X-ray photoelectron spectroscopy (PHI versaProbe III) was per-

formed for the MOF thin films under ultrahigh vacuum (10−9bar)
environment.

The adsorption (mass uptake) profiles were measured using a
quartz crystal microbalance (QCM) from open QCM, Italy.

Thickness for all the thin films was calculated using J.A. Wollam
ellipsometer (alpha-SE). The data was fitted using a B-Spline model
including surface roughness. The film thickness values for Cu(Br2-
bdc)x(bdc)1-x(azbpy) (X =0, 0.012, 0.026, 0.058 and 0.170) are 505
( ± 98), 411 ( ± 28), 396 ( ± 4), 331 ( ± 54) and431 ( ± 68) nm, respectively.

Analytical reverse-phase HPLC was performed on an Agilent
HPLC instrument using an Agilent zorbax SB-C3 (5 μm), 4.6 × 150mm
reverse-phase column at a flow rate of 0.9mL/min using a linear gra-
dient of solvent B in solvent A at 40 °C (solvent A =0.1% trifluoroacetic
acid (TFA) in H2O; solvent B =0.08% TFA in acetonitrile). The 214 nm
UV absorbance of the column eluent was monitored. During sample
preparation, compounds were weighed out in their mentioned ratios
and dissolved in 200 µL of DMSO. From this stock solution, 5 µL was
taken and diluted with 60 µL DMSO and 60 µL of B solvent (B =0.08%
TFA in acetonitrile). Then 0.5 µL was injected in HPLC for analysis.

MOF thin films deposited on QCM substrate were dipped in
18mM aqueous solution of Na2EDTA·2H2O (Na2EDTA = ethylenedia-
minetetraacetic acid disodium salt) to disintegrate the MOF structure
and remove Cu2+ from the solution. After pH adjustment to ~6, the
clear aqueous solution (obtained by centrifugation) was taken for the
HPLC analysis.

QCM experiments
MOF thin films were activated at 65 °C at 0.1 mbar. Mass uptake
experiments were carried out using a constant flow rate (50 sccm) of
dry N2, passing through saturated solvent vapors (1 and 2BP).

Analyses of uptake kinetics
Mass-frequency relationship for the QCM measurements is given by
Sauerbrey equation 43;

Δm= � c
Δf
n

ð1Þ

Where n denotes the overtone order (n = 3, 5, and 7) and c is the mass
sensitivity constant. For a 5MHz crystal, c has value of 17.7 ng/cm2.

We examine the data with the assumption of Fickian diffusion,
that is, we assumea constant diffusivity,D, is independent of the vapor
concentration.

Mt

Msat
= 1� 8

π2

X1

m=0

1

ð2m+ 1Þ2
exp �4Dπ2tð2m+ 1Þ2

l2

 !
ð2Þ

Where Mt is the uptake (g) at time t, Msat is the uptake (g) at infinite
time (i.e., at equilibrium),D has units ofm2/s, and l is the film thickness.
Following the Wöll and coworkers report44, the above equation can be
expressed as following:

Mt =Msatð1� e�
t
τÞ ð3Þ

Where τ is a time constant and expressed as:

τ =
l2

3D
+

l
α

ð4Þ

α is the surface permeability. In this case we neglect l
α because

surface barrier effect is not dominant. This is due to layer-by-layer
synthesis methodology of the thin films 39.

D is calculated using the τ value, obtained by fitting Eq. 3. Note
that the deviation in the fitting can be attributed to the following
factors: a) D changes during the mass uptake; b) the experimental
conditions require a strictly maintained vapor pressure and flow to
achieve an exponential uptake profile, and this is challenging to strictly
achieve; c) during mass uptake, frequency dissipation affects the
applicability of Sauerbrey equation. Although the dissipation changes
are small enough to neglect, mass calculation and hence rate of mass
uptake can deviate from the ideal exponential function. Hence, to
obtain better fitting, at lower mass uptake region following linear
equation can be used:

MtðtÞ
Msat

� 8ffiffiffiffi
π

p
ffiffiffiffiffiffi
Dt

L2

s
ð5Þ

Using Eq. 5, the fitting does not deviate (See Fig. 1b). The obtained
ratio of the D for 1BP and 2BP uptake in Cu(bdc(azbpy) is ~3, close to
the value (~2.8) obtained by using Eq. 3 fitting (See Supplementary
Fig. 1b)43.

