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Porous materials have been of intense scientific and techno-
logical interest because of their vital importance in many
applications such as catalysis, gas separation, and gas stor-
age.ll Great efforts in the past decade have led to the
production of highly porous materials with large surface
areas. In particular, the development of metal-organic frame-
works (MOFs) has been especially rapid.”! Indeed, the
highest surface area reported to date is claimed for a recently
reported MOF material UMCM-2, which has a N, uptake
capacity of 1500 cm®g at saturation, from which a Langmuir
surface area of 6060 m?g (Brunauer-Emmett-Teller (BET)
surface area of 5200 m*g) can be derived.”! Unfortunately, the
high-surface-area porous MOFs usually suffer from low
thermal and hydrothermal stabilities, which severely limit
their applications, particularly in industry."! These low
stability issues could be resolved by replacing coordination
bonds with stronger covalent bonds, as observed in covalent
organic frameworks (COFs) or porous organic polymers.”!
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However, the COFs and porous organic polymers reported to
date have lower surface areas compared to MOFs; the highest
reported surface area for a COF is 4210 m*g (BET) in COF-
103.51 Thus, further efforts are required to explore various
strategies to achieve higher surface areas in COFs. Herein, we
present a strategy that has enabled us to achieve, with the aid
of computational design, a structure that possesses by far the
highest surface area reported to date, as well as exceptional
thermal and hydrothermal stabilities. We report the synthesis
and properties of a porous aromatic framework PAF-1, which
has a Langmuir surface area of 7100 m*g. Besides its excep-
tional surface area, PAF-1 outperforms highly porous MOFs
in thermal and hydrothermal stabilities, and demonstrates
high uptake capacities for hydrogen (10.7 wt% at 77 K,
48 bar) and carbon dioxide (1300 mgg~' at 298 K, 40 bar).
Moreover, the super hydrophobicity and high surface area of
PAF-1 result in unprecedented uptake capacities of benzene
and toluene vapors at room temperature.

It is well known that one of the most stable compounds in
nature is diamond, in which each carbon atom is tetrahedrally
connected to four neighboring atoms by covalent bonds
(Figure 1a). Conceptually, replacement of the C—C covalent
bonds of diamond with rigid phenyl rings should not only
retain a diamond-like structural stability but also allow
sufficient exposure of the faces and edges of phenyl rings
with the expectation of increasing the internal surface areas.
By employing a multiscale theoretical method,® which

a)

Figure 1. a) structure of diamond; b) structure model of P1; c) struc-
ture model of P2; d) structure model of P3.
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combines first-principles calculations and grand canonical
Monte Carlo simulation (see the Supporting Information),
our computational studies indicate that replacement of the
C—C bond with one phenyl ring (Figure 1b) can result in a
structure (denoted as P1) with a Langmuir surface area of
2350 m?’g (BET surface area, 1880 m’g) and density of
0.8364 gcm ™, assuming the preservation of diamondoid top-
ology. Addition of one more phenyl ring to the C—C bond
(Figure 1c¢) can then almost triple the Langmuir surface area
to 7000 m’g (BET surface area 5640 m’g) as well as
significantly reducing the density of the structure (denoted
as P2) to 0.315 gecm . Replacement of the C—C bond with
three phenyl rings (Figure 1d), however, will enlarge the pore
sizes of the structure (denoted as P3) to the mesoscale range,
and type IV sorption isotherms can be predicted based on the
simulation (Figure 2).

The theoretical simulation results motivated us to seek
approaches to synthesize these structures. Since type I
sorption isotherms are preferred for small gas molecule
storage applications, in particular H,, we focus here on the
synthesis and properties of the P2 structure. Efforts are also
underway for the successfully synthesis of the P1 and P3
structures. To synthesize P2, we selected tetrakis(4-bromo-
phenyl)methane!” as the tetrahedral building unit, and the
phenyl rings were coupled using the nickel(0)-catalyzed
Yamamoto-type!®! Ullmann cross-coupling reaction” (see
the Experimental Section). This reaction produced an off-
white powdered compound PAF-1, which has a low density
and is not soluble in any common organic solvents.

The reaction process can be monitored by FTIR measure-
ments. The spectra clearly indicate the disappearance of the
C—Br bonds (Figure S4 in the Supporting Information), thus
demonstrating the success
of the phenyl-phenyl cou-
pling. To further reveal the
local structure of PAF-1, we
performed both 'H and “C
solid-state NMR studies. As
shown in Figure3a, two
major signals at d=7.9 and P SRR EER R
7.6 ppm are distinguishable
in the 'H MAS NMR spec- & -
trum. These chemical shifts 1
are similar to those of the ool
two types of phenyl protons i M
in the 4,4'-dimethylbiphenyl _‘
molecule. The two minor 01
signals at 0=09 and
1.3ppm arise from the
residual solvent in the
sample. The “C CP-MAS
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Figure 2. Theoretically calculated N, adsorption isotherms at 77 K for
P1, P2, and P3. STP=standard temperature and pressure.

