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Targeted synthesis of porous aromatic frameworks
with stimuli-responsive adsorption properties

Rongrong Yuan, Hao Ren’, Hongming He, Lingchang Jiang and Guangshan Zhu"

Two porous aromatic frameworks, PAF-36 and PAF-37, contain-
ing azo moieties, were synthesized via Sonogashira-Hagihara
coupling reactions. Gas sorption measurements indicated
that reversible stimuli-responsive adsorption properties were
triggered by ultraviolet (UV) irradiation and heat treatment,
because of the presence of azo functional groups. The initial
Brunauer-Emmett-Teller (BET) surface areas of PAF-36 and
PAF-37 were 325 and 443 m’ g, respectively. After UV irradia-
tion, the BET surface areas increased during the trans-cis isomer-
ization process, and the micropore sizes, around 6 and 8 A, also
increased. In addition, the CO; adsorption capacities increased
slightly because of trans-cis conversion of azo groups. It is worth
mentioning that the CO. uptakes of the polymers were almost
constant during multiple cycles of alternating external stimuli,
displaying high switchability of the trans-cis isomerization.

INTRODUCTION

Porous organic frameworks (POFs) constructed purely
from light elements via robust covalent bonds (e.g., B-O,
C-C, C-H, and C-N) have properties such as high thermal
and chemical stabilities, tunable pore surfaces, and high
surface areas. POFs have attracted much attention because
of their potential applications in the fields of gas storage
and separation, heterogeneous catalysis, and sensors [1-8].
POFs with desired structures and properties can be ob-
tained by designing the initial building blocks. The pore
properties of porous materials can be tuned by making spe-
cific changes. It has been documented that ion-exchange
can successfully control the pore channels. Additionally,
porous material properties can be changed by perturbing
their functional groups. Light is a convenient stimulus
for manipulation, and has been used efficiently to trigger
molecular changes. Typical photoresponsive molecules
include azobenzene and its derivatives, triphenylmethane
leuco derivatives, and spiropyrans [9-11].

Among photoresponsive functional groups, azoben-
zene and its derivatives have been widely studied because
the conditions for inducing changes are easily achieved
[12-14]. For azobenzene, the aryl terminal distance of
the non-planar cis conformation (d 4-4' = 6 A) is shorter
than that of the planar trans conformation (d 4-4'=~ 9 A)

[15,16]. Azobenzene trans/cis isomerization therefore re-
sults in a large change in the geometry, significantly alter-
ing the structure of the material. Recently, metal-organic
framework skeletons have been successfully decorated with
azo moieties, leading to optically responsive gas adsorption
behaviors, especially CO, sorption capacities [17-19]. Zhu
and Zhang [20] reported a series of porous organic poly-
mers (POPs) containing azo moieties, and the resulting
materials had different CO, sorption capacities. However,
research on optically controlled porous materials still has
major challenges [12].

In this study, we designed and synthesized two azoben-
zene-containing porous aromatic framework (PAF) mate-
rials via Sonogashira—Hagihara coupling reactions. The gas
sorption properties of the PAF materials were investigated
to verify their optically controlled gas-storage properties.
The results show that the N, sorption and CO, uptake
properties are altered by ultraviolet (UV) light irradiation
and thermal treatment. The porous properties, including
the specific surface area, pore size distribution, and pore
volume, were also changed under the stimulus. Further-
more, during multiple cycles of alternating external stim-
uli, the CO, uptakes of the polymers were almost constant,
indicating the robustness and high switchability of their
trans-cis isomerization.

EXPERIMENTAL SECTION

Materials

Commercially available chemicals were used as received
without further purification. N,N-dimethylformamide (DMF)
and triethylamine (Et;N) were dried over CaH, before use.
2,5-dibromoazobenzene, tri(4-ethynylphenyl)amine, and
tetrakis(p-bromophenyl)methane were prepared according
to the previously reported method [21-23].

Synthesis of PAFs

Synthesis of PAF-36
A mixture of tri(4-ethynylphenyl)amine (160 mg, 0.5
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mmol), 2,5-dibromoazobenzene (170 mg, 0.5 mmol),
tetrakis(triphenylphosphine)palladium(0) (5 mg), and
copper(I) iodide (3 mg) was added to a round-bottomed
flask. After pumping to vacuum, the system volume was
tripled with an inert gas (N,). Dried DMF (4 mL) and Et,N
(4 mL) were added through a syringe. The mixture was
heated at 80°C under a N, atmosphere for 72 h. After cool-
ing to room temperature, the crude product was obtained
by filtration and washed with water, chloroform, metha-
nol, and acetone to remove any unreacted monomers or
catalyst residues. Further purification of PAF-36 was car-
ried out by Soxhlet extraction with methanol for 48 h. The
product was dried under vacuum for 6 h at 60°C to give
PAF-36 (250 mg, 75.8% yield).

