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Porous materials with well-defined size-selective channels
and pores have attracted great attention for a wide range of
applications: ion exchange, catalysis, gas sorption, and drug
delivery.[1] These porous materials include both inorganic and
organic materials such as zeolites,[2] metal–organic frame-
works (MOFs),[3] and covalent organic frameworks (COFs),[4]

among others. MOFs occupy a special place amongst porous
materials owing to their extraordinary surface areas (rou-
tinely > 2500 m2 g¢1), topological diversity, and high func-
tional tunability.[5] Along with open framework solids, porous
one-dimensional polymers have also been developed. In
general, the preparation of such porous polymers is challeng-
ing because the dense and efficient packing of polymer chains,
even for polymers with low crystallinity, affords materials
with minimal porosity.[6] To obtain porous organic chain
polymers, inflexible and contorted building blocks, which
cannot pack efficiently, have been successfully utilized to
generate microporosity.[7] For example, McKeown et al.
described a novel subclass of microporous polymers (termed
polymers of intrinsic microporosity, PIMs), which are amor-
phous and flexible.[8] The porosity of PIMs can be deformed
under external stimulus (for example, light, heat, mechanical
stress).[9] However, when compared to traditional porous
solids, PIMs have modest surface areas (< 900 m2 g¢1) and
their pore size distributions are rather broad (for example, 4–
10 è).[7a] Herein, we report an innovative strategy to compel

one-dimensional, non-porous, amorphous polymers into
three-dimensional, highly porous, crystalline metal–organic
frameworks (MOFs; Scheme 1). The use of organic polymers
as a component of MOFs defines a new subclass of porous
materials that we term polymer–MOF hybrids (polyMOFs).
Such polyMOFs have the potential to harness the advantages

of both polymers and MOFs: the porosity, regularity, and
crystallinity of MOFs, with the chemical stability, process-
ability, and structural control of polymers. Furthermore,
polyMOFs defy conventional wisdom in both MOF and
polymer chemistry by showing that a mostly amorphous, non-
porous, flexible, one-dimensional polymer can be easily
converted into a highly crystalline, porous, rigid, three-
dimensional material.

Recently, several groups have demonstrated the cross-
linking of MOFs through the organic ligands to form
polymeric monoliths.[10] Others have reported the polymeri-
zation of molecules inside the channels of MOFs,[11] including
the use of photopolymerization methods.[12] These reports
described MOF-to-polymer conversions and polymer-within-
MOF syntheses, respectively, both of which add to the wealth
of MOF–polymer hybrid materials. However, to the best of
our knowledge, there is no reported MOF material prepared
by bottom-up synthesis that utilizes an amorphous polymer as
the organic building block. Indeed, the formation of an
organized MOF material from such a disorganized precursor
would be considered unlikely based on the current view on
the synthesis of MOFs, which would predict the formation of
an irregular, amorphous, cross-linked solid from a polymer
precursor. Furthermore, from a polymer perspective, a poly-
mer-to-MOF synthesis could be viewed as kinetically and
entropically challenging because the unpredictable structure
of polymers would seemingly result in chain entanglements
and structural irregularities, leading to intractable and
amorphous materials. Both chain entanglement and polydis-
persity are known to hinder the crystallization (self-ordering)
of polymers.[13] IRMOF-1 (MOF-5), first described by Yaghi
and co-workers in 1999, is a prototypical MOF.[14] Some
functional groups, such as halogens, nitro groups, alkyl groups,
and others, can be appended to the 1,4-benzenedicarboxylic
acid (H2bdc) ligand struts of IRMOF-1 while maintaining the
same structural topology and high porosity (Figure 1).[15]

Recently, our group described a novel presynthetic approach
to prepare IRMOF-1 derivatives that utilize cross-linked
H2bdc derivatives (Figure 1).[16] It was found that the IRMOF
topology can tolerate these linked building blocks resulting in

