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ABSTRACT: Covalent assembly of organic linkers with higher denticity toward three-dimensional (3D) covalent
organic framework (COF) nets of increasing connectivity can not only elevate the architectural intricacy of the
framework but also impart it with unprecedented functionalities. The synthesis of highly-connected 3D COFs is in its
incipient stage and the 3D COFs built from octadentate linkers are limited to (8,2), (8,3) and (8,4)-connected nets.
Here we report the discovery of the first (8,8)-connected 3D COF, TUS-88, having bcu topology by linking an 8-
connected Dsn-symmetric quadrangular prism node to an 8-connected Dan-symmetric tetragonal prism node. Derived
from the m-aromatic conjugated system of pyrene and the abundant aromatic phenyl rings composing the COF
scaffold which promotes to stronger 1111 interactions with aromatic benzene (Bz) molecules, a superlative Bz uptake
of 1618 mg g™ was achieved for TUS-88, coupled with exemplary cyclohexane (Cy) uptake of 842 mg g™ and ideal
Bz/Cy selectivity of 1.92 which are the current benchmark. Breakthrough experiments accomplished using Bz/Cy (1:1,
v/v) mixture corroborated the preferential adsorption of Bz by the COF from the mixture to generate high purity Cy
with a significant time interval of 75.4 min g*' and record-setting Bz/Cy breakthrough selectivity of 2.46.
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1. Introduction

Hailed as one of the seven chemical separations that can change the world," the selective separation of
hydrocarbons with almost identical physical properties, as exemplified by benzene (Bz) and cyclohexane (Cy), is
intensely demanding. Bz has gained widespread recognition as a leading industrial chemical for its prime role as
intermediate in the preparation of a myriad of chemicals like ethylbenzene, aniline, nitrobenzene, cyclohexane,
styrene, cumene etc. and the greater usage of benzene derivatives in the automotive sector for the production of
synthetic rubber, as reflected from its surging demand with an expected compound annual growth rate (CAGR) of
3.81% through 2030.2 On the other hand, Cy is of high industrial interest as a feedstock for the production of ¢-
caprolactam and adipic acid, the raw materials used to make nylon 6 and nylon 66.2 The two potential routes to Cy
production are: catalytic hydrogenation of Bz and fractional distillation of petroleum, the former being more prevalent.*
Incomplete hydrogenation of Bz owing to a shift of the thermodynamic equilibrium towards Bz at reaction temperature
above 573 K accompanies to the existence of unreacted Bz in the product stream, which calls for removal of the
unreacted Bz to get high-purity Cy.5 Nonetheless, the strikingly similar boiling points (Bz: 353.25 K, Cy: 353.85 K),®
molecular dimensions (Bz: 3.3 x 6.6 x 7.3 A%, Cy: 5.0 x 6.6 x 7.2 A% and collision diameters (Bz: 5.26 A, Cy: 6.06
A)? of the two pose insurmountable challenges to their separation. The high propensity of Bz to form azeotrope with
Cy (at 45% Cy) characterized by a constant boiling point of 350.65 K is an added hassle.® That being the case,
ordinary distillation technique lacks the capacity to separate Bz and Cy. Extractive distillation and azeotropic distillation
are currently deployed for Bz/Cy separation; however, they still have many shortcomings. Notwithstanding that
extractive distillation can competently separate Bz and Cy inasmuch as the entrainers can change the relative
volatilities of the components, the common entrainers such as organic solvents are beset with high toxicity and
volatility while the high production costs of ionic liquids is a major concern.’ On the other hand, azeotropic distillation
operates effectively only when the Bz concentration is over 90%, in addition to the concerns over complex systems
and severe energy burden.'® Liquid-liquid extraction is appealing for Bz/Cy separation owing to its energy-efficiency
and its applicability in particular when the Bz concentration is below 20 wt%*'!; however, it might not be worthwhile
for industrial practices.' Imparting with high separation factors and not limited to vapor-liquid equilibrium, membrane-
based separation methods like pervaporation and perstraction are worthwhile alternatives to distillation for Bz/Cy
separation, with the former being more beneficial owing to lower membrane area requirements.®'2'® However, it is
still imperative to integrate membrane methods with distillation in order to separate a binary Bz/Cy mixture into its two
constituents with high purity.'® On the basis thereof, the present challenge in Bz/Cy separation is to seek an alternative
method with high selectivity, simple operation and energy-efficiency.

