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S1. Slipped TPB-DMTP-COF structures

The crystallographic information file (CIF) of the TPB-DMTP-COF is taken from the CURATED COF database".
The TPB-DMTP-COF has weak interlayer coupling and hence is prone to slipping. To find the structure that best
represents the monolith synthesized, one of the two layers of the COF is moved from AA stacking to AB stacking.
The COF slipping strategy is explained in Figure S1a. The turquoise node represents the point at which the two
layers are in perfect AA stacking or perfect AB stacking. The turquoise node is then moved to the different yellow
points, representing the AA — AB transition structures, which we define as 25%, 40%, 50% and 75% slipped
structures. The adsorption isotherms are computed (described in the next section) and the structure for which we
get the best fit to the experimental adsorption isotherms is determined to be the ‘correct’ structure. The different

slipped structures are shown in Figure S1b.
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Figure S1 | COF slipping strategy and structures. (a) TPB-DMTP-COF framework is shown with the turquoise
nodes representing the perfect AA (0%) and AB (100%) structures; the yellow nodes show the different AA — AB
transition states — 25%, 40%, 50%, and 75% slipping. C atoms are in grey; O atoms are in red; N atoms are in
blue and H atoms have been omitted for clarity. (b) Different COF slipped structures obtained using the strategy
described above with layer A in the foreground, and layer B in the background.

S1



S2. Molecular simulation

To make sure that the slipped structures created manually are in their lowest energy state, the geometry of all the
structures is optimized using the Forcite module of Accelrys Material Studio. N2 adsorption isotherms are simulated
using the Grand Canonical Monte Carlo method as implemented in the RASPA simulation package. > Monte Carlo
moves consist of insertion, deletion, rotation, and translation moves, each with equal probabilities. For all the
pressure points we use 10,000 cycles for equilibration and another 20,000 cycles to average the properties. A
cycle is defined as the maximum of 20 steps or the number of molecules in the system. This implies that, on
average, a Monte Carlo move has been attempted on all the molecules during each cycle. Intermolecular
interactions are modeled using the Lennard-Jones (LJ) potential with a cutoff of 12.8 A. Lorentz-Berthelot mixing
rules are used for all the cross-interaction terms. Electrostatic interactions are modeled using the coulombic
potential and are computed using the Ewald summation method with the precision set to 10¢. N2 is modelled using
parameters taken from the TraPPE force field.> Table S1 shows the parameters used for Nz in this study. The
framework atoms are modeled using LJ parameters taken from the DREIDING force field.* Table S2 shows the
LJ parameters used to describe the atoms in the framework. All the frameworks are modeled as rigid structures
with periodic boundary conditions applied in all directions. The number of unit cells in the simulation box is
computed individually for each of the structures to make sure the simulation box is large enough to ensure that a
distance of at least twice the cutoff radius is maintained between the periodic images. The charges for the
framework are computed using the EQeq protocol.® The geometric properties are calculated using Poreblazer.®
To better compare the simulated adsorption isotherms with the experimental adsorption isotherms, all the

simulated data points have been scaled by a scaling factor. The scaling factor is defined as the ratio of the N2

loading at pﬂ = 0.6 seen in the powder to that seen in the GCMC simulations.
0

Table S1 | Lennard-Jones parameters and charges for N2. Column 1 lists the name of the adsorbate; column
2 lists the corresponding atom types of the adsorbate, M is the dummy atom of Nz; columns 3, 4 and 5 list their
corresponding LJ parameters and charges, o in A, ¢/K,, in K, and q in e taken from the TraPPE force field.

LJ Parameters
Adsorbate Atom q(e)
o (A) e/ks (K)

3.31 36 -0.482
N2 M 0 0 0.964
3.31 36 -0.482
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Table S2 | Lennard Jones parameters for the atoms in the framework. Column 1 lists the atom type; columns
2 and 3 list the Lennard Jones parameters for the corresponding atom types, ¢ in A and ¢/K,, in K, taken from the
DREIDING force field.

LJ Parameters

Atom
o (A) e/ks (K)
C 3.47 47.854
H 2.844 7.65
N 3.26 38.948
(0] 3.03 48.156
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Figure S2 | Comparison of experimental adsorption isotherms to simulated adsorption isotherms of N: at
77 K in the different phases of the TPB-DMTP-COF. The experimental adsorption isotherms are represented
using the turquoise squares for the monolith (3 bar h”' scCO- activated 1.000 (v/v)) and grey diamonds for the
powder. Simulated adsorption isotherms are represented using the points with a black border; blue (triangle,
pointing up) - AA stacked structure; green (triangle, pointing, left) — 25% slipped structure; orange (star) — 40%
slipped structure; red (pentagon) — 50% slipped structure; purple (triangle, pointing right) — 75% slipped structure
and pink (narrow diamond) — AB stacked structure. All of these points have been obtained using GCMC
simulations. The yellow (circle) points are the data points obtained by performing kMC simulations using the lattice
gas model.
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S3. Experimental characterisation
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Figure S3 | Comparison of experimental adsorption isotherms of Nz at 77 K for samples prepared using
varying acetonitrile fractions. Turquoise (square) — 3 bar h' scCO: activated 1.000 (v/v); brown (diamond,
narrow) — 8 bar h' scCO: activated 1.000 (v/v); blue (triangle, pointing left) — 0.750 (v/v); orange (star) — 0.775
(v/v); green (triangle, pointing up) — 0.668 (v/v); red (pentagon) — 0.833 (v/v); olive (circle) — 0.500 (v/v); grey
(diamond, wide) — 0.250 (v/v); purple (triangle, pointing right) — 0.000 (v/v) and cross (pink) — 1.000 (v/v) collapse.