Note that the QCM vapor uptake measurements are carried out
under a constant flow of vapors. During the measurements, constant
flow maintenance and minimum dissipation change are necessary to
achieve an uptake profile, which can be satisfactorily fitted using Eq. 3.

Molecular dynamics simulation
At first, the corresponding superstructure is generated from the unit
cell of the Cu(bdc)(azbpy) MOF spanning along 3 * 3 * 6 dimensions.
We have considered two situations with the superstructure framework
extended as 3 * 3 * 6 (in x, y, z directions respectively) considering: (I)
high concentration gradient, i.e MOF thin film pores are almost empty
(containing only one molecule of each of the alkanes, 1BP and 2BP in
the framework), (II) low concentration gradient, i.e. ~20% (of saturation
amount) filled pores (including multiple molecules of each type of
alkane at a time, i.e. 11 molecules of 1BP and 9 molecules of 2BP cor-
responding to the respective number of molecular uptakes at ~20%
loading). Initially, in both the cases molecular dynamics simulation is
performedby freezing theMOF (utilizing ‘freeze group’utility installed
in gromacs) as we anticipated only adsorbent-adsorbate interaction
driven diffusivity trends. The partial charges over the atoms of MOF
areobtained from thequantumcalculations (seebelow) and the alkane
molecules are modeled using charmm36 force field parameters59–61.
Each of the simulation both in high and low concentration gradient for
each of the haloalkane molecules are performed in gas phase. The
entire system was packed in a rectangular box of dimension
3.26 × 3.26 × 9.54 nm3 as per the resultant dimension of the
superstructure.

Further, the similar set of simulations was performed in flexible
framework. The respective bond, angle and dihedral parameters of the
MOF were obtained using obgmx tool and the partial charges were
kept unaltered as the set of the previous simulations performed
excluding framework dynamics were excluded.

To realize the effect of bromine substitution in MOF on the
haloalkane isomer selectivity, Cu(Br2-bdc)(azbpy) has been simulated
under the condition of high concentration gradient, i.e MOF thin film
pores are almost empty (containing only one molecule of each of the
alkanes, 1BP and 2BP in the framework). The simulations in brominated
MOF for each of the haloalkane were carried out in flexible framework
arrangementwhere the partial charges ofMOFwere obtained from the
similar quantum calculation (see below) and the bond, angle and
dihedrals parameters from obgmx. The alkanes were modeled with
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charmm36 parameters as utilized before. The dimension of the simu-
lation box was kept fixed corresponding to the similar dimension of
the MOF superstructure build along the direction of 3 * 3 * 6 (corre-
sponding to x, y and z directions respectively).

Simulation method: Each of the simulation is performed using
periodic boundary conditions (PBC) set in all three dimensions. Long-
range electrostatic interactions were maintained employing the particle
mesh Ewald (PME) method62 with cubic interpolation. For the electro-
static interactions at short-range, the cut-off of 1.2 nm was employed.
During freezed framework simulation of the Cu(bdc)(azbpy), the MOF
dynamics was excluded using “ freeze group” utility of gromacs.
Otherwise for the alkane molecules in the freezed system and the MOF
along with alkanes in the flexible framework system, for constraining
each the bonds involving hydrogen atoms, the LINCS algorithm63 was
applied. At first, the system was energy minimized with the steepest-
decent algorithm followed by stepwise equilibration in seven successive
steps with gradual increase of temperature (in an interval of 50K
starting from 50K upto 300K) of 100ps each (with time step of
0.0005ps). During equilibration, the average temperature was kept
fixed at the corresponding temperatures by using V-rescale thermostat
via coupling the MOF and the alkane molecules separately. Finally, the
equilibrated system was subjected to NVT production run for 10
nanosecond. During production simulation also, the average tempera-
ture of 300K was maintained with the help of same V-rescale thermo-
stat. To execute all simulations GROMACS software of version 20xwere
utilized. To attain statistical reproducibility, each of the simulations is
repeated multiple times.

