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Methyl-, hydroxymethyl-, and phthalimidomethyl-functionalized

versions of the porous organic polymer PAF-1 have been obtained

through de novo synthesis. The CO2 adsorption capacity of PAF-1–

CH2NH2, obtained through the post-synthesis deprotection of

PAF-1–CH2–phthalimide, has been shown to exceed that of PAF-1.

Introduction

There has been significant recent interest in microporous organic
polymeric (POP) materials due to advances in their synthesis1 and
recognition of their potential applications in catalysis,2 gas storage
and release,3 and chemical separations.4 New synthesis strategies
involving self-condensation or cross-coupling reactions have led to
a variety of POPs,4–6 including crystalline or semi-crystalline
covalent organic frameworks,7,8 and triazine-based organic frame-
works,9 as well as amorphous polymers of intrinsic microporos-
ity,10 hyper-crosslinked polymers,11 and conjugated microporous
polymers.12 One of the most exciting recent developments has
been the synthesis of POPs possessing extraordinarily high surface
areas via the Yamamoto–Ullmann cross-coupling of tetrakis(4-
bromophenyl)methane monomers (Scheme 1).13–18 Indeed, the
most porous versions, PAF-1 and PAF-3 (PAF = porous aromatic
framework), display Brunauer–Emmett–Teller (BET) surface areas
of up to 560014 and 6461 m2 g21,19 with the latter, until recently,20

being the material with the highest known surface area. Because
PAF materials feature tetrahedral atomic or small-molecular nodes
and simple (unsubstituted) biphenyl units as struts, they have
been approximately formulated as diamondoid networks (albeit,
without compelling evidence for long-range order). Their excep-

tional porosities are attributable to an apparent lack of catenation,
a rarity for POPs as well as MOFs (metal–organic frameworks)
based on diamondoid networks. Although PAF-1 and its
derivatives have shown impressive adsorption capacities for H2

and CH4,16,19 the absence of functional groups, however, renders
them relatively nonspecific as sorbents for small, functionalized
molecules.

Recently, Zhou and co-workers have reported the post-synthesis
modification (PSM) of PAF-1 to yield sulfonated21 and chloro-
methyl22 derivatives, the latter can be further modified to tether
amine groups within the pores of the diamondoid PAF network.
While these functional groups led to enhanced gravimetric CO2

uptake, the extent that a PAF particle can be post-synthetically
modified greatly depends on the ability of the reagents to
penetrate its whole morphological structure. As a result, inhomo-
geneity may very well exist in a PAF particle that has been
subjected to PSM where the outer ‘‘shell’’ would be more highly
functionalized than the inner ‘‘core’’. Presumably, this situation
would not exist if functionalized PAF-1 derivatives can be directly
synthesized from the corresponding functionalized monomers in
a de novo fashion.

Herein, we describe the de novo syntheses of methyl-,
hydroxymethyl-, and phthalimidomethyl-substituted PAF-1 deriva-
tives (Scheme 2). From the latter, amine- and imine-containing
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Scheme 1 The synthesis of PAF-1 and PAF-3 (Z = C or Si, respectively) from the
corresponding functionalized tetrakis(4-bromophenyl) methane tetrahedral
building units. The PAF framework is schematically represented as an
adamantane cage.
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PAF-1-based materials can be easily obtained through post-
synthesis deprotection (PSD),23 thus greatly expanding the range
of available functionalized PAF-1 derivatives. The versatile
combination of de novo synthesis and PSD chemistry allows us
to readily tune the pore environment in PAF-1 for CO2 absorption:
the amine-containing PAF-1 derivative exhibits high affinities for
CO2, while the materials with less-basic pore environments do not
bind CO2 as strongly.

Results and discussion

The syntheses of –CH3, –CH2OH, and –CH2–phthalimide PAF-1
derivatives were carried out by coupling together the appropriately
modified tetrakis(4-bromophenyl)methane building units in the
presence of a Ni(0) reagent following a modified procedure
reported by Zhu and co-workers (see ESI3 and Scheme 1).14 As in
the synthesis of PAF-1, these reactions all produced off-white
powdered materials that were insoluble in common organic
solvents. Their solid-state 13C CP-MAS NMR spectra (Section V in
the ESI3) all contain signals that are consistent with the aromatic
and quaternary carbons of PAF-1. Although the benzylic carbon
resonance for PAF-1–CH2OH overlaps with the quarternary node
carbon (Fig. S10 in the ESI3), it is quite prominent for PAF-1–CH3

(d = 17 ppm, Fig. S9 in the ESI3) and PAF-1–CH2–phthalimide (d =
39 ppm, Fig. S11 in the ESI3). In addition, the spectrum of PAF-1–
CH2–phthalimide contains a pronounced carbonyl resonance (d =
166 ppm) that can be attributed to the CLO moiety of the
phthalimide functional group.

