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Abstract 

Covalent Organic Frameworks have emerged as a new class of porous materials whose 

sorption properties have so far been studied primarily with physisorption techniques.  

Quantifying the self-diffusion of guest molecules in the interior of their nanometer-sized 

pores allows for a better understanding of confinement effects or transport limitations and 

is thus vital for various applications ranging from molecular separation to catalysis. Using 

a combination of pulsed field gradient nuclear magnetic resonance (PFG NMR) 

measurements and molecular dynamics (MD) simulations we have probed the self-

diffusion of acetonitrile in the 1.7 nm diameter pore channels of two imine-linked COFs 

(PI-3-COF) featuring different levels of crystallinity and porosity, between 270 K and 300 

K. In the sample showing higher crystallinity and porosity, we observe clear evidence for 

anisotropic diffusion parallel to the pore channel direction as characterized by a diffusion 

coefficient of 𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝 = 6.1 × 10-10 m2s-1 at T = 300 K, consistent with 1D transport. Self-

diffusion in the pores vs. bulk liquid is thus reduced by a factor of 7.4, in good agreement 

with MD simulations which predict a reduction of the self-diffusion coefficient by a factor 

of 5.4 compared to the bulk liquid value, assuming an offset-stacked COF layer 

arrangement. In contrast, more frequent diffusion barriers give rise to isotropic, yet 

significantly reduced diffusivities in the low-porosity sample (𝐷𝐷𝐵𝐵 = 1.4 × 10-11 m2s-1 at 

T = 300 K). Our multimodal study thus highlights the significant influence of real structure 

effects such as stacking faults and grain boundaries on the long-range diffusivity of 

molecular guest species, while suggesting efficient intracrystalline transport at short 

diffusion times.  
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Introduction 

2D covalent organic frameworks (COFs) are a unique class of materials which combine 

a high level of tunability with intrinsic structural porosity on a crystalline, covalently linked 

polymeric backbone. Their chemical structure can be tuned with atomic precision, 

rendering these materials an attractive scaffold for diverse applications, including gas 

storage and separation, sensing, electrochemical energy storage, and heterogeneous 

(photo)catalysis.[1-9] 

The typically large specific surface areas of these materials, and in particular the spatial 

arrangement of building blocks as encoded in the shape of the pore channels featuring 

adjustable diameters in the nanometer range, enables the utilization of confinement 

effects in heterogeneous catalysis, similar to those well-known from enzymes as 

biological catalysts.[10] Spatial confinement in these pores allows a precise arrangement 

and relative orientation of catalytic centers and substrates in the pore channels and 

modulates the local concentration of reactants in the cavities.[11, 12] These effects can be 

used as a handle to tailor product selectivity in catalytic reactions, e.g. by suppressing 

oligomerization in L-lactide synthesis from lactic acid.[13] Recently, Emmerling et al. 

demonstrated that the ordered structural porosity of COFs enhances selectivity for 

(mono)macrocyclization during a ruthenium catalyzed olefin metathesis reaction, favoring 

ring closing over oligomerization.[14] While the variation of pore size forms the basis for 

these effects, interactions between the reactants as well as other molecules in the 

reaction mixture with the pore wall, become more dominant with a reduction in pore 

size.[15] Acid/base interactions between catalytic substrates and reaction intermediates 

can affect the reaction rate, while collision events with the pore walls alter the in- and 
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outflow of reactants.[16, 17] This can lead either to localized concentration gradients 

affecting selectivity or, in the limiting case for very small pore diameters that exclude 

(competing) molecules entirely, open up further areas of application, such as molecular 

sieving or nanofiltration.[18-22] 

Computer simulations are well established in the field of porous media. Molecular 

dynamics (MD) simulations are a versatile tool to study self- and collective diffusion in 

crystalline porous media such as zeolites, MOFs and COFs[23] or carbon nanotubes,[24] 

but also in complex amorphous materials if a reasonable structural model is available.[25] 

In contrast to zeolites[26-30] and MOFs,[31-34] the investigation of self-diffusion in COFs so 

far focused on light gases such as hydrogen, nitrogen, carbon dioxide, methane and 

ethane.[35-39] Molecular simulations in conjunction with experimental investigations has 

led to a fundamental understanding of nano-confinement effects,[40] but such combined 

studies so far exclusively focused on MOFs[41] and zeolites[42]. Therefore, we herein 

present a combined experimental and computational study of the self-diffusion of 

acetonitrile in the two-dimensional covalent organic network PI-3-COF using Pulsed Field 