10°
—— 8barh1scCO, 1.000 (v/v)
105 4
Q 104 4
(%]
c
g
= 103 4
102 4
10t 4 , ,
1071 10°
q(nm~—1)

Figure S4 | SAXS data of the supercritically activated (8 bar h') 1.000 acetonitrile fraction TPB-DMTP COF
monolith (brown).
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Table S3 | Textural properties of the TPB-DMTP-COF monolith (3 bar h*' scCO: activated 1.000 acetonitrile
fraction sample) and powder.

Property Monolith Powder
Bulk volume (cm?) 0.2041 0.2686
Bulk density (g cm™) 0.1558 0.2502
Apparent density at FILL (200 um) (g cm™) 0.1558 0.2502
Apparent density at 1 atm (14um) (g cm™) 0.1634 0.3211
Sample weight (g) 0.0318 0.0672
Sample porosity (%) 63.8319 89.6476
Total intruded volume (cm?3) 0.1303 0.2408
Mercury surface area (m? g) 504.0448 196.0502
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Figure S5 | SEM images of the TPB-DMTP-COF monolith synthesized using varying acetonitrile fractions.
(a) 0.000 (v/v), (b) 0.250 (v/v), (c) 0.500 (v/v), (d) 0.688 (v/v), (e) 0.750 (v/v), (f) 0.775 (v/v), (g) 0.833 (v/v), and
(h) 1.000 (v/v). Scale bar is 1 um.
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S4. Lattice gas model

Reconstruction Procedure:

The details of the method for the calculation of the two-point correlation function, S, (r), from SAXS data described
below is based on the works of Kikkinides et al” and Debye et al® °. Within the small-angle isotropic scattering

regime, the spherically averaged intensity, I(g), can be represented in the following integral form,
_ 2 © 5 sin (qr)
I(q) = 4mp?®V [ r?y(r)—_=dr (1]

where, q is the scattering wavevector which is equal to 4r(sin8)/A for isotropic scattering, A is the wavelength, 26
is the scattering angle, y(r) is the density fluctuation autocorrelation function, p is the electron density of the x-
rays and V is the volume of the sample. It is also known that the density autocorrelation function can be related

to the two-point correlation function S, (r) by the expression'®,
y(@) = Sy(r) — & (2]

where, ¢ is the porosity of the material. By using an inverse Fourier transform of equation 1, we can determine
y(r), and then, by using equation 2 we can calculate S,(r). The S,(r) function obtained for the TPB-DMTP-COF
monolith according to the procedure described above is shown in Figure 5b (see the grey line) in the main text.
Thus obtained two-point correlation function S,(r) can be used for structural reconstruction of the TPB-DMTP-
COF monolith. The reconstruction method employed in our work can be framed as an energy-minimization
problem by means of simulated annealing and is based on the work of Torquato and co-workers'"'4. Within this
method, we consider a cubic box containing N = 60 x 60 x 60 cells with periodic boundaries (shown as grey (black)
cells in Figure 5a (Figure 5c) in the main text) arranged on a bcc lattice with 1% of the cells occupied by the
material (matrix), that is a ‘lattice-gas’ model structure, with porosity € = 0.99. The matrix cells are randomly placed
on lattice sites within the box at the start of the reconstruction. The reconstruction algorithm consists of a sequence
of steps. At every step, for each cell occupied by the material, an empty cell is randomly chosen and occupation
of these cells is swapped, so that the empty cells become occupied by material and formerly occupied ones
become empty. Such a swap is accepted according to the Metropolis probabilitys,
Ef-E;
e 6  ifE,—E >0 3]

P =
et g if By —E; <0

where, E; and E; are the initial and final “energies” of the system, respectively, and 8 here is the fictive temperature.

The “energy” function is defined as the sum of squared differences between the experimentally measured two-

point correlation function of the target medium and the two-point correlation function of the reconstructed medium,
E = Zi[szreconstructed (ri) _ Sztarget (Ti)]z [4]

where i runs through all occupied cells in the box. The fictive temperature controls the annealing process of
reconstruction. The temperature is chosen to be high at the start of the reconstruction thus allowing for exploration

of the configuration space. Then the temperature is decreased exponentially, 8(k) = 0.95* 6(0), with the number,
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k, of the simulation steps. As a result of such an annealing procedure, the structure reaches a minimum in the

“energy” space which represents well the experimentally observed structure (see Figure 5b in the main text).

Sorption simulations:

The lattice structural model obtained by the reconstruction algorithm can be used for the study of sorption of fluid
by porous materials. This can be done within the framework of the well-developed lattice-gas model for fluid
sorption in porous media'®?'. In the lattice gas model, porous media is coarse grained into cells arranged on a
regular lattice and each cell can either be occupied by a solid, fluid or vapour. The occupation of each cell is
characterized by two occupation variables, n and 7. If a cell i is occupied by the material (matrix) then n; = 0 and
7; = 0. The occupation numbers of all the matrix cells do not change in the course of sorption for a particular
reconstructred structural model. The value of n equals unity for all other cells in the lattice and these cells can be
in two states: occupied by the fluid, 7; = 1, or empty (occupied by vapour), 7; = 0. The structural model is assumed
to be in thermal equilibrium with the pool of fluid cells and the statistical behaviour of the system is analysed within

the grand canonical ensemble described by the partition function,
Z, = Z{T}e—ﬁ(}f—ulmm) [5]

where the sum in {t} is taken over all possible configurations t of the cells occupied by the fluid, u stands for the
chemical potential and g is the inverse temperature in energy units. The lattice-gas Hamiltonian entering the

expression for the partition function is given by the following expression,

H = —Wn Zapltim(1—n;) + 5n;(L—n)] — wer Zaprmmng  [6]
where the summation is performed over all distinct pairs (ij) of the nearest neighbour cells i and j . This
Hamiltonian depends on the two energy parameters, wy and w,,r, describing the strength of the fluid-fluid and
matrix-fluid interactions, respectively. In fact, the energy scale can be defined by e.g. the value of w;, and the
model effectively depends only on a single parameter, y = w,,,;/wy(, called wettability. The value of y depends

on the nature of the fluid and the type of solid studied.