Crafted from organic building units that are stitched together by robust bonds to develop open scaffolds
encompassing porosity, covalent organic frameworks (COFs) epitomize crystalline porous polymers with a diverse
structure and application portfolio.'?” The large internal surface areas, precisely designable pore profile, and
tailorable functionalities of COFs can be leveraged for selective separation of guest molecules.?®3'" The ease of
synthesis and crystal structure determination of two-dimensional (2D) COFs had oriented the decade-and-a-half of
COF research chiefly towards 2D COFs, failing to adequately provide for three-dimensional (3D) architectures.
Nevertheless, the performance of 2D COFs is often hampered by layer offset or stacking faults, which impedes the
diffusion paths, and restricts the accessibility of functional sites and interactions between pore walls and guest
molecules.® Contrarily, 3D COFs featuring superior specific surface areas, interconnecting pore nanochannels
enabling molecular transport along three directions, diverse channel architecture and facilely accessible active sites
might be more rewarding for separation applications.®® Simultaneously, the top-notch stability stemming from the
covalent connectivity of COF scaffolds give them an edge over metal-organic framework (MOF) physisorbents to
study Bz/Cy selectivity. That said, the repertoire of 3D COFs is rather limited because unlike MOFs that harness
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metal-organic polyhedra as supermolecular building blocks with connectivity as high as 24,3 the points of extension
of 3D COF linkers is yet no greater than 8. The construction of highly connected 3D COF nets is in the early stages
and the 3D COFs documented heretofore utilizing octatopic linkers are based on (8,2),%%%¢ (8,3)* and (8,4)%°-
connected nets. Moreover, for the very few COFs that have yet been used in the adsorptive separation of Bz and Cy,
the adsorption capacity is low, mostly limited to the Ideal Adsorbed Solution Theory (IAST) calculation, and the
separation effect is rarely evaluated through experiments.*'*3 Under these circumstances, the discovery of new 3D
COFs with rich aromatic conjugated structures, bespoke functionalities and suitable pore sizes is highly coveted for
Bz/Cy separations.

In this study, we extend the connectivity of 3D COFs from the existing (8,2), (8,3)and (8,4) to (8,8). The assembly
of 8-connected Ds-symmetric quadrangular prism vertices and 8-connected Dan-symmetric tetragonal prism vertices
led to an exquisitely architected 3D COF, TUS-88 (TUS = Tokyo University of Science), having the 2-fold
interpenetrated bcu topology (Figure 1). The beu-c framework of TUS-88 exemplifies a regular periodic crystal lattice
characterized by openly accessible pore cavities for trapping guest species and appreciable stability. The aromatic
properties of pyrene and the phenyl rings making up the COF backbone which facilitates stronger 1r---11 interactions
with aromatic Bz molecules endow the COF with a top-notch Bz adsorption capacity, besides incredible Cy adsorption
and ideal Bz/Cy selectivity. Breakthrough analysis for 1:1 Bz/Cy mixture evidenced the efficient separation of Bz over
Cy affording pure Cy with a long retention time (75.4 min g™') of Bz and record-high Bz/Cy experimental selectivity of
2.46. Density functional theory (DFT) calculations bolstered our understanding of host-guest interaction dynamics
with further evidence of binding energies corresponding to different types of interactions at different binding sites of
the framework for both Bz and Cy molecules. This work can serve as a reference to reach even higher connected
and more complex COF nets.
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Figure 1. The first (8,8)-connected 3D COF. (A) Reticulation of an 8-connected Ds,-symmetric linker, TBAPP, with an 8-connected Dj-
symmetric linker, DPTB-Me, leading to (B) a (8,8)-connected 3D COF, TUS-88. (C) Non-interpenetrated and (D) 2-fold interpenetrated bcu

