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Fused aromatic networks with the different

spatial arrangement of structural units

Seok-Jin Kim,"-*4 Tea-Hoon Kim,?? Ishfag Ahmad," Hyuk-Jun Noh," Sun-Min Jung," Yoon-Kwang Im,’

Javeed Mahmood,'* Youn-Sang Bae,”* and Jong-Beom Baek'>*

SUMMARY

Fused aromatic networks (FANs) are a new generation of porous
organic networks (PONs), which are thermodynamic products. FANs
are also kinetic products with low crystallinity. Nevertheless, their
high physicochemical stability suggests many potential applications.
This work reports three structures with their fully fused aromatic units
vertically (V), horizontally (H), and three-dimensionally (3D) linked to
the growth direction, forming “standing” FAN (VS-FAN), “planar”
FAN (HP-FAN), and 3D-FAN, respectively. Their performance as sor-
bent materials was evaluated. While the VS-FAN has the fastest kinetics
for CH,4 and |, adsorption due to the highest segmental freedom, the
HP-FAN exhibits the best separation selectivity of the CH4/N, mixture
due to the strongest segmental confinement. The 3D-FAN displays the
highest adsorption capacity of CH4 because of the highest specific sur-
face area. The results suggest that the different segmental arrange-
ments may critically affect the sorbent performance of FANs.

INTRODUCTION

In the rapidly expanding field of novel two-dimensional (2D) and 3D network struc-
tures, most studies have focused on the synthesis of typical horizontally planar 2D
structures such as graphene, boron nitride (BN), metal-organic frameworks
(MOFs), and covalent organic frameworks (COFs)."? These materials can be de-
signed and synthesized using a combination of building blocks (monomers) in a
logical manner.** In general, most reported MOFs and COFs are principally
composed of coordination or covalent bonds between the building blocks. Howev-
er, these structures typically have weak linkages formed by reversible reactions,
which hinder their practical applications.”

Among the strategies for achieving environmental stability for practical applications,
considerable attention is being given to the formation of stable linkages formed.*™""

These include stable fused aromatic networks (FANs) containing fused N-heteroa-

12,13

cene conjugated backbones, which are advantageous for gas uptake, elec-

14,15

tronics, and stabilizing electrocatalysts'®"’ due to the presence of highly polar

nitrogen (N) atoms by irreversible reactions.®'?

The dimensions and chemical properties of FANs can be controlled by choosing a
suitable monomer symmetry and functional groups. However, most designed FAN
materials have a conventional “planar” structure, composed of horizontally flat
building blocks with interlayer w-7 stacking. Strong interlayer attraction leads to
the loss of adsorption sites and various properties, which strongly depend on the

stacking pattern.’”?" Many studies have reported efforts to prevent interlayer

4')
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interaction, for example, by anchoring bulky and rigid substituents to prevent layer

stacking. Still, these methods must sacrifice original structural characteristics.?*

For 3D-FAN structures, suitable molecular building blocks and topologies are
limited, mainly due to functional group accessibility, steric hindrance, and kinetic
trapping.”” This issue has also limited the number of attainable 3D structures. There-
fore, new building block structures with different connectivity are required, leading
to accessible configurations and simplified structural complexity.

To address the aforementioned limitations associated with the structures of horizontally
planar (HP)- and 3D-FANSs, here, we describe the design and synthesis of a vertically
standing (VS) pyrazine-linked network structure, which consists of fully fused aromatic
linkages. Due to the vertically linked building units and a high degree of segmental
freedom, the vertically standing (VS)-FAN structure can be expected to minimize inter-
layer mt-t stacking while inflating accessible surface areas to provide new diverse topol-
ogies beyond the typical HP-FAN and 3D-FAN.?® In comparison studies with HP-FAN
and 3D-FAN, the VS-FANs have higher segmental freedom and a more structurally
accessible adsorption area. The VS-FAN exhibits the highest iodine capture rate
(1.51 mmol g~" h™") and uptake capacity (~4.2 g g~") while displaying intermediate
separation performance and gas storage. The separation and adsorption results of
CH4/N, fell in between those of the structurally confined HP-FAN and 3D-FAN.