The sorption trajectories of the system in the grand canonical ensemble can be found by means of kinetic Monte
Carlo (kMC) simulations, also known as the N-fold Monte-Carlo method, details of which can be found in Refs [22,
23]. In order to model the adsorption of N2 at 77 K (i.e. = 0.013 in inverse energy units), the value of wettability
is set to y = 2.5%%. Technically, the adsorption isotherms were obtained by calculating the relative mean fluid
density, py = N~Y¥N(n,7,)), for fixed values of chemical potential, which were varied in small increments of Ay =
5 from —300 to the final value 195. At each value of u, averaging over 103 fluid configurations within the grand-
canonical ensemble was performed. The resulting isotherm (see the circles in Figure 5(d) of the main text) is

continuous indicating that the system is in the supercritical regime for the studied set of parameters.
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In order to compare the adsorption isotherms obtained experimentally and numerically (cf. squares and circles in
P

Figure 5(d) of the main text), the values of the chemical potential 4 were converted to the relative pressure, 5
0

and the values of the mean fluid density to absolute loadings measured in units of cm® g'. To better compare the

simulated adsorption isotherms with the experimental adsorption isotherms, all the simulated data points have

been scaled by a scaling factor. The scaling factor is defined as the ratio of N2 loading at pﬂ = 1 observed
0

experimentally in the monolith to that found in the kMC simulations.
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S$5. Mechanical properties calculation

In the ‘constant strain approach’, the process starts by removing the symmetry from the system, followed by an
optimization of the cell parameters of the structure. Next, for each configuration, a number of strains are applied
resulting in a strained structure. The resulting structure is then optimized again while keeping the cell parameters
fixed. The stress and strain tensors obtained are then used to calculate the mechanical properties. The equations

used to calculate the different mechanical properties are as follows:

Young’s Modulus (E) in each Cartesian direction:

E,=—, E, =—, E,=— [7]
where s is the elastic compliance and the subscripts indicate the different components.
Voight, Reuss and Hill bulk modulus (K):

Kyoige = %(c11 + Cop + €33+ 2(cip + €13+ €23))  [8]

1

(s11+S22+533+2(512+513+523))

[9]

KReuss =

KVoigt+KReuss
Kpiy = 20 Rews [10]

where s is as defined above, c is the independent elastic constant and the subscripts indicate the different

components.

Voigt, Reuss, and Hill shear modulus (G):
1
Gyoige = = (€11 + Cap + €33 + 2(Caq + €55 + Co6) — €12 — €13 — C23) [11]

15

4(s11+522+533—512—513—523) +3(S44+S55+566)

[12]

Greuss =

GVoigt+GReuss
Gy = 4R [13]

where s and ¢ are as defined above and the subscripts indicate the different components. For isotopic materials,
the Voigt and Reuss elastic moduli represent the upper and lower limits and hence an average, represented using
the Hill elastic moduli, is a good representation of the mechanical properties of the material?®>. Therefore, in this
study we report the Hill elastic moduli of the different COFs in the database. The calculation quality is set to ultra-

fine and the DREIDING force field parameters are used to model the atoms of the framework.

The COFs are classified as hexagonal based on their space group numbers; any structure with a space group

number in the range of 168-194 is classified as a hexagonal crystal.
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S6. Total scattering data

—

Figure S6 | Monoliths are segmented into different sections to probe structural variation through space.
Rim of the monolith (purple), top of the monolith (green), and bottom of the monolith (grey).

Raw data analysis

There are variations on the integrated scattering intensity that reflects the density of the packed sample within the
sample capillary. A higher integrated intensity either reflects a higher density within individual sample grains, or a
denser packing of the sample grains themselves. We expect that the latter is true, with a denser packing reflecting
a smaller grain size. In this way, the density is expected to be related to the mechanical stability of the monolith.
The density is anomalously high for the 0.888 (v/v) and 0.944 (v/v) samples. The 1.000 (v/v) monolith (obtained
via the acetonitrile-scCO2 method) exhibits an exceptionally lower density similar to those along the monotonic
trend obtained via the acetonitrile-methanol method (Figure S8). There was less variability in the density for the

rim segments.
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Figure S7 | X-ray diffraction contour plots of monolith samples. Bottom of contour plot exhibits lowest
acetonitrile fraction; top exhibits highest acetonitrile fraction.
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Figure S8 | Trend of density (integrated intensity) as a function of acetonitrile fraction. Integrated intensity
determined using the top of the monolith (green circles), bottom of the monolith (grey squares), and top of the
monolith (purple triangles). 3 bar h™' scCO: activated 1.000 (v/v) sample exhibits density consistent with those for
low acetonitrile fraction monoliths.
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The differences in the diffraction data are more clearly identified in the structure-function data, S(Q) (Figure S9).
The first peak can be observed to be significantly broader for 0.888 (v/v) and 0.944 (v/v) monolith samples

compared to the other samples.

Monolith Rim

1.000 (v/v)

0.944 (v/v)
— T —

0.888 (v/v)

S(Q)

0 5 10 20
Q (A

Figure S9 | Total structure function (S(Q)) for samples segmented from the rim of monolithic samples.