Synthesis of PAF-37

PAF-37 was synthesized by replacement of tri(4-ethyn-
ylphenyl)amine with tetrakis(4-ethynylphenyl)methane
(76.7% yield).

Instruments

Liquid 'H nuclear magnetic resonance (NMR) spectra were
recorded using a Mercury 300 MHz spectrometer. Fouri-
er-transform infrared (FT-IR) spectra (KBr) were record-
ed using an IFS 66V/S FT-IR spectrometer. Solid-state *C
NMR spectra were obtained using a Bruker Avance III 400
MHz solid-state NMR spectrometer at a magic-angle-spin-
ning (MAS) rate of 5 kHz. Powder X-ray diffraction (PXRD)
was performed with a Rigaku D/MAX2550 diffractome-
ter using Cu Ka radiation at 40 kV and 200 mA, with a
26 range of 4°-40°. Scanning electron microscopy (SEM)
images were obtained using a JEOL JSM-6700F scanning
electron microscope and Iridium (IXRF Systems) software,
at an accelerating voltage of 5 kV. Transmission electron
microscopy (TEM) experiments were performed using
a JEOL JEM-3010 microscope, at an accelerating voltage
of 300 kV. Thermogravimetric analysis (TGA) was per-
formed, using a TGA Q500 thermal analyzer system, up to
800°C at a heating rate of 10°C min™ in an air atmosphere.
Inductively coupled plasma atomic emission spectrosco-
py (ICP-AES) was performed using an OPTIMA 3300DV
instrument. Elemental analyses (C, H, N) were performed
using a Perkin-Elmer 240 analyzer. All gas adsorption mea-
surements were performed using a Quantachrome Auto-
sorb Q2 analyzer, and the pore size distribution curves of
the PAF materials were calculated using nonlocal density
functional theory (NLDFT). For the cis-trans isomeriza-
tions, the degassing port on an a Quantachrome Autosorb
iQ2 analyzer was used, with the program set at 150°C for
10 h. The UV exposure experiments for the trans-cis isom-
erizations were performed using a ZF-5 Series 2 UV lamp
(6 W; UVP).
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RESULTS AND DISCUSSION

In the synthesis of POF materials with stimuli-respon-
sive adsorption properties, the critical issue is the design
and use of suitable building blocks. The easily obtained
2,5-dibromoazobenzene was used as one of the units, and
tri(4-ethynylphenyl)amine and tetrakis(4-ethynylphenyl)
methane) were selected as suitable nodes. Sonogashira-
Hagihara coupling reactions were used to produce PAF-36
and PAF-37 with azo moieties (Fig. 1).

First, the trans/cis isomerization of 2,5-dibromoazo-
benzene was confirmed using UV-visible and '"H NMR
spectroscopies. A typical strong > 1" absorption band at
around 310 nm and a weak broad 7 > n" absorption band at
around 415 nm were observed in the UV-visible spectrum
of 2,5-dibromoazobenzene in dichloromethane; these are
assigned to trans and cis isomerizations, respectively, of the
azo functional group. After exposure to UV light, the in-
tensity of the 310 nm band decreased and the intensity of
the 415 nm band increased slightly, showing that trans-cis
isomerization of the azo functional groups occurred (Fig.
S1). The '"H NMR spectrum of 2,5-dibromoazobenzene in

SR Q
/@a?m LN @x\\ s

IND ““(tudd)Pd
N “*(udd)pd

Yzl '0.08 ‘N&3 ‘dNa

@ﬁ
)=
{3
\‘Q//
®
N
:

e e ¥ e AT
o » pn® ls
] o
a_ & Qo o
| \ Vi @N
4 o¥s

RS T o8 /

Figure 1 Syntheses and trans/cis isomerizations of PAF-36 (a) and PAF-
37 (b).
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CDCI, showed several new peaks after UV irradiation for
5 h, that is ascribed to the formation of cis-2,5-ddibromoa-
zobenzene (Fig. S2). These studies provide good reference
information for investigating the objective products.

