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ABSTRACT: The ability to create extended porous networks, such as those composed of
metal−organic frameworks (MOFs), with tailored hydrophilic/hydrophobic character is
crucial for adapting such widely used supports to different applications. To achieve this
goal, direct polymer inclusion has proven to be a suitable strategy, and functional
composite materials with multiple additional properties have been obtained in such a way.
We have explored, by means of nuclear magnetic resonance diffusion experiments, the
effect of polymer capping using a conducting polymer (polyaminobencylaminePABA),
which results in the positioning of −NH2 moieties on the otherwise eminently
hydrophobic surface of Zn-based ZIF-8 MOF nanocrystals. Our results demonstrate that
increasingly higher amounts of PABA can confer, aside from conductivity, an increased
hydrophilic character to the porous network, while also allowing for the identification of
different environments available for water molecule diffusion.

■ INTRODUCTION

Traditional porous materials, such as carbon-based solids or
zeolites, have attracted a great deal of attention in the last
decades because of their extensive use in the construction of
complex architectures for many important applications ranging
from catalysis, sensing, or separation technologies, to drug
delivery, energy storage, and conversion devices. In this
context, an exciting and relatively new class of porous materials
has emerged, which can be best described as porous
coordination polymers formed by an ordered tridimensional
framework of metal ions (or metal-containing clusters)
coordinated by multidentate organic linkers. These materials
are widely known as metal−organic frameworks (MOFs).1−3

Triggered by their versatility with regard to morphologies,4

chemical composition,5 surface chemistry,6 and possible
integration into diverse platforms and supramolecular coordi-
nation complexes,7,8 the number of published studies
dedicated to the exploration of MOF-based applications is
continuously increasing. To name a few interesting energy-
related examples which take advantage of the above-described
features, it was recently shown that MOFs are capable of
enzyme-like complexity when conveniently modified;9 they
were also used in photoelectric energy conversion applica-
tions,10,11 integrated into Li−O2 cell cathode materials,12 or
used for CO2 capture and photocatalytic conversion.13,14

Many of the mentioned exciting applications require the use
of MOFs which would remain stable in aqueous phase or
water-containing environments,15,16 and although there are
several examples of MOFs which comply with this condition,
surface modification strategies have been proved effective to
confer additional stability, thus widening the available
options.17−20 Soft polymeric electrodes are cost-effective and
very versatile materials used for many applications,21,22 such as
the promotion of the oxygen reduction reaction (ORR) at
neutral pH in aqueous environments. Synergy between an
electroactive component (polyaminobencylaminePABA, a
conducting polymer (CP) featuring −NH2 moieties) and a
high surface area material capable of enhancing gas adsorption
(e.g., ZIF-8 MOF, constituted by tetrahedrally coordinated
Zn2+ ions with 2-methylimidazolate)19,23,24 was explored and
proved to be successful to create a soft composite electroactive
surface, featuring both meso- and microporosity.25,26 The
observed enhancement of the ORR can be understood in terms
of an interplay between the eminently hydrophobic (and
capable of oxygen adsorption) microporosity present in ZIF-8
crystals (the reported Brunauer−Emmett−Teller surface areas
range between 1500 and 1700 m2 g−1, with micropores of ∼0.3
nm window, and ∼1.1 nm diameter size)24 and the PABA-
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coated interparticle mesoporosity.27 It was hypothesized that
the hydrophilicity endowed by PABA allows the (otherwise
hindered) diffusion of ionic species intervening in the ORR, in
line with what was reported for similar systems of polymer-
capped MOF films.28

A crucial parameter that determines the performance of any
porous material for a given application is the transport rate of
different species through the framework. Although nuclear
magnetic resonance (NMR)-related techniques have been
extensively used for MOFs’ structural and functional character-
ization;29−31 it was only recently that NMR diffusion
measurements were explored as a tool for acquiring
information regarding pore dimension and its chemical nature,
network tortuosity, connectivity, and (specially for mesoporous
environments) even molecular density of the adsorbed
phase.32−34 Additionally, in partially saturated mesopores,
diffusion measurements of the liquid phase render information
on the molecular exchange between the gas and liquid
phases.35 Although a few fundamental studies on the
adsorption/diffusion dynamics of simple molecules on
MOFs30,36 or even the effect of subtle framework modifications
on the adsorbed-phase translational and rotational degrees of
freedom have been recently published,37 the challenging
problem of understanding and controlling the behavior of
adsorbed water on MOFs has only been partially addressed to
the best of our knowledge.38,39