Gradient Nuclear Magnetic Resonance (PFG-NMR) spectroscopy and Grand Canonical 

Monte Carlo (GCMC) and MD simulations. Using two samples with identical composition 

but differences in their real structure effects (i.e. crystallinity and porosity), we 

demonstrate the influence of pore confinement on the diffusivities of molecular probes.  
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Results 

Synthesis and Characterization of COFs 

 
Figure 1: (a) Chemical structure of a single pore of PI-3-COF. (b) XRPD pattern and (c) N2 adsorption isotherm 
comparison of PI-3-COF-lp (green) and PI-3-COF-hp (blue). 

Imine-linked PI-3-COF has been synthesized from 1,3,5-triformyl benzene and 4,4′,4″-

(1,3,5-triazine-2,4,6-triyl)trianiline under solvothermal conditions, according to a 

previously reported procedure.[43] We synthesized two samples of PI-3-COF, named PI-

3-COF-lp (low porosity) and PI-3-COF-hp (high porosity) in the following, depending on 

the selected drying procedure (see SI for details). Fourier transform infrared (FT-IR) 

spectra of the yellow powdered materials indicate the successful condensation to the 

imine-linked frameworks, represented by the imine bond vibration (vC═N) at 1630 cm-1 

(Figure S 2). The spectra for both samples appear essentially indistinguishable due to 

their identical chemical composition. Structural analysis by X-ray powder diffraction 

(XRPD) with Co-Kα1 radiation shows four narrow reflections at 2θ = 6.6°, 11.5°, 13.2°, and 

17.8°, indexed as 100, 110, 200, and 120 reflections (space group 𝑃𝑃6�), and a broad 

stacking reflection (00l) centered at 2θ ≈ 30° (Figure S 3, Figure S 4). Bragg peaks in the 

XRPD pattern (Figure 1b) appear essentially at identical positions for both hp- and lp-
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materials, but with a reduced full width at half maximum (FWHM) for the hp sample, 

hinting at a better structural definition and long-range order, i.e. crystallinity, of PI-3-COF-

hp compared to its lp derivative. 100, 110 and 200 reflections appear broader, with 

reduced intensity for PI-3-COF-lp (Figure S 4) and show a slight but visible shift 

(Δ(2θ) < 0.1°) to higher angles, reminiscent of, but less pronounced than, a reduction in 

in-plane coherence and contraction due to drying induced stress.[44] A Pawley refinement 

(Figure S 3) thus gives slightly reduced unit cell parameters of a = b = 17.9 Å and 

c = 3.47 Å for PI-3-COF-lp, compared to a = b = 18.0 Å and c = 3.48 Å for PI-3-COF-lp. 

Scanning electron and transmission electron microscopy (SEM/TEM) images show 

agglomerated polycrystalline spherical particles and a polydisperse distribution of 

(secondary) particle sizes, approximately centered at ~300 nm in diameter (Figure S 5, 

Figure S 6) for both samples. Some agglomerates show sizes of multiple µm. The surface 

of these particles is decorated with stings, consisting of crystallites with average 

diameters of a few tens of nanometers (Figure S 7, Figure S 8). Nitrogen gas sorption 

experiments (Figure 1c) show a limited nitrogen uptake for PI-3-COF-lp and reveal BET 

surface areas of SBET = 442 m2g-1 and 1620 m2g-1 and total pore volumes of 0.60 cm3g-1 

and 1.1 cm3g-1 for PI-3-COF-lp and hp, respectively (Figure S 9, Figure S 10). Calculated 

pore size distributions by quenched solid density functional theory (QSDFT) based on a 

carbon model for cylindrical pores are centered at 1.7 nm for both PI-3-COF-lp and hp 

(Figure S 9b, Figure S 10b). With respect to the characterization data shown, we find that 

the difference between lp and hp lies in the extent of crystallinity, i.e. structural definition 

of the two samples, caused for example by inaccessible pores or disorder in PI-3-COF-lp 

and is not attributed to a difference in chemical composition. This leads to a reduced 
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porosity in the case of PI-3-COF-lp compared to PI-3-COF-hp. Based on these findings 

we envisaged using these samples as a basis for PFG-NMR diffusion experiments to 

investigate the effect of real structure effects such as crystallinity and porosity on the 

diffusivity. 