The pair distribution function (PDF) data (Figure S$10) exhibit similar peaks in the low-r region, with the first three
peaks (ca. 1.4, 2.4, and 2.8 A) being attributable to the 1,2-distances within the covalently bonded structure. These
similarities at low r are expected as all samples share the same covalent bond connectivity. At higher r, larger
differences are observed. Long range peaks are observable for low acetonitrile fraction samples synthesized via
the acetonitrile-methanol method and the 3 bar h™' scCO: activated 1.000 (v/v) monolith sample obtained via the
acetonitrile-scCO2 method. At higher acetonitrile fractions (0.888 and 0.944 (v/v)), the high r range peaks are

significantly reduced.
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Figure S10 | Pair Distribution Function data for samples segmented from the rim of monolithic samples.
G(r) is scaled as a function of r to emphasize long-range features in the PDF.

Non-negative matrix factorisation

Multivariate analysis of the data was applied to separate the data into fewer components with variable weighting.?®
Here, we applied non-negative matrix factorisation (NMF).2” NMF is an algorithmic approach wherein an input
dataset field (X) is factorized into two matrices which describe the features (W) and their coefficients (H) (Figure

S11). The algorithm aims to minimize the square error (F?) of the calculated matrices such that:
X — WH|p2 [14]

An advantage of NMF is that it affords inherently positive contributions and therefore derives components more
readily interpretable as ‘real’.?® To maintain positive contributions in this step, PDFs were normalized between 0
and 1.

Both diffraction and PDF data for each sample were used to derive NMF components. The PDF data was first
boxcar averaged (window = (211)/Qmax) to reduce the influence of Fourier ripples in the analysis. The NMF analysis
was implemented in Python (scipy.decomposition.NMF)?® with at least 99.9% of the variance within the data

explained by three components (Figure S12).
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Figure S11 | Non-negative matrix factorisation (NMF) decomposes a data matrix (X) into its underlying
components (W) and the weighting of each component (H) for each sample in X.
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Figure S12 | Variance explained by number of components as observed from the NMF algorithm. 99.9% of
variance in the data was explained by three underlying components.
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NMF Component Analysis

Indeed, the largest diffraction peak in component A (d-spacing = 3.742 A; Q = 1.679 A") compares well with the
calculated pattern for the AA polymorph peak corresponding to the (001) plane (Figure S13). As also observable
in their PDFs, component C exhibits a similar diffraction pattern to component A, yet more diffuse owing to the
lower probability of long-range atom-atom correlations (vide infra). In contrast, component B exhibits broad diffuse
scattering consistent with disordered systems.

’;: h h AA polymorph

o

=z \JJLN Component C

=

Y

= A//\-—"\ Component B

/L/\ Component A

0 5 20 25

15
Q (A1)
Figure S13 | NMF-derived X-ray diffraction components compared to the calculated diffraction patterns of
the AA and AB polymorphs of TPB-DMTP COF. Calculated diffraction pattern for the AB polymorph is in pink,
and for the AA polymorph in blue; NMF-derived X-ray diffraction components: Component A is in green,
Component B in red, and Component C in black.
The PDFs of components A and C exhibit similar trends in the low r region to those observed in the raw data:
atom-atom correlations consistent with those of the covalent bonds in TPB-DMTP-COF (Figure S$14). However,
at higher r, component A exhibits limited peak amplitude suggesting limited-to-no correlations between stacking
layers (perhaps representative of a single layer). Component C has prominent peaks to approximately 36 A; we
observe peaks that have an average repeat distance of ca. 3.517 A (Figure S15), consistent with an interlayer
separation. The lowest r peak in component B occurs at a longer distance than in components A or C (1.56 A, c.f.
1.40 A\), which suggests that this component includes a significant fraction of longer sp®-sp® carbon-carbon bonds,
indeed the second peak in component B (2.57 A) corresponds well to sp?® hybrid orbital bond angles (110.9°, c.f.

109.5°) which may correspond to unreacted reagent molecules.
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Figure S14 | NMF-derived pair distribution function components. By comparison, component A and C exhibit
the same local structure, but C has atom-atom correlations to much further distances. G(r) is scaled as a function
of r to emphasize long-range features in the PDF.
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Figure S15 | Pair distribution function of Component C; the overlay sine wave (orange line) exhibits a
frequency of 3.517 A consistent with the stacking distance of consecutive layers. G(r) scales as a function of r to
emphasize the stacking sequence.

Given the discrepancy between diffraction d-spacing of the (001) reflection and the stacking distances inferred
from PDF data, turbostratic disorder is expected. Changes in stacking sequence can be infinitely uncountable
(indeed, in this instance, analysis of stacking faults gave no discernible insight into the structure of monoliths), the
hexagonal symmetry of the COF layers allows rotation between layers (6)) to be infinitely countable for -11/6 < 6 <
11/6. It has previously been shown that structures will exhibit Moiré patterns at angles which satisfy:3031

3i%2+3i+1/2
3i2+3i+1

cos(6;) = ,1=01,2n [14]

where j = 0 affords no turbostratic rotation. We chose to calculate the PDF for TPB-DMTP-COF layers exhibiting
AA, AB, and ABC stacking sequences with 6o, 81, and 62 turbostratic rotation, using a Quamp of ca. 0.04 obtained
from refinement of a CeO: standard and U1, U2z, and Uss set to 0.005 A? with cross diagonal terms set to zero
and Qmax = 23.12 A", Consistent with the shift in the diffraction data, the PDF AA polymorph with the most

turbostratic disorder (62) calculated afforded the best comparison to components A and C.
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Figure S16 | Fittings to components A, B and C. Components A (green line) and C (black line) are fitted well
with a calculated PDF for a TPB-DMTP COF structure with an AA stacking and Moiré turbostratic rotation (grey
line). The first two peaks (1.56 A and 2.57 A) of component B are consistent with sp®-sp® C-C bonds.
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Conclusions