The diffusion phenomenon of the haloalkane molecules were
inspected by calculatingmean square displacement (msd) utilizing the
tool of “gmx msd” and the corresponding diffusion coefficient (D)
were approximated. To understand themode of chemical interactions
of the haloalkane molecules with the different parts of the MOF pair
correlation function of the alkane moieties (whole molecule, bromine
atom and the Cα carbon of the alkane molecule linked to the bromine
group) were measured with respect to the specific parts of the MOF
(i.e. –N=N-, pyridyl and bdc). The event of molecular diffusion (2BP)
into theflexibleCu(bdc)(azbpy) is shown in supplementaryvideo 1. It is
evident that during pore-to-pore movement of 2BP, linker orientation
(by rotation) changes much faster than the movement of 2BP mole-
cule. Hence a specific orientation of the linker cannot explain the dif-
fusivity; rather a dynamic interaction is the key.

Ab initio molecular dynamic simulation
All AIMD simulations were run using CP2K software64 (version 9.1) with
PBE functional65 and each MD time step of 0.5 fs at 300K. The
dimensions of the cell with periodic boundary conditions were
10.886 Å, 10.886Å, and 15.9041Å. The valence electrons of H, C, N, and
O atoms were modeled with DZVP-GTH basis sets whereas DZVP-
MOLOPT-SR-GTH basis set was employed for Br and Cu centers. The
core electrons of all the atoms were modeled using GTH-PBE pseu-
dopotentials. All NVT simulations employed Nose-Hoover chain
thermostatting66–68. For the self-diffusion studies, NVT simulations
were run for 50ps. The analysis of the probability distribution of Br
(2BP and 1BP) - C (bdc linker) distance involved data collected at an
interval of 5 fs during the crossing of the molecule across the pore
(1BP: 12.5 ps – 17.5 ps; 2BP: 25 ps – 29 ps) surrounded by the bdc
molecules. The MSDs were computed with freud code69. The calcula-
tionof thediffusion constantwasdoneby linearfittingof theMSDdata
(between 12.5-17.5 ps for 1BP and 22-28ps for 2BP).

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.

References
1. Li, Y. & Yu, J. Emerging applications of zeolites in catalysis,

separation and host–guest assembly. Nat. Rev. Mater. 6,
1156–1174 (2021).

2. Furukawa, H., Cordova, K. E., O’Keeffe, M. & Yaghi, O. M. The
chemistry and applications of metal-organic frameworks. Science
341, 1230444 (2013).

3. Kitagawa, S., Kitaura, R. &Noro, S. i. Functional porous coordination
polymers. Angew. Chem. Int. Ed. 43, 2334–2375 (2004).

4. Geng, K. et al. Covalent organic frameworks: design, synthesis, and
functions. Chem. Rev. 120, 8814–8933 (2020).

5. Kitagawa, S. Future porous materials. Acc. Chem. Res. 50,
514–516 (2017).

6. Foo, M. L., Matsuda, R. & Kitagawa, S. Functional hybrid porous
coordination polymers. Chem. Mater. 26, 310–322 (2014).

7. Sholl, D. S. & Lively, R. P. Seven chemical separations to change the
world. Nature 532, 435–437 (2016).

8. Knebel, A. & Caro, J. Metal–organic frameworks and covalent
organic frameworks as disruptive membrane materials for energy-
efficient gas separation. Nat. Nanotechnol. 17, 911–923 (2022).

9. Qian, Q. et al. MOF-based membranes for gas separations. Chem.
Rev. 120, 8161–8266 (2020).

10. Peng, P., Gao, X.-H., Yan, Z.-F. & Mintova, S. Diffusion and catalyst
efficiency in hierarchical zeolite catalysts. Natl Sci. Rev. 7,
1726–1742 (2020).

11. Dong, B. et al. Deciphering nanoconfinement effects on molecular
orientation and reaction intermediate by single molecule imaging.
Nat. Commun. 10, 4815 (2019).

12. Sharp, C. H. et al. Nanoconfinement and mass transport in
metal–organic frameworks. Chem. Soc. Rev. 50,
11530–11558 (2021).

13. Zürner, A., Kirstein, J., Döblinger, M., Bräuchle, C. & Bein, T. Visua-
lizing single-molecule diffusion in mesoporous materials. Nature
450, 705–708 (2007).

14. Kärger, J. & Ruthven, D. M. Diffusion in nanoporous materials: fun-
damental principles, insights and challenges. N. J. Chem. 40,
4027–4048 (2016).