nets.
2. Results and Discussion

2.1. Synthesis and Characterization of TUS-88

Determined through reaction optimization, the synthetic route for TUS-88 involved Schiff base condensation under
solvothermal conditions of equimolar amounts of 1,3,6,8-tetrakis3,5-bis[(4-amino)phenyl]phenylpyrene (TBAPP) and
4’ 5'-bis(3,5-diformylphenyl)-3',6'-dimethyl-[1,1":2',1"-terphenyl]-3,3",5,5"-tetracarbaldehyde (DPTB-Me) employing o-
dichlorobenzene (0-DCB) in the presence of aniline and 9 M aqueous acetic acid at 393 K for 7 days, furnishing a
yellow crystalline powder in 88% isolation yield (see Experimental Procedures for details). The chemical connectivity
of the imine bonds in the prepared COF was substantiated with evidence by Fourier transform infrared (FT-IR) and
solid-state 3C cross-polarization magic angle spinning (CP-MAS) NMR spectroscopies. FT-IR spectral trace for TUS-
88 divulged the occurrence of a strong vibration band at 1622 cm™ ascribable to the C=N bonds. Concurrently, the
amplitude of N-H stretching band at 3346 cm™ of TBAPP and C=0 stretching band at 1705 cm™ of DPTB-Me were
significantly diminished, providing evidence for the polycondensation reaction between TBAPP and DPTB-Me
monomers (Figure S1). In addition, a new resonance at 160.7 ppm could be distinctly noticed in the *C CP/MAS
NMR spectrum that characteristically appeared from the imine (C=N) carbon (Figure S2). Elemental analysis further
reaffirmed the successful formation of the COF (Anal. Calcd. for C12sH76Ns: C: 89.07; H: 4.44; N: 6.49. Found: C:
85.02; H: 4.49; N: 6.09). TUS-88 featured rice grain-like homogeneous morphology, as reflected from the scanning
electron microscopy (SEM) (Figure S3) and transmission electron microscopy (TEM) (Figure S4A) micrographs.
Thermogravimetric analysis (TGA) plot of TUS-88 acquired under a N2 gas stream implied that its thermal stability
could reach up to ~695 K (Figure S6). Besides, TUS-88 was able to sustain its crystallinity after immersing in a wide
assortment of organic solvents, boiling water, 6 M HCl and 6 M NaOH for 24 hours, as observable from the persistent
peaks in the powder X-ray diffraction (PXRD) profiles of the treated COF samples (Figure S7).

2.2. Crystal Structure Analysis

We comprehended the crystallographic structure and unit cell of the COF harnessing a combination of PXRD
observations with structural modeling and Pawley refinement (Figure 2). Predicated on the topological structures
cataloged in Reticular Chemistry Structure Resource (RCSR)*, we arrived at the bcu net as the most plausible
topology following from the assembly of two octatopic linkers with Dan and D2n symmetry. The structural models of
TUS-88 were optimized through the Forcite program within the Materials Studio 7.0 software®>. As can be noticed
from Figure S15, the simulated diffraction pattern obtained from the 2-fold interpenetrated bcu net is in consensus
with the experimental PXRD data. The optimization of TUS-88 led to a space group of Cmmm (No. 56) with unit cell
parameters: a = 19.0953 A, b= 18.9915 A, ¢ =23.0395 A, a = 8 = y = 90° (Table S3). The experimental PXRD trace
obtained for TUS-88 contained well-defined Bragg peaks at 4.55°, 6.51°, 7.73°, 9.09°, 12.97° and 13.05° that can be
indexed with (100), (110), (002), (200), (210) and (220) reflections, respectively (Figure 2). Pawley refinement of the
experimentally recorded diffraction pattern afforded the refined unit cell parameters: a = 19.5200 A, b = 18.8401 A, ¢
=23.8180 A, a = 8 = y = 90° and substantially low R-factors, Ry = 2.96%, Rwp = 3.91%. We scrutinized alternative
structure solutions by considering the crystal model based on a non-interpenetrated becu topology in Pmmm space
group (No. 47) (Figures S19-S21, Table S4) but the calculated and experimental diffraction patterns were incompatible
with each other (Figure S18). High-resolution TEM (HRTEM) coupled with fast Fourier transform (FFT) was conducted
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Figure 2. PXRD patterns for TUS-88. Experimental pattern (black circle), Pawley refined (red curve), difference plot (blue curve) between

the experimental and refined patterns, and Bragg positions (purple ticks).

to delve into the crystalline structure in greater detail (Figure 3D, 3E and S5). Continuous lattice fringes detected from
the HRTEM images in Figures 3D and 3E reveal d-spacing of 1.32 and 1.14 nm, which accord with that of the (110)
and (002) planes, respectively, of the COF crystal structure model (Figures 3A-C, S16 and S17).

11.40 nm
—

Figure 3. Pore visualization for TUS-88. Extended structures of TUS-88 viewed along the (A) c-axis, (B) a-axis and (C) b-axis. (D) HRTEM

image for TUS-88. Inset: Fast Fourier Transform (FFT) pattern taken from the region marked by the white square.