Scheme 1. The strategy described herein to convert a one-dimensional
(linear), non-porous, mostly amorphous polymer into a three-dimen-
sional, porous, crystalline polyMOF hybrid material.
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Abstract: Preparation of porous materials from one-dimen-
sional polymers is challenging because the packing of polymer
chains results in a dense, non-porous arrangement. Herein, we
demonstrate the remarkable adaptation of an amorphous,
linear, non-porous, flexible organic polymer into a three-
dimensional, highly porous, crystalline solid, as the organic
component of a metal–organic framework (MOF). A polymer
with aromatic dicarboxylic acids in the backbone functioned as
a polymer ligand upon annealing with ZnII, generating
a polymer–metal–organic framework (polyMOF). These
materials break the dogma that MOFs must be prepared
from small, rigid ligands. Similarly, polyMOFs contradict
conventional polymer chemistry by demonstrating that linear
and amorphous polymers can be readily coaxed into a highly
crystalline, porous, three-dimensional structure by coordina-
tion chemistry.
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crystalline IRMOFs. Based on these findings, we sought to
explore whether polymers containing repeating H2bdc units
could produce crystalline polyMOFs isostructural to IRMOF-
1 (Figure 1).

A series of polymer precursors (termed “polymer
ligands”) was prepared by step-growth polymerization (Sup-
porting Information, Figure S1).[17] The desired polyethers,
containing H2bdc units as part of the polymer chain backbone
(Scheme 1), were obtained in two steps. By using linear
dibromoalkanes Br(CH2)xBr with different methylene
spacers (x = 5–8), a series of polyethers having pendent
ester functionality (designated as polymeric-bdc-ester, pbdc-
xe, x = 5–8,) was obtained. Hydrolysis of these polymers
afforded the corresponding polyethers containing free car-
boxylic acid H2bdc units (designated as polymeric-bdc-acid,
pbdc-xa, x = 5–8, Scheme 1). 1H- and 13C NMR spectroscopy
showed the high purity of the polymers (Supporting Informa-
tion, Figures S2–S9). Molecular-weight values were deter-
mined by gel permeation chromatography (GPC), which
showed that the polymers possessed molecular weights (Mw)
ranging from 12500 gmol¢1 to 17600 gmol¢1, with polydis-
persity index values (PDI) typical of a step-growth polymer-
ization (ranging from about 2.0 to 2.6; Table 1; Supporting
Information, Figure S10). Varying the solvent ratio (acetone/
DMSO) gave polymers of different molecular weights; for
example, lower-molecular-weight pbdc-7a (Mn =

3800 gmol¢1, Mw = 8400 g mol¢1) was obtained using

a higher ratio of acetone to DMSO (see the Supporting
Information). All experiments described herein used the
higher-molecular-weight polymers, unless specified otherwise
(see single-crystal X-ray data below).

The glass transition temperature (Tg) of the polymer
ligands, determined by differential scanning calorimetry
(DSC), revealed a clear trend, showing that the Tg decreases
from 96 88C to 77 88C with an increasing number of methylene
spacers (x = 5–8) in the polymer backbone (Table 1; Support-
ing Information, Figures S11–S14). This is consistent with
more methylene spacers increasing the conformational free-
dom of the polymer and diluting its polar fraction, resulting in
lower Tg values. Similarly, the measured polymer melting
temperatures decreased (from 229 to 202 88C) with an increase
in the nonpolar methylene spacer length. Note that melting
temperatures were found on the first DSC heating cycle only.
Measured heats of fusion (DHf = 22 to 44 Jg¢1) were merely 8
to 15% the value of linear polyethylene (289 J g¢1).[18] In
subsequent DSC cooling or heating scans, the lack of
observable crystallization or melting events punctuates the
low crystallinity of these polymers, which was further
corroborated by powder X-ray diffraction (PXRD; Figure 2).

A modified version of the typical synthesis for an IRMOF
was employed to prepare polyMOF materials. Combining
pbdc-xa polymer ligands with Zn(NO3)2·6 H2O in DMF
between 60 and 100 88C afforded off-white solids. The top-
ology, structure, and composition of these solids were
dependent on which polymer ligand was employed (for

Figure 1. The evolution of IRMOF derivatives constructed from (top to
bottom): an H2bdc ligand derivative, a cross-linked H2bdc ligand, and
a polymeric H2bdc polymer ligand. One polymer chain segment in the
bottom image is highlighted in cyan for clarity. C gray; O red,
Zn green.

Table 1: Thermal and molecular weight data for polymer ligands.