15. Li, J.-R., Kuppler, R. J. & Zhou, H.-C. Selective gas adsorption and
separation in metal–organic frameworks. Chem. Soc. Rev. 38,
1477–1504 (2009).

16. Sumida, K. et al. Carbon dioxide capture in metal–organic frame-
works. Chem. Rev. 112, 724–781 (2012).

17. Lustig, W. P. et al. Metal–organic frameworks: functional lumines-
cent and photonic materials for sensing applications. Chem. Soc.
Rev. 46, 3242–3285 (2017).

18. Yang, D. & Gates, B. C. Catalysis by metal organic frameworks:
perspective and suggestions for future research. ACS Catal. 9,
1779–1798 (2019).

19. Bavykina, A. et al. Metal–organic frameworks in heterogeneous
catalysis: recent progress, new trends, and future perspectives.
Chem. Rev. 120, 8468–8535 (2020).

20. Liu, G. et al. Eliminating lattice defects in metal–organic framework
molecular-sieving membranes. Nat. Mater. 22, 769–776 (2023).

21. Yu, X.-J. et al. Liquid-phase epitaxial growth of highly oriented and
multivariate surface-attached metal–organic frameworks. J. Am.
Chem. Soc. 141, 18984–18993 (2019).

22. Li, S., Chung, Y. G., Simon, C. M. & Snurr, R. Q. High-throughput
computational screeningofmultivariatemetal–organic frameworks
(MTV-MOFs) for CO2 capture. J. Phys. Chem. Lett. 8,
6135–6141 (2017).

23. Listyarini, R. V., Gamper, J. & Hofer, T. S. Storage and diffusion of
carbon dioxide in the metal organic framework MOF-5─a semi-
empirical molecular dynamics study. J. Phys. Chem. B 127,
9378–9389 (2023).

Article https://doi.org/10.1038/s41467-024-53207-3

Nature Communications |         (2024) 15:9636 7

www.nature.com/naturecommunications


24. Skoulidas, A. I. Molecular dynamics simulations of gas diffusion in
metal−organic frameworks: argon inCuBTC. J. Am. Chem. Soc. 126,
1356–1357 (2004).

25. Formalik, F., Shi, K., Joodaki, F.,Wang, X. &Snurr, R.Q. Exploring the
structural, dynamic, and functional properties of metal-organic
frameworks through molecular modeling. Adv. Funct. Mater.
https://doi.org/10.1002/adfm.202308130 (2023).

26. Azar, A. N. V., Velioglu, S. & Keskin, S. Large-scale computational
screeningofmetal organic framework (MOF)membranes andMOF-
based polymer membranes for H2/N2 separations. ACS Sustain.
Chem. Eng. 7, 9525–9536 (2019).

27. Daglar, H. & Keskin, S. High-throughput screening of metal organic
frameworks as fillers in mixed matrix membranes for flue gas
separation. Adv. Theory Simul. 2, 1900109 (2019).

28. Sikdar, N., Bhogra, M., Waghmare, Umesh, V. & Maji, T. K. Oriented
attachment growth of anisotropic meso/nanoscale MOFs: tunable
surface area and CO2 separation. J. Mater. Chem. A 5,
20959–20968 (2017).

29. Malik, P. & Haldar, R. Accessing accelerated molecular diffusion by
nanopore alignment in a MOF thin film. Mol. Syst. Des. Eng. 7,
873–877 (2022).

30. Datta, S. J. et al. Rational design of mixed-matrix metal-organic
framework membranes for molecular separations. Science 376,
1080–1087 (2022).

31. Wang, L. et al. Aligned metal–organic framework nanoplates in
mixed-matrixmembranes for highly selectiveCO2/CH4 separation.
Adv. Mater. Interfaces 10, 2202524 (2023).

32. Fan,H. et al.MOF-in-COFmolecular sievingmembrane for selective
hydrogen separation. Nat. Commun. 12, 38 (2021).

33. Kwon, H. T., Jeong, H.-K., Lee, A. S., An, H. S. & Lee, J. S. Hetero-
epitaxially grown zeolitic imidazolate framework membranes with
unprecedented propylene/propane separation performances. J.
Am. Chem. Soc. 137, 12304–12311 (2015).