2.3. Assessment of Porosity
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The accessible pore space of TUS-88 was characterized by the nitrogen physisorption isotherms collected at 77 K
across a relative pressure range extending from 0 to 1 after activating the sample overnight at 393 K. TUS-88
displayed type | isotherm hallmarked by a sharp uptake at very low relative pressures followed by a pronounced
plateau, representative of the microporous nature of the COF (Figure 4A). The specific surface area deduced from
the adsorption data through the use of Brunauer—Emmett-Teller (BET) model was 1688 m? g™ (Figure S8). Besides,
the pore volume of TUS-88 was obtained as 0.87 cm® g”'. The application of non-local density functional theory
(NLDFT) based on the slit-pore model to the adsorption isotherms furnished a wide pore-size distribution with two
clear maxima centered at 0.8 and 1.0 nm (Figure 4B), which are in good concordance with the simulated pore size.
The 3D scaffold with interconnected microchannels constructed from conjugated aromatic systems like pyrene urged
us to survey the adsorption affinity of TUS-88 towards Hz, CO2 and CHa, which can further extend its functionality to
environmental remediation. Impressively, we observed a superlative Hz uptake capacity of 188.2 cm®g™' (8.4 mmol g-
"Yat 77 Kand 132.4 cm®*g™" (5.9 mmol g™) at 87 K, respectively, under 1 bar (Figure S9), with the maximum isosteric
heat of adsorption (Qst) quantified as 7.4 kJ mol ™ (Figure S10). As portrayed in Figure S11, the adsorption capacity of
CO:2 by TUS-88 reached 90.3 cm® g (4.0 mmol g') and 49.7 cm® g™ (2.2 mmol g™) at 273 and 298 K (1 bar),
respectively, and the Qst of CO2 adsorption deduced from the adsorption isotherms was 25.2 kJ mol™" (Figure S12).
Moreover, investigation of CH4 adsorption on the COF revealed uptake capacities of 28.5 cm®g™' (1.3 mmol g™') and
16.9 cm®g" (0.8 mmol g') at 273 and 298 K (1 bar), respectively (Figure S13), based on which the Qs was calculated
to be 17.8 kJ mol (Figure S14).
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Figure 4. Porosity characterization for TUS-88. (A) Nitrogen sorption isotherms at 77 K and (B) pore-size distribution profile determined

by NLDFT, for TUS-88.
2.4. Single-Component Gas Adsorption Behavior

The 3D porous architecture with rich aromatic conjugated structure of TUS-88 aroused our interest for
discrimination of aromatic/non-aromatic hydrocarbon mixtures. We probed the Bz and Cy vapor uptake capacities of
the COF at 298 K. As characterized by the single-component vapor sorption isotherms, a striking difference in the Bz
and Cy uptakes was noticed, with the Bz uptake (1618 mg g™') far greater than that of Cy (842 mg g') at a relative
pressure of 0.98 (Figure 5A). The aromaticity of Py contributing to a conjugated system, together with the multiple
aromatic phenyl rings building the COF backbone, fosters stronger 1r---1r interactions with aromatic Bz molecules.
Relatively, the binding affinity towards aliphatic Cy molecules is noticeably weaker. It is worthy of note that the Bz
saturation uptake observed for TUS-88 largely outweighs all COFs like CTF-IP-10 (976 mg g™'),*¢ COF-300-rt (875
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mg g™),*” COF-300-st (773 mg g™'),*” LZU-111 (750 mg g™")*” and most porous organic polymers (POPs) like PAF-1
(1306 mg g™"),*® MPI-1 (1198 mg g),*® POP-1 (1020 mg g™'),%® PCN-AD (980 mg g')*' etc. (Figure 5B, Table S2)
under identical conditions. Likewise, the Cy uptake capacity of TUS-88 also surpasses those of all COFs, for example,
COF-300-rt (658 mg g™),*” LZU-111 (616 mg g™"),*” COF-300-st (500 mg g™'),*” and most POPs including UMC-800
(734 mg g™"),%2 POP-1 (658 mg g"),%° FJU-P7 (640 mg g),% PCN-AD (574 mg g"),>' CCTF-1 (441 mg g")* etc.
(Figure 5D, Table S2). Consequently, an ideal Bz/Cy adsorption selectivity of 1.92 was achieved for TUS-88, superior
to those for earlier documented Bz-selective COFs like COF-300-st (1.55),4” COF-300-rt (1.33),4” LZU-111 (1.22)%
(Table S2).