Ligands Tg [88C] Tm [88C][a] Mw [g mol¢1] Mn [g mol¢1] DP[b] PDI

pbdc-5a 96 229 11700 5900 22 2.0
pbdc-6a 93 226 17600 8400 30 2.1
pbdc-7a 86 211 13500 5900 20 2.3
pbdc-7a[c] 83 206 12000 5200 18 2.3
pbdc-8a 77 202 12500 4700 15 2.6

[a] DSC analysis afforded melting temperatures on the first heating cycle
only. No melting was observed in the second cycle. Crystallization was
altogether absent. [b] Average degree of polymerization (DP) based on
Mn/(F.W.repeat unit). [c] Recovered pbdc-7a from acid-digested polyMOF.

Figure 2. PXRD patterns for pbdc-7a polymer ligand, Zn-pbdc-xa poly-
MOFs (synthesized at 100 88C), and calculated IRMOF-1.
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example, x = 5–8) and the temperature of the reaction. At the
highest temperature employed (100 88C), the PXRD patterns
of all of the products (designated as Zn-pbdc-xa) exhibited
reflections that showed the formation of an IRMOF-like
network (Figure 2). All of the PXRD patterns also showed
a broad peak centered at 2q� 2288, indicating the existence of
an amorphous phase, the abundance of which was dependent
on the polymer composition (for example, x = 5–8). Zn-pbdc-
8a and Zn-pbdc-7a had very little amorphous phase, as
gauged by PXRD (and scanning electron microscopy, see
below), while Zn-pbdc-6a and Zn-pbdc-5a showed a greater
amorphous component. Zn-pbdc-6a showed a particularly
large amorphous component and only a small IRMOF
component; why this polymer behaves substantially differ-
ently from the others is not clear at this time.

The morphology and particle size of the resulting
materials was determined by SEM. Unlike typical IRMOF
materials (for example, IRMOF-1), which form large, macro-
scopic crystals, the particle size of the polyMOF samples
formed at 100 88C was on the order of 1–10 mm. As shown in
Figure 3, the majority of Zn-pbdc-5a particles possess a spher-

ical shape, with only a small number of cubic particles
observed. Consistent with the PXRD results (Figure 2), the
cubic morphology is typical of IRMOF derivatives, while the
spherical particles suggest an amorphous structure.[19] Energy-
dispersive X-ray spectroscopy (EDX) revealed the presence
of ZnII in the spheres (Supporting Information, Figure S15),
indicating the spheres are comprised of coordination com-
plexes of ZnII and pbdc-5a, but lack a highly ordered
arrangement. Similar to Zn-pbdc-5a, Zn-pbdc-6a also dis-
plays mixed phases when formed at 100 88C with irregularly
shaped solids (Figure 3), consistent with the PXRD pattern.
In contrast, Zn-pbdc-7a and Zn-pbdc-8a exhibit very different
morphologies. Although both spherical and cubic particles
are observed (Figure 3), closer examination shows that the
spherical solids are intergrown crystalline superstructures

with regular facets.[20] We interpret the polycrystalline,
spherical superstructures of Zn-pbdc-7a and Zn-pbdc-8a as
the result of many individual crystals growing together and
partially sharing polymer ligands. This most likely results
from the formation of multiple nucleation sites for IRMOF
growth on individual polymer ligand chains and intergrowth
of polymer ligand chains during coordination to ZnII.

To exclude the possibility that only oligomers or smaller
molecular weight species were responsible for MOF forma-
tion, a representative reaction with pbdc-7a was monitored by
1H NMR spectroscopy in [D7]DMF. 1H NMR data revealed
the complete consumption of the polymer ligands (Support-
ing Information, Figures S16 and S17). The possibility of
polymer ligand degradation during the synthesis process was
also excluded. Zn-pbdc-7a was digested in concentrated
aqueous D2O/DCl and then precipitated by adding excess
water. GPC and 1H NMR data confirmed that the recovered
polymer ligands remained intact (Table 1; Figure S18).