RESULTS

Design of three different types of FAN structures

To investigate structural properties, all of the FAN structures were synthesized by
condensation between o-diamine and 1,2-diketone groups containing building
blocks in an acidic condition, forming fused aromatic phenazine rings (Figure 1;
see Method details). For example, triptycene hexamine (THA) and pyrene-
4,5,9,10-tetrone (tetraketopyrene, TKP) were selected as the building blocks to pre-
pare VS-FAN. To compare the effects of structural dimensions, we also prepared a
pyrazine-linked HP-FAN and 3D-FAN.?

All of the structural units were linked via fused aromatic rings, which impart physico-
chemical and thermodynamic stability. The structural units of the HP-FAN are con-
nected parallel to the growth direction, but those of VS-FAN are linked vertically
to the growth direction. 3D-FAN, which has an arbitrary distributed triptycene unit
in 3D space,”’ was also prepared to compare the relationship between the structure
and dimension of the FANs.

The structural analyses were conducted using various techniques, including X-ray
photoelectron spectroscopy (XPS), elemental analysis (EA), powder X-ray diffraction
(XRD), Brunauer-Emmett-Teller (BET) analysis, cross-polarization/magic angle spin-
ning (CP/MAS), "3C nuclear magnetic resonance ("*C NMR), scanning electron mi-
croscopy (SEM), and high-resolution-transmission electron microscopy (HR-TEM).

The atomic composition and bonding nature of the network structures were confirmed
by XPS survey spectra (Table S1), which revealed that samples contained carbon (C), ni-
trogen (N), and oxygen (O). From the deconvoluted XPS spectra, pyridinic N (398.28
eV), C—N (294.96 eV), and C=0 (531.42 eV, related to remnant edge C=0O groups)
peaks were identified (Figures S1-S3). The EA results were also well matched with
the theoretical values (Table S2). In addition, HP-FAN and VS-FAN had an almost iden-
tical bonding nature, indicating that they consisted of similar chemical bonds but
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Figure 1. Idealized schematic illustration of 3 FAN structures
Conventional horizontally planar FAN (HP-FAN), vertically standing FAN (VS-FAN), and 3-
dimensional FAN (3D-FAN) structures.

different structures. Because they are kinetic products, highly crystalline FAN structures
could not be obtained, the XRD pattern could discern the unique structural differences
between the three structures. The peak around 26° in the HP-FAN structure corre-
sponded to the interlayer van der Waals distance, while VS-FAN did not show the
peak (Figure 2A). This result indirectly indicated that the HP-FAN structure had a strong
interlayer -t interaction between the planes (more close packing), but VS-FAN had a
different stacking pattern, with minimal edge-on contact.

The N, adsorption/desorption isotherm at 77 K provides information about
porosity in relation to the structural geometry (Figure 2B). As expected, 3D-FAN ex-
hibited the highest surface area and total pore volume (1,373.42 m? g' and
0.64 cm® g7"). Interestingly, VS-FAN showed similar results (1,336.22 m? g~" and
0.60 cm® g7") to 3D-FAN. The result suggests that the high surface area is affected
by the triptycene units, which induce intrinsic pore volume in the two structures.?%??
However, the HP-FAN exhibited a relatively lower surface area (743.45 m? g_1) and

pore volume (0.35 cm® g™") due to its stacking layered nature.

The pore size distribution (PSD), determined using the non-local density functional
theory (NLDFT) method, showed the four major pore widths in the three structures
centered at ~0.6, 0.8, 1.1, and 1.3 nm, respectively (inset, Figure 2B). Only the
3D-FAN had a slightly smaller pore width of 1.1 nm. Regardless of whether the struc-
ture was lying or standing, HP-FAN and VS-FAN revealed similar PSD trends, but HP-
FAN had a higher ratio (1.26) of small pores (<1 nm)/large pores (between 1 and
2 nm) than that of VS-FAN (0.85). This means that the layered 2D structure permits
a smaller pore width. From the BET analysis, the VS-FAN structure can be
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Figure 2. Structural analysis of HP-FAN, VS-FAN, and 3D-FAN
(A) Powder X-ray diffraction patterns.