Although we initially intended to produce PAF-1–CH2Br from
polymerizing the corresponding bromomethyl-functionalized tet-

rahedral building unit, the benzylic bromide moiety did not
survive the reaction and the work up. Instead, PAF-1–CH2OH was
obtained. This assignment was supported by the lack of the
characteristic benzyl bromide carbon resonance (d y33 ppm) in
the solid-state 13C CP-MAS NMR spectrum of this material (Fig.
S10 in the ESI3) as well as its elemental analysis data, which shows
a significant oxygen content and only trace amounts of bromine
(Table S1 in the ESI3). Presumably, the benzyl bromide moieties
were hydrolyzed during the highly acidic work-up (with concen-
trated HCl) of the reaction. Consistent with this assignment, the
FTIR spectrum of PAF-1–CH2OH (Fig. S15 in the ESI3) contains
stretches at 3417 cm21 that can be attributed to the hydroxy
methyl functionality.

The PAF-1 derivatives are generally much less stable than the
parent PAF-1 material: their thermogravimetric analysis (TGA)
profiles under nitrogen (Fig. S16 in the ESI3) shows mass losses
due to decomposition at around 300–400 uC, much lower than the
expected 520 uC of PAF-1.14 As expected, PAF-1–CH3 and PAF-1–
CH2OH are more stable than PAF-1–CH2–phthalimide.

The presence of functional groups in the PAF diamondoid
cavity results in decreases in BET surface areas and pore diameters
(Fig. S17 in the ESI3) of the –CH3, –CH2OH, and –CH2–phthalimide
PAF-1 derivatives, as shown by their N2 adsorption profiles at 77 K
(Fig. 1 and Table 1). As expected, the –CH3 and –CH2OH
derivatives have total NLDFT-derived pore and micropore volumes
that are comparable to those for the parent PAF-1 while the values
for the –CH2–phthalimide derivative are much smaller. Notably,
the NLDFT-derived bulk densities of the –CH3 and –CH2OH
derivatives, as measured by helium pycnometry, are quite similar
to that of the parent PAF-1 (see Table S2 and the associated
discussion in the ESI3), suggesting that their networks are probably
non-catenated, as in PAF-1.

The generation and utilization of benzylamine functionalities
within the PAF-1 framework was accomplished through PSM

Fig. 1 N2 isotherms of PAF-1, PAF-1–CH3, PAF-1–CH2OH, and PAF-1–CH2–
phthalimide measured at 77 K. Closed symbols = adsorption; open symbols =
desorption.

Scheme 2 Top: the de novo synthesis of PAF-1–CH3, PAF-1–CH2OH, and PAF-
1–CH2–phthalimide (X = H, OH, or phthalimide, respectively) from the
corresponding functionalized tetrakis(4-bromophenyl) methane tetrahedral
building units. Bottom: the post-synthesis deprotection of PAF-1–CH2–phtha-
limide with hydrazine to give PAF-1–CH2NH2, which can then react with
acetone to afford PAF-1–CH2NLCMe2. The PAF-1 framework is schematically
represented as an adamantane cage.
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(Scheme 2). After refluxing PAF-1–CH2–phthalimide with an
ethanolic solution of hydrazine hydrate for 48 h, the recovered
material was washed with DMSO and DMF and Soxhlet-extracted
with ethanol to remove the phthalhydrazide byproduct. The solid-
state 13C CP-MAS NMR spectrum of PAF-1–CH2–phthalimide (Fig.
S11 in the ESI3) significantly changes after hydrazine treatment.
Notably, the pronounced carbonyl resonance (d = 166 ppm)
associated with the CLO moiety of the phthalimide functional
group is eliminated while a new resonance (d = 46 ppm)
corresponding to the benzylic CH2NH2 appears, indicative of
successful deprotection. FTIR spectroscopy additionally provides
evidence of deprotection and conversion into PAF-1–CH2NH2:
after hydrazine treatment, the carbonyl stretches at 1774 and 1721
cm21, attributed to the phthalimide functionality, become
diminished and characteristic amine (N–H) stretches at 3383
and 3305 cm21 emerge (Fig. S15 in the ESI3). Removal of the bulky
phthalimide groups from the PAF-1–CH2–phthalimide network
was found to greatly enhance N2 uptake, resulting in greater
surface areas and the total pore volume (Fig. 2 and Table 1).

The benzylic amine group in PAF-1–CH2NH2 can be readily
converted into an imine via room-temperature reaction with

acetone. The solid-state 13C CP-MAS NMR spectrum of the imine-
functionalized derivative PAF-1–CH2NLCMe2 (Fig. S13 in the ESI3)
exhibited a new NLC(CH3)2 resonance (d = 30 ppm) and an imine
NLCMe2 resonance (d = 166 ppm). Although the benzylic
resonance of the CH2NLCMe2 moiety overlaps with that of the
quaternary node carbon (d = 64 ppm), the benzylic resonance of
the initial CH2NH2 (d = 46 ppm) moiety completely disappears,
suggesting complete conversion. The FTIR spectrum of PAF-1–
CH2NLCMe2 (Fig. S14 in the ESI3) contains a stretch at 1669 cm21

that can be attributed to the imine functionality. As the imine
substituents in PAF-1–CH2NLCMe2 are relatively small, its N2

adsorption properties are similar to that of the parent PAF-1–
CH2NH2, with comparable surface areas and pore volume
(Table 1).