Although the cubic single crystals in as-synthesized Zn-
pbdc-xa powders were too small for routine single-crystal X-
ray diffraction (XRD), larger cubic crystals (ca. 20 mm)
suitable for XRD could be prepared from lower molecular
weight pbdc-7a (Mn = 3800 gmol¢1; see above). XRD data
confirmed the IRMOF network of these materials. The
position of the heptamethylene linkers between the bdc2¢

units was not resolved, which is most likely because these
linkers are disordered with respect to conformation and
occupancy. This is consistent with our earlier reports on cross-
linked MOFs,[16a] where linkers were also not observed in the
XRD analysis.

Further study revealed that the morphology of polyMOFs
could be controlled using different polymer ligands and by
changing the reaction temperature. At a lower temperature of
80 88C, rather than forming spheroidal structures, Zn-pbdc-7a
and Zn-pbdc-8a produced crystalline films, showing an
intergrown network of crystallites (Figure 4). The films were
about 20 mm thick (Supporting Information, Figure S19).
Such films may prove useful for small molecule and gas
separations, and these investigations are in progress.

The incorporated alkyl chains of the polymer ligands
would be expected to increase the hydrophobicity of the
resulting hybrid material. Contact angle measurements with
water show that the polymer ligands pbdc-5a and pbdc-6a are
hydrophilic, while pbdc-7a is partially hydrophobic (initial
contact angle ca. 8988, followed by liquid absorption after
about 1 min) and pbdc-8a is hydrophobic with a contact angle

Figure 3. SEM images of Zn-pbdc-xa particles prepared at 100 88C:
a) Zn-pbdc-5a; b) Zn-pbdc-6a; c) Zn-pbdc-7a; and d) Zn-pbdc-8a.

Figure 4. The film morphology of Zn-pbdc-xa prepared at 80 88C: a) Zn-
pbdc-7a; b) Zn-pbdc-8a.
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of 102� 288 (with no change over several minutes). A
measurement of contact angles for the polyMOF materials
was performed revealing that polyMOFs exhibit the same
trend as their corresponding polymer ligands: Zn-pbdc-5a
and Zn-pbdc-6a are hydrophilic; Zn-pbdc-7a is partially
hydrophobic with initial contact angle of about 9288 ; and Zn-
pbdc-8a is hydrophobic with a contact angle of 112� 288. The
increased hydrophobicity was examined with respect to the
stability of polyMOFs compared to other IRMOF materials.
For example, the PXRD pattern of IRMOF-1 disappears
upon exposure to ambient air for 1 day,[21] eventually trans-
forming to a PXRD pattern consistent with MOF-69c
(Supporting Information, Figure S20).[22] In contrast, the
first two characteristic PXRD peaks for Zn-pbdc-8a shift
only slightly to higher angle upon exposure to ambient air for
1 day and showed no significant intensity decrease even after
3 days in air (Supporting Information, Figure S21). Further-
more, the native Zn-pbdc-8a can be regenerated by simply
immersing the crystals in DMF at 60 88C for 1 hour, as verified
by PXRD. The regenerated polyMOF retains the original
morphology (Supporting Information, Figure S22), suggest-
ing neither dissolution nor reformation of the crystallites. By
comparison, IRMOF-1 cannot be regenerated via the same
procedure after decomposition in air (Figure S20).

Just as the polyMOF can inherit the hydrophobicity of the
polymer, it was anticipated that the polyMOF would possess
the porosity of the parent IRMOF structure. N2 and CO2

sorption were collected on several samples. The pbdc-xa
polymer ligands are non-porous, which is presumably due to
their amorphous structure and tight packing of polymer
chains. In contrast, polyMOF samples Zn-pbdc-5a, Zn-pbdc-
7a, and Zn-pbdc-8a exhibit typical type I isotherms at 77 K,
indicating a uniform microporous structure (Figure 5). Cal-
culations based on N2 adsorption isotherms reveal that Zn-
pbdc-5a, Zn-pbdc-7a, and Zn-pbdc-8a possess Brunauer–
Emmett–Teller (BET) surface areas of 232� 15, 1104� 28,
and 856� 16 m2 g¢1, respectively. Interestingly, Zn-pbdc-6a
exhibits a distinctive type II sorption isotherm, indicating the
existence of macroporosity, likely generated by particle
packing. As such, Zn-pbdc-6a displays a low BET surface
area of about 70 m2 g¢1. The relatively low surface areas of
Zn-pbdc-5a and Zn-pbdc-6a are consistent with the PXRD
and SEM data, and suggest that these two polyMOFs are
largely amorphous, unlike Zn-pbdc-7a and Zn-pbdc-8a.