Probing Diffusion Experimentally by PFG NMR 

Due to its abundant use as an organic solvent in synthesis and its sufficiently long T2 

relaxation time (s.b., Table S 1), acetonitrile was selected as a proxy to probe the self-

diffusion of molecular reactants or intermediates in the pore system of a COF. Excess 

amounts of liquid on the outer particle surface or in the interparticle space distort the 

diffusion experiment and result in a major signal in the 1H-NMR spectrum with bulk liquid-

like mobility. To allow for more selective filling of the pores in the materials, we exposed 

the vacuum-dried materials to saturated acetonitrile vapor in air. Consequently, 

condensation of acetonitrile into the pores of the material occurred. As indicated by a 

single, broadened and downfield shifted signal for acetonitrile due to confinement,[45] 

which is centered at δ = 3.7 ppm in the 1H-NMR spectrum compared to the narrow signal 

for the isolated liquid at δ = 1.9 ppm (Figure S 15), the liquid mainly condensed into the 

pores, instead of interparticle voids which would yield signals closer to the free liquid. The 

mass of the samples increased after this solvent vapor treatment, corresponding to 

loadings of 25 wt% (PI-3-COF-lp) and 39 wt% (PI-3-COF-hp) of acetonitrile, respectively. 

Despite these high loadings, the appearance of the loaded materials were identical to the 

(dry) pristine materials. No liquid was visible on the surface. 

PFG-NMR is a useful, non-destructive spectroscopic technique capable of tracking 

molecular motion and transport on a broad range of distances, varying from nanometers 
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to hundreds of micrometers. By probing NMR signal attenuations at different diffusion 

times (Δ), spatial decoding of different diffusion regions and thus, localized as well as 

long-range information on the structure of porous materials, can be obtained.[46, 47] Fitting 

of the NMR signal obtained by the pulsed field gradient method using the Stejskal-

Tanner[48] equation (Eq. 1) yields the diffusion coefficient (𝐷𝐷) as a function of the gradient 

field strength (𝑔𝑔), the gradient pulse duration (𝛿𝛿), and the gyromagnetic ratio of the probed 

nuclei (𝛾𝛾).  

𝐼𝐼 = 𝐼𝐼0 exp �−𝛾𝛾2𝑔𝑔2𝛿𝛿2 �∆ −
𝛿𝛿
3�𝐷𝐷� = 𝐼𝐼0 exp [−𝐵𝐵𝐷𝐷] (Eq. 1) 

To select appropriate gradient strengths and observation parameters, the relaxation times 

of the molecules under study are required.[49] Both longitudinal relaxation times 

(T1,lp = 1.8 s) and transverse relaxation times (T2,lp = 0.54 ms) of acetonitrile loaded onto 

PI-3-COFs were between one and three orders of magnitude shorter compared to the 

bulk liquid at 300 K (Table S 1), diagnostic of smaller molecular mobility within the 

pores.[50] On the one hand, this observation provides further evidence that MeCN is 

primarily located in the pores of the material, while, on the other hand, short spin-spin 

relaxation times (T2) lead to a fast decay of signal intensity in NMR experiments. This sets 

an experimental upper limit for the gradient pulse duration δ, as well as the diffusion 

time Δ. Long pulse durations and observation times lead to a bad signal-to-noise ratio, 

because most of the signal has decayed due to relaxation[49] before the signal can be 

measured. At the same time, uniform and stable gradients in the spectrometer require a 

technically limited minimum duration for the gradient pulse, setting the lower limits for δ 

during a PFG experiment.[46]  
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Figure 2: PFG-NMR spin-echo attenuation for (a) liquid MeCN, (b) MeCN loaded PI-3-COF-lp, (c) MeCN loaded 
PI-3-COF-hp with varying diffusion times (Δ) at T = 300K. Lines represent fits with a mono- or bi-exponential 
model for MeCN and MeCN loaded COFs, respectively. 