FT-IR and "C solid-state NMR spectroscopies, SEM,
TEM, TGA, and N, sorption were used to study the PAF
materials and UV/heat-irradiated samples. CO, physisorp-
tion isotherms of these materials were also measured and
repeated three times. The structures of PAF-36 and PAF-37
were initially investigated by FT-IR spectroscopy (Fig. S3).
The differences between the FT-IR spectra of the original
monomers and final products can be summarized as fol-
lows: (1) The disappearance of peaks at around 1075 and
600 cm™! indicates the disappearance of C-Br bonds in the
final product. (2) The intense absorption peak associated
with the alkynyl C-H stretching vibration near 3300 cm™
disappears. (3) A low-intensity peak near 2200 cm™ is ob-
served in the final product, that is ascribed to the presence
of alkyne (-C=C-) bonds. (4) The characteristic N=N
stretching band at around 1480 cm™ is present in the spec-
trum of the final product. These observations indicate that
the PAF materials have the desired skeletons [24].

13C solid-state NMR cross-polarization (CP)/MAS spec-
troscopy is a powerful tool for probing the local structures
of polymers. As shown in Fig. 2, different types of reso-
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Figure 2 '*C CP/MAS NMR spectra of PAF-36 (a) and PAF-37 (b).
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nance peaks are observed: (1) a well-resolved peak is de-
tected at 65 ppm, associated with the quaternary carbon
atom in tetrakis(4-ethynylphenyl)methane (Fig. 2a) [25];
(2) the distinct carbon signals above 120 ppm are assigned
to aromatic carbon atoms, indicating the presence of phe-
nyl rings; (3) the peak at around 90 ppm is assigned to the
sp carbons in alkyne bonds.

PXRD was used to investigate the crystallinities of PAF-
36 and PAF-37. The results suggest that the products are
amorphous (Fig. S4). The product morphologies were in-
vestigated using SEM and high-resolution TEM (Fig. S5).
The results show that the products consist of irregular
nanoparticles, which easily aggregate, and the pores of the
materials are worm-like.

The thermal stabilities of PAF-36 and PAF-37 were in-
vestigated using TGA in air (Fig. S6). The approximately
5% weight loss below 150°C corresponds to the removal
of guest molecules. A plateau between 150 and 300°C was
also observed. PAF-36 and PAF-37 decompose above 300
and 350°C, respectively, showing that they have high ther-
mal stabilities. In addition, when the PAF materials were
immersed in common solvents (ethanol, DME, tetrahydro-
furan, and CHCL,), no dissolution or decomposition oc-
curred, indicating high chemical stabilities.

ICP-AES was used to detect the metal impurities in the
PAFs. Very low concentrations of Cu and Pd remained in
the PAF networks (Table S1). Elemental analysis results are
listed in Table S2, the comparison of experiment C/H(N)
value and the theoretical C/H(N) value indicates the high
purities of the materials.

The sample porosities were characterized using N, sorp-
tion isotherms, measured at 77 K. As shown in Figs 3a and
3b, the original samples and UV-irradiated samples do not
display classical isotherms. There is a sharp gas uptake in
the low-pressure region, indicating microporous textures,
and a steady increase in gas uptake at high relative pres-
sures [26]. The surface areas of the samples were calculated
using the Langmuir and Brunauer—-Emmett—Teller (BET)
equations; the results are listed in Table 1. It is worth men-
tioning that after UV-light irradiation for 5 h, the surface
areas of the resulting materials were greater than those of
the original materials. The pore size distribution curves of
the samples, obtained using the NLDFT, showed they had
microporous textures. After UV irradiation, the pore sizes,
around 6 and 8 A for PAF-36 and PAF-37, respectively, in-
creased slightly. The pore volumes of PAF-36 and PAF-37
also changed. These results confirm that the introduction
of responsive moieties into the porous skeletons can tune
the pore properties of PAF materials.

The trans/cis isomerization of azobenzenes leads to sig-
nificant geometrical and dipole changes. The CO, adsorp-
tion isotherms of PAF-36 and PAF-37 at 273 K show that
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Figure 3 (a) Nitrogen adsorption and desorption isotherms of PAF-36, original (black) and after UV irradiation for 5 h (red); the inset in (a) shows
the pore size distribution of PAF-36, initial (black) and after UV irradiation for 5 h (red). (b) Nitrogen adsorption and desorption isotherms of PAF-37,
original (black) and after UV irradiation for 5 h (red); the inset in (b) shows the pore size distribution of PAF-37, original (black) and after UV irradi-

ation for 5 h (red).