To investigate any differences between IRMOFs and
polyMOFs, two dimeric H2bdc ligands linked by a single
heptamethylene or octamethylene spacer, L1 and L2 (Sup-
porting Information, Figure S1), were synthesized by
reported methods.[23] Using these dimeric ligands, model
IRMOFs were prepared, IRMOF-L1 and IRMOF-L2, which
contain the same linker length as in Zn-pbdc-7a and Zn-pbdc-
8a, respectively, but are not polymeric in nature. IRMOF-L1
and IRMOF-L2 possess IRMOF structures as verified by
PXRD (Supporting Information, Figure S23). IRMOF-1,
IRMOF-L1, and IRMOF-L2 exhibit BET surface areas of
2963� 30, 1883� 17, and 1817� 16 m2 g¢1, respectively.
Although polyMOFs exhibited lower surface areas than
IRMOF-1, IRMOF-L1, and IRMOF-L2, the polyMOFs
were found take up more CO2 (Figure 5b; Supporting

Information, Figure S24). Zn-pbdc-8a, Zn-pbdc-7a, IRMOF-
L1, IRMOF-L2, and IRMOF-1 can uptake 41, 49, 30, 35, and
20 cm3 g¢1 of CO2 at 1 atm and 298 K, respectively. This
observation suggests that the isosteric heat (Qst) of CO2

adsorption of Zn-pbdc-8a and Zn-pbdc-7a is higher than
those of IRMOF-1, IRMOF-L1, and IRMOF-L2. Virial
equation calculations[24] based on CO2 isotherms collected at
273 and 298 K revealed that initial Qst values for Zn-pbdc-8a
and Zn-pbdc-7a are 19.9 and 20.6 kJmol¢1 respectively, which
are higher than IRMOF-1 (14.2 kJ mol¢1)[24] and its deriva-
tives, IRMOF-L1 (17.8 kJmol¢1) and IRMOF-L2
(15.4 kJ mol¢1; Supporting Information, Figure S25). The
pore size distribution was calculated by density functional
theory (DFT) methods from the N2 sorption isotherms
(Supporting Information, Figure S26). IRMOF-1 possesses
the largest pore size (ca. 13 è), IRMOF-L1 and IRMOF-L2
possess medium pore size (ca. 11 è), and Zn-pbdc-7a and Zn-
pbdc-8a exhibited the smallest pore sizes (ca. 7 è and 9 è).
The reduction in pore size most certainly originates from the
incorporation of polymer chains in the Zn-pbdc-xa frame-
works, making the pore widths of the polyMOFs smaller than
those of IRMOF-1, IRMOF-L1, and IRMOF-L2. The smaller

Figure 5. a) N2 sorption isotherms for polyMOFs; b) CO2 adsorption
isotherms at 298 K.
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pore sizes may explain the stronger interactions between CO2

and the polyMOFs, as a decrease in Qst for CO2 has been
shown to correlate with increases in pore size.[25]

In summary, we report a strategy to generate porosity
from non-porous, one-dimensional, amorphous polymeric
materials by their transformation into crystalline polyMOF
materials by a solvothermal synthesis (annealing) with ZnII

cations. A series of non-porous polymer ligands with tereph-
thalate moieties was designed and prepared that upon
hydrothermal reaction with ZnII cations, forms polycrystal-
line, hybrid materials with IRMOF networks. PXRD, SEM,
and gas-sorption data confirm these materials are crystalline,
porous, and share the same structure type as IRMOF-1. The
incorporation of polymers into MOFs was shown to harness
advantages of both materials, including hydrophobicity and
permanent porosity. Furthermore, by selecting certain poly-
mer ligands at specific annealing temperatures, polyMOF
materials exhibit morphologies ranging from spherical super-
structures to crystalline films. The formation of polyMOFs
from linear organic polymers defies conventional wisdom in
both polymer and MOFs fields and opens up the opportunity
for the discovery in a new class of materials with emergent
properties.

Keywords: gas sorption · hybrid materials · hydrophobicity ·
metal–organic frameworks · polymers
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