For the presented PFG experiments, we chose the minimum technically possible value 

with our spectrometer of δ = 0.3 ms (at high gradients gmax = 900 Gs1cm-1) to acquire PFG 

spin-echoes for diffusion times Δ = 20─100 ms using a stimulated echo (ste) pulse 

sequence (see SI for details). As shown in Figure 2, the spin-echo attenuations appear 

non-linear for both samples, although linearity in the semi-logarithmic representation 

would be expected for regular isotropic diffusion as observed for bulk acetonitrile (Figure 

2a, Figure S 13). The course of the signals can be separated into two regimes: A steeply 

decreasing initial range for small gradients (𝑟𝑟𝐴𝐴) and then a slowly decaying range towards 

large gradients (𝑟𝑟𝐵𝐵) at a fixed pulse duration δ = 0.3 ms. This behavior is characteristic of 

a distribution of diffusion coefficients, for example observed in porous materials[51] 

including zeolites[52, 53] and MOFs,[54] where regions with different translational mobilities 

are found. This behavior can be observed in these materials for example for molecules 

diffusing inside versus outside of crystallites.[55] A bi-exponential model (Eq. 2) can fit 

attenuations with this behavior, where 𝑝𝑝𝑖𝑖 reflects the population of the region (𝑖𝑖) with 

diffusivity 𝐷𝐷𝑖𝑖.[51, 56] The diffusivities of both regions appear as linear ranges in the semi-

logarithmic plot. 
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𝐼𝐼
𝐼𝐼0

= 𝑝𝑝𝐴𝐴 exp[−𝐵𝐵𝐷𝐷𝐴𝐴] + 𝑝𝑝𝐵𝐵 exp[−𝐵𝐵𝐷𝐷𝐵𝐵] (Eq. 2) 

The observed signal attenuations in PI-3-COF-lp (b) are in good agreement with this 

simple bi-exponential model. For varying diffusion times, different slopes are visible in the 

range 𝑟𝑟𝐵𝐵 towards high gradients (Figure 2b), indicating a dependence of the diffusivity 𝐷𝐷𝐵𝐵 

on diffusion time Δ. With variation of Δ also the population 𝑝𝑝𝑖𝑖, which can be interpreted 

as the y-intercept of the linear, slowly decaying intensity extrapolated to B = 0 (Figure 

2b), changes. The population 𝑝𝑝𝐵𝐵 decreases with longer observation times (Figure 2b). 

This phenomenon indicates a molecular exchange between both regions in the material, 

expected for open pore channels in PI-3-COF, and can be used by the NMR tracer 

exchange method[57] to determine the fraction of molecules and their mean lifetime 𝜏𝜏𝑖𝑖 

within these regions.[58, 59] With a defined macroscopic particle geometry, e.g. in single 

crystals, or for spherical particles, their diffusivity and average lifetime allows to estimate 

mean particle/crystallite sizes.[54, 60, 61] Unfortunately, the wide distribution of particles 

sizes and shapes in our materials, as observed by electron microscopy (Figure S 5, Figure 

S 6) does not allow for this analysis. Applying the simple bi-exponential model to PI-3-

COF-lp yields two diffusion coefficients of 𝐷𝐷𝐴𝐴 = 1.7 × 10-8 m2s-1 and 

𝐷𝐷𝐵𝐵 = 1.4 × 10-11 m2s-1, with Δ = 20 ms at T = 300 K. A comparison of the exchange 

behavior between these regions at reduced temperature down to T = 280 K shows that 

the population 𝑝𝑝𝐴𝐴 drops at reduced temperatures and the exchange between both regions 

becomes less prominent (Figure S 16). Analysis of the population 𝑝𝑝𝐵𝐵 at temperatures 

between T = 300 K and T = 280 K as a function of Δ further corroborates this finding, 

evident from a slower decrease of 𝑝𝑝𝐵𝐵 vs. Δ at reduced temperature (Figure S 18). The 
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diffusivity 𝐷𝐷𝐴𝐴 = 1.7 × 10-8 m2s-1 exceeds the self-diffusion coefficient of pure acetonitrile 

