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Abstract: A highly cross-linked microporous organic network with imine linkers was prepared by condensation of
tetrakis(4-aminophenyl)methane with terephthaldehyde. Gas adsorption studies indicate that the material exhibits permanent
microporosity, and guest exchange experiments demonstrate that small molecules can diffuse into the network. Postsynthetic
modification of this microporous network was achieved by treatment with borane in THF, which reduced the imine groups
to the corresponding amines as shown by IR and 13C CP-MAS solid-state NMR spectroscopy. The resulting material
showed enhanced resistance to acidic hydrolysis compared with the imine precursor, and retained its ability to absorb guest
molecules. The amine network was amenable to further postsynthetic modifications. Specifically, acetylation of this network
using acetic anhydride was demonstrated.
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Résumé : On a préparé un réseau organique microporeux très réticulé à l’aide de coupleurs imines par condensation du té-
trakis(4-aminophényl)méthane avec du téréphtaldéhyde. Des études d’adsorption de gaz indiquent que le matériau comporte
une microporosité permanente alors que des expériences d’échange de molécule invitée démontrent que les petites molécules
peuvent diffuser dans le réseau. On a réalisé des modifications postsynthétiques de ce réseau microporeux par un traitement
avec du borane dans le THF qui a permis de réduire les groupes imines en amines correspondantes, tel que démontré par la
spectroscopie infrarouge et la RMN du 13C à l’état solide dans le mode de la rotation à l’angle magique avec polarisation
croisée (RAM-PC). Le matériau qui en résulte présente une résistance accrue à l’hydrolyse acide par comparaison avec le
précurseur imine et il conserve sa facilité à absorber des molécules invitées. Le réseau amine peut être amené à d’autres mo-
difications postsynthétiques. On a démontré, en particulier, la possibilité d’acyler ce réseau à l’aide d’anhydride acétique.

Mots‐clés : imines, synthèse, polymères microporeux, modification postsynthétique.

[Traduit par la Rédaction]

Introduction

Microporous solids are an important class of materials be-
cause their small pore sizes and high surface area make them
potentially useful for chemical separation, catalysis, or gas
storage.1 Metal–organic frameworks (MOFs), which are crys-
talline three-dimensional coordination polymers, have been
extensively studied, and show large surface areas and well-
defined channels and pores.2 In addition to coordination poly-
mers, recent studies have focused on covalently linked micro-
porous solids derived entirely from organic building blocks.3
These materials, which include highly cross-linked poly-
mers,4 polymers of intrinsic microporosity (PIMs),5 other
amorphous polymers,6 and covalent organic frameworks
(COFs),7 also exhibit large surface areas that make them po-
tentially suitable for applications.
An important challenge in the field of microporous solids

is the control of the properties of these materials, and, in par-
ticular, the incorporation of specific functional groups into
the materials. The incorporation of any desired functionality
into microporous solids often requires that desired groups be

attached to the molecular building blocks prior to network
formation and that these groups be compatible with the reac-
tion conditions for network formation. An alternative strategy
for incorporating desired functional groups involves covalent
“postsynthetic” modification of the microporous material.
Covalent postsynthetic modification of a porous coordination
polymer was first reported by Seo et al.,8 who showed that a
network bearing uncoordinated and exposed pyridine groups
could be methylated using iodomethane. More recently, Co-
hen and co-workers9,10 demonstrated that covalent postsyn-
thetic modification of MOFs can be used effectively to
incorporate functionality into these microporous solids while
maintaining a desired network topology. Similarly, postsyn-
thetic modification of a permeable organic hydrogen-bonded
network by reaction of thiols with exposed allyl groups has
also been demonstrated.11 Although postsynthetic modifica-
tion of polymers such as polyolefins is well-established,12
comparable postsynthetic transformations of organic micropo-
rous materials has not been reported, in part because many
microporous polymers do not have the requisite functional
groups for further reactions. In other cases, microporous
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organic solids such as COFs are linked by readily hydrolyzed
groups such as boroxines or boronates that make them sensi-
tive to further synthetic transformations. Postsynthetic modi-
fication of microporous organic materials therefore requires
networks that are robust enough to withstand further reaction
conditions, as well as functional groups that are accessible to
reagents that can diffuse into the porous network.
Recently, Yaghi and co-workers7d introduced a new class