(B) Nitrogen adsorption/desorption isotherms measured at 77 K. Filled circles, adsorption; blank
circles, desorption. Inset: NLDFT pore size distribution for pore width (nm) and dV/dwW (ecm?® g’1

nm™).
(C) Cross-polarization/magic angle spinning (CP/MAS) 3C NMR spectra.

(D) Thermogravimetric analysis (TGA) curves were obtained with a ramping rate of 10°C min™"

inthe

air atmosphere.

understood to have minimal -7 stacking, and thus it behaved like the 3D-FAN
structure since the adsorbates had more freedom to access pores.

CP/MAS "3C NMR spectroscopy critically confirmed their structural differences (Fig-
ure 2C). For HP-FAN, the strong peak at 125 ppm is related to the C in the pyrene
and triphenylene moieties, and the peak at 139 ppm is associated with phenazine
C (C=N) formed by the reaction of diamine and diketone moieties. Like the HP-
FAN structure, the VS-FAN structure also revealed respective peaks at 127 and
142 ppm, which are related to the carbons in the phenyl and phenazine rings. The
notable distinction between the two structures was the bridging C in the triptycene
moiety in VS-FAN, which appeared at 54 ppm (the dark blue dot in Figure 2C).?"-*° In
the 3D-FAN spectrum, there were minor peaks around the pyrazine bond, due to the
relatively large number of edges, and a slightly different chemical environment as it
divergently grew into 3D space.”’

The SEM images of HP-FAN (Figure S4), VS-FAN (Figure S5), and 3D-FAN (Figure S6)

show a corrugated surface morphology. However, obtaining informative TEM images
was difficult for all of the samples due to the rapid beam damage (Figures §7-59).%°
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Figure 3. CH, and N, gas adsorption properties of HP-FAN, VS-FAN, and 3D-FAN

(A) Adsorption amount (mmol 94) of CH,4 (downward triangle) and N, (upward triangle).
(B) Separation selectivity of IAST-predicted CH4/N; mixture at 293 K.
©

(D)

CH, uptake capacities and selectivity trends extracted from (A) and (B).
Time-dependent CH, kinetic uptake profiles at 293 K and 0.5 bar (C/Cq: fractional uptake).

The 2D network structures showed higher thermal stability than the 3D-FAN in the
thermogravimetric analysis (TGA) (Figure 2D) because the 3D structure had more
dangling edges. Among the FAN structures, HP-FAN showed better thermal stabil-
ity than VS-FAN due to its layered nature and efficiently packed structure.

Methane adsorption and separation

To investigate the relationship between structure and gas uptake property, CH, and
N, adsorption studies were conducted (Figures 3 and S10). The amounts of CH, ad-
sorbed under 1 bar at 293 K were 0.57 mmol g~ for HP-FAN, 0.84 mmol g~ for VS-
FAN, and 0.99 mmol g~ for 3D-FAN (Figure 3A). N, uptakes were found to be

0.14 mmol g™, 0.22 mmol g7’ !

,and 0.28 mmol g™ ', respectively. The trend in gas
uptake increased from the flat 2D to standing 2D to a 3D structure. In addition,
the results for low- and high-pressure isotherms at 298 K showed similar trends (Fig-
ure S11). The CH,4 adsorption was higher overall than N, because there was a more
effective interaction between the CHy and polar bonds such as C—N due to its

slightly larger polarizability.”’

Based on the results of CH4/N, adsorption, the samples were subjected to a chal-
lenge, the separation of methane (CH,) and nitrogen (N,), because of the similarity
in physicochemical properties, especially their kinetic diameters (CH,4: 3.80 A and
Np: 3.64 A).°?% The selectivity was fitted using the dual-site Langmuir-Freundlich
isotherm model.** High selectivity is required for separation systems in natural
gas refining. The ideal adsorbed solution theory (IAST)-predicted CH4/N, (50:50)
selectivity, indicating 5.73, 4.95, and 4.42 for HP-FAN, VS-FAN, and 3D-FAN,
respectively (Figure 3B; Table S3).*> Combining the preceding results, Figure 3C
shows the relationship between CH, uptake (HP-FAN < VS-FAN < 3D-FAN) and
selectivity (HP-FAN > VS-FAN > 3D-FAN).