2.5. Breakthrough Studies with Mixed Gas

To further explore the binary gas separation performance of TUS-88, we accomplished dynamic column
breakthrough tests with an equimolar Bz and Cy mixture at a flow rate of 16.2 mL min™' and 298 K (Figure S22). As
evident from the breakthrough profiles (Figure 5C), the Cy eluted through the packed column first at 119.1 min g™
with a high purity of 299.95%, followed by Bz breaking through the column bed at 194.5 min g™'. Consequently, there
is an appreciably long interval of 75.4 min g between Cy and Bz experimental breakthrough times, which far outstrips
the breakthrough times on COF-300-rt (17 min g'') and COF-300-st (12 min g™'). Table S1 illustrates the adsorption
capacities and diffusion coefficients of Bz and Cy, as well as the experimental Bz/Cy selectivity obtained for TUS-88.
The higher adsorption capacity of Bz (73.795 cm?® g) relative to Cy (29.905 cm® g") is suggestive of the stronger
binding affinity of the framework for Bz over Cy. Unlike previous reports, the diffusion coefficients of Bz (0.0108 cm?
s') and Cy (0.0104 cm? s") in our system were found to be very close, possibly due to the larger kinetic diameter of
Cy (0.69 nm) than that of Bz (0.59 nm). Crucially, the COF showcases a record-high Bz/Cy experimental selectivity
of 2.46. Moreover, the separation capability of TUS-88 was maintained with essentially identical breakthrough times
for 3 consecutive cycles, signifying its admirable stability and recyclability for Bz/Cy separation (Figure S23). PXRD
and FT-IR observations of recycled COF sample substantiated that the COF structure was well-preserved through
the recycling tests (Figures S24 and S25).
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Figure 5. Adsorptive separation of Bz and Cy by TUS-88. (A) Bz and Cy vapor sorption (Adsorption: closed symbols, desorption: open
symbols) isotherms at 298 K for TUS-88. (B) Comparative Bz uptake of TUS-88 versus other reported COFs and POPs. (C) Experimental
breakthrough curves for Bz/Cy (1:1, v/v) mixture at a flow rate of 16.2 mL min™ in a column-bed packed with TUS-88 at 298 K and 1 bar.
(D) Comparative Cy uptake of TUS-88 versus other reported COFs and POPs.

2.6. DFT Calculations for Insights into the Host-Guest Interaction Dynamics

To gain a deeper insight into the underlying reasons for the differential molecular recognition abilities of Bz and Cy
by the microstructure of TUS-88, we employed dispersion-corrected DFT (DFT-D) calculations to determine the
interaction energies between COF fragments and adsorbates. As depicted in Figure 6A-C, there are multiple C-H---1r
van der Waals (vdW) interactions (2.491-3.719 A) between Cy molecules and the benzene rings. The calculated static
binding energies for Cy at three binding sites |, Il and Ill are 12.78, 13.52, and 9.20 kJ mol™, respectively. In contrast,
Bz exhibits a more diverse array of interactions within the internal pores of the COF (Figure 6D-F). The introduction
of Py-based monomers (TBAPP) into the framework imparts the framework with abundant conjugated structures,
resulting in stronger ---11 interactions (Site I: 3.349 A) with planar Bz molecules. At site Il, Bz molecules form short-
range C-H:--1r vdW interactions (2.491-3.719 A) with adjacent benzene rings. Additionally, due to the smaller steric
hindrance of Bz molecules, they are more conducive to approaching the N site to form C-H---N strong hydrogen bonds
(Site I11: 3.034 and 3.047 A). The calculated static binding energies for Bz molecules at the respective sites are 13.53,
14.76, and 14.48 kJ mol™, all of which exceed those of Cy, indicating a stronger affinity of the adsorption sites for Bz.
The theoretical calculations align with the adsorption isotherms and breakthrough experimental results, further
corroborating that COF with rich conjugated structures and appropriate pore sizes exhibit enhanced Bz adsorption
and separation performance.
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Figure 6. Interaction energies between COF fragments and adsorbates. (A-C) Interactions between Cy molecules and the benzene
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rings of the framework, and the calculated static binding energies for Cy at three binding sites | (A), Il (B) and Il (C). (D-F) Interactions
between Bz molecules and the benzene rings of the framework, and the calculated static binding energies for Bz at three binding sites |

(D), Il (E) and Il (F).