Having in mind the above discussion and the importance of
the described micro/mesoporous films as electrochemical
platforms, we have explored the behavior of adsorbed water
in polymer−MOF composites constituted by PABA/ZIF-8.
Our main goal was to characterize the effect of polymer
inclusion on the hydrophobic/hydrophilic character of differ-
ent porous environments present, using as benchmark a water-
adsorbing Al-trimesate-based MOF, MIL-96.38,40,41 Samples
were exposed to water-saturated atmosphere to populate the
different porous environments. The determination of the
diffusion coefficients of water was carried out using a single-
sided NMR spectrometer.42 For each sample, a different
distribution of diffusion coefficients was obtained, from which
the relative amount of water molecules with different mobilities
can be determined. Our results reveal that different environ-
ments for water molecules are present in the prepared
polymer−MOF samples, as it could be hypothesized from
the interplay between the well-known ZIF-8 hydrophobic
character (that could be traced back to −CH3 moieties present
on 2-methylimidazolate linkers) and PABA. As the PABA
content in the composite is augmented, an overall hydro-
philicity increase can be observed together with the emergence
of a new available mesoscopic−macroscopic environment,
compatible with the polymer-coated interparticle space.

■ EXPERIMENTAL SECTION
Methanol, ammonium persulfate (APS), 3-aminobenzylamine
(ABA), 2-methyl-imidazole, aluminum nitrate (Al(NO3)3·
9H2O), and zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
were purchased from Sigma-Aldrich. 1,3,5-Benzenetricarbox-
ylic acid 95% [C6H3(CO2H)3 or benzene-1,3,5-tricarboxylic
acid (H3btc)] was purchased from Aldrich. Aluminum MIL-96
MOF was synthesized following the procedure published by
Loiseau et al.,40 that is, under a hydrothermal autogenous
pressure using a Teflon-lined steel Parr autoclave of a mixture
of aluminum nitrate and H3btc in water (molar ratio 1:0,14:80;
24 h at 210 °C). The powder product obtained was filtered

and washed with fresh methanol and dried in vacuum at 120
°C. Colloidal synthesis of ZIF-8 MOF was carried out
according to already published procedures. Briefly, a direct
room-temperature mixture of 25 mM methanolic Zn(NO3)2·
6H2O and 50 mM 2-methylimidazole solutions (typically, 10
mL of each for a final stoichiometric 1:2 molar ratio) was
prepared.25 Following subsequent centrifugation and redis-
persion steps with a fresh solvent, 200 nm nanocrystals of
uniform size distribution can be obtained (see Supporting
Information).
The synthesis of PABA was carried out according to

procedures published elsewhere.43 Polymerization was
achieved by chemical oxidation by APS. Briefly, a 50 mM
ABA solution was prepared by dissolving the solid in water,
obtaining a pH of 9−10. After 15 min of stirring, solid APS was
added for a 50 mM final concentration. After 2 h, the pH of the
solution was 2.5. PABA was then purified by alkaline
precipitation with KOH and redispersion in pure water (5
mg mL−1).
The purified ZIF-8 nanocrystal methanolic colloids and

PABA solutions were mixed in different proportions to obtain
an increasingly higher PABA loading. The PABA content is
expressed as weight percentage in the prepared sample,
computed using the concentration of PABA solution and
ZIF-8 colloidal suspensions (see Supporting Information for
further details on characterization via X-ray diffraction (XRD),
vibrational spectroscopy, and electronic microscopy).
Five powdered MOF samples were studied: pure MIL-