of COFs based on imine linking groups. Schwab et al.13 also
used Schiff base formation for the preparation of micropo-
rous polymer networks. The presence of imine groups as
linkers for organic microporous materials presents a unique
opportunity for postsynthetic modification of the organic
framework by reduction of these imines to the corresponding
amines. Although imines are susceptible to hydrolysis, the
corresponding amine networks are expected to display
increased chemical stability. Moreover, the amine groups
provide a functional handle for further synthetic transforma-
tions. Such an approach could provide access to new micro-
porous organic solids with diverse functionality and
controllable properties. Herein we report the postsynthetic
modification of an imine-based microporous network by

reduction and show that it can produce a network with en-
hanced resistance to hydrolysis. We also demonstrate that the
reduced network can undergo further synthetic transforma-
tions, such as acetylation of the amino groups.

Results and discussion
Imine network 1 was prepared as outlined in Scheme 1 us-

ing terephthaldehyde and tetrakis(4-aminophenyl)methane14
under solvothermal conditions in a mixture of dioxane and
aqueous acetic acid, as described by Yaghi and co-workers.7d
The formation of the imine network was confirmed by IR

spectroscopy (Fig. 1) and 13C CP-MAS solid-state NMR
spectroscopy (Fig. 2); the results are consistent with the pre-
viously reported data7d as well as the spectroscopic data from
model compounds (See Supplementary data). Further investi-
gation by powder X-ray diffraction showed that in contrast to
Yaghi’s7d crystalline and multiply interpenetrated COF, net-
work 1 diffracted very weakly, showing broad reflections
consistent with largely amorphous material (see Supplemen-
tary data). Despite the amorphous nature of 1, nitrogen ad-
sorption studies showed a sharp uptake at low pressure,
indicating that the material was indeed microporous (Fig. 3).

Scheme 1.

Fig. 1. Infrared spectra of imine network 1, amine network 2, and acetylated network 3.
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From the adsorption data, the Brunauer–Emmett–Teller
(BET) surface area was determined to be 416 m2/g. This
value is significantly lower than that reported by Yaghi and
co-workers (1360 m2/g)7d, but is comparable to some other
microporous networks. We attribute these differences in the
properties of our material compared with Yaghi’s to the sen-
sitivity of COF network formation to slight variations in the
reaction conditions. It is noteworthy that some hysteresis is
observed in comparing the adsorption and desorption iso-
therms. This observation is consistent with the results of Ya-
ghi and co-workers7d and indicates some flexibility of the
framework. Thermogravimetric analysis of 1 solvated with
THF showed ~7% mass loss below 100 °C, corresponding to
the loss of the solvent (Fig. 4), with substantial mass loss
above 450 °C, corresponding to decomposition of the network.

Subsequent activation by heating at 100 °C under vacuum
overnight, followed by resolvation with THF showed a simi-
lar uptake compared with the original solvated network, pro-
viding further support for the porosity of the material and
evidence that it can take up small molecules. Further solvent-
exchange experiments and subsequent analysis by TGA
showed that the guest molecules can be exchanged (see Sup-
plementary data). These thermal analysis experiments demon-
strate that 1 is permeable to guest molecules, and therefore
may be suitable for postsynthetic modification by allowing
reactants to diffuse into the porous network.
Network 1 was suspended in anhydrous THF and treated

with an excess of borane–THF (Scheme 2). After standing
for 24 h, the solid was collected and washed with water, fol-
lowed by THF. The IR spectrum of 2 showed a substantial
attenuation of the C=N stretching band at 1615 cm–1 and a
concomitant increase in the N–H stretching band at
~3200 cm–1 (Fig. 1). These results are consistent with the re-
duction of the imine linkages of 1 to the corresponding
amines. Further confirmation of the reduction was provided
by 13C CP-MAS spectroscopy, which showed a disappear-
ance of the signal at 159 ppm and the appearance of a signal
at 50 ppm, corresponding to the benzylic carbon of the re-
duced product (Fig. 2). Based on integration of the aromatic
region and comparison with the remaining imine signal, the
conversion is estimated to be ~83%. These chemical shifts
are consistent with those of N-benzylideneaniline and the cor-
responding N-benzylaniline model compounds (see Supple-
mentary data). These results, which show reduction of the
imines, indicate that the reducing agent is able to penetrate
the porous network and react with interior imine sites.
Nitrogen adsorption measurements on 2 show showed neg-

ligible uptake and gave a BET surface area of 10 m2/g, indi-
cating that the material no longer exhibited microporosity
(see Supplementary data). We attribute this observation to
the increased flexibility of the network upon reduction, al-
lowing it to collapse upon evacuation. Thermogravimetric
analysis showed that reduced network 2 shows comparable
thermal stability to 1 with substantial decomposition at