Although IAST-predicted selectivity has been widely used for gas separation, it does
not provide real gas characteristics such as kinetics and dynamic flow. To investigate
the effect of differences in structural dimensions on CH4/N; separation performance
under dynamic mixture flow, breakthrough experiments were performed at 298 K us-
ing packed beds containing 3 different materials (Figure S12). From the results of bi-
nary-component separation, the selectivities of HP-FAN, VS-FAN, and 3D-FAN were
on the order of 2.48, 2.16, and 1.92, showing a similar tendency to selectivity

Cell Reports Physical Science 2, 100502, July 21, 2021 5
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Figure 4. lodine adsorption behaviors of HP-FAN, VS-FAN, and 3D-FAN
(A) Gravimetric |, uptake capacity at 350 K with respect to time.

(B) TGA thermograms of |, adsorbed structures under air condition (inset: TGA curve of pristine 3D-FAN before |, adsorption measured in the air).

(C) Recyclability of the I, capture properties.

calculated by IAST. Three consecutive repeated breakthrough experiments dis-
played practically applicable stability, as all of the FAN structures maintained a
similar separation performance.

To further investigate the advantages of VS-FAN, the kinetic absorption curves of
CH,4 were obtained at 293 K (Figure 3D). The CHy diffusivities were calculated using
a classical micropore diffusion model (Table S4). Unlike the typical adsorption and
separation trends of 2D layered and porous 3D materials, the VS-FAN exhibited
the fastest uptake kinetics. Based on this result, the advantages of VS structure
can minimize interlayer interactions, and thus maximize segmental motion
compared to typical layered planar 2D and porous 3D structures, allowing gas mol-
ecules to reach the adsorption surface in a short time. Thus, the VS-FAN has substan-
tial kinetic advantages for specific applications over conventional sorbent materials.

lodine adsorption

In addition, rapid adsorption is an essential factor for removing harmful gases at a
minimum exposure time. The VS-FAN structure can be a suitable candidate for ad-
sorbing harmful gases due to its fastest diffusivity and accessibility, which are accel-
erated by the maximum exposure of electron-localized pyrazine N atoms in the
structure. To investigate the efficiency of FANs with respect to structure and dimen-
sionality, we carried out iodine (I: 3.35 A) capture (Figure 4). Phenazine-bridged
microporous polymers have shown a high capacity for radioactive I, capture due
to their effective adsorption sites, such as electron-rich N atoms and a m-electron
conjugated structure.***” Based on the reported I, capture performance of porous
organic networks,?**¢*%3? HP-FAN and VS-FAN were expected to show good |, up-
take properties (see also Table Sé). This is because the electron-deficient I, prefers a
lone pair electron in pyrazine N as well as a m-electron cloud of pyrene units.

The VS-FAN was found to have the highest I, adsorption value of ~4.2 g g~" (Fig-
ure 4A). Compared with HP-FAN (~3.0 g 9‘1), VS-FAN exhibited higher |, capture.
This performance is associated with a higher surface area and segmental freedom
due to the weaker interlayer interaction. Although those two samples were structur-
ally similar, the HP-FAN structure sacrifices adsorption sites due to the m-7 stacking.
The 3D-FAN showed the lowest I, uptake (~2.0 g g~") due to the absence of pyrene
units. It had a relatively smaller mt-conjugated aromatic area than HP-FAN and VS-
FAN, indicating that triptycene units do not significantly contribute to I, uptake.

6 Cell Reports Physical Science 2, 100502, July 21, 2021
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Figure 5. Adsorption behaviors of HP-FAN, VS-FAN, and 3D-FAN
(A) CH4/N; breakthrough selectivity.

(B) Amount of CH,4 adsorption at 60 bar.

(C) CH4 diffusivities at 293 K.

(D) Rate of iodine adsorption at 350 K.