96(Al), pure ZIF-8, and ZIF-8 with three different loadings of
PABA. The samples were dried at 100 °C at a reduced pressure
for 5 h and then placed in an isopiestic chamber for 5 days at
ambient temperature. The chamber humidity was controlled
using pure distilled water.44 Two separate NMR character-
ization procedures were carried out. One involved the loading
of 4 mm MAS rotors, which were used to quantify the amount
of adsorbed water by the acquisition of NMR spectra of 1H at
300 MHz. A 4 mm solenoid corresponding to a Bruker mini-
imaging probe was used with a Bruker AVANCE II console.
Background signals were acquired with an empty sample
holder and later subtracted from each spectrum. For diffusion
measurements, 200 mg portions were pressed under 5 tons to
form a 7.8 mm diameter pellet. To recover the water that may
have been lost during the pressing process, the pellets were
replaced on the isopiestic chamber for additional 5 days. After
this period, the samples were hermetically sealed in 8 mm
NMR glass tubes. The most general form of measuring
diffusion in NMR is by the pulsed field gradient technique,
where magnetic fields with constant gradients are applied for a
short period of time, typically between 0.5 and 5 ms. During
the application, transverse magnetization is encoded by
diffusion; however, this process is overimposed with transverse
relaxation times, T2*. In the particular case of strongly adsorbed
water molecules, T2* may be extremely short, hindering the use
of standard equipment. Recently, the diffusion of water
molecules within a MOF matrix was measured using a
home-built apparatus, capable of providing very short and
strong gradient pulses.38 Another strategy is to use single-sided,
or ex situ, NMR.42 These devices present a very intense
magnetic field gradient which is used both to select an arbitrary
volume within the sample and to codify the NMR signal by the
undergoing diffusion processes. As the magnetic gradients in
these devices are very strong, short encoding times of the order
of tens to hundreds of microseconds may be used. Single-sided
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NMR has been used, for instance, for the determination of the
mobility of liquids embedded in MOFs.31,37

A PM5 NMR-MOUSE (Magritek Ltd.) was used for the
diffusion experiments. The device has a vertical penetration
depth of 5.3 mm, a resonance frequency of 20.28 MHz for 1H,
and a static gradient of 23.5 T/m. A slice of 140 μm was
excited in the center of the sample, and the diffusion
measurements were carried out using a stimulated echo
sequence (STE) with Carr−Purcell−Meiboom−Gil (CPMG)
detection to improve sensitivity.42,45 The normalized signal
attenuation for STE in the presence of a constant magnetic
field gradient for the system used in this work (see Supporting
Information for details) is given by

γ τ τ τ= − + = −S
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where γ is the gyromagnetic ratio of the nucleus, G0 is the
gradient strength, τ1 is the phase-encoding period, and τ2 is the
longitudinal magnetization storage period. By changing the
value of the encoding period and analyzing the signal decay,
the diffusion coefficient value (D) can be determined. The so-
called b-value contains all relevant experimental parameters. In
this way, fitting a linear relation provides the diffusion
coefficient. Whenever different pools of molecules with
different diffusion rates are present, multiple diffusion
coefficients will be present. In this study, all data were
described with a bilinear fitting, rendering two distinct
diffusion coefficients.

■ RESULTS AND DISCUSSION
The analysis of water interaction with samples was carried out
using a configuration aimed to understand the processes
occurring in the synthesized MOF and MOF−polymer
composites. Figure 1 shows the structures and the proposed

schematic representations of materials involved in this study.
Two different metal−organic frameworks were employed. On
one side, Al-MIL-96 was chosen as the benchmark because of
its hydrophilic nature, with the possibility to host water in the
micropores (Figure 1a). In contrast, ZIF-8 presents −CH3
moieties at the pore windows which render a highly
hydrophobic nature (Figure 1b). However, as the outer

surface of ZIF-8 nanocrystals becomes partially covered with
PABA (Figure 1c,d), the material becomes increasingly less
hydrophobic.
The total amount of adsorbed water present in each system

after exposure to saturation conditions can be quantified by the
inspection of the high-field NMR spectra. Figure 2 shows a 1H

spectrum for bare ZIF-8 after equilibration under such
conditions. The total signal can be deconvoluted in two
contributions. 1H of the MOF matrix renders a broad signal,
which is clearly separated from that of the narrower one
assigned to adsorbed water. After the calibration of the
spectrometer response with a reference water sample, the
adsorbed amount of water per MOF mass can be obtained.
MIL-96 is highly hydrophilic, whereas ZIF-8 microporosity is
eminently hydrophobic, which can be inferred from the
observed threefold water uptake increase when comparing the
two samples. It is worth to mention that the water signal
observed in the NMR spectra is proportional to the total
amount of water, but for the materials considered, there are
different environments for water molecules. In the MIL-96
framework, water most likely fills the available microporosity
(or fundamental unit cages) with some amount of adsorbed
water present in the spaces between the crystallite bundles. On
the other hand, water cannot enter the highly hydrophobic
microporous intracrystallite environments on ZIF-8;46,47 thus,
the drastic reduction is observed.
NMR diffusion experiments portraying signal decay of water