The incorporation of Lewis-basic functionalities (especially
alkyl amines) into porous materials has increasingly been explored
for applications in CO2 separation.24 Recent reports utilizing
amine-tethered porous materials have demonstrated enhanced
and selective CO2 adsorption as a consequence of the high
affinities of amines for CO2.22 Not surprisingly, while the CO2

adsorption capacity of PAF-1–CH3 is similar to that of PAF-1, our
Lewis-basic hydroxymethyl and imine derivatives have 21 and 27%
more enhanced adsorption capacities, respectively. The introduc-
tion of aminomethyl groups into PAF-1 resulted in outstanding
CO2 adsorption: the loading capacity of PAF-1–CH2NH2 was
almost double that of PAF-1 (98 vs. 55 cm3 g21) at 1 bar and 273 K
(Table 1 and Fig. 3). As expected, the isosteric heat of adsorption
(Qst) increases from the original 15.6 kJ mol21 value for PAF-1 to
18.2 kJ mol21 for PAF-1–CH2NLCMe2 and 19.3 kJ mol21 for PAF-1–
CH2OH, and to 57.6 kJ mol21 for PAF-1–CH2NH2 (Fig. S21 in the
ESI3). This last calculated Qst value is consistent with that obtained
(y55 kJ mol21) for the polyamine-tethered PAF derivative PPN-6-
CH2DETA,22 which possesses a slightly higher level (y0.3 N per
phenyl ring) of amine functionalization than ours (y0.25 N per
phenyl ring).

Interestingly, the ability of our PAF-1–CH2OH derivative to
uptake small molecules such as ethanol and toluene (Fig. S18 and
S19 in the ESI3) appears to be mostly a function of sterics. While
both PAF-1 and PAF-1–CH2OH can uptake ethanol (32.6 and 26.6
mmol g21, respectively) and toluene (18.2 and 14.3 mmol g21,
respectively), PAF-1–CH2OH has a slightly lower uptake, presum-
ably due to its relatively lower pore volume. The inherent
hydrophobicity of the aromatic PAF framework minimizes the

Table 1 Pore and surface properties of PAF-1 derivatives

PAF derivatives
BET surface
areaa (m2 g21)

Total pore
volumeb (cm3 g21)

Dominant NLDFT-calcd.
pore diameterc (Å)

CO2 uptaked

(cm3 g21)

PAF-1 4100 2.23 (0.86)e 13.6 55.1
PAF-1–CH3 3007 2.01 (0.62)e 12.5 55.0
PAF-1–CH2OH 1727 1.77 (0.33)e 12.2 66.8
PAF-1–CH2–phthalimide 974 0.58 (0.26)e 11.8 50.1
PAF-1–CH2NH2 1363 0.74 (0.37)e 11.7 98.0
PAF-1–CH2NLCMe2 1302 0.73 (0.37)e 11.7 70.1

a Calculated in the range of 0.01 , (p/p0) , 0.1. The results are averages from at least two independent experiments. b Total pore volume at p/
p0 = 0.98. c Maxima of the pore size distribution calculated using the NLDFT method and slit-pore model. d Measured at 273 K. e This is the
total micropore volume (cm3 g21) determined by the NLDFT method.

Fig. 2 N2 isotherms for PAF-1–CH2–phthalimide, PAF-1–CH2NLCMe2, and
PAF-1–CH2NH2 measured at 77 K. Closed symbols = adsorption; open symbols =
desorption.
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capacity of both materials to uptake water. Nevertheless, at this
low level of uptake PAF-1–CH2OH adsorbs a slightly larger amount
of water than PAF-1 (1 vs. 0.72 mmol g21, Fig. S20 in the ESI3),
presumably due to its ability to better hydrogen-bond to water.

Conclusions

In summary, we have synthesized and characterized –CH3,
–CH2OH, and –CH2–phthalimide derivatives of PAF-1 via the
Yamamoto–Ullmann cross-coupling of singly functionalized deri-
vatives of the tetrakis(4-bromophenyl) methane building unit. PAF-
1–CH2–phthalimide can be successfully converted into PAF-1–
CH2NH2, and then PAF-1–CH2NLCMe2 through PSM. In spite of
the relatively low level of functionalization (25% of the aromatic
groups), the amine functionalities in PAF-1–CH2NH2 were found
to significantly enhance its CO2 adsorption capacity relative to the
parent PAF-1. Together, these results demonstrate that functiona-
lized derivatives of the PAF-1 framework with tunable physical
properties can be readily synthesized in a de novo fashion. Given
the extensive use of alcohol- and amine-based PSM in the related
area of MOF chemistry, PAF-1–CH2OH and PAF-1–CH2NH2 can
readily serve as platforms for incorporating site-specific function-
alities for new applications in separations and catalysis.
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