Total scattering analysis of monolithic TPB-DMTP COF structures shows that density increases rapidly at higher
acetonitrile fractions for methanol-activated samples (specifically 0.888 and 0.944 (v/v)), which we attribute to
mechanical disruption of the structure observable with porosimetry. In contrast, the 3 bar h™' scCO: activation
afforded the 1.000 (v/v) monolith structure with a density like those found for lower acetonitrile fraction methanol-
activated samples. Corroborating with surface area measurements suggests that this process avoids the
mechanical disruption prone to high acetonitrile fraction samples. To further probe the underlying structural nature
of these monoliths, the raw data could be decomposed into 3 underlying components whose fractional weightings
vary between monoliths. The data suggests there is a minor content of unreacted compounds, with most of each
monolith being a ratio of two structures which exhibit a predominantly AA stacking and whose layers exhibit poor
correlations attributable to turbostratic behaviour. The only distinct difference is the range of well-defined atom-
atom correlations. As the acetonitrile fraction increases for the methanol activated samples, the presence of the
short-range ordered structure decreases until the 0.888 and 0.944 (v/v) monolith samples which again show a
sharp increase in this short-range order structure. The 3 bar h™' scCO: activated 1.000 (v/v) monolith sample

exhibits the highest content of the long-range ordered structure.

In connection with the surface area analysis, the propagation of long-range ordered COF affords monoliths with
the highest surface area. Using scCO:z is crucial in the synthesis procedure as it circumnavigates the mechanical

disruption afforded by methanol activation at high acetonitrile fractions.
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S7. PXRD and SAXS analysis

PXRD

Powder X-ray diffraction (PXRD) patters were recorded with a Bruker D8 diffractometer using Cu Kea1 (A = 1.5405

A) radiation in Bragg Brentano parafocusing geometry with a step of 0.03° at a scan speed of 1.5 s per step.

0.750 (v/v)
~‘\

0.775 (v/v)

0.668 (v/v)
\

0.833 (v/v)
———— \

0.250 (v/v)
——

0.000 (v/v)

1.000 (v/v)

5 10 15 20 25 30
26 (°)

Figure $17 | PXRD patterns for methanol activated TPB-DMTP-COF monoliths synthesised using varying
acetonitrile fractions (v/v). Methanol activated 1.000 (v/v) is in pink; 0.833 (v/v) is in red; 0.775 (v/v) is in orange;
0.750 (v/v) is in blue; 0.668 (v/v) is in green; 0.500 (v/v) is in olive; 0.250 (v/v) is in grey, and 0.000 (v/v) is in purple.
The samples have been arranged in decreasing order of BET areas (from top to bottom).
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SAXS

Data were collected at the Materials Science beamline at the Paul Scherrer Institute®?, CH, using a wavelength of
1.0000 A, as calibrated by the diffraction of a Si NIST standard on the high-resolution powder diffractometer. The
beam was restricted via primary slits before the monochromator and by two sets of slits before the sample to 0.1
x 0.1 mm. All samples were pre-heated overnight at 120 °C in an evacuated oven and measured within 10 minutes
of being extracted. Monolithic samples were held in air while powder samples were loaded in a quartz glass
capillary. Acquisition of air and of an empty capillary from the same batch were made immediately after the sample
acquisition, in all cases transmission was measured using the filtered primary beam directly on the Mythen Il
detector with and without sample. A beam-stop was placed midway between the sample and a Pilatus 6M detector.
Its position with respect to the samples was calibrated using an Ag behenate sample and using the Dioptas
software; the scattering range was 0.0044 A" < Q <0.6576 A". Air scattering collected immediately after sample
data collection was used as background and was subtracted from the sample data. Data was analyzed in the
scattering range 0.0054 A" < Q < 0.6576 A" using the IRENA package in Igor.®

a b
———3bar h~!scC0; 1.000 (v/v) ——8bar h™!scCO; 1.000 (v/v)
—SAXS fitting —SAXS fitting
- -
o] o
X X
o o
1072 1071 1072 1071
c QA1) d QA1)
——TPB-DMTP-COF powder ———3barh~!scCO; 1.000 (v/v)
——SAXS fitting ——8bar h™!scC0O; 1.000 (v/v)
c
.0
-
>
- Q
(o4 ‘=
X @
— [a}
o o
- £
=]
g

1072 1071 102 103
QA1) Radius (A)
Figure S18 | SAXS fittings and particle size distributions. (a-c) SAXS fittings to TPB-DMTP COF monoliths
and powder (d) relative volume distribution curve calculable for monolithic and powder structures. Experimental
data for the monoliths: 3 bar h' scCO2 1.000 (v/v) is in turquoise and 8 bar h™' scCO2 1.000 (v/v) is in brown, for
the TPB-DMTP-COF powder is in grey and the calculated data is in black.
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Table S4 | Refined values from SAXS analysis of TPB-DMTP COF samples.