carbon atoms in the sample. In addition, the *C chemical
shifts of the signals are similar to those of the phenyl carbon
atoms in the 4,4’-dimethylbiphenyl molecule. Therefore, the
two intense signals at d =131 and 125 ppm can be unambig-
uously assigned to C3 and C4 respectively in the benzene ring,
while the two relatively weaker signals at 6 =140 and
146 ppm are attributed to C2 and C5, respectively (Figure 3c,
inset). Since the C3 and C4 atoms are directly connected to
protons, the two signals 0 =131 and 125 ppm exhibit a much
stronger cross polarization (CP) enhancement with respect to
the two signals at 0 = 140 and 146 ppm. The weak "*C signal at

1 T 1 T 1
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&/ ppm

.
e/ Y\t s

H,

NMR spectrum of the
sample gives more struc-
tural information (Fig-
ure 3b). The signals at
approximately 0 =146, 140,
131, 125, and 64 ppm are
resolved, and indicate the
presence of five different
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Figure 3. a) TH MAS NMR spectrum of PAF-1 sample; b) 'TH-">C CP/MAS NMR spectrum of the sample with
contact time =4 ms; c) '"H-">C HETCOR spectra of PAF-1 sample recorded with ct=5 ms, spinning speed of
5 kHz (left) and ct=0.3 ms, spinning speed of 9 kHz (right). Asterisks denote spinning sidebands. The insets
show local structures of PAF-1 as revealed by NMR studies.
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approximately d = 64 ppm can be assigned to the quaternary
carbon atom (C1) that is connected to four phenyl groups. On
the basis of the 'H and *C NMR spectra, the structural unit of
the sample can be confirmed. Furthermore, the above assign-
ments are also supported by 2D '"H-"*C HETCOR spectra, in
which the correlations between the protons and the carbon
atoms in spatial proximity are revealed (Figure 3c), that is,
the correlation peak between the quaternary carbon and the
phenyl proton is only visible with a relatively long contact
time (5 ms) because of the large H-C distance.

The above results strongly indicate that the local bonding
within PAF-1 agrees well with the structure of P2. In order to
probe the long-range structure of PAF-1, powder X-ray
diffraction (PXRD) and transmission electron microscopy
(TEM) were performed. The PXRD pattern (Figure S7 in the
Supporting Information) shows that the main features are
consistent with those simulated from the P2 structure,
although the peaks are broad, which indicates a highly
disordered structure. The high-resolution TEM images (Fig-
ure S8 in the Supporting Information) indicate that the
texture is largely amorphous but with uniform pore diameter.
Although PAF-1 does not possess the long-range crystallo-
graphic order present in the proposed P2 structure, we expect
the local structure to support a high surface area, as predicted
by the theoretical calculations. To investigate its surface area,
a fresh PAF-1 sample was fully activated at 200°C under
dynamic vacuum for 24h to remove the guest solvent
molecules, and the N, sorption isotherms were measured at
77 K. As shown in Figure 4 a, PAF-1 exhibits an exceptionally
high N, uptake of 2000 cm®g™' at P/P,=0.94. When the
Langmuir model with a pressure range of P/P;=0.05to 0.2 is
applied, the apparent surface area of PAF-1 is 7100 m*g™" (or
using the BET model within the same pressure range, the
calculated BET surface area is 5600 m?g™"). To verify the
reproducibility of this N, sorption result, we repeated N,
measurements five times using samples prepared from differ-
ent batches with amounts ranging from 100 mg to 300 mg. The
average N, uptake value is (20054 50) cm®g~! (error bar in
Figure 4a is one standard deviation) at P/P;=0.94. The
apparent surface area of PAF-1 is, to the best of our
knowledge, by far the highest among all porous materials
reported to date. Remarkably, the apparent surface area of
PAF-1 exceeds that of some of the highest surface areas of
MOFs, such as MOF-177 (4500 m?’g~!, Langmuir)!” and
MIL-101 (5900 m*>g~!, Langmuir),'!! as well as a recently
reported 3-D COF, COF-103 (4210 m*g~', BET).FT A table
comparing similar materials is given in the Supporting
Information (Table S3). The surface area of PAF-1 is con-
sistent with the theoretically calculated surface area of the
proposed P2 structure (Figure 4), thus providing further
evidence of their structural similarity.

Encouraged by the above results, we decided to inves-
tigate the structural stability of PAF-1. Thermogravimetric
analysis (TGA) indicates that PAF-1 is thermally stable up to
520°C in air (Figure S5 in the Supporting Information). In
addition, hydrothermal stability studies on PAF-1 demon-
strate that it can retain its structural integrity even after
boiling in water for seven days, as indicated by virtually no
drop of its N, uptake capacity at 77 K (Figure S6 in the
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Figure 4. a) Experimental adsorption (black square) and desorption
(empty square), and simulated N, adsorption (red square) isotherms
of PAF-1 at 77 K. b) High-pressure hydrogen sorption isotherms at

77 K. Filled black circle: excess adsorption; empty black circle: excess
desorption; filled red circle: total adsorption; empty red circle: total
desorption; c) Excess high-pressure carbon dioxide adsorption iso-
therm at 298 K; d) Benzene (green triangle) and toluene (inverted blue
triangle) vapor adsorption isotherms at 298 K.