Table 1 Summary of porosity properties of PAFs at low pressure

PAFs SAgp (m? g™) SA | ngmuir” (M g7) Vi (cm® g71) CO, uptake? (cm® g™!) QstCO, (k] mol™)
PAF-36-Initial 325 445 0.245 28.59 27.0
PAF-36-UV 385 500 0.273 31.18 28.4
PAF-37-Initial 443 606 0.268 26.30 36.8
PAF-37-UV 456 641 0.279 29.62 40.7

a) Surface area calculated from the nitrogen adsorption based on the BET model; b) surface area calculated from the nitrogen adsorption isotherms
based on the Langmuir model; ¢) the total pore volume calculated at P/P, = 0.95; d) the CO, uptake at 273 K, 1 bar.

the original samples have CO, adsorption capacities of 28.6
and 26.3 cm® g™' (273 K, 1 bar), respectively. After UV irra-
diation for 5 h, the CO, uptakes increased to 31.2 and 29.6
cm’ g under the same conditions, corresponding to a 9%
and 12% increase, respectively (Fig. 4). The isosteric heats
of adsorption for CO, uptake were calculated based on the
CO, sorption isotherms of the materials at 273 and 298 K
(Figs §7-510). The original samples had isosteric heats of
adsorption of 27.0 and 36.8 k] mol™, respectively. After
UV irradiation for 5 h, the isosteric heats of adsorption in-
creased to 28.4 and 40.7 k] mol ™, respectively. These results
suggest that cis isomerization of the azo functional groups
in the PAFs results in superior CO, capacity compared with
trans isomerization. The results indicate that PAF-37 shows
a more obvious CO, sorption change after UV irradiation
than PAF-36 does, based on the CO, adsorption values and
the heats of adsorption.

To confirm the reversible changes on trans/cis isomeri-
zation of azo functional groups in the PAF materials, mea-
surements of the CO, sorption isotherms of the materials

January 2015 | Vol.58 No.1

after UV irradiation and thermal regeneration were re-
peated three times. Figs S9 and S10 show the detailed CO,
adsorption isotherms of PAF-36 and PAF 37, respectively,
and the CO, adsorption uptakes at 1 bar are listed in Table
2. Almost no decay was observed during trans/cis isom-
erization after three cycles of alternating external stimu-
li, indicating that the trans/cis transformation behaviors
of the azo functional groups are reversible. These results
are in accordance with those for porous organic polymers
(UCBZ-1 to 4) containing no azo moieties.

CONCLUSIONS

In conclusion, two novel PAF materials containing azo
groups were successfully synthesized via Sonogashira-
Hagihara cross-coupling reactions. The structures and
porosities of the materials were well characterized and
discussed. The trans/cis isomerizations of the azo moieties
were achieved by UV irradiation and thermal regeneration.
Characterization showed that the surface areas of PAF-36
and PAF-37 increased after UV irradiation, and the pore
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Figure 4 CO, adsorption isotherms of PAF-36 (a) and PAF-37 (b): original samples (black), and samples after UV irradiation (red), and reversibility

of PAFs after several cycles of UV and heat treatment.

Table 2 Summary of CO: adsorption data for materials

CO, uptake (cm® g™'), 273 K, 1 bar

PAFs
Initial 1st-UV 1st-Heat 2nd-UV 2nd-Heat 3rd-UV 3rd-Heat
PAF-36 28.59 31.18 28.58 31.19 28.59 30.83 28.55
PAF-37 26.30 29.62 26.23 29.86 26.20 29.43 26.29
sizes also changed slightly, indicating that the introduction 8  LiBY, Zhang YM, Krishna R, et al. Introduction of 1-complexation

of responsive moieties into their porous skeletons could be
used to tune the pore properties of POF materials. Further-
more, measurements of the CO, adsorption isotherms of
PAF-36 and PAF-37 after UV irradiation and thermal re-
generation were repeated three times. The CO, uptakes by
PAF-36 and PAF-37 increased by 9% and 12%, respectively,
after UV irradiation, and almost regained their initial val-
ues after thermal regeneration, indicating the reversibility
of the photoresponsive behaviors of the materials. These
two novel porous polymers with stimuli-responsive ad-
sorption properties have a range of potential applications,
and are worth further study.
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