(𝐷𝐷𝑠𝑠 = 4.5 × 10-9 m2s-1, Figure S 14) at T = 300 K by one order of magnitude. The high 

diffusivity and strong temperature dependence of 𝑝𝑝𝐵𝐵 (Figure S 18) suggest that 𝐷𝐷𝐴𝐴 

corresponds to an averaged diffusion of liquid acetonitrile molecules, which exchanged 

with the gas phase during the time of the NMR experiment.[62, 63] With reduced 

temperature, the vapor pressure of acetonitrile and thus the partial pressure of MeCN in 

the gas phase, as well as the probability for a phase exchange during the observation 

time, is reduced. Contrary to 𝑝𝑝𝐴𝐴, we conclude that the molecules of the population 𝑝𝑝𝐵𝐵 have 

not exchanged with the gas phase during the time of the NMR experiment, and can be 

labeled as the fraction of molecules remaining within the particle. Their diffusivity 𝐷𝐷𝐵𝐵 thus 

denotes intraparticle diffusion of acetonitrile within the pore channels of the polycrystalline 

particles of PI-3-COF. A comparison of 𝐷𝐷𝐵𝐵 at constant temperature (Figure S 19) shows 

a decrease of 𝐷𝐷𝐵𝐵 with increasing diffusion times Δ. In contrast to this, diffusion in the 

non-confined, isotropic bulk-liquid is independent of Δ (Figure 2a, Figure S 13). Similar to 

observations in lithium ion conductors[64] and polycrystalline faujasite crystals,[65] long-

range diffusion of MeCN in PI-3-COF-lp, corresponding to long diffusion times Δ, is limited 

by transport barriers (e.g. grain boundaries or surface effects[52, 66]), whereas at small 

displacements these defects have less effect on the diffusion coefficient.[52] To solely 

observe intracrystalline diffusion and reduce the influence of intercrystallite or interparticle 

diffusion resistances, 𝐷𝐷𝐵𝐵 should ideally be measured at short diffusion times, where the 

mean square displacements (〈z2〉 ≈ 2𝐷𝐷∆) for most diffusing molecules in this time interval 

are smaller than the average crystallite diameter. However, due to technical limitations, 

Δ cannot be chosen arbitrarily small for high gradient values.[46] Because the accessible 
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isotropic diffusion lengths in the presented materials (µm range, Table S 2) exceed the 

observed crystallite size of a few tens of nanometers by SEM/TEM analysis (s. a.), only 

effective long-range diffusion coefficients can be obtained from the experiments. To 

estimate the order of magnitude for short-range diffusion in the pores of PI-3-COF, we 

extrapolated the experimental values for 𝐷𝐷𝐵𝐵 towards short diffusion times in a 

phenomenological log(D)-log(Δ) plot, which has been used to describe for example 

restricted diffusion in zeolites (Figure S 20).[52] The extrapolation suggests that 𝐷𝐷𝐵𝐵 may 

approach values up to the order of 10-10 m2s-1 for PI-3-COF-lp. The extrapolated values, 

however, should be interpreted with care as they might overestimate short-range 

diffusivity: The experimental diffusion coefficients for 𝐷𝐷𝐵𝐵 may still contain a contribution of 

a fraction of acetonitrile diffusing in textural mesopores or small voids between individual 

crystallites, which would give rise to more bulk-like diffusivities. The presence of such 

textural pores can be inferred from acetonitrile vapor sorption experiments with 

PI-3-COF-lp (Figure S 11): The vapor sorption isotherm at 300 K shows a steep uptake 

at low relative pressures (P/Psat < 0.13), corresponding to the filling of micropores, i.e. 

pore channels (structural pores). Towards higher relative pressure, a further but less 

steep uptake with pronounced hysteresis is visible. This uptake is attributed to the filling 

of textural mesopores. In turn, we conclude that some signal intensity during the NMR 

experiments may be caused by acetonitrile molecules in small textural pores, besides 

those in structural pores (pore channels of PI-3-COF). In addition, the linearity of the 

signal corresponding to intraparticle mobility 𝐷𝐷𝐵𝐵 (Figure 2) as well as the absence of 

additional signals during relaxation experiments suggests that the obtained PFG 

attenuation is not amenable to further quantitative differentiation of structural and textural 
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pores. Relaxation times (Table S 1) as well as diffusion coefficients of molecules in these 

different pore regimes may appear superimposed and thus indistinguishable, likely 

influenced by a fast exchange between them relative to the NMR experiment timescale. 

