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’ INTRODUCTION

As a promising porous material with potential application in
heterogeneous catalysis1 and gas storage,2 versatile porous
organic polymers (POPs) were obtained efficiently by selection
of proper building blocks, which show high flexibility in themole-
cular design.3 Due to the rigid and contorted structure, aromatic
spirocyclic compounds have been used as wonderful building
blocks in preparation of POPs such as solution-processable
polymers of intrinsic microporosity (PIMs)4 and conjugated
microporous polymers (CMPs) with large specific surface area.5

Especially, spirobifluorene derivatives with a perpendicular ar-
rangement structure of two biphenylene planes possess a super-
ior morphological stability, which is a novel core building unit to
produce a contorted polymeric structure.6 It is reported that the
Brunauer�Emmett�Teller (BET) specific surface area of spir-
obifluorene-based porous polymer is above 1000 m2 g�1.7

Spiro(fluorene-9,90-xanthene) (SFX), as a spiro-structured
compound containing heteroatoms in the spiro-skeleton, is a
typical building unit used in organic optoelectronic materials
owing to its high thermal and oxidative stability.8 As for the
molecular structure of SFX, the fluorene and xanthene moieties
are positioned in a nearly planar conformation and connected
through the tetrasubstituted carbon atom spiro-center. Mean-
while, the planes of the two moieties are arranged orthogonally
(dihedral angle = 89.8�),8a which is similar to the configuration
of spirobifluorene. Furthermore, introducing a heteroatom into
porous polymers can modify the electron conductivity of the

conjugated polymer backbone, which may enhance the dipole�
dipole interaction between sorbate molecule and adsorbent.7

Considering its easy preparation and intrinsic structure, we
believe that SFX is expected to be a novel building block for
design of conjugated porous polymers with special properties.
In this paper, preparation and sorption properties of SFX-based
porous organic polymers are reported. Polymer synthesis is
facilitated smoothly by palladium-catalyzed C�C coupling poly-
condensation. The BET specific surface area for these polymers
ranges from 750 to 1020 m2 g�1. Gravimetric hydrogen adsorp-
tion isotherms show that the hydrogen uptake of the synthetic
SPOPs is up to 2.22 wt % at 1.0 bar and 77 K, which is a high
uptake capacity for hydrogen at low pressure among the best
reported results for organic polymers under the same conditions.

’EXPERIMENTAL SECTION

Materials and Measurements. All chemical reagents were
commercially available and used as received unless otherwise stated.
Benzene-1,4-diboronic acid (BDBA), 1,4-diethynylbenzene, and
tetrakis(triphenylphosphine)palladium(0) were purchased from Acros.
Spiro(fluorene-9,90-xanthene)9 and 2,20,7,70-tetrabromo-9,90-spirobi-
fluorene (TBSBF)10 were prepared according to reported methods,
respectively.
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The 1H and 13C NMR spectra were recorded on a Bruker DMX400
NMR spectrometer. Solid-state cross-polarization magic angle spinning
(CP/MAS) NMR spectra were recorded on a Bruker Avance III 400
NMR spectrometer. Nitrogen sorption isotherms were obtained with a
Micromeritics ASAP 2020 M+C accelerated surface area and porosi-
metry analyzer at 77 K. The samples were degassed overnight at 120 �C.
The obtained adsorption�desorption isotherms were evaluated to
give the pore parameters, including BET specific surface area, pore size,
and pore volume. The pore size distribution was calculated from the
adsorption branch with the nonlocal density function theory (NLDFT)
approach. SEM observations were carried out using a Hitachi S-4800
microscope (Hitachi Ltd., Japan) at an accelerating voltage of 6.0 kV and
equipped with a Horiba energy dispersive X-ray spectrometer. TEM
observations were carried out using a Tecnai G2 20 S-TWINmicroscope
(FEI) at an accelerating voltage of 200 kV. The infrared (IR) spectra
were recorded using a PerkinElmer Spectrum One FT-IR spectrometer.
X-ray diffraction (XRD) patterns of the samples were acquired from
0.5� to 35� by a Philips X0Pert PRO X-ray diffraction instrument. The
fluorescence spectra were measured using a PerkinElmer LS55 lumines-
cence spectrometer.
Synthesis of Tetrabromospiro(fluorene-9,90-xanthene)