Fig. 2. 13C CP-MAS spectra of imine network 1, reduced network 2,
and acetylated network 3. Signals marked with * indicate spinning
side bands, and the two signals marked with # for the spectrum of 2
correspond to included THF.

Fig. 3. Nitrogen adsorption isotherm for 1 measured at 77 K.

Fig. 4. Thermogravimetric analysis traces of 1 with THF, activated,
and resolvated with THF.
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temperatures >400 °C. Activation resulted in complete loss
of solvent, as demonstrated by TGA, and subsequent resolva-
tion showed solvent uptake very similar to the original sol-
vated material, suggesting that although 2 does not exhibit
permanent microporosity, it retains its ability to uptake guest
molecules (Fig. 5). The stability of networks 1 and 2 to
acidic hydrolysis was evaluated by heating at reflux in
2 mol/L HCl. Imine network 1 is readily hydrolyzed to its
corresponding starting materials, as shown by dissolution of
the material after only a few minutes of gentle heating. In
contrast, network 2 remained insoluble after heating at reflux
for 3 h.
The IR spectrum of the material recovered after acid diges-

tion of 2 shows a very broad N–H stretching band that is
characteristic of ammonium salts (see Supplementary data),
suggesting that 2 has been protonated and that these materi-
als may ultimately be used to prepare novel permeable ionic
networks.
The amine groups present in 2 not only increase the chem-

ical stability of the network, but also provide an opportunity
for further synthetic transformations. To demonstrate that
subsequent postsynthetic transformations are possible, we de-
cided to explore acetylation using acetic anhydride. Network
2 was immersed in acetic anhydride, and allowed to stand at
room temperature overnight to ensure complete exchange of

the solvent for acetic anhydride. The reaction mixture was
subsequently heated at 100 °C in a sealed tube for 24 h.
After cooling to room temperature, the solid was collected
by filtration and washed thoroughly with THF to yield acety-
lated network 3. Evidence for acetylation was provided by IR
spectroscopy, which showed a substantial decrease in the in-
tensity of the N–H stretching band and the appearance of a
band at 1658 cm–1, which is consistent with the amide C=O
stretching. It is noteworthy that the observed C=O stretching
is not consistent with the absorbance bands of either acetic
acid (1714 cm–1) or remaining acetic anhydride (1755 cm–1),
providing evidence for amide formation. The 13C CP-MAS
NMR spectrum of 3 shows a change in the aromatic region
of the spectrum, as well as the diagnostic appearance of two
new signals at 22 and 170 ppm, which are consistent with the
incorporation of acetamide methyl and carbonyl carbons, re-
spectively, into the structure. Indeed, these signals are consis-
tent with the solution 13C NMR spectrum of model
compound N-benzyl-N-phenylacetamide (see Supplementary
data.)
In summary, we have demonstrated postsynthetic modifi-

cation of a microporous organic network for the first time.
Network 2, prepared by reduction of imine 1, loses its per-
manent microporosity, presumably because the framework is
more flexible and collapses upon removal of guests. How-
ever, 2 retains high thermal stability and the ability to uptake
guest molecules, and also shows enhanced resistance to acid
hydrolysis, suggesting that this may ultimately provide a
route to more chemically robust microporous organic solids.
In addition, we have shown that further synthetic transforma-
tions are possible, which may offer an approach for preparing
new microporous organic solids with controlled properties for
potential applications in gas storage, molecular separations,
and heterogeneous catalysis.