Sample Size Dist. 1* (A) Size Dist. 2* (A) Size Dist. 3* (A) p*
3 bar h™" scCO2 1.000 (v/v) 998.0 (0=0.2) 257.7 (o =0.4) N/A -2.8
8 bar ' scCO21.000 (v/v) 985.1 (0=0.1) 210.5 (0 = 0.6) 146.9 (0 = 0.3) -2.4
TPB-DMTP-COF Powder N/A N/A N/A -3.1

*Average Particle Diameter; **P = power law slope

Data for the 3 bar h' scCO:2 activated 1.000 acetonitrile fraction monolith (2125 m? g') were well fit by a
model with spheroidal particles with two log normalized-distributions models with mean diameters of 998.0 A (o =
0.2) and 257.7 A (0 = 0.4). The 8 bar h"' scCO- activated 1.000 acetonitrile fraction sample (1439 m? g') was fit
with three spheroidal size-distribution models exhibiting mean diameters of 985.1 A (o = 0.1), 210.5 A (o = 0.6),
and 146.9 A (o = 0.3). This third size population observed for the 8 bar h™' scCO: activated 1.000 (v/v) monolith
are particularly small in size but represents a significant volume fraction. Comparing the relative volume fractions
of particle populations, both monoliths have similar concentrations of the ca. 230 A diameter particles, while the 3
bar h™ scCO> activated 1.000 (v/v) monolith has significantly higher concentrations of the ca. 1000 A diameter
particles. The relative populations coincide with the observed density (integrated intensity) of the total scattering
data as well as surface area measurements. A size distribution for the powder sample was linked to scattering
features beyond the Q-range analyzed here and was not fit.

A power law slope was applied to better model the Porod region of the data. The power law can be related to
the form factor of features within the sample. Expectedly for monolithic structures, we did not observe a smooth,
simple form factor for these structures. The power law slope for both monoliths was ca. -2.8 (3 bar h™' scCO2
activated 1.000 (v/v) monolith - 2125 m? g™') and ca. -2.4 (8 bar h™' scCO: activated 1.000 (v/v) monolith - 1439 m?
g™), which is observed for mass fractal structures associated with non-equilibrium growth processes such as
percolation clusters or diffusion limited aggregates,® consistent with the low-density/high surface areas observed
in these materials. In contrast, the porous powder sample exhibited a power law slope of ca. -3.1, which is

observed for rough fractal surfaces.
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S8. IAST selectivity

The selectivity for the adsorbate mixture composition of interest were predicted from the single-component
adsorption isotherms using Ideal Adsorbed Solution Theory (IAST).® First, the single-component isotherms for

the adsorbates at 298 K were fitted to the dual-site Langmuir-Freundlich equation:

_ QSat,l(blp)Y1 QSat,Z(bzp)yz

T 1+ (P 1+(b,P)V2 [16]
In this equation, g is the amount adsorbed per mass of material (in mol kg™), P is the total pressure (in bar) of the
bulk gas at equilibrium with the adsorbed phase, g, ; and g, , are the saturation uptakes (in mol kg™) for sites
1 and 2, b1 and b2 are the affinity coefficients (in bar™) for sites 1 and 2, and y, and y, represent the deviations
from the ideal homogeneous surface (unit-less) for sites 1 and 2. The parameters that were obtained from the
fitting for all the three compounds are found in Table S5, respectively. The final selectivity for adsorbate i relative
to adsorbate j was calculated using the following:

XY
Siti = 25 [17]

Here, xiand x; are the mole fractions of components i and j, respectively, in the adsorbed phase, and y;and y; are

the mole fractions of components i and j, respectively, in the gas phase.

Table S5 | Dual-site Langmuir-Freundlich isotherm fitting parameters for adsorption isotherms of CO,
N2, and CH4 at 298 K for the TPB-DMTP-COF monolith and powder.

Gas e - (bg:’1) (bg?”) 9sat1 fIsat,z_1
(mol kg'") (mol kg™)
Monolith
CO: 1.0751 1.25882 11.22648 0.139758 3.79795 204.617
N2 1.65639. 0.352727 0.260059 4.620e-8 22.4966 41.3899
CH4 1.43659 0.773592 0.175863 0.033063 75.363 18.6587
Powder
CO: 1.13356 2.62E-05 0.22426 1142.524 98.5843 1.14E-16
N2 1.29787 99.9901 0.35065 1204.367 17.2196 5.11E-09
CH4 1.51317 2.77973 0.52871 9.539918 24.9342 0.400293
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Figure S19 | Dual-site Langmuir-Freundlich (DSLF) isotherm fittings vs experimentally measured
isotherms at 298 K. (a) CO2 adsorption isotherms for the powder (orange squares) and monolith (blue triangles)
with DSLF fittings in orange (powder) and blue (monolith) (b) CH4 adsorption isotherms for the powder (purple
squares) and monolith (red triangles) with DSLF fittings in purple (powder) and red (monolith) (c) N2 adsorption
isotherms for the powder (pink squares) and monolith (green triangles) with DSLF fittings in pink (powder) and
green (monolith)
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S9. BET area calculation using BETSI

BETSI® is based on the original Rouquerol criteria for reporting BET areas, but is modified to prevent manual

interaction. The only input data required is the adsorption isotherm.
The Rouquerol criteria is as follows:
Regression criteria:

- The linear range should span at least 10 points.