Supporting Information). These stabilities are superior to
high-surface area MOF materials.”*!"!

The excellent stability together with its exceptional N,
adsorption capacity makes PAF-1 a very attractive candidate
for gas storage applications, particularly hydrogen storage
and carbon dioxide capture, which are related to clean energy
issues. To evaluate the hydrogen storage performance of PAF-
1, high-pressure hydrogen sorption isotherms at 77 K were
measured using a Sievert apparatus. As shown in Figure 4b,
the excess hydrogen uptake capacity of PAF-1 at 48 bar, 77 K
can reach 7.0 wt %, which corresponds to an absolute uptake
of 10.7 wt %. The H, capacity in PAF-1 is comparable to the
best performances of high-surface-area porous MOFs and
COFs (Table S3 in the Supporting Information),'>%! and is
the highest value among porous organic polymers." From
the high-pressure hydrogen sorption isotherm data of PAF-1,
the isosteric heats of adsorption were calculated using the
method described by Zhou et al.™™ The zero-loading Q, was
approximately 4.6 kJmol™', and shows little loading depend-
ence. This observation is consistent with sorption on a
homogeneous porous material™ and further supports the
role of surface area on the total H, uptake. A high-pressure
CO, adsorption isotherm was also collected at 298 K to assess
the potential of PAF-1 for carbon dioxide capture applica-
tions. As indicated in Figure4c, PAF-1 can adsorb
1300 mgg ' CO, at 40 bar and room temperature, which is
slightly lower than post-treated MIL-101,"" but is still among
the highest for reported porous materials.

Given the aromatic framework of PAF-1, together with its
exceptional surface area, we also explored the capability of
PAF-1 for adsorption of organic vapors such as benzene and
toluene, which are of concern to the environment. As
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indicated in Figure 4d, PAF-1 can adsorb large amounts of
benzene and toluene vapor at room temperature, with values
of 1306 mgg ! (16.74mmolg') and 1357 mgg’
(14.73 mmol g ), respectively, at saturated vapor pressures.
The excellent sorption performances of PAF-1, which widely
surpasses those of all other porous materials including
hydrogen-bonded cocrystals,"®! promises a great potential
for the further environmental application of this material.

In conclusion, with the assistance of computational
design, a porous aromatic framework with an unprecedented
high surface area of 7100 m?’g™' has been successfully
synthesized. PAF-1 possesses local diamond-like tetrahedral
bonding of tetraphenylene methane building units to produce
exceptional thermal and hydrothermal stabilities. In addition,
PAF-1 demonstrates high uptake capacities of hydrogen and
carbon dioxide, as well as benzene and toluene vapors. The
strategy presented in this work opens a new avenue for the
design and construction of highly porous materials with
exceptional stabilities for clean energy and environmental
applications.

Experimental Section
Synthesis of PAF-1: 1,5-cyclooctadiene (cod, 1.05 mL, 8.32 mmol,
Aldrich, dried over CaH,) was added to a solution of bis(1,5-
cyclooctadiene)nickel(0) ([Ni(cod),], 2.25 g, 8.18 mmol, Aldrich!!)
and 2,2-bipyridyl (1.28 g, 8.18 mmol, Aldrich) in dehydrated DMF
(120 mL, Aldrich), and the mixture was heated at 80°C for 1 h. To the
resulting purple solution was added tetrakis(4-bromophenyl)methane
(1g, 1.57mmol) at 80°C, and the mixture was stirred at the
temperature overnight to obtain a deep purple suspension. After
cooling to room temperature, concentrated HCl was added to the
mixture. After filtration, the residue was washed with CHCl; (5 x
30mL), THF (5x30mL) and H,O (5x30mL), respectively, and
dried in vacuo to give PAF-1 as an off-white powder (390 mg, 78 %
yield). Elemental analysis calcd (%) for CysHjs: C 94.94, H 5.06;
found: C 94.73, H 5.27; IR (KBr): v = 3030, 1498, 1004, 812, 705 cm".
NMR experiments: All NMR experiments were performed on a
Varian Infinity-plus 400 spectrometer operating at a magnetic field
strength of 9.4 T. The resonance frequencies at this field strength were
100.6 and 400.1 MHz for *C and 'H, respectively. A Chemagnetics
5mm triple-resonance MAS probe was used to acquire 'H and
BCNMR spectra, with spinning rates of 5-9 kHz. 'H MAS NMR
experiments were recorded with a windowed phase modulated Lee—
Goldburg decoupling sequence (wpmLG) to improve the 'H reso-
lution. For the 'H-"C CP/MAS NMR experiments, the Hartmann—
Hahn condition was achieved using hexamethylbenzene (HMB), with
a contact time (ct) of 4.0 ms and a repetition time of 2.0 s. Two-
dimensional "H-"C CP/MAS heteronuclear correlation (HETCOR)
experiments with Lee-Goldburg (LG) 'H homonuclear decoupling
during the #; evolution period were performed using standard
methods. Typically 200 scans were acquired for each ¢, increment
and the recycle delay was 2s. The chemical shifts were externally
referenced to hexamethylbenzene for °C and tetramethylsilane for
'H.
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