confined in MIL-96 are presented in Figure 3. The observed
behavior confirms the existence of two different diffusional
processes operating, that is, water molecules present in the
sample are confined in different environments. Water
molecules are adsorbed either within the MOF microporosity
(intracrystallite space; H2O(3) in Figure 3) or in the intergrain
space with meso−macroscopic dimensions, which allows an
exchange between the adsorbed water and the vapor phase
(H2O(1) in Figure 3). Kar̈ger developed a two-site exchange
model for diffusion processes in similar systems.48 This model
was recently applied to describe water diffusion kinetics within
the MIL-100(Al) MOF material, which is a topological
framework isomer of MIL-96, featuring the same building
units linked through different spatial arrangements.38,49 The

Figure 1. Structure and schematic representation of the MOFs Al-
MIL-96 (a) and ZIF-8 (b), polymer PABA (c), and ZIF/PABA
composite (d).

Figure 2. (left) High-field NMR spectrum of hydrated ZIF-8 (black
line) with signal deconvolution showing the contribution of the
porous matrix and the adsorbed water. (right) Water content in MIL-
96 and ZIF8.
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initial fast decay observed in Figure 3 has been associated with
the exchange of adsorbed water molecules with those in the
vapor phase contained in the intergrain space.38 As the density
in the liquid phase is several orders of magnitude larger than
that of the gas phase, all of the detected NMR signals will arise
from the liquid phase. However, as water molecules in these
meso/macroporous spaces exchange between the adsorbed
and gas phases repeatedly during the experimental time,
molecules belonging to the gas phase acquire a large phase in
the diffusion encoding period, compared to those in the
adsorbed water phase. When this type of exchange is produced
within the measurement time, the phase accumulation during
the second τ2 time interval will be small, causing an erroneous
determination of the diffusion coefficient, as reported by Splith
et al.38 In this situation, diffusion coefficients of 1 order of
magnitude higher than those of freely diffusing water are
obtained (with values around 8 × 10−8 m2/s), and therefore
this part of the decay does not provide quantitative
information on the confined water dynamics.
We will focus on the slow decay, which arises from the

diffusion of water molecules present in the intracrystallite
(microporous) space. A bilinear fitting allows to obtain two
diffusion coefficients, and the extrapolation of the slow decay
function renders the M0 parameter, which is proportional to
the amount of water present in the microporous environments
during the experiment observational time (see Figure 3).38 In
this way, the proportion of the NMR signal intensity
corresponding to the MOF water loading at equilibrium
conditions can be determined.

We now turn our attention to the experimental results
obtained for pure ZIF-8 and PABA-modified ZIF-8 samples.
For these samples, two diffusional regimes were also observed.
However, as the ZIF-8 matrix is highly hydrophobic, the
presence of water inside the crystal (similar to H2O(3) for
MIL-96, as noted in Figure 2) can be ruled out. It can be
assumed that the presence of increasingly higher amounts of
polymer in the composite (which confer an increased
hydrophilic character to the nanocrystal surface by the
positioning of −NH2 moieties provided by PABA) leads to a
new type of spatial confinement region where water molecules
can be incorporated, as schematized in Figure 4. Polymer
capping was demonstrated previously to be a suitable strategy
for conferring hydrophilicity to an otherwise hydrophobic
surface in a porous network.28 Moreover, similar confinement
effect has been observed for porous polymer matrices with
surface affinity toward water adsorption.50 Figure 4 shows
schematically the proposed structures for ZIF-8/PABA
composites allowing for a small fraction of water molecules
to be adsorbed on top of the polymer-coated nanocrystals,
which would continuously exchange with the vapor phase in
contact with the intercrystallite space, leading to the
observation of a fast decay in the STE experiment.
Because of the highly hydrophobic character of ZIF-8

micropores, the values obtained for the M0 parameter
(different from what was observed above for the MIL-96
material) should be proportional to the amount of water
confined in the hydrophilic environment created by the PABA
coating of the ZIF-8 nanocrystals (i.e., H2O(2) in a
mesoscopic intercrystallite space). Figure 5a shows that the