(TBSFX). To a solution of spiro(fluorene-9,90-xanthene) (333 mg,
1.0 mmol) in chloroform (8.0 mL) at 0 �C were added ferric chloride
(8 mg, 0.05 mmol) and bromine (0.4 mL, 4.1 mmol). The solution was
warmed to room temperature and stirred for 3 h. After poured into water
(50 mL), the resulting mixture was washed with saturated sodium
thiosulfate until the red color disappeared. The aqueous layer was
extracted with dichloromethane (2 � 50 mL), and then the combined
organic layer was dried over sodium sulfate and concentrated under
reduced pressure to give TBSFX as a white solid (615mg, 95%), which is
pure enough for further use. Mp 246�248 �C. 1H NMR (400 MHz,
CDCl3): δ 7.66 (d, J = 8.4 Hz, 2H), 7.56 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz,
2H), 7.35 (dd, J1 = 8.4Hz, J2 = 2.0Hz, 2H), 7.23 (d, J = 1.6Hz, 2H), 7.13
(d, J = 8.8 Hz, 2H), 6.44 (d, J = 2.4 Hz, 2H). 13C NMR (100 MHz,
CDCl3): δ 155.5, 150.0, 137.5, 133.0, 132.2, 130.3, 129.0, 124.8, 122.9,
121.9, 119.1, 116.2, 58.6.
Synthesis of SPOP-1 and SPOP-3 by Suzuki Coupling

Polymerization. SPOP-1 and SPOP-3 were synthesized by palla-
dium-catalyzed Suzuki coupling condensation reaction between BDBA

and arylbromide. A representative preparation for SPOP-3 is given in
details as follows:

A mixture of TBSFX (162 mg, 0.25 mmol), 2,20,7,70-tetrabromo-9,90-
spirobifluorene (158 mg, 0.25 mmol), and BDBA (163 mg, 1.0 mmol)
in dimethylformamide (DMF, 100 mL) was degassed by the freeze�
pump�thaw cycles. To the mixture were added an aqueous solution
of potassium carbonate (2.0 M, 16 mL) and tetrakis(triphenylphos-
phine)palladium(0) (50 mg, 55 μmol). The resulting solution was
degassed and purged with nitrogen and stirred at 150 �C for 36 h. The
mixture was cooled to room temperature and poured into water. The
insoluble precipitate was filtered and washed with water, methanol,
and acetone to remove any unreacted monomers or catalyst residues.
Further purification of the polymer was carried out by Soxhlet extrac-
tion with water, methanol, and tetrahydrofuran (THF) for 24 h to give
SPOP-3 (230 mg) as a solid.

As for SPOP-1, only TBSFX was used as core structure monomer,
and its amount is a half-equivalence of BDBA. SPOP-1 can be obtained
according to the procedure as described above.
Synthesis of SPOP-2 and SPOP-4 by Sonogashira�

Hagihara Coupling Polymerization. SPOP-2 and SPOP-4 were
synthesized by palladium-catalyzed Sonogashira�Hagihara coupling
condensation reaction between 1,4-diethynylbenzene and aryl bromide.
A representative preparation for SPOP-4 is given in details as follows:

1,4-Diethynylbenzene (126 mg, 1 mmol), TBSFX (162 mg,
0.25 mmol), and 2,20,7,70-tetrabromo-9,90-spirobifluorene (158 mg,
0.25 mmol) were dissolved in the mixture of DMF (25 mL) and
triethylamine (25 mL), and then the mixture was degassed by the
freeze�pump�thaw cycles. To the mixture were added tetrakis-
(triphenylphosphine)palladium(0) (30 mg) and copper(I) iodide
(10 mg). The resulting mixture was heated to 90 �C and stirred for
72 h under a nitrogen atmosphere. After cooled to room temperature,
the insoluble precipitate was filtered and washed three times with water,
dichloromethane, and methanol to remove any unreacted monomers or
catalyst residues. Further purification of the polymer was carried out by
Soxhlet extraction with water, methanol, and tetrahydrofuran for 72 h.
The product was then dried under vacuum for 24 h at 120 �C to give a
brown powder (280 mg).