The PFG NMR signal attenuation curves for MeCN loaded PI-3-COF-hp (Figure 2b) 

similarly show two separated ranges and exchange between the corresponding regions, 

evident from an offset of the slowly decaying range (𝑟𝑟𝐵𝐵). In contrast to PI-3-COF-lp, 

however, the signal attenuation appears to be non-linear. This phenomenon indicates a 

contribution of anisotropic diffusion, which is in line with a diffusion along the 1D pore 

channels of PI-3-COF. Similar attenuations have been observed for anisotropic diffusion 

in pore channels of aluminum fumarate MOFs[55, 67] and mesoporous silica SBA-15.[68] To 

address this effect of anisotropy to the observed PFG signal attenuation, the second term 

of the simple bi-exponential model was adjusted to a previously developed anisotropic 

model for hierarchically porous SBA-15 catalysts (Eq. 3).[69] Notably, this model uses a 

simplified approximation to account for the molecular exchange between the different 

regions (𝑝𝑝𝐴𝐴 and 𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎) in the material, based on the more complex solution developed by 

Spith et. al.[55], which requires a negligibly small population 𝑝𝑝𝐴𝐴 of the region with isotropic 

diffusion. Similar to the assumptions for the hierarchically ordered SBA-15 materials, 

however, we need to consider a fraction of MeCN present in small textural pores at the 

respective loadings of MeCN in the PI-3-COF samples under study, which is in contrast 

to the boundary conditions of the model by Spith et. al. 

𝐼𝐼
𝐼𝐼0
≈ 𝑝𝑝𝐴𝐴 exp[−𝐵𝐵𝐷𝐷𝐴𝐴] + 𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎 exp�−𝐵𝐵𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� �

√𝜋𝜋
2  

erf ��𝐵𝐵(𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)�

�𝐵𝐵(𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
� (Eq. 3) 
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Applying Eq. 3 to the observed signal attenuations for PI-3-COF-hp gives an isotropic 

diffusion coefficient 𝐷𝐷𝐴𝐴, and two different anisotropic diffusion coefficients for movement 

of molecules parallel (𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝) and perpendicular (𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) to the channel direction. The fit 

shows excellent agreement with experimental data (Figure 2c) and yields two diffusion 

coefficients of 𝐷𝐷𝐴𝐴 = 2.2 × 10-8 m2s-1 and 𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝 = 6.1 × 10-10 m2s-1, with Δ = 20 ms at 

T = 300 K and 𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝→ 0, which is in-line with the structural model of PI-3-COF consisting 

of closely stacked 2D layers that restrict diffusion between the layers, e.g. perpendicular 

to the channel direction. Analogous to the exchange behavior observed for PI-3-COF-lp, 

the material shows temperature-dependent molecular exchange between both regions, 

with 𝐷𝐷𝐴𝐴 comprising contributions of gas diffusion through gas-liquid exchange during the 

observation time (Figure S 17). Extrapolation of the experimental values for 𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝 in the 

log(D)-log(Δ) plot[52] gives values up to the order of 10-9 m2s-1, similar to diffusion in the 

bulk liquid, towards short diffusion times. In summary, diffusion in the high porosity 

sample is less affected by defects or limited pore accessibility, resulting in an observable 

anisotropic diffusion parallel to the channel direction that is on average one to two orders 

of magnitude faster compared to PI-3-COF-lp. 
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Computational Modelling 

 
Figure 3 Comparison between experimental N2 adsorption isotherms at 77K (low porosity in blue, high porosity 
in green) and simulated ones. The isotherm resulting from the shifted structure is depicted in black squares, 
the one of the eclipsed stacked structure in red triangles. 
 

Following previous work[70] the structural model obtained from X-ray powder diffraction 

experiments was refined by density functional calculations under periodic boundary 

conditions as described in more detail in the Supporting Information. Figure 3 shows 

simulated and experimental excess nitrogen adsorption isotherms for PI-3-COF. The two 

experimental curves correspond to the lp and hp samples while the two simulated curves 

correspond to a model structure in which the layers are perfectly eclipsed (red triangles) 

and one model structure in which two adjacent layers are slightly shifted by approx. 1.7 Å 

in an alternating way (black squares) such that the first and the third layer as well as the 

second and the fourth layer and so on are eclipsed. This model mimics the effect of offset 

layer stacking, often found in COFs for example as layer displacement in randomized 
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directions.[70-74] In both cases the interlayer distance was fixed to a value of 3.65 Å 

resulting from the DFT optimization for the shifted structure. The two structures are 