- The R? should be greater than or equal to 0.995.
Validity criteria:
1. Over the entire fitting range, N(1 — Pio) must increase monotonically with pio.
2. The value of C obtained by linear regression must be positive.
Self-consistency criteria:

1. The monolayer loading, when reported on the isotherm, N,,(Read), must correspond to a pressure that
lies in the linear region.
2. The relative pressure corresponding to the monolayer loading as obtained from BET theory,

pﬂ (N,, BET) must be equal to the pressure determined in criterion 3 within a 20% tolerance.
0

A detailed explanation of the output obtained from BETSI is given in Figures $20 and S21.
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Figure S20 | Description of the different plots obtained in a BETSI analysis.
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Differences in y (raw residuals)
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and uptake value. This plot can be
used to visually inspect whether
the residuals are normally
distributed around regression line,
as is assumed in ordinary least
squares (OLS) regressions. If the
residuals are not normally
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suit the data well.
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Scale-Location
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shows if the residuals are equally
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the data is homoscedatic. Ideally,
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zero and a flat trendline is
observed. Indices plotted
alongside are indices of points
used, note 0-based python
indexing.
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Studentized Residuals
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Quantiles of studentized residuals
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the regression line, the QQ-plot
points should lie on a straight line
(red). Deviation from this ideal
behaviour can also signify that the
residuals are not normally
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Studentized residuals vs leverage.
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x of a certain data point with
respect to all other points.
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apart from the x-value median,
have unusually high leverage over
the value of the linear regression.
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The Cook's Distance
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Figure S21 | Description of the different plots obtained in BETSI regression diagnostics.
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Figure S22 | BETSI analysis for 0.000 acetonitrile fraction sample.
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Figure S23 | BETSI regression diagnostics for 0.000 acetonitrile fraction sample.
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Figure S24 | BETSI analysis for 0.250 acetonitrile fraction sample.
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Figure S26 | BETSI analysis for 0.500 acetonitrile fraction sample.
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Figure S27 | BETSI regression diagnostics for 0.500 acetonitrile fraction sample.
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Figure S28 | BETSI analysis for 0.668 acetonitrile fraction sample.
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Figure S29 | BETSI regression diagnostics for 0.668 acetonitrile fraction sample.
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Figure S30 | BETSI analysis for 0.750 acetonitrile fraction sample.
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Figure S31 | BETSI regression diagnostics for 0.750 acetonitrile fraction sample.
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0.775 acetonitrile fraction

Adsorption Isotherm Rouquerol Representation
. 1-P/
500 200 4 = ® N( Po)
m Linear Range
g i €]
g 0 150 °
(8] »3 ..
o i o
% S —— Pchip Interpolation o [e)
by . —— BETFit < 100 4 L
g 200 @ Adsorption Isotherm = ' ..
3 Linear Range
z . 9 50 1 @ ®
100 A A N, Read @
® ¢}
v N, BET
0 [}
0 T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 0.0 02 04 06 08 10
PP, PP,
Linear Range Filtered BET areas
1.2E-03 A 17.5
y =0.00498994x + 0.00014616 f.1155))
2 - 5
10E-03  R?=0.99798613 15.0 : ;;51
. 15)
£ 125
_ B.OE-04 - 5
0_ =
" 10,0 1
o 6.0E-04 - =2
Z € 75{ #
L5 8
4.0E-04 + & 504 i1, 24)
@1o. 23)fl g‘i
11,23
2.0E-04 - 25 - 0. 36! 3
i
0.05 0.10 0.15 0.20 . 600 650 700 750 800 850
P/Po BET Aream’g '
Filtered Monolayer-Loadings Distribution of filtered BET Areas
500 - 1000 1 BET Area = 848 m?/g
900 +
- 400 - EI
£ N
o & 800 A (¢]
e 300 E
% — Pchip Interpolation g 700 4
2 — BET Fit <
200 + @ Adsorption Isotherm 4 [0 ®
=3 . @ 600 -
> A Njvalid
m Linear Range 500
w NnBET
0 T T T T T T
0.000 0.025 0.050 0.075 0.100 0.125
PP,

Figure S32 | BETSI analysis for 0.775 acetonitrile fraction sample.
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Residuals vs Fitted

0.00004 4
0.00002 +
£ 0.00000
— ]
S
v
[o}]
o
-0.00002 A ®
-0.00004
0.000 0.001
Fitted Values
Scale-Location
1.6 |
@l0
14
124 'Y
0
o
=
S
3 1.0 - o
o
g °
S 08
o
2
28
~ 06 -
o
04 4 o
)
0.2 . T
0.0005 0.0010
Fitted Values

Figure S33 | BETSI regression diagnostics for 0.775 acetonitrile fraction sample.
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0.833 acetonitrile fraction
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Figure S34 | BETSI analysis for 0.833 acetonitrile fraction sample.
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Residuals vs Fitted Normal Q-Q
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Figure S35 | BETSI regression diagnostics for 0.833 acetonitrile fraction sample.
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1.000 acetonitrile fraction sample
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Figure S36 | BETSI analysis for 1.000 acetonitrile fraction sample.
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Residuals vs Fitted Normal Q-Q
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Figure S37 | BETSI regression diagnostics for 1.000 acetonitrile fraction sample.
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1.000 acetonitrile fraction 3 bar h' scCO: activation
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Figure S38 | BETSI analysis for 1.000 acetonitrile fraction 3 bar h! scCO: activation sample.

BET Area ng

N(1-P/Py)

Percentage Error %

-1

Rouquerol Representation

500

400 A

300 A

200

100 +

@ N(1-P/Py)
@ = Linear Range

0.6 08 10

T
0.2 04

PP,
Filtered BET areas

©
o

20.0 1
17.5 4

&, 19)
&
fz?)”

?)

1800
BET Aream’g |
Distribution of filtered BET Areas

2000

1600

2750

2500

2250 A

2000

1750

1500 A

1250 -

1000

BET Area = 2125 m?/g

S44



Residuals vs Fitted Normal Q-Q
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Figure S39 | BETSI regression diagnostics for 1.000 acetonitrile fraction 3 bar h"' scCO: activation sample.
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1.000 acetonitrile fraction 8 bar h' scCO: activation
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Figure S40 | BETSI analysis for 1.000 acetonitrile fraction 8 bar h! scCO: activation sample.
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Residuals vs Fitted Normal Q-Q
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Figure S41 | BETSI regression diagnostics for 1.000 acetonitrile fraction 8 bar h"' scCO: activation sample.
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TPB-DMTP-COF powder
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Figure S42 | BETSI analysis for TPB-DMTP-COF powder.
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Residuals vs Fitted
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Figure S43 | BETSI regression diagnostics for TPB-DMTP-COF powder.
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$10. Comparisons with literature

BET area, density, and mechanical properties

Table S6 | Comparison between TPB-DMTP-COF monolith and other monoliths/aerogels/pellets found in the literature.