As for SPOP-2, only TBSFX was used as core structure mono-
mer, and its amount is a half-equivalence of 1,4-diethynylbenzene.

Scheme 1. Preparation of SPOPs by Palladium-Catalyzed C�C Coupling Polycondensation
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SPOP-2 can be obtained according to the procedure as described
above.

’RESULTS AND DISCUSSION

SFX can be efficiently prepared on a large scale according to
Huang’s method. After bromination with bromine, tetrabromo-
substituted SFX (TBSFX) is obtained in a high yield, which is
a core monomer for construction of porous organic polymers
with potential applications. As shown in Scheme 1, SPOP-1 and
SPOP-2 can be prepared in high yields from TBSFX through
Suzuki coupling polymerization and Sonogashira�Hagihara
coupling polymerization, which are reliable methods to furnish
POPs proved by Thomas6 and Cooper,11 respectively. Since the
monomer structures show a significant influence on the surface
property and porous structure of porous polymers,12 2,20,7,70-
tetrabromo-9,90-spirobifluorene (TBSBF) as another contorted
or nonplanar core monomer with similar reactivity has been
selected to prepare two porous copolymers (SPOP-3 and
SPOP-4) containing SFX and 9,90-spirobifluorene (SBF) with
1:1 ratio using the same methods.

All polymers were characterized at the molecular level by the
13C CP/MAS NMR spectrum. The 13C NMR spectra for the
porous polymers with assignment of the resonances are shown in
Figure 1. For SPOP-1, there are four broad peaks at approxi-
mately 152.0, 141.0, 127.3, and 56.3 ppm, respectively. The low-
intensity peak at 152.0 ppm corresponds to the substituted
phenyl carbons binding with oxygen atom. The broad peak at
141.0 ppmwith a shoulder at 139.0 ppm corresponds to the other
substituted phenyl carbons, in which the signal peak of the other
substituted phenyl carbons in the xanthene moiety is ascribed to

the shoulder peak at 139.0 ppm. The signal peak for unsubsti-
tuted phenyl carbons is located at 127.3 ppm, which is including
a broad shoulder peak at 118.5 ppm. In addition, the observed
signal intensity at 56.3 ppm is ascribed to the quaternary
carbons in SFX moieties. As to SPOP-2, the peak at 151.2 ppm
corresponds to the substituted phenyl carbons binding with
oxygen atom and the shoulder peaks at 140.5 and 138.5 ppm
correspond to the other substituted phenyl carbons (in the
SFX moiety) linking to non-acetylene groups. The high signal
intensity at about 131.0 ppm shows the most of unsubstituted
phenyl carbons. As shown in Figure 1, two shoulder peaks at
123.4 and 119.0 ppm correspond to all the acetylene-substituted
phenyl carbons and the rest of unsubstituted phenyl carbons in
the SFX moiety. Furthermore, the broad low-intensity peak
at ∼92.2 ppm is ascribed to acetylene carbons. The signal peak of
quaternary carbons in SFX moieties is still observed at 55.6 ppm
similarly. The 13C CP/MAS NMR spectra for the triple-bond
linkage of the SPOP-2 and SPOP-4 are also consistent with
the data obtained by FT-IR measurement, in which the triple
bond of acetylene carbon yields the signal at about 2350 cm�1

(Supporting Information, Figure S1). As for copolymers
SPOP-3 and SPOP-4, their 13C CP/MAS NMR spectra are
shown in Figure S2 (Supporting Information) with a similar
signal distribution.

The porosity parameters of the polymers were studied by
sorption analysis using nitrogen as the sorbate molecule. Nitro-
gen adsorption�desorption isotherms of SPOPs measured at
77 K are shown in Figure 2. SPOP-1 possesses a type I nitrogen
gas sorption isotherm according to the IUPAC classification13

and shows a very flat sorption plateau, indicating that thematerial
is microporous. SPOP-2 and SPOP-4 exhibit similar nitrogen gas