The adsorption amounts were re-confirmed using TGA measurements (Figure 4B).
The 3D-FAN was calculated by considering moisture and mass reduction due to
the dissipation of the terminal groups up to 400°C (~14%,; sky blue arrow in the inset
of Figure 4B; see also Figure 2D) before the I, adsorption test. In addition, XPS
spectra support that |, is adsorbed in the pores of FANs (Figure S13).

The recyclability tests were conducted after repeatedly washing with ethanol. The
3D-FAN showed an adsorption reproducibility of ~95% after the first cycle, but
the other FAN structures remained at 86%—88% after the first cycle (Figure 4C).
This is probably because the |, that was first adsorbed was not thoroughly washed
off with ethanol because of the strong interaction between |, and the structures.
Except for the first cycle, all of the structures exhibited stable adsorption perfor-
mance from the second to the fifth cycles.

Relationship between FAN structures and adsorption behaviors

The adsorption and separation characteristics of the FANs can be clearly distin-
guished depending on structure and dimensionality (Figure 5; Tables S4 and S5).
Regarding gas separation, the HP-FAN showed excellent performance due to the
confined layered structure and the high ratio of small/large pore sizes. The VS-
FAN had intermediate selectivity between the HP-FAN and porous 3D-FAN
(Figure 5A).

The tendency for gas storage performance was the opposite of that for separation
(Figure 5B). The adsorption amount gradually increased with dimensionality, from
flat 2D to standing 2D to 3D structures. This is because adsorption space is lost
due to strong interlayer interactions in the HP-FAN structure. In the case of 3D-
FAN, the adsorption spaces are all open so that the gases can freely access the struc-
ture. Although the VS-FAN had a completely open surface, like the 3D-FAN, the
uptake capacity was relatively lower because a little - interaction may still have
existed in the collapsed area.
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Although the VS-FAN showed an intermediate performance in adsorption and sep-
aration between the conventional flat 2D and porous 3D structures, it has the highest
gas diffusivity constant (Figure 5C). There must be a possibility to overcome limiting
factors in capturing reaction intermediate and enhancing separation selectivity
because the VS-FAN has a kinetic advantage.

Along with uptake capacity, rapid adsorption is significant to remove harmful sub-
stances, such as radiative |,. From a kinetic perspective, the VS-FAN showed
outstanding performance for the |, uptake rate (Figure 5D). These results were asso-
ciated with good accessibility to the aromatic adsorption sites due to high
segmental flexibility. This indicates that VS-FAN had fewer -7 interactions from
the perpendicularly connected structural units, resulting in loose packing with min-
imal edge-on contact, which in turn yielded more accessible pores and free vol-
ume.*® Although the HP-FAN structure had similar aromatic structural units to the
VS-FAN, accessible space was reduced by the interlayer stacking. The 3D-FAN
had a larger surface area, but there was a kinetic delay before the bulky I, molecules
reached the inner pores. Therefore, the VS-FAN structure was determined to have an
advantage over the HP-FAN and 3D-FAN structures from a kinetic perspective.

DISCUSSION

Three different FAN structures were designed and synthesized with different struc-
tures and dimensionality. A comparative study of the gas sorption and separation
behaviors of the pyrazine-linked FANs found that the porous 3D-FAN had the
best gas uptake capacity because of its intrinsic microporous channels, and the
HP-FAN demonstrated the best CHa/N; separation performance due to its confined
layered nature. The VS-FAN displayed intermediate gas uptake and separation per-
formance compared with the HP-FAN and 3D-FAN structures. However, because of
the highly available extended m-conjugated surface area and degree of segmental
freedom, VS-FAN exhibited the best kinetic diffusivity and I, uptake performance.
Thus, the results presented in this study suggest that the segmental arrangement
of FAN materials is crucial for specifically different applications such as harmful
gas adsorption, rapid sensing, and fast catalytic reaction. Furthermore, this study
is expected to be helpful in the design of more unique porous crystalline materials
such as COFs or MOFs. It is anticipated that standing-type structures can be applied
to gas adsorption applications more efficiently and with high performance if a syn-
thetic strategy is conceived to form crystalline standing structures.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Jong-Beom Baek (jbbaek@unist.ac.kr).