Material BET Area (m*g”) Density (g cm®) Binder/Additive/High Pressure Mechanical Properties Ref.
TPB-DMTP-COF 2125 0.1558 X Indentation modulus = 3.71 + 0.20 GPa. Hardness = 0.18 £ 0.02 GPa This work
TFPT-HZ-COF 881.05 0.029 v Compressive strength = 8.69 kPa, compressed to 60% strain load 37
TPT-HZ-COF 174.86 0.04 X Compressive strength = 2.37 kPa, compressed to 60% strain load 37
TAPA-TFPA 186 0.031 X Compressive strength = 55.55 kPa, compressed to 70% strain load 38
TAPB-PDA 2273 0.026 X Compressive strength = 24.13 kPa, compressed to 70% strain load 38
TAPB-OMePDA 2258 0.032 X Compressive strength = 58.11 kPa, compressed to 70% strain load 38
TAPB-BrPDA 682 0.041 X Compressive strength = 20.63 kPa, compressed to 70% strain load 38
TAPB-TFPA 1626 0.036 X Compressive strength = 58.39 kPa, compressed to 70% strain load 38
BPDA-BTCA 1142 0.031 X Not reported 38
TAPB-BTCA-AGCOF 1146 0.0195 X Elastic modulus = E = 4070.4 Pa, E s = 208.64 Pa m3/kg 39
PPDA-BTCA-AGCOF 677 0.0208 X Elastic modulus = E = 1771.3 Pa, E,pqcisc = 85.33 Pa m3/kg 39
TAPB-PDA-AGCOF 2535 0.0173 X Elastic modulus = E = 769.85 Pa, Epe.iic = 44.48 Pa m3/kg 39
Mgrca (TAPB-BTCA-COF) 535 0.74 v Tablet press with 20 bar pressure was used to create the monolith. Young's modulus (E) = 263 MPa and compressive strength = 45 MPa 40
COF/rGO 246 0.007 v COFs are grown in-situ along the surface of the 2D graphene sheets. Compressive stress=6.88 kPa, compressed to 50 % compressive strain 41
COF-GO Foam 1 971 Not reported v Automatic Young's Modulus = 0.259 MPa. Compressive stress at maximum load = 0.034 MPa. 42
COF-GO Foam 2 500 Not reported v Not reported 42
COF-GO Foam 3 624 Not reported v Not reported 42
COF aerogel 2096.3 Not reported X Compressive stress = 0.577 Mpa, compressed to 40 % compressive strain 43
COF-IL@chitosan 1033 0.032-0.035 v Fabricated by chemical crosslinking tz:o T_ne il;yLi:;ig?:)z:Ii(t;r:mi%r:iecsl';qh\;f;:;c:)grtar:idggI;A(FC’;C.)E(—)I;)[J\:;'RSZ: él:i:l;ast:c::i ::1:::;: (St;rh:;san—SH) binder via a photoinduced 44
M43 105 Not reported v Additive: Fresh prepolymerization so|utiorl containing the following, (1) polytheylenimine.(PEl, M,=1200), (2) octaglycidyldimethylsiryl.P.OS_S (POSS-expoxy), (3) 45
polyethyleneglycol (PEG, M,=10000), (4) 1-propanol, and (5) 1,4 - butanediol + 43 wt. % COF powder. Modulus of elasticity = 3.14 MPa
M28 281 Not reported v Additive: Fresh prepolymerization so|utiorl containing the following, (1) polytheylenimine'(PE[, M,=1200), (2) octaglycidyldimethylsilyl'P'OS_S (POSS-expoxy), (3) 45
polyethyleneglycol (PEG, M,=10000), (4) 1-propanol, and (5) 1,4 - butanediol + 28 wt. % COF powder. Modulus of elasticity = 5.33 MPa
M16 154 Not reported v Additive: Fresh prepolymerization solution containing the following, (1) polytheylenimine (PEI, M,=1200), (2) octaglycidyldimethylsilyl POSS (POSS-expoxy), (3) 45

polyethyleneglycol (PEG, M,=10000), (4) 1-propanol, and (5) 1,4 - butanediol + 16 wt. % COF powder. Modulus of elasticity = 9.17 MPa
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Separation performance

Table S7 | Selected performance values for monolithic materials in 15% CO:2 / 85% N2 separations.

Material BET Area (m*g") Density (g cm®) Binder/Additive/High Pressure IAST Selectivity (1 bar; 298 K) Breakthrough studies Ref.
SNW-1 794 Not reported X 66.5 X 46
monoUiO-66 1066 1.05 X 28 v 47
monoHKUST-1 1603 1.06 X 23 v 47
monoUi0-66-NH, 1533 1.25 X 30 v 47

Table S8 | Selected performance values for monolithic materials in 50% CO:2 / 50% CHa4 separations.

Material BET Area (m?g™) Density (g cm?) Binder/Additive/High Pressure IAST Selectivity (1 bar; 298 K) Breakthrough studies Ref.
monoUiO-66 1066 1.05 X 36 v 47
monoHKUST-1 1603 1.06 X 12 v 47
monoUi0-66-NH, 1533 1.25 X 54 v 47
MIL-53 (Al, PVA) Not reported Not reported v 7 v 48
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