Figure 1. 13C CP/MAS NMR spectra of SPOP-1 and SPOP-2.
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sorption isotherms compared with SPOP-1. The nitrogen iso-
therm for SPOP-3 differs substantially at the high relative
pressure range and exhibits a combination of type I and II
nitrogen sorption isotherms. The increase in the nitrogen sorp-
tion at a high relative pressure above 0.9 may arise in part from
interparticulate porosity associated with the meso- and macro-
structures of the samples and interparticular void.14 In addition,
hysteresis can be observed for the whole range of relative
pressure based on the isotherms due to a linear increase of the
adsorbed volume upon adsorption, which might be attributed to
the swelling in a flexible polymer framework induced by adsor-
bate molecules dissolved in nominally nonporous parts of the
polymer matrix after filling of open and accessible voids15 or the
restricted access of adsorbate to the pores blocked by narrow
openings.16

Listed in Table 1 are the key structural properties derived from
the isotherm, such as the Brunauer�Emmett�Teller (BET) and
Langmuir specific surface area, micropore surface area, and pore
volumes. As for determination of the specific surface area, the
relative pressure range (P/P0) commonly used is 0.05�0.2.
However, in some cases, it can not give a good fit formicroporous
materials.17 Alternatively, a narrower pressure range at P/P0 < 0.1
instead of 0.05�0.2 is used.17b The BET specific surface area
values for SPOPs calculated over these two different pressure
ranges (Supporting Information, Figures S3�S6) are found to be
close to each other. The BET specific surface area for these
polymers ranges from 750 to 1020 m2 g�1, which is calculated in

the relative pressure (P/P0) range from 0.01 to 0.1 according to
the previous reports15,17 (Supporting Information, Table S1).
It should be noted that when TBSFX was used as the only core
monomer, the obtained homopolymers (SPOP-1 and SPOP-2)
show a moderate BET specific surface area (∼750 m2 g�1). A
similar result was found by Weber and Thomas for homopoly-
mers P1 (450 m2 g�1) and P3 (510 m2 g�1) obtained using
the same method,6 in which only TBSBF is the core monomer.
However, when the same amounts of TBSFX and TBSBF are
used as core constructing monomers together, the BET specific
surface area of both synthetic copolymers (SPOP-3 and SPOP-4)
improve to about 1000 m2 g�1. Meanwhile, the micropore
surface area, total pore volume, and micropore volume of
copolymers show correspondingly improving trends. For the
nonordered porous materials, accurate determination of the pore
size distribution (PSD) is very difficult. Different results are
usually obtained according to different calculation methods. PSD
analysis based on the NLDFT approach has been used exten-
sively to characterize a wide variety of porous materials although
it does have limitations.15 However, the calculated results can
give us some related qualitative information, with which one
can make a relative comparison of materials synthesized from
different monomers. The pore size distribution of all polymers
was calculated from the adsorption branch of the isotherms with
the NLDFT approach. As shown in Figure 3 and Table 1, the
dominant pore size of homopolymer SPOP-1 is centered at
0.54 and 1.27 nm, respectively. When half amount of SFX is
replaced by SBF as the core constructing monomer, the domi-
nant pore size of the obtained copolymer SPOP-3 shifts to 0.68
and 1.26 nm, respectively. The pore size distribution for SPOP-2
and SPOP-4 are shown in Figure S7 (Supporting Information),
in which two polymers exhibit a similar pore size distribution

Figure 2. Nitrogen adsorption�desorption isotherms of SPOPs mea-
sured at 77 K (the adsorption and desorption branches are labeled with
solid and open symbols, respectively). For clarity, the isotherms of
SPOP-3, SPOP-4, and SPOP-1 were shifted vertically by 200, 100, and
50 cm3 g�1, respectively.

Table 1. Porosity Properties and Gas Uptake Capacities of Polymers

SPOPs SBET (m2 g�1)a Smicro (m
2 g�1)b Vtotal (cm

3 g�1)c dominant pore diameter (nm)d CO2 uptake (wt %)
e hydrogen uptake (wt %)f

SPOP-1 784 (884) 425 0.449 0.54, 1.27 11.3 1.20

SPOP-2 750 (846) 396 0.403 0.59 9.44 1.05

SPOP-3 965 (1089) 431 0.690 0.68, 1.26 11.6 2.22

SPOP-4 1020 (1148) 636 0.533 0.59 12.0 1.67
a Specific surface area calculated from the nitrogen adsorption isotherm using the BET method. The number in parentheses is the Langmuir specific
surface area calculated from the nitrogen adsorption isotherm by application of the Langmuir equation. bMicropore surface area calculated from the
nitrogen adsorption isotherm using the t-plot method. cTotal pore volume at P/P0 = 0.97.

dData calculated from nitrogen adsorption isotherms with the
nonlocal density function theory (NLDFT) method. eData were obtained at 1.0 bar and 273 K. fData were obtained at 1.0 bar and 77 K.