visualized in Figure 4. The good agreement between the simulated isotherms and the 

experimental curve of the hp sample indicates a high degree of crystallinity and 

accessibility of the experimental sample. In contrast to our previous work,[70] no scaling 

factor was required to account for the finding that the simulation usually overestimated 

the experimental isotherm. The divergence of the experimental isotherms close to the 

saturation pressure results from condensation of nitrogen in textural macropores and is 

therefore not captured in the simulation, which is based on an infinite ideal structure. As 

found previously,[70] the isotherm corresponding to the shifted structure shows a smoother 

increase in loading with increasing pressure compared to the eclipsed structure. Given 

the qualitative difference between the two simulated isotherms in the medium pressure 

range between 𝑝𝑝 𝑝𝑝0 = 10−4⁄  and 10−2 despite rather small structural differences in the 

two model COFs, the good agreement between experiment and simulation for the 

artificial, idealized structural model over the entire pressure range is remarkable and 

suggests that the real structure in the material is characterized by small shifts between 

the different layers.  
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Figure 4 Visualization of the eclipsed (a) and the shifted structure (b) of PI 3-COF. Violet surfaces depict the N2 
accessible pore surface based on Van der Waals parameters. 
 

The self-diffusion coefficient of acetonitrile in the two structures at 300 K amounts to 

1.02 × 10-9 m2s-1 in the perfectly eclipsed structure and to 0.70 × 10-9 m2s-1 in the shifted 

structure, which corresponds to a reduction by a factor of 3.7 and 5.4, respectively, 

compared to the bulk liquid value of 3.76 × 10-9 m2s-1 at 298 K, predicted by the molecular 

model. This bulk value is close to the experimentally determined self-diffusion coefficients 

reported in the literature (D ≈ 4.2 × 10-9 m2s-1)[75, 76] and measured in the present study 

(D ≈ 4.5 × 10-9 m2s-1). However, since the simulated value of bulk diffusion does not 

exactly match the experiment, it is reasonable to compare the ratios of the bulk and pore 

diffusion coefficients in addition to the absolute values. The ratio between the diffusion 

coefficients of liquid MeCN in bulk (this study) vs. PI-3-COF-hp (PFG) of 7.4 obtained in 

the present work is in good agreement with the ratio of 5.4 for the bulk value vs. the 

simulation result for the shifted structure at 300 K. 

In other simulation works ratios of 2.0 and 3.2 were reported for diffusion of MeCN in a 

carbon nanotube of 1.5 nm diameter[77] and an amorphous silica sample of 2.4 nm 
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diameter[78], respectively. Experimental studies reporting the self-diffusion of acetonitrile 

under confinement show a diverse picture. In pores smaller than 1 nm self-diffusion 

coefficients on the order of 10-11 m2s-1 were measured for zeolite NaX[58] and porous 

carbon[79], respectively. In a sol-gel glass with a reported diameter of 2.9 nm a diffusion 

coefficient of 1.1 × 10-9 m2s-1 was obtained[80], i.e. similar to the diffusion coefficient 

reported for a mesoporous MCM-41 sample (pore size 3.6 nm, D = 9.9 × 10-10 m2s-1)[81] 

and larger than the diffusion coefficient reported for a porous carbon (pore size 4.8 nm, 

D =  6.0 × 10-10 m2s-1)[79]. Experiments probing a pore size similar to the one in the present 

work are scarce. For a MCM-41 sample with a pore size of 2 nm a diffusion coefficient of 

2.7 × 10-10 m2s-1 was reported[81], which is relatively close to the value obtained for the hp 

sample in the present work. We note that not only the pore diameter affects the self-

diffusion coefficient under confinement but also the interactions of the diffusing compound 

with the pore wall, in particular for narrow pores. Therefore, the comparison with other 

materials can only provide a qualitative picture.  