Figure 3. (left) Schematic representation of MIL-96 nanocrystals and different types of water confined in the micropores and in the intergrain
space. (right) Experimental results displaying NMR signal decay of an STE in the presence of a constant magnetic field gradient. The fast decay
(blue dashed line) is associated to water molecules in the intergrain (macro-/mesoporous) space, permanently exchanging between the adsorbed
and vapor phases (H2O(1)). The slow decaying (magenta full line) component is associated with water in the intracrystallite (microporous) space
(H2O(3)). M0 is proportional to the number of molecules present in the microporosity.

Figure 4. (left) Schematic representation of ZIF-8 nanocrystals modified with 1% PABA and different behaviors of water present on the macro−
mesoscopic regions and water confined on the modified crystallite surface. (right) Experimental results displaying NMR signal decay of an STE in
the presence of a constant magnetic field gradient. The fast decay (blue dashed line) can be associated to the water molecules present in the
macro−mesoscopic intergrain space (H2O(1)), featuring a rapid exchange with the vapor phase. The slow decaying component (green full line)
can be related to the water molecules surface-confined to the PABA-modified ZIF-8 nanocrystals (H2O(2)).
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M0 value obtained for ZIF-8 is higher than the corresponding
value determined for MIL-96. This implies that most of the
water in the intercrystallite space in ZIF-8 is tightly adsorbed;
thus, the fraction which is not able to perform molecular
exchange with the gas phase is higher than the rest of the
systems. This observation is confirmed in Figure 5b by noting
that the diffusion coefficient of this type of water in ZIF-8 has a
very low value, even lower than that of water confined within
MIL-96. Additionally, an increasing M0 value is obtained as the
PABA loading becomes higher, in line with the expected
increment of the hydrophilic character. It is remarkable to note
the fact that, even for the maximum PABA loading used in this
work, the amount of signal corresponding to the water
molecules in contact with the polymer-modified nanocrystal
surface is lower than 20% of the total detected NMR signals.
As PABA is incorporated in the structure, the diffusion
coefficient of water increases with respect to MIL-96. This
suggests that the slow-diffusing surface-confined water
molecules on the polymer−MOF composite have a higher
mobility than those in the hydrophilic MIL-96 benchmark
MOF; even though the amount of incorporated water is lower,
it is noted that for 0.1% PABA only 5% of the detected water is
in the polymer-defined porous structure. Even when
increasingly higher amounts of PABA on the composite
allow the incorporation of more water, diffusion coefficients
remain constant after reaching a limit value, that is, the
mobility of these surface-confined water molecules is mainly
affected by the physicochemical characteristics of the organic−
inorganic environment, and the amount of polymer added has

a relatively moderate effect once a certain critical surface
modification degree was achieved. This is consistent with the
idea that the proportion of polymer-capped MOF nanocrystals
increases with the PABA loading. Notably, the diffusion
coefficients determined are 1 order of magnitude lower than
that of freely diffusing water, denoting a strong mobility
restriction.

■ CONCLUSIONS
Our results show that noncovalent modification procedures
such as direct polymer capping can be used to tune the water
hydrophobic/hydrophilic character of MOFs, and conse-
quently, water mobility as well. By using hydrophilic Al-MIL-
96 MOF as the benchmark material, we have demonstrated
that water affinity of ZIF-8 (an eminently hydrophobic MOF)
can be increased by PABA inclusion. The NMR data reveal
that the hydrophilicity of the composite materials must be
understood not only in terms of the amount of adsorbed water
but also in terms of the adsorbed water mobility. In view of
multiple MOF film applications, and in particular, having in
mind the recent findings pointing toward the use of ZIF-8/CP
composite electrodes for enhancing the electrochemical ORR
performance,25,26 the gained insight contributes to the
rationale of using such versatile novel functional nano-
architectures. This opens the possibility of creating a
composite material which combines features of ZIF-8 and
PABA: high surface area MOF nanocrystals capable of gas
adsorption, and both hydrophilicity (allowing migration of
charged species present in aqueous solutions) and electro-
catalytic properties of CPs modifying an otherwise insulator
material such as ZIF-8 MOF.
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