Figure 3. Pore size distribution of SPOP-1 and SPOP-3 calculated
by NLDFT.
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around 0.59 nm. Those results indicate that using a same linker
monomer, to some extent, the micropore size and specific surface
area of POPs are tunable by variation of the core building blocks.

Conjugated POPs with a narrow pore distribution may
interact attractively with small gas molecules through improved
molecular interaction. On account of the high capacity in
hydrogen adsorption for many porous materials, we investigated
the hydrogen uptake of SPOPs based on the hydrogen physi-
sorption isotherms measured at 77 K and a pressure up to
1.13 bar (Figure 4). An increase in the hydrogen loading capacity
with increasing specific surface area is observed with exception
for SPOP-3. SPOP-2, possessing the lowest BET specific surface
area and the lowest total pore volume among the prepared
SPOPs, exhibits the lowest hydrogen uptake of 1.05 wt % at
1.0 bar and 77 K. As for SPOP-4 with high specific surface area
(SBET = 1020 m2 g�1), its hydrogen uptake is up to 1.67 wt %
under the same condition. These data indicate that the specific
surface area of porous polymer shows a significant effect on the
hydrogen uptake. The hydrogen uptake capacity of SPOP-4 not
only can be comparable to triptycene-based porous polymer
Trip(Me)-PIMs18 (1.79 wt % at 1 bar, 77 K, SBET = 1760m

2 g�1)
reported recently, the conjugated microporous polymer based
on spiro-bipropylenedioxythiophene SPT-CMP 25a (1.57 wt %
at 1.13 bar, 77 K, SBET = 1601 m

2 g�1), and porous polyporphyr-
in containing Fe�porphyrin complex P(Fe�TTPP)19 (∼1.5 wt%
at 1 bar, 77 K, SBET = 1248 m2 g�1), but also is higher than the
porous polymers with higher BET specific surface area, for
example, the element organic framework EOF-614 (1.29 wt %
at 1 bar, 77 K, SBET = 1380 m2 g�1) obtained previously, imine-
linked microporous polymer organic framework POF A1-B220

(1.5 wt % at 1 bar, 77 K, SBET = 1380 m2 g�1), and adamantane-
based porous polymer network PPN-321 (1.58 wt % at 1 bar,
77 K, SBET = 2840 m2 g�1). These results prove that, besides the
specific surface area, the molecular structure and chemical nature
of the monomer also play crucial roles in the hydrogen uptake
capacity of the POPs. Therefore, selection of proper building
blocks is an important basis for synthetic porous polymer
designing. The uptake capacity of SPOPs for carbon dioxide is
also studied. From the carbon dioxide physisorption isotherms
measured at 273 K and a pressure up to 1.13 bar (Figure 5), we
can find an increasing trend in the carbon dioxide loading
capacity with increasing specific surface area (Table 1). SPOP-
4, possessing the highest BET specific surface area, exhibits the
highest carbon dioxide storage of 12.0 wt % at 1.0 bar and 273 K.

McKeown and co-workers have reported recently that
the loading value of hydrogen at low pressure (1 bar) within
Trip(i-Pr)-PIM18 (SBET = 1601 m2 g�1) is 1.83 wt % at 77 K,
which is the highest reported value for POPs. It is impressive that
the hydrogen uptake capacity of SPOP-3 is 2.22 wt % under the
same condition, which is higher than Trip(i-Pr)-PIM. Further-
more, the loading value of hydrogen for SPOP-3 at low pressure
can be competitive with other kinds of porous materials such as
activated carbons22 and metal�organic frameworks (MOFs).23