Discussion 

The present work aims at clarifying the comparability of the self-diffusion coefficient of 

acetonitrile in a covalent organic framework obtained from MD simulations and PFG NMR 

measurements. For this purpose, two model structures were investigated in conjunction 

with a fluid model that captures the bulk diffusion coefficient reasonably well. The 

theoretical model, applied to ideal structural models of isolated pore channels, suggests 

a comparably fast diffusion within the structural pore channels of PI-3-COF in both fully 

eclipsed and offset stacked cases, albeit with slightly reduced diffusivity in the offset 

stacked case. The obtained simulated diffusion coefficients are slightly lower, yet roughly 
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of the same order of magnitude as isotropic diffusion in the bulk liquid. We complemented 

our simulation studies with experimental data obtained by PFG NMR experiments. We 

observed short T2 relaxation times for the confined liquid in the pores of PI-3-COF. This 

limits diffusion times and pulse durations applicable during PFG experiments. Due to the 

limited crystallite sizes in the polycrystalline COF particles, the experimentally observed 

diffusion coefficients were limited to mid-to-long range diffusion processes across multiple 

crystallites, given the technical limits for short pulse durations at high gradient strengths. 

By deconvolution of the obtained NMR signal attenuation, we identified multicomponent 

diffusion with open pore channels allowing the equilibrium exchange of molecules 

between the surrounding vapor phase and pore liquid. PFG measurements at reduced 

temperature helped to assign these contributions by limiting the gas-liquid exchange. The 

experimental diffusivity in PI-3-COF samples was obtained as effective diffusion 

coefficients and found to decrease for long diffusion times. This behavior points at real 

structure effects, e.g. defects and surface barriers at crystal boundaries within and 

between the particles.[65, 82] For a sample of PI-3-COF with lower porosity these effects 

are more dominant compared to the sample with higher porosity, and led to the 

observation of effective diffusivities on the order of 10-11 m2s-1 and 10-10 m2s-1 for lp and 

hp samples, respectively. Extrapolation of the obtained diffusivities toward short diffusion 

times, i.e. small mean square displacements, indicate that short-range diffusion may be 

one (hp) to two orders (lp) of magnitude faster than the observable long-range diffusion. 

The high porosity sample of PI-3-COF showed anisotropy in diffusion, characterized by 

diffusivities which agree well with the simulated values for the offset stacked model, both 

being in the order of 10-10 m2s-1. In contrast, the reduced structural definition of the lp 
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sample led to the observation of isotropic diffusion only. This observation hints at the 

dominant influence of diffusion barriers in the material, restricting the diffusion of 

acetonitrile to shorter displacements and reducing its mobility compared to the hp sample. 

Thus, we point out that limited structural order not only reduces the accessible pore 

volume, i.e. porosity, but also restricts the mobility of molecules via diffusion barriers. As 

these are essentially invisible to typical analytical techniques, including gas sorption 

experiments, PFG NMR spectroscopy should be considered as a complementary method 

to assess diffusivity-dependent parameters, such as turnover frequency or selectivity of 

reactions with COFs as heterogeneous catalysts. 

Comparing the experimental to the simulated results helps to pinpoint important insights 

into the real structure of the material. Our comparison between calculated nitrogen gas 

adsorption isotherms for eclipsed und offset structures in a pressure range 𝑝𝑝 𝑝𝑝0 = 10−4⁄  

and 10−2 shows profound sensitivity for localized differences in the stacking and suggests 

small displacements of the layers in the material, since the experimentally observed 

isotherm of PI-3-COF-hp closely resembles the simulated isotherms of the offset stacked 

structure with remarkable agreement. Thus, simulated isotherms may serve as a handle 

to pinpoint local characteristics in the real structure of the material, although these 

simulations are generally based on artificial, idealized structural models. 

Conclusion 

The combined experiments and simulations shine light on prevalent diffusion 

mechanisms and issues associated with the experimental determination of diffusion 

coefficients in covalent organic frameworks. However, the direct observation of pure 

short-range, i.e. undisturbed intracrystalline diffusion within the pore channels, requires 
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large (ideally single crystalline) particles with pore channel lengths in the µm range. Most 

powdered COF materials obtained from typical synthetic procedures do not meet this 

requirement, and obtaining crystallite sizes in this range is a rarely tackled and 

challenging task for imine and other COFs.[83] Nevertheless, our systematic computational 

and experimental study sets the stage for future exploration of diffusion processes in 

covalent organic frameworks and related systems. We propose that optimizing the 

synthesis conditions to obtain domain sizes in the µm range should be the basis for future 

studies. With these requirements in mind, we expect that the influence of pore sizes and 

the chemical structure of the pore walls as well as their surface polarity, and the impact 

of meso/macro porosity on diffusion processes become experimentally accessible. 
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