34. Li, W. et al. Transformation of metal-organic frameworks for mole-
cular sieving membranes. Nat. Commun. 7, 11315 (2016).

35. Song, Z. et al. Dual-channel,molecular-sieving core/shell ZIF@MOF
architectures as engineered fillers in hybrid membranes for highly
selective CO2 separation. Nano Lett. 17, 6752–6758 (2017).

36. Tonnah, R. K. et al. Bioinspired angstrom-scale heterogeneous
MOF-on-MOFmembrane for osmotic energy harvesting. ACS Nano
17, 12445–12457 (2023).

37. Marshall, K. A. et al. in Ullmann’s Encyclopedia of Industrial Chem-
istry 7th edn, Vol. 40 (John Wiley & Sons, Inc, 2000).

38. Hua, B. et al. Tuning the porosity of triangular supramolecular
adsorbents for superior haloalkane isomer separations. Chem. Sci.
12, 12286–12291 (2021).

39. Maity, T. et al. Chemically routed interpore molecular diffusion in
metal-organic framework thin films. Nat. Commun. 14, 2212 (2023).

40. Shekhah, O. et al. Step-by-step route for the synthesis of metal
−organic frameworks. J. Am. Chem. Soc. 129, 15118–15119 (2007).

41. Chen, D.-H., Gliemann, H. & Wöll, C. Layer-by-layer assembly of
metal-organic framework thin films: Fabrication and advanced
applications. Chem. Phys. Rev. 4, 011305 (2023).

42. Friebe, S., Geppert, B., Steinbach, F. & Caro, J. Metal–organic fra-
mework UiO-66 layer: a highly oriented membrane with good
selectivity and hydrogenpermeance.ACSAppl.Mater. Interfaces9,
12878–12885 (2017).

43. Zybaylo, O. et al. A novel method tomeasure diffusion coefficients
in porous metal–organic frameworks. Phys. Chem. Chem. Phys. 12,
8093–8098 (2010).

44. Heinke, L., Gu, Z. & Wöll, C. The surface barrier phenomenon at the
loading of metal-organic frameworks. Nat. Commun. 5, 4562 (2014).

45. Ling, Y. et al. A zinc(ii) metal–organic framework based on triazole
and dicarboxylate ligands for selective adsorption of hexane iso-
mers. Chem. Commun. 47, 7197–7199 (2011).

46. Chen, B. et al. A microporous metal–organic framework for gas-
chromatographic separation of alkanes. Angew. Chem. Int. Ed. 45,
1390–1393 (2006).

47. Henrique, A., Rodrigues, A. E. & Silva, J. A. C. Separation of hexane
isomers in ZIF-8 by fixed bed adsorption. Ind. Eng. Chem. Res. 58,
378–394 (2019).

48. Xu, X., Cui, Q., Chen, H. & Huang, N. Carborane-based three-
dimensional covalent organic frameworks. J. Am. Chem. Soc. 145,
24202–24209 (2023).

49. Henrique, A. et al. Hexane isomers separation on an isoreticular
series of microporous Zr carboxylate metal organic frameworks. J.
Mater. Chem. A 8, 17780–17789 (2020).

50. Ferreira, A. F. P. et al. Sievingdi-branched frommono-branchedand
linear alkanes using ZIF-8: experimental proof and theoretical
explanation. Phys. Chem. Chem. Phys. 15, 8795–8804 (2013).

51. Vlugt, T. J. H. et al. Adsorption of linear and branched alkanes in the
zeolite silicalite-1. J. Am. Chem. Soc. 120, 5599–5600 (1998).

52. Krishna, R. & van Baten, J. M. Highlighting the anti-synergy between
adsorption and diffusion in cation-exchanged faujasite zeolites.
ACS Omega 7, 13050–13056 (2022).

53. Deng, H. et al. Multiple functional groups of varying ratios in metal-
organic frameworks. Science 327, 846–850 (2010).

54. Dong, Z., Sun, Y., Chu, J., Zhang, X. & Deng, H. Multivariate
metal–organic frameworks for dialing-in the binding and pro-
gramming the release of drug molecules. J. Am. Chem. Soc. 139,
14209–14216 (2017).

55. Ko, S. et al. Effect of spatial heterogeneity on the unusual uptake
behavior of multivariate-metal–organic frameworks. J. Am. Chem.
Soc. 145, 3101–3107 (2023).