Materials availability

Commercially available reagents were used without further purification. Solvents
were purified before use according to the standard procedures. All of the reactions
were conducted under inert conditions unless otherwise stated.

Data and code availability

The authors declare that supporting data and the findings of this study are available
within the article and the Supplemental information. All other data are available from
the lead contact upon reasonable request.
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Synthesis of HP-FAN

Triphenylene-2,3,6,7,10,11-hexamine hexahydrochloride (1.5 g, 2.79 mmol), dihy-
dropyrene-4,5,9,10-tetraone (1.09 g, 4.18 mmol) trifluoromethanesulfonic acid
(TEMSA) (40 mL) were charged into a 3-neck round-bottomed flask (250 mL) in an
ice bath. The mixture was slowly warmed up to room temperature for 12 h and
then heated to 175°C for 3 h. After 1 h, the thin liquid was converted into a gel-
like mixture. The temperature was maintained for an additional 2 h to ensure com-
plete reaction and then cooled down to room temperature. The gel-like product
was precipitated in deionized water, collected by filtration on a polytetrafluoroethy-
lene (PTFE) membrane (0.45 um pore size), and repeatedly washed with water. The
product was further Soxhlet extracted with water and MeOH for 3 days each and
freeze-dried at —120°C under reduced pressure (0.05 mm Hg) for 3 days (see
also Supplemental experimental procedures).

Synthesis of VS-FAN

In a 3-neck round-bottomed flask (250 mL), THA hexahydrochloride (1.0 g, 1.7 mmol)
and dihydropyrene-4,5,9,10-tetraone (0.70 g, 2.67 mmol) were charged in freshly
distilled TFMSA (35 mL) in an ice bath. After stirring at 0°C for 1 h, the ice bath
was replaced with an oil bath and the temperature gradually increased to 175°C.
The rest of the workup procedure was similar to the HP-FAN.

Synthesis of 3D-FAN

Following the literature procedure,”” triptycene hexamine hexahydrochloride (0.5 g,
0.88 mmol), hexaketocyclohexane (HKH) octahydrate (0.277 g, 0.88 mmol), and
TEMSA (40 mL) were charged into a 3-neck round-bottomed flask (250 mL) in an
ice bath. The mixture was slowly warmed to room temperature for 12 h and then
heated to 175°C for 3 h. The rest of the workup procedure was similar to that of
the HP-FAN.

Breakthrough experiment

Samples were initially activated at 150°C for 3 h under a high vacuum before pack-
ing the column. Each activated sample, HP-FAN (0.4280 g), VS-FAN (0.4277 g), and
3D-FAN (0.3184 g), was packed into a stainless-steel column ("4 in x 150 mm). The
length of each sample occupied in the column was 44, 50, and 74 mm, respectively.
The rest of the column was filled with glass beads (750 um), and each layer used
glass wool. Before the breakthrough test, the packed column was degassed with
a helium (He) flow of 46 mL min~" at 150°C for 1 h in the breakthrough system.
The experiment was carried out at a total flow rate of 5 mL min™" with a binary
feed gas mixture (CH4/N5, 50:50 vol%) at 25°C, 1 atm. After the separation was
completed, the sample was mildly regenerated (He 5 mL min~', 6 min) without
increasing the temperature, and the same procedure was repeated 3 times for
reproducibility testing.

Isotherms of iodine adsorption test

All of the samples were vacuum dried at 80°C overnight, and then each sample
(60 mg) was placed into a sealed vessel (250 mL) in the presence of excess iodine
(700 mg) at 350 K. The adsorption of iodine vapor was directly evaluated by weigh-
ing the samples. For crosschecking, the iodine adsorbed samples were also sub-
jected to TGA. During iodine uptake, gravity measurements were performed at
different time intervals (measured at intervals of 30 min, 1 h, and 5 h, respectively,
based on 9 h, 15 h, and 40 h). The recyclability procedure was carried out after
washing with ethanol several times (a total of 10 min), and the process mentioned
above was repeated.
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