Experimental

General
All starting materials and solvents were obtained from

commercial sources and used without purification, unless
otherwise specified. Anhydrous and oxygen-free THF was
dispensed from a custom-built solvent purifier that used puri-
fication columns packed with activated alumina and sup-
ported copper catalyst (Glasscontour, Irvine, California).
Tetrakis(4-aminophenyl)methane was prepared according to
published procedures and recrystallized from DMSO–H2O
prior to use,14 and terephthaldehyde (99%) was purchased

Scheme 2.

Fig. 5. Thermogravimetric analysis traces of 2 with THF, activated,
and resolvated with THF.
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from Sigma-Aldrich and recrystallized from water prior to use.
IR spectra were recorded as KBr disks using a PerkinElmer
Spectrum BX FT-IR spectrometer.
Samples for 13C CP-MAS NMR spectroscopy were ground

into fine powders and packed into 4 mm o.d. zirconia rotors.
NMR spectra were acquired with high-power proton decou-
pling at 9.4 T (n0(13C) = 100.6 MHz) using a Bruker Avance
III console and a 4 mm triple-resonance Bruker MAS NMR
probe. The magic angle was set by maximizing the number
of rotational echoes in a 79Br MAS NMR experiment on
powdered KBr. Carbon-13 CP-MAS NMR pulse calibrations
and chemical shift referencing were performed using adaman-
tane (d = 38.55 ppm for the high-frequency peak, relative to
the primary standard TMS). Ninety degree 1H pulse widths
were 3.45 µs, contact pulses were 1.5 or 2.0 ms, acquisition
times were 40–50 ms, and recycle delays were 20–50 s. Ap-
proximately 1000 to 2000 scans were averaged for each of
the COF samples. MAS rates were chosen to eliminate the
overlap of spinning sidebands with resonances of interest,
and ranged from 11 111 to 13 600 Hz. FIDs were processed
with zero-filling, 15–20 Hz exponential apodization, and
Fourier transformation.
Gas adsorption isotherms were measured volumetrically

using a Micromeritics ASAP 2010 automated adsorption ana-
lyzer. Samples were degassed at room temperature for 7 h
prior to measurement. A liquid nitrogen bath (77 K) was
used for the N2 isotherms. The N2 gas used was UHP grade.
Brunauer–Emmett–Teller (BET) method was used to deter-
mine the specific surface areas (ABET, m2 g–1) using the ad-
sorption data over 0.05–0.20 relative pressure (P/P0).

Synthesis of network 17d
A pyrex glass tube with a 6 mm i.d. and an 8 mm o.d. was

charged with tetrakis(4-aminophenyl)methane (20 mg,
0.052 mmol), terephthaldehyde (12 mg, 0.089 mmol), and a
mixture of dioxane (0.8 mL) and 2 mol/L AcOH (0.2 mL).
The tube was flash-frozen in liquid nitrogen, evacuated to a
pressure of 150 mTorr (1 Torr = 133.322 Pa), and flame-
sealed at a length of 12 cm. The contents of the tube were
allowed to warm to room temperature and then heated at
100 °C for 72 h. The yellow solid formed was collected via
filtration and washed repeatedly with THF. The yellow pre-
cipitate was collected and dried under vacuum at 100 °C for
24 h to evacuate the pores of all solvent guest molecules.
Yield: 48 mg.

Synthesis of network 2
An oven-dried flask was charged with 1 (104 mg) and

purged with N2(g) for 15 min. Borane–THF (15 mL, 1 mol/L)
was then added to the flask and the mixture was allowed to
stir for 24 h at room temperature. The solid was collected by
filtration and washed with THF to yield 97 mg of 2 as a
beige solid.

Synthesis of network 3
Network 2 (96 mg) was submerged in Ac2O for 18 h to

allow Ac2O to exchange into the pores of the network. This
mixture was then placed into a sealed glass tube, heated to
100 °C, and stirred for 24 h. The solid was collected via fil-
tration, washed with THF, and submerged in THF for 24 h to
remove any remaining Ac2O. The solid was collected via

filtration and washed with THF to give 3 (109 mg) as a beige
solid.

Supplementary data
Supplementary data (synthesis and characterization, details

of spectroscopic characterization, powder X-ray diffraction
studies, characterization of model compounds, and represen-
tative thermogravimetric analysis) are available with the ar-
ticle through the journal Web site (www.nrcresearchpress.
com/cjc).
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