Comparison of the high hydrogen uptake capacities of various
porous materials18,24 with SPOP-3 and SPOP-4 at low pressure
and 77 K is listed in Table 2. Though the specific surface area
of SPOP-3 (SBET = 965 m2 g�1) is slightly lower than SPOP-4,
its hydrogen uptake capacity is apparently much higher than
SPOP-4. This confirms that specific surface area is not the only
criterion for hydrogen adsorption. It has been reported pre-
viously that pores of diameter in the range of 0.6�0.8 nm are
optimal for hydrogen physisorption at low pressures for various
microporous materials.18,25 The dominant pore size distribution
of prepared SPOP-3, as aforementioned, is located at 0.68 and
1.26 nm, which is suitable for multilayer adsorption. From
the hydrogen physisorption isotherms, we can see that SPOP-3
seems to follow a linear increasing uptake at higher pressures,
while the others are inclined to level off. This suggests that, as the

Figure 4. Gravimetric hydrogen adsorption isotherms for SPOPs at 77 K. Figure 5. Gravimetric CO2 adsorption isotherms for SPOPs at 273 K.

Table 2. Summary of the High Uptake Capacities of Various
Porous Materials for Hydrogen at Low Pressure and 77 K

porous materials SBET (m2 g�1) hydrogen uptake (wt %, 1 bar) ref

SPOP-3 967 2.22

SPOP-4 1035 1.67

Trip(Me)-PIM 1760 1.80 18

Trip(i-Pr)-PIM 1601 1.83 18

SPT-CMP 2 1601 ∼1.52 5a

PPN-3 2840 1.58 21

PAF-1 5600 ∼1.50 24a

COF-5 1590 0.9 24b

COF-102 3620 1.20 24b

carbon AX-21 2421 2.40 22a

zeolite-like carbon 3200 2.60 22b

MOF-505 1670 2.59 23a

MIL-101 5500 2.50 23b
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randomly packed network, conformation change of the polymer
has probably taken place with enhancing pressure, due to
rotation and stretching of the building units, which may provide
some “hidden” micropores and surface area in the polymer for
hydrogen to continually permeate into this material. Thanks to
the high specific surface area, special core structure containing
heteroatoms in the spiro-skeleton, and dominant pore size
distribution at 0.6�0.8 nm, SPOP-3 possesses the exceptional
uptake capacity for hydrogen at low pressure among the best
reported results for porous organic polymers.

SFX-based porous polymers obtained through Suzuki cou-
pling polymerization exhibit strong photoluminescence proper-
ties. SPOP-1 and SPOP-3 show blue emission with a maximum
wavelength at about 450 nm (Figure 6). As expected, all SFX-
based nanoporous organic polymers show a nonordered, amor-
phous structure proved by the X-ray diffraction (XRD) measure-
ments due to the kinetic control of the polymerization. Figures
S8 and S9 (Supporting Information) show scanning electron
microscopy images and high-resolution transmission electron
microscopy images of polymer SPOP-1. SEM analysis of SPOP-1
displays that the polymer consist of uniform solid submicrometer
spheres with particle sizes about 410 nm. Small macropores
or mesopores in the polymers can be ascribed mostly to the
interparticulate porosity existing between agglomeratedmicrogel
particles.26 The TEM images are indicative of porous structures
of the materials, which are similar to some reported amorphous
microporous organic polymers.

’CONCLUSION

SFX-based porous organic polymers were prepared smoothly
by palladium-catalyzed C�C coupling polycondensation using
either TBSFX or TBSFX and TBSBF with 1:1 ratio as core
building units. The specific surface area and micropore size of the
prepared SPOPs are tunable by variation of the core building
block. The BET specific surface area for these polymers is high up
to 1020 m2 g�1. Gravimetric hydrogen adsorption isotherms
show that the adsorption capacity of SPOP-3 for hydrogen is
2.22 wt % at 1.0 bar and 77 K, which not only is a high uptake
capacity for hydrogen at low pressure among the best reported
results for POPs but also can be competitive with other kinds
of porous materials such as activated carbons and MOFs. The
high hydrogen uptake capacity of SPOP-3 at low pressure can
be ascribed to its high specific surface area, special core structure

containing heteroatoms in the spiro-skeleton, and dominant pore
size distribution at 0.6�0.8 nm, which may provide some clues
for the designing of porous material used for gas storage.
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