56. Kong, X. et al. Mapping of functional groups in metal-organic fra-
meworks. Science 341, 882–885 (2013).

57. Launay, J. P., Tourrel-Pagis,M., Lipskier, J. F.,Marvaud,V.& Joachim,
C. Control of intramolecular electron transfer by a chemical reac-
tion. The 4,4’-azopyridine/1,2-bis(4-pyridyl)hydrazine system. Inorg.
Chem. 30, 1033–1038 (1991).

58. Wannapaiboon, S. et al. Control of structural flexibility of layered-
pillared metal-organic frameworks anchored at surfaces. Nat.
Commun. 10, 346 (2019).

59. Huang, J. et al. CHARMM36m: an improved force field for
folded and intrinsically disordered proteins. Nat. Methods 14,
71–73 (2017).

60. Klauda, J. B. et al. Update of the CHARMM all-atom additive force
field for lipids: validation on six lipid Types. J. Phys. Chem. B 114,
7830–7843 (2010).

61. Brooks, B. R. et al. CHARMM: The biomolecular simulation program.
J. Comput. Chem. 30, 1545–1614 (2009).

62. Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: an N⋅log(N)
method for Ewald sums in large systems. J. Chem. Phys. 98,
10089–10092 (1993).

63. Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E.M. LINCS: A
linear constraint solver formolecular simulations. J. Comput.Chem.
18, 1463–1472 (1997).

64. Kühne, T. D. et al. CP2K: An electronic structure and molecular
dynamics software package—quickstep: efficient and accurate
electronic structure calculations. J. Chem. Phys. 152,
194103 (2020).

65. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

66. Nosé, S. A unified formulation of the constant temperature mole-
cular dynamics methods. J. Chem. Phys. 81, 511–519 (1984).

67. Martyna, G. J., Klein, M. L. & Tuckerman, M. Nosé–Hoover chains:
the canonical ensemble via continuous dynamics. J. Chem. Phys.
97, 2635–2643 (1992).

68. Hoover, W. G. Canonical dynamics: equilibrium phase-space dis-
tributions. Phys. Rev. A 31, 1695–1697 (1985).

Article https://doi.org/10.1038/s41467-024-53207-3

Nature Communications |         (2024) 15:9636 8

https://doi.org/10.1002/adfm.202308130
www.nature.com/naturecommunications


69. Ramasubramani, V. et al. freud:A software suite for high throughput
analysis of particle simulation data. Comput. Phys. Commun. 254,
107275 (2020).

Acknowledgements
R.H. acknowledges the financial support from the Science and Engi-
neering Research Board (SERB), Govt. of India (Project No: SRG/2022/
000927), all the authors acknowledge the intramural funds at TIFR
Hyderabad from the Department of Atomic Energy (DAE), India, under
Project Identification Number RTI 4007. We are grateful to Prof. S.
Balasubramanian (JNCASR, India) for a very helpful discussion on theMD
simulation. We also thank Prof. Tapas Kumar Maji, Mr. Rohan Jena from
JNCASR, India and Mr. Amar Kumar from TIFR Hyderabad for their
assistance with XPS measurements.

Author contributions
T.M., R.H. conceived the idea and planned the experiments, T.M. did the
synthesis, measurements and analysis with guidance fromR.H., S.K. and
S.P. helped with the characterizations, A.S. and K.M. helped with the
HPLC measurements, S.S. did the MD simulation with guidance from
J.M., Ra.H. and S.G. performed AIMD simulation, manuscript draft was
prepared with the inputs from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53207-3.

Correspondence and requests for materials should be addressed to
Soumya Ghosh, Jagannath Mondal or Ritesh Haldar.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-53207-3

Nature Communications |         (2024) 15:9636 9

https://doi.org/10.1038/s41467-024-53207-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Steering diffusion selectivity of chemical isomers within aligned nanochannels of metal-organic framework thin film
	Results
	Discussion
	Methods
	Synthesis of 4,4’-Azobipyridine
	Synthesis of pillared-layer MOF thin films on QCM sensor
	Characterizations
	QCM experiments
	Analyses of uptake kinetics
	Molecular dynamics simulation
	Ab initio molecular dynamic simulation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