3. Conclusion

To conclude, we report the adoption of an [8+8] imine condensation approach to developing a novel 3D COF, TUS-
88, with intricate structural complexity and with the suitable pore functionality to render the efficient separation of Bz
and Cy at 298 K. The bcu-c topology COF showcases outstanding Bz (1618 mg g™') and Cy (842 mg g') uptakes
and excellent Bz/Cy selectivity (1.92), attributable to the m---1 stacking interactions between the framework and
aromatic Bz resulting from the presence of m-aromatic conjugated system of pyrene and the aromatic phenyl rings in
the COF network. Investigated via dynamic breakthrough measurements for equimolar Bz/Cy mixture, we noted that
pure Cy elutes through the bed in a short time, whereas the COF retained the Bz with a long breakthrough time of
~75.4 min g and exhibiting an inimitable Bz/Cy experimental selectivity of 2.46. Furthermore, DFT calculations
deepened our comprehension of host-guest interactions presenting additional demonstration of binding energies
pertaining to 11---1 and C-H---11 vdW interactions at different binding sites of the network for Bz and Cy molecules.
Our discovery will serve as a guideline for synthetic chemists seeking to raise the connectivity of COF nets to
furthering elaborate functionalities for optimization of processes springing from host-guest synergistic interactions.

4. Experimental Procedures

4.1. Synthesis of TUS-88

Typically, TBAPP (30.88 mg, 0.025 mmol) and DPTB-Me (15.86 mg, 0.025 mmol) were inserted into a Pyrex tube
(volume: 10 mL, O.D. % I.D.: 10 mm x 8 mm). 1 mL of anhydrous o-DCB was added to the tube and the mixture was
sonicated for about 10 minutes. This was followed by the addition of 0.2 mL of 9 M aqueous acetic acid and another
round of 10 minutes sonication. Subsequently, 0.1 mL of aniline was added and the tube was sonicated again for
another 10 minutes to ensure homogeneity. The tube was then degassed through three freeze-pump-thaw cycles,
sealed under vacuum and placed in a 393 K oven for 7 days. The precipitate was isolated by centrifugation and
washed with THF (5 x 10 mL) until the eluate became colorless. Further purification of the COF was executed in a
Soxhlet extractor with THF for 24 hours. The powder was dried at room temperature under vacuum overnight before
drying at 100 °C under vacuum for 6 hours to give TUS-88 as a yellow solid (38.3 mg, 88% yield).

4.2, Breakthrough Experiments

Multi-constituent adsorption breakthrough curves were measured by BSD-MAB instrument. Before every
breakthrough experiment, the column was outgassed for 8 h under vacuum at 393 K and then swept with He flow at
room temperature. To continuously monitor the effluent gas from the absorption bed, a BSD-mass mass spectrometry
(TCD-Thermal Conductivity Detector, detection limit 1 ppm) was used. The vapor separation properties of the COF
samples were evaluated according to breakthrough experiments conducted using a Bz/Cy/He (2:2:96, v/v/v) gas
mixture at a flow rate of 16.2 mL min-' and a temperature of 298 K. The concentration of the discharged gas mixture
was continuously monitored by a multi-component mass spectrometer (BSD-MAB, INFICON) based on ion peaks
detected at m/z+ values of 78 (Bz), 84 (Cy), and 4 (He).
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4.3. DFT Calculations

The geometry of Bz, Cy and two representative fragments of the COF material were all optimized under the
framework of DFT with B3LYP functional®>%”, DFT-D3 dispersion correction method and basis set of 6-31g(d)**%. In
order to obtain the most likely adsorption structures of Bz and Cy on these two COF fragments, two possible
adsorption sites were compared. The adsorption energy of the complex was calculated from the formula:

E(adsorb) = E(A+B) — E(A) — E(B)

where E(A) and E(B) denote the free energy of isolated molecules A and B, E(A+B) denotes the total energy of the
complex structure.

The Independent gradient model (IGM)®° which is a visualized weak interaction analysis method was performed to
investigate the intermolecular interaction. The visualization of the frontier molecular orbitals and mapping of IGM were
all rendered using Visual Molecular Dynamics (